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Nanoplastic (NP) pollution is a significant environmental threat, caused by the minute size 

of nanoplastics allowing them to infiltrate and accumulate in water ecosystems. This causes 

bioaccumulation and damages to the environment, different aquatic species and to even 

humans through the food chain. Wastewater treatment plants are significant transfers of NPs 

into the environment, but they do not have any specific removal methods for NPs, resulting 

in poor removal rate.  

This literature review aims to investigate the use of nanocellulose, particularly cellulose 

nanofibers for the removal on NPs from wastewater trough adsorption. Nanocelluloses’ 

unique properties such as high specific surface area, porous structure and hydroxyl rich 

surface make them an efficient material for an adsorbent. Anionic modification of CNF 

enhances adsorption, since the primary adsorption mechanism is electrostatic interactions 

between NPs and nanocellulose-based adsorbents. Additionally, nanocellulose’s easily 

modified structure allows them to be made into hydro- and aerogels that have excellent 

adsorption capacities.  

This study concluded that nanocellulose shows promising adsorption capacity, efficiency 

and fast adsorption rate for removing NPs. Additionally, hydro- and aerogels could 

potentially be used as an environmentally friendly alternative for removing NPs at 

wastewater treatment plants in the tertiary stage. For this to be possible, following research 

gaps should be addressed. Future research should focus on real wastewater conditions and 

optimizing adsorption parameters for large-scale applications.  
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Nanomuovit ovat merkittävä ympäristöuhka, sillä niiden pieni koko mahdollistaa niiden 

päätymisen ja kertymisen vesiekosysteemeihin. Tämä aiheuttaa bioakkumulaatiota ja 

vahinkoa ympäristölle, eri vesieliöille ja jopa ravintoketjun kautta ihmisille. 

Jätevedenpuhdistamot ovat merkittäviä nanomuovien kulkeutumisreittejä vesistöihin, mutta 

niissä ei ole erityisiä poistomenetelmiä nanomuoveille, mikä johtaa huonoon poistotehoon.  

Tämän kirjallisuuskatsauksen tavoitteena on tutkia nanoselluloosan, erityisesti 

selluloosananokuitujen, käyttöä nanomuovien poistamiseen jätevesistä 

adsorptiomenetelmällä. Nanoselluloosan ainutlaatuiset ominaisuudet, kuten suuri pinta-ala, 

huokoinen rakenne ja hydroksyylipitoinen pintarakenne tekevät siitä tehokkaan adsorbentin. 

Nanoselluloosakuitujen anioninen muokkaus parantaa adsorptiokykyä, koska pääasiallisena 

adsorptiomekanismina toimivat sähköiset vuorovaikutukset nanomuovien ja 

nanoselluloosapohjaisten adsorbenttien välillä. Lisäksi nanoselluloosan helposti muokattava 

rakenne mahdollistaa sen valmistamisen hydro- ja aerogeeleiksi, joilla on erinomaiset 

adsorptiokapasiteetit.  

Tässä tutkimuksessa todettiin, että nanoselluloosasta tehdyillä adsorbenteilla on korkea 

adsorptiokapasiteetti, adsorptiotehokkuus, sekä nopea adsorptiokyky nanomuovien 

poistamiseksi. Lisäksi hydro- ja aerogeelit voivat potentiaalisesti toimia 

ympäristöystävällisinä adsorbentteina nanomuovien poistamisessa jätevedestä 

jätevedenpuhdistamoiden tertiäärisessä vaiheessa. Tämän mahdollistamiseksi tulevaisuuden 

tutkimusten tulisi keskittyä todellisien jätevesinäytteiden käyttämiseen ja 

adsorptioparametrien optimointiin, jotta menetelmiä voisi hyödyntää täyden mittakaavan 

sovelluksissa.   
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1  Introduction 

Nanoplastics (NP) are an emerging environmental issue due to them infiltrating and 

persisting in numerous ecosystems worldwide especially affecting water ecosystems 

including oceans, lakes, rivers and wastewaters (Besseling et al., 2019). Nanoplastics are 

plastic particles that are of asymmetrical shape and their size ranges from 1 nm to 1 μm 

making them potentially hazardous pollutants (Gigault et al., 2018). Nanoplastics are 

associated with significant risks to the environment and human health due to their unique 

physical and chemical properties. Their minute size allows them to infiltrate biological 

organisms, thus causing deeper damage than microplastics (MP) (Shi et al., 2024). 

Furthermore, their large specific surface area causes them to react and bind to toxic 

compounds and chemicals, intensifying their chemical impacts (Cavazzoli et al., 2023; 

Koelmans, Besseling & Shim, 2015). These particles can then be ingested or otherwise 

adhered to numerous aquatic animals (Shi et al., 2024), thus increasing their accumulation 

via the foodchain. In humans nanoplastics rise serious health concerns since they can widely 

spread onto tissues and even cross the blood-brain barrier (Waring, Harris & Mitchell, 2018). 

The global plastic production has been increasing and was 414 million tons in 2023 

(PlasticsEurope, 2024), which likely leads to increased amounts of nanoplastics in 

wastewater. The presence of nanoplastics in wastewater treatment plants (WWTPs) is 

scarcely researched due to it being an emerging area of concern and the analytics to analyze 

nanoplastics from environmental samples have not advanced enough. The presence of 

microplastics in WWTPs influent has been studied to be in the range of 0.14-3.14⸱104 

particles/L (Ali et al., 2021), therefore the abundance of nanoplastics in the influent is 

thought to be more, as plastics continuously degrade into smaller and smaller particles over 

time. Wastewater treatment plants can be significant transfers of nanoplastics to the aquatic 

systems since they have limited methods for nanoplastics’ removal resulting in an average 

80% removal rate (Liang et al., 2025). Therefore, to protect and to remove nanoplastics from 

natural water bodies the efficiency of wastewater treatment plants to remove nanoplastics 

from water must be enhanced. So far, no specific technologies to remove nanoplastics have 

been implemented into WWTPs, except those conventional methods that already existed in 

the treatment plants (Ali et al., 2021; Cavazzoli et al., 2023). Of the possible methods, 

adsorption is gaining popularity due to its efficiency, simplicity and cost-effectiveness 
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(Liang et al., 2025), it also uses less energy and requires less maintenance than other physical 

removal methods. Problems arise in adsorption since most of the sorbents used cannot be 

easily recycled (Rizvi et al., 2024). Other problems in adsorption are secondary toxic 

pollutants leaking from the sorbents back into the purified water (Ali et al., 2021). Therefore, 

it is crucial to focus on developing environmentally friendly and non-toxic adsorbents that 

are natural and can be recycled and do not harm the environment further.  

Nanocellulose, specifically cellulose nanofiber (CNF), is an emerging sustainable solution 

for nanoplastics’ removal from wastewater (Burhani et al., 2024). Derived from renewable 

sources like wood pulp, CNF is abundant, renewable and it can be produced in industrial 

scales (Noremylia, Hassan & Ismail, 2022). Its high surface area, hydroxyl-rich surface 

chemistry and its easiness to be modified make it an effective material for adsorbing 

contaminants from water (Goswami et al., 2024). Research on adsorption for nanoplastics 

removal is still in its early stages, with limited studies addressing this specific application. 

However, a comprehensive study by Leppänen et al. (2022) provided insight into CNF’s 

effectiveness in capturing nanoplastics. The study highlighted the high adsorption capacity 

due to nanocelluloses’ hygroscopicity and high active surface area, with the negative ionic 

charge of CNF promoting the accumulation of positively charged particles. As research 

progresses, nanocellulose adsorption of nanoplastics could become a key component of 

sustainable water treatment technologies providing an effective solution to the growing 

problem of nanoplastic pollution. 

This bachelor’s thesis is a literature review that aims to investigate the use of nanocellulose, 

particularly cellulose nanofibers, for removing nanoplastics from wastewater through 

adsorption. Additionally, this thesis explores the possibility of integrating CNF-based 

adsorption into wastewater treatment plants. Nanocelluloses’ unique properties, 

sustainability and environmental impacts as an adsorbent are also reviewed. Although 

nanocellulose and its properties have been widely studied, its specific role in removing 

nanoplastics from water remains unresearched. Additionally, little attention has been given 

to how nanocellulose adsorption can be adapted to wastewater treatment plants. This study 

aims to address these gaps and propose future research areas, thus advancing sustainable 

water treatment technologies.  
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2  Nanoplastics 

Nanoplastics are plastic particles ranging in size from 1 nm – 1 μm (Gigault et al., 2018). 

Their minute size proposes multiple hazards and the accumulation of them in water 

ecosystems. NPs originate primarily from two different sources. NPs which are purposefully 

manufactured to the minute size and then unintentionally released into water are called 

primary nanoplastics. Secondary nanoplastics are the unintentional result of degradation and 

fragmentation of larger plastic particles. (Koelmans, Besseling & Shim, 2015) They are 

formed through physical, biological and chemical processes such as mechanical breakdown 

or oxidation by UV-light (Mohana et al., 2021).  

NPs are asymmetrical in shape and exist in various shapes, including fibers, films and other 

irregular forms, depending on their origin and degradation process (Mohana et al., 2021). 

They are derived from various types of polymers. Most widely detected microplastic 

polymers in WWTPs influents are polyethylene (PE 5-60%), polystyrene (PS 20-90%), 

polyester (PES 40-75%) in which polyethylene terephthalate (PET 3-38%) belongs, 

polypropylene (PP 2-40%) and polyamide (PA 2-35%) respectively (Ali et al., 2021). 

Although these studies have only been done on MPs and not NPs it has been researched that 

they contain the same kinds of polymers (Shi et al., 2024), but perhaps in different amounts. 

These polymer types come from our everyday lives such as water bottles, clothing, food 

packaging and personal care products (Ali et al., 2021), which would reinforce the 

assumption that nanoplastics mainly consist of the same polymer types as microplastics. 

Due to the small size of NPs and their high surface area, they can easily disperse in aquatic 

environments, bind to toxic pollutants, and be ingested by aquatic organisms, potentially 

leading to bioaccumulation and negative health effects (Besseling et al., 2019; Cavazzoli et 

al., 2023; Shi et al., 2024). This chapter explores NPs’ behaviour in water, their potential 

negative effects and challenges in their removal from wastewater. These issues are discussed 

with an aim to develop more effective and environmentally friendly methods to remove NPs 

from wastewater.  
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2.1  Nanoplastics in water 

Nanoplastics have been detected in various water bodies including oceans, lakes, rivers and 

wastewater (Besseling et al., 2019). Only a few studies have been reported in the 

quantification of nanoplastics due to difficulties with their minute size and them being an 

emerging area of concern. In natural water bodies such as rivers, nature reserves, and seas 

from Asia, Europe, the U.K. and Siberia NP concentrations have been studied to be on 

average 0.3–488 micrograms per liter (Materić et al., 2022; Sullivan et al., 2020; Wibuloutai 

et al., 2023). Although these concentrations vary, they indicate that nanoplastics can be 

transported long distances from their original source and persist in various places (Materić 

et al., 2022).  

Their concentrations are difficult to quantify in WWTPs, but it is assumed they are even 

more abundant than microplastics (Besseling et al., 2019). For instance, MPs concentrations 

in wastewater treatment plant influents have been estimated at 1400-31400 particles per liter 

(Ali et al., 2021) while another study reported concentrations reaching 500-21000 particles 

per liter (Mason et al., 2016). It is assumed that NPs could be present in even higher 

concentrations, however due to difficulties in quantification, precise numerical estimates 

remain largely unstudied.  

In addition to quantification challenges, identification and isolation of nanoplastics are 

equally complex due to their unique characteristics and them being an emerging area of 

concern (da Costa et al., 2016; Gigault et al., 2018; Koelmans, Besseling & Shim, 2015). 

Significant research has been done on analytical identification techniques, each with their 

advantages and limitations. Some techniques that have been studied are atomic force 

microscopy coupled with infrared spectroscopy, nanoscale Fourier-transform infrared 

spectroscopy, tip enhanced Raman spectroscopy and three-dimensional fluorescence 

spectrum (Liang et al., 2025). The lack of standardized methods and the complexity of 

environmental samples make it difficult to obtain accurate measurements of nanoplastic 

concentrations, highlighting the need for further research in developing identification and 

quantification of nanoplastics. 

Once in aquatic environments, NPs exhibit complex behaviour depending on their size, 

shape, surface chemistry, hydrophilic nature and environmental conditions such as pH, ionic 

strength and presence of other matters such as minerals and natural organic matter (Sharma 
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et al., 2021). As seen in Figure 1 nanoplastics mainly transport in water through turbulent 

flows, but due to different polymer types, varying sizes and other factors, many of them end 

up settling to the bottom (Besseling et al., 2019). Different polymer types have different 

densities that affect their behaviour in water, as more dense polymers tend to settle to the 

bottom, whereas lower-density polymers are more likely to float or remain suspended (Ali 

et al., 2021). One of the key processes affecting nanoplastics is aggregation, where individual 

particles form larger clusters due to van der Waals forces and electrostatic interactions 

(Mohana et al., 2021). This aggregation influences nanoplastics’ stability and transport, 

determining whether the particles remain suspended in water or settle into sediments. The 

dispersion and mobility are also controlled by their surface charge and functional groups 

(Mohana et al., 2021; Sharma et al., 2021). Negatively charged particles tend to remain 

suspended due to electrostatic repulsion, while positively charged particles are more likely 

to aggregate because of attractive forces. The surface charge of NPs can be affected by 

various factors, including the type of polymer used, functional groups attached to the surface, 

and the size of the particles (Brar et al., 2010). 

 

Figure 1. Nanoplastic behaviour in water environments (Adapted from Besseling et al. 

(2019)) 

 



11 

 

Another crucial factor is the interaction of nanoplastics with environmental pollutants. Due 

to their high surface-area-to-volume ratio, nanoplastics can adsorb persistent organic 

pollutants (POPs), heavy metals and other harmful substances (Ali et al., 2021; Shi et al., 

2024). Additionally, nanoplastics undergo biofouling, where microorganisms attach to their 

surfaces, potentially altering their behaviour and toxicity (Cavazzoli et al., 2023). Over time, 

nanoplastics may settle and become buried in sediments, while external forces such as 

currents or biological activity can lead to resuspension, reintroducing them into the water 

column.  

2.2  Harms of nanoplastics in water 

NPs are abundantly present in waterbodies due to continuous breakdown of larger plastic 

debris and direct emissions from industries and consumers (Besseling et al., 2019). This 

continuous breakdown causes ever growing concerns of the accumulation of long-term 

plastic contamination to the aquatic systems, which is heightened by plastics being durable, 

long lasting and non-biodegradable (da Costa et al., 2016). Their persistence affects water 

quality, disrupts natural sediment composition, and poses significant challenges to aquatic 

ecosystems compromising natural biodiversity.  

Many aquatic organisms are affected by NP pollution mainly through ingestion and 

adherence, but exposure can also occur via dermal absorption through the skin or other outer 

layers. Exposure to NPs can result in multiple adverse effects including reproductive 

abnormalities, growth inhibition and immune system dysfunction leading to increased 

mortality. (Shi et al., 2024) The causes to these effects can be categorized into molecular, 

cellular and organ level as illustrated in Figure 2. The most found effects of nanoplastic 

exposure to aquatic organisms are oxidative stress, liver lipid, inflammation, decreased 

neuronal network function and accumulation (Shi et al.,2024). Kim et al. (2022) studied 

croaker fish that were exposed to nanoplastics via food and found effects in poor swimming 

ability, severe liver damage, and growth inhibition, demonstrating that nanoplastic exposure 

can induce decreased locomotor activity and neurotoxic effects.  

 



12 

 

 

Figure 2. Illustration of potential negative health effects triggered by nanoplastics in 

aquatic organisms, encompassing molecular initiating events such as reactive oxygen 

species (ROS) production, key events and adverse outcomes. (Adapted from Shi et al. 

(2024)) 

 

Once aquatic organisms have ingested nanoplastics, they can start to bioaccumulate and 

transport through the food chain causing potential negative impacts on higher-level 

consumers (Shi et al., 2024). Bioaccumulation is the process where pollutants gradually 

accumulate in biological organisms. Furthermore, nanoplastics act as carriers for heavy 

metals, persistent organic pollutants, antibiotics and other toxic nanoparticles, since they can 

be adhered to nanoplastics by sorption (Besseling et al., 2019; Gaylarde, Baptista Neto & da 

Fonseca, 2021; Shi et al., 2024). Sorption is a combination of two processes: adsorption, 

where particles are adhered to the sorbents surface, and absorption where particles penetrate 

the absorbent. NPs have showed even higher sorption capacity against targeted pollutants 

than MPs, reaching 7300 mg/kg sorption of nitrobenzene (Wang et al., 2019). Sorption 

capability of pollutants is caused by various characteristics of nanoplastics such as size, 

surface charge, high surface-area-to-volume ratio and functional groups (Ali et al., 2021), 

and ranges depending on them. The sorption of other harmful pollutants amplifies 

nanoplastics’ natural toxicity, that comes from various kinds of additives during the 

manufacturing process, and leads to toxicological effects on humans and other species 
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(Ruggieri et al., 2025). Once the other toxic particles are adhered to nanoplastics they can 

transfer these pollutants from one location to another (Ali et al., 2021), causing 

bioaccumulation and widespread distribution of toxic pollutants through sorption, posing 

significant risks to aquatic ecosystems and higher-level consumers.  

Bioaccumulation of nanoplastics with the sorption of other harmful pollutants causes 

significant risks to human health. Nanoplastics have been found to accumulate in human 

bodies in various places such as liver, brain, heart and kidney (Waring, Harris & Mitchell, 

2018).  Exposure happens through multiple routes but the most concerning is ingestion, since 

it allows for wide distribution to the body and organs (Ruggieri et al., 2025). NPs are ingested 

by aquatic organisms, other animals and they are found in drinking water and food sources, 

making human exposure inevitable (Li, Wang & Guan, 2022; Ruggieri et al., 2025). Once 

inside the body, nanoplastics pose several health risks, particularly due to their ability to 

cross biological barriers. One major concern is their ability to penetrate the blood-brain 

barrier, allowing them to accumulate in the brain. This raises the risk of neurotoxicity, 

potentially leading to inflammation, oxidative stress, and cognitive impairments. (Mattsson 

et al., 2017; Waring, Harris & Mitchell, 2018) Other concerns are reproductive and 

developmental toxicity and cardiotoxicity (Ruggieri et al., 2025). The long-term impacts of 

nanoplastic bioaccumulation remain largely unknown, but their widespread presence in 

human tissues underscores the urgent need for further research and regulation, which could 

limit their amount in the environment. 

2.3  Difficulties in removing nanoplastics from wastewater 

The removal of nanoplastics presents significant challenges in WWTPs due to their small 

size, persistence, and interactions with other pollutants. While research on MPs removal 

methods in WWTPs has advanced, NPs remain an emerging field with no standardized 

removal methods (Ali et al., 2021; Cavazzoli et al., 2023). Currently WWTPs employ only 

the already existing conventional removal methods for NPs removal, which results in an 

average 80% removal rate (Liang et al., 2025).  

WWTPs employ preliminary, primary, secondary, and tertiary treatment methods as seen in 

Figure 3 (Ali et al., 2021), yet the efficiency of NP removal varies or is not even studied. 

Current conventional wastewater treatment processes in WWTPs primarily focus on 
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mechanical, chemical and biological processes. Preliminary processes include screening, 

skimming tanks and grit chambers, while primary processes usually are coagulation and 

sedimentation. Secondary treatment is the biological treatment phase and focuses on aerobic 

and anaerobic processes. Tertiary treatment targets specific pollutants using methods such 

as membrane separation, ion exchange, electrochemical techniques, and advanced oxidation 

processes. (Ranjit et al., 2021) Tertiary treatments such as membrane filtration, suffer from 

fouling, abrasion damage, and decreased efficiency over time (Mohana et al., 2021), 

hindering their usage. These conventional methods are not designed specifically for NP 

removal and thus do not remove them efficiently enough (Ali et al., 2021). This results in 

NPs persisting in effluents and sludge, ultimately entering natural water bodies and 

ecosystems (Gaylarde, Baptista Neto & da Fonseca, 2021; Li et al., 2018). The lack of 

standardized monitoring methods and comprehensive studies on NP removal efficiency 

further complicates the assessment of their fate in WWTPs.  

Wastewater treatment plants are significant transfers of nanoplastics to the aquatic systems, 

which results in large quantities of NPs being released into the natural environment (Ali et 

al., 2021; Liang et al., 2025). An estimated 25% of NPs escape into the environment through 

treated wastewater discharge (Boucher & Friot, 2017). Likewise, Li et al. (2018) examined 

79 sewage sludge samples from 28 WWTPs and estimated that around 1.56 × 10¹⁴ particles 

of MPs are released into the natural environment annually. 

NPs fate and occurrence in WWTPs are influenced by complex behaviours, continuous 

fragmentation and interaction with other pollutants (Mohana et al., 2021; Shi et al., 2024). 

Wastewater contains many other pollutants and contaminants such as organic matter, 

pharmaceuticals and personal care products, industrial and chemical substances as well as 

inorganic substances. These interact with NPs forming aggregates and other complex 

structures, composites, clusters, or colloidal systems that can influence their transport, 

bioavailability, and removal efficiency in wastewater treatment processes (Besseling et al., 

2019; Mohana et al., 2021). This results in possibly decreased removal efficiency of NPs but 

also decreased removal efficiency of the other contaminants. However, aggregation can 

increase settling and transfer into sludge, thus increasing their removal. Research has 

depicted that NPs can disrupt biological wastewater treatment by affecting the removal of 

nitrogen, dissolved oxygen, and phosphorus. They also alter microbial communities 

involved in nitrification, denitrification, and methane production, impacting overall 



15 

 

treatment efficiency. (Ali et al., 2021) Also the constant fragmentation and surface 

weathering of NPs increases their adsorption capacity and keeps them constantly altering 

their surface chemistry, particle size and concentration (Ali et al., 2021; Mohana et al., 2021), 

making it difficult to remove them. Figure 3 depicts the potential effects of NPs on the 

efficiency of WWTP processes. 

 

Figure 3.  Potential effects of MPs and NPs on the functionality and performance of 

WWTPs processes (Ali et al., 2021)  
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3  Nanocellulose 

Nanocellulose is a natural fiber that can be produced via mechanical, chemical, and 

enzymatical methods from cellulose which is the most abundant biopolymer on earth 

(Burhani et al., 2024). Cellulose can be derived from renewable sources like wood and plants 

(Noremylia, Hassan & Ismail, 2022), and it is the main component in the plant cell wall 

(Phanthong et al., 2018). Cellulose consists of glucan chains with a repeating β-(1–4)-D-

glucopyranose units as seen in Figure 4 (Dufresne, 2012). In one cellulose molecule there 

are methylol and hydroxyl groups as functional groups. Cellulose molecules attach to each 

other in an ordered structure forming long cellulose chains that are connected by β-1-4-

linkages. The stability of the cellulose chains is maintained by intramolecular and 

intermolecular hydrogen bonding along with van der Waals forces (Goswami et al., 2024). 

Cellulose consists of amorphous regions that are less ordered and caused by broken and 

disordered hydrogen bonds (Noremylia, Hassan & Ismail, 2022). Cellulose also contains 

crystalline regions that are highly ordered and tightly packed, resulting from the regular and 

repetitive arrangement of cellulose chains (Goswami et al., 2024). These crystalline and 

amorphous regions impact the properties and characteristics of nanocellulose.  

 

Figure 4.  Chemical structure of cellulose (Hokkanen, Bhatnagar & Sillanpää, 2016) 

 

The nanocellulose industry is growing rapidly and becoming increasingly industrialized, 

making it possible to produce nanocellulose on an industrial scale (Noremylia, Hassan & 

Ismail, 2022; Salama et al., 2021). Beyond its functionality as an effective adsorbent, 

nanocellulose is also highly appealing due to its low cost and abundant availability 
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(Hokkanen, Bhatnagar & Sillanpää, 2016). Global market size of nanocellulose is expected 

to grow at 21% of annual rate from 2020 to 2026 (Salama et al., 2021). Financially, the 

market value is projected to grow from USD 0.6 billion in 2024 to USD 3.4 billion by 2032 

(Markets and Markets, 2024). Given this rapid market growth, advancing nanocellulose 

research and exploring its potential applications, particularly in wastewater treatment, 

remain highly relevant. This chapter explores the properties, sustainability, and various types 

of nanocellulose, with a focus on its role as an adsorbent in wastewater treatment. 

3.1  Properties 

Nanocellulose can be divided into three main categories: cellulose nanofibers, cellulose 

nanocrystals (CNC) and bacterial cellulose (BC) (Jiao et al., 2025). These types are 

differentiated by their production methods and properties. Cellulose nanocrystals are made 

by removing the amorphous regions of cellulose leaving the crystalline regions, thus 

obtaining a rigid high crystalline structure (Burhani et al., 2024). Bacterial cellulose is 

prepared by biological processes in which the cellulose is microbially fermented to create 

bacterial cellulose (Faria et al., 2022). Cellulose nanofiber also known as cellulose nanofibril 

and nanofibrillated cellulose, is the most appealing type of nanocellulose due to its unique 

characteristics (Burhani et al., 2024), such as high mechanical strength, hydrophilicity and 

lower degree of crystallinity.  

Nanocellulose has excellent physical and mechanical properties that make it an effective 

material for adsorption. The most important property is its high specific surface area (SSA) 

of around 50-300 m2/g (Gobi et al., 2024; Goswami et al., 2024; Moon et al., 2011). High 

surface area correlates to higher contact area with water thus accelerating the adsorption and 

overall improving its efficiency (Ahmed et al., 2022). Additionally, the porous surface 

structure of nanocellulose is a key advantage in adsorption. The high porosity allows the 

pollutants to penetrate deeper into the nanocellulose and enables the formation of hydrogels 

and aerogels, which have also shown great potential as adsorbents (Sun et al., 2021). 

Nanocellulose is lightweight and its density is 1.6 g/cm3 (Burhani et al., 2024), making it 

easy and cheap to move around. Nanocellulose has a high elastic modulus of 220 GPa and 

tensile strength of 2-7.7 GPa making it mechanically strong and stiff (Burhani et al., 2024). 
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Moreover, nanocellulose maintains flexibility and elasticity, which enables it to moulded 

easily and to be adapted to various applications (Moon et al., 2011).  

Nanocellulose presents unique chemical properties that stem from its complex molecular 

structure. The degree of crystallinity refers to the proportion of crystalline regions as 

opposed to the amorphous regions. The degree of crystallinity has major differences in the 

types of nanocellulose (Shak, Pang & Mah, 2018). Nanocellulose has a high crystalline 

degree of 60-80% that improves its chemical resistance and decreases its solubility (Salama 

et al., 2021). Nanocellulose has a hydroxyl rich surface chemistry increasing its 

hydrophilicity, chirality and making it highly reactive (Goswami et al., 2024). Hydroxyl 

groups can easily be functionalized by oxidation, esterification etc. increasing 

nanocelluloses’ adsorption capacity (Habibi, 2014). Hydroxyl groups also make the 

nanocellulose stable in water (Phanthong et al., 2018), which makes it good for water 

purification. Leppänen et al. (2022) discussed about high adsorption capacity due to 

nanocelluloses’ hygroscopicity, meaning it can absorb and retain water from its surroundings 

advancing the adsorption. Nanocelluloses’ key properties relevant to adsorption are 

summarised in Figure 5.  

 

Figure 5.  Nanocelluloses’ key properties relevant to adsorption 
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3.2  Cellulose nanofiber 

Cellulose nanofiber proposes the most intriguing properties for wastewater remediation; 

thus, it is the main focus of this study. CNF can be produced from cellulose in the process 

of decreasing the size of it, which can include mechanical grinding, chemical processes, 

cryocrushing or high-pressure homogenization (HPH) (Burhani et al., 2024; Noremylia, 

Hassan & Ismail, 2022). As shown in Figure 6, mechanical processes are the most used for 

their scalability and straightforwardness.  

Figure 6. Cellulose nanofiber is extracted from cellulose by mechanical processing 

(Phanthong et al., 2018) 

 

The most effective method for producing CNF is by pre-treating the cellulose fibers before 

the mechanical processing. The pre-treatment lowers the needed mechanical processing 

intensity and time, and can be done in various ways. This pre-treatment also refers to the 

functionalization of nanocelluloses surface (Habibi, 2014). One pre-treatment method is 

TEMPO-mediated oxidation in which TEMPO is used as a catalyst to selectively oxidize the 

hydroxyl (-OH) groups to carboxylic acid (-COOH) groups. The oxidation is selectively 

happening to the primary alcohol groups, sparing the crystalline regions and targeting the 

surface, therefore functionalizing the surface and maintaining celluloses polymorphs and 

crystalline structure. This pre-treatment increases the surface charge of nanocellulose, 

reducing the fiber-to-fiber interactions therefore saving energy when mechanically 

fibrillating cellulose into CNF. (Noremylia, Hassan & Ismail, 2022) Due to TEMPO 

oxidation the surface charge is negative thus attracting more positively charged particles due 

to the attractive electrostatic interactions (Gobi et al., 2024; Leppänen et al., 2022), meaning 

the oxidation increases the CNFs ability to adsorb positively charged nanoplastics. TEMPO 

oxidation also produces uniform and colloidally stable CNF in aqueous systems due to the 
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carboxyl groups, which is desired in water treatment. TEMPO oxidation has some 

limitations since introducing the carboxylate groups reduces nanocelluloses thermal 

stability, limiting high-temperature applications (Noremylia, Hassan & Ismail, 2022). In 

water purification processes this should not be an issue, since most of them are done in lower 

temperatures for example tertiary treatment process temperatures are usually around 20-

40°C (Metcalf & Eddy et al., 2014).  

CNF possesses many other properties that make it appealing to use in water purification, 

most of them are the same as previously stated for nanocellulose. Cellulose nanofibers 

usually have a diameter of 1-100 nm and a length of 1 μm (Burhani et al., 2024) and specific 

surface area of 50-300 m2/g depending on the preparation method and degree of fibrillation 

(Gobi et al., 2024; Goswami et al., 2024; Moon et al., 2011). Other remarkable 

characteristics are that they are lightweight and easily modified thus they can be made to 

form aerogels, hydrogels or films for adsorption applications (Burhani et al., 2024). CNF 

has a lower degree of crystallinity (50-70%) compared to other types of nanocellulose 

(Noremylia, Hassan & Ismail, 2022). CNF contains both the crystalline and amorphous 

regions of cellulose. This makes CNF exceptionally mechanically strong and resistive to 

degradation while still being flexible and easily modified on the surface. (Phanthong et al., 

2018) Cellulose nanofibers are highly hydrophilic because their surface contains many 

hydroxyl and carboxyl functional groups, which attract water molecules. However, despite 

their strong affinity for water, CNFs do not dissolve in water. This is due to the strong 

intramolecular and intermolecular van der Waals forces and hydrogen bonds. (Burhani et al., 

2024)  

Although CNF poses many positive qualities for adsorption, the maximum adsorption 

capacity of nanocellulose is limited by their functionality and surface area (Salama et al., 

2021). The functionality is increased by TEMPO-modification as discussed above, but the 

question of surface area still remains. For this reason, cellulose nanofibers are usually further 

modified into lightweight porous materials (hydrogels or aerogels), since they have shown 

high adsorption capacity (Sun et al., 2021). This modification allows for a much higher 

surface area increasing adsorption capacity. For example, SSA of aerogels can be as high as 

1000 m2/g (Sun et al., 2021), which is 3 to 5 times higher than unmodified CNFs. Hydrogels 

are usually made by homogenization (mechanical breakdown), and they are dried or 

evaporated into aerogels (Sun et al., 2021).  
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4  Potential of CNF for Nanoplastic Adsorption 

Adsorption has gained immense interest as an alternative removal method for pollutants, 

especially microplastics and nanoplastics, which is caused by the efficiency of the process, 

cost-effectiveness and simplicity (Liang et al., 2025). It also uses less energy and requires 

less maintenance than other physical removal methods, such as membrane processes which 

are widely used. The downside to adsorption is that most common adsorbents such as 

activated carbon and silica-based adsorbents are not recyclable or biodegradable (Rizvi et 

al., 2024), thus posing challenges related to sustainability and environmental impact. They 

can also cause secondary toxic pollutants to leak from the sorbent to the purified water (Ali 

et al., 2021). Nanocellulose has emerged as an alternative sustainable adsorbent due to its 

abundance, renewability and industrial scale production (Noremylia, Hassan & Ismail, 

2022).  

This study focuses on the potential of cellulose nanofibers in the adsorption of nanoplastics, 

a process facilitated by CNFs high surface area, porous structure, and hydrophilic nature. 

CNFs interact with nanoplastics through electrostatic attraction, van der Waals forces and 

hydrogen bonding, enabling efficient pollutant capture. Notably, TEMPO-oxidized CNF 

exhibits a negatively charged surface, which enhances its affinity for positively charged 

nanoplastics, making it a highly effective natural adsorbent in wastewater treatment 

applications (Leppänen et al., 2022). Cellulose nanofibers are transformed into hydrogels 

and aerogels, creating highly porous and lightweight structures that enhance adsorption 

capacity by increasing surface area and enabling efficient pollutant capture (Gobi et al., 

2024; Leppänen et al., 2022). This chapter examines the adsorption capabilities of CNFs for 

nanoplastic removal, including the adsorption mechanism, experimental evidence 

supporting their effectiveness and advantages. Additionally, key challenges and possibilities, 

including large-scale application and regeneration potential are discussed.  
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4.1  Mechanism of adsorption 

Adsorption is the process where an adsorbate is adhered to the adsorbents surface 

immobilizing it from the outside liquid, as seen in Figure 7. In this case adsorbate is 

nanoplastic and adsorbent is modified cellulose nanofiber. Adsorption is a complex process 

that is caused by natural forces between the adsorbate and adsorbent and is affected by 

several factors. Normally adsorption can be divided into chemical adsorption 

(chemisorption) or physical adsorption (physisorption). (Gobi et al., 2024) Chemical 

adsorption relies on the chemical interactions between the adsorbent and adsorbate. 

Physisorption is mainly controlled by polarity, hydrogen bonds, van der Waals forces, 

dipole-dipole interaction and hydrophobicity (Hokkanen, Bhatnagar & Sillanpää, 2016). 

Other mechanisms involved in adsorption are ion exchange, selective adsorption, surface 

adsorption and chemical complexation (Gobi et al., 2024; Goswami et al., 2024; Hokkanen 

et al., 2014; Liu et al., 2024).  

 

Figure 7. Nanocellulose adsorbent with adsorbate layer around it (Adapted from 

Goswami et al. (2024)) 

 

The adsorption mechanism of nanocellulose-based adsorbents is controlled by physical 

adsorption with some exceptions of chemical adsorption (Hokkanen, Bhatnagar & Sillanpää, 

2016). All of the mechanisms mentioned above have been reported on nanocellulose-based 

adsorbents. The prevalent mechanisms depend on the used adsorbent and adsorbate. 

Cellulose nanofibers are usually further modified into hydrogels and aerogels, which are 

used in adsorption and affect the adsorption mechanism.  
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According to Leppänen et al. (2022), electrostatic interactions play a key role in the 

adsorption of nanoplastics onto TEMPO-modified CNF. The negatively charged surface of 

TEMPO-modified CNF strongly attracts positively charged nanoplastics, enhancing 

adsorption (Gobi et al., 2024). However, this does not prevent the adsorption of negatively 

charged nanoplastics. In fact, Leppänen et al. (2022), found that approximately one-third of 

the adsorbed nanoplastics were negatively charged, while the remaining two-thirds were 

positively charged, indicating that additional forces, such as hydrogen bonding, dipole-

dipole and van der Waals interactions, also contribute to the adsorption process. Hydrogen 

bonding between NPs and CNF are due to celluloses’ hydroxyl rich surface chemistry 

interacting with NPs functional groups. Furthermore, according to a study by Liu et al. 

(2024), on microplastic adsorption by graphene oxide and double-aldehyde-modified 

cellulose nanofiber aerogels (D-DPGG), electrostatic interactions, hydrogen bonding and π-

π interactions were the basis for the adsorption. Figure 8 illustrates how nanocellulose 

aerogel networks efficiently trap microplastics onto its surface. Although the study was done 

by microplastics (1 μm) the same adsorption mechanisms could be applicable for 

nanoplastics. These studies highlight the importance of physical adsorption mechanisms on 

nanocelluloses’ adsorption capacity, especially emphasizing the electrostatic interactions as 

the main mechanism. 



24 

 

 

Figure 8.  SEM images of PS microplastic particles adsorbed within aerogel and enlarged 

image: (a-b) pipeline structure; (c-d) pore structure; (e-f) three-dimensional network 

structure of the aerogel (Liu et al., 2024) 

 

The study done by Hokkanen et al. (2014), on adsorption of metal ions onto modified 

nanocellulose depicted that the main mechanism was ion-exchange. This directly does not 

correspond with NPs adsorption, since they are not metal ions, but highlights the importance 

of surface charge modifications as discussed previously. There are many modification 

methods for nanocellulose adsorbents, but the most prevalent method for boosting 

adsorption capacity is thought to be anionic modification, due to the added negative binding 

sites, ion-exchange adsorption and enhanced complexation (Salama et al., 2021). An 

example of an anionic modification is the TEMPO-modification, since it adds carboxylic 

acid groups to the nanocelluloses’ surface.  
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Adsorbent’s morphology and structure also has an impact on how well it adsorbs (Gobi et 

al., 2024). Leppänen et al. (2022) proposed that the adsorption mechanism of nanoplastics 

onto CNF hydrogels does not rely on any specific chemical or physical interaction, but is the 

dual result of nanocellulose hydrogels’ high hygroscopicity and large surface area, which 

allows efficient entrapment regardless of particle size, surface chemistry, or plastic type. 

This perspective underscores the exceptional adsorption properties of nanocellulose, 

emphasizing its efficiency as an adsorbent as well as the benefits of further modifying CNF 

into hydrogels. Figure 9 illustrates how nanocellulose in different forms adsorbs and traps 

nanoplastics. Hydrogels enhance cohesion, surface area and their peculiar water transport 

properties, such as diffusion and capillary forces, which facilitate larger adsorption capacity. 

Thin self-standing films have shown high adsorption capacity, which is aided by them 

swelling when in contact with aqueous solutions, thus increasing capillary flow. (Leppänen 

et al., 2022) Aerogels have a microporous well-organised structure that ensures even 

transportation of water and therefore high adsorption capacity of pollutants (Liu et al., 2024). 

These variations are all applicable in nanoplastic removal.  

 

Figure 9.  Illustration on how nanocellulose in forms of thin films, hydrogels and 

aerogels adsorbs and traps nanoplastics (Adapted from Burhani et al. (2024)) 

 

4.2  Experimental evidence and positive results 

Nanocellulose adsorption is widely researched focusing on the removal of heavy metals and 

dyes, but little to no attention has been paid to the removal of nanoplastics. However, the 

few existing studies on nanoplastic and microplastic adsorption, as well as research on 
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cellulose as an adsorbent, suggest that CNFs, especially in hydrogel and aerogel forms, hold 

great promise for this application (Batool & Valiyaveettil, 2021; Leppänen et al., 2022; Liu 

et al., 2024) . 

A study by Leppänen et al. (2022) proved that cellulose nanofiber hydrogels efficiently trap 

nano- and microplastics particles abbreviated as PS (ø100 nm) and PS (ø1µm). The hydrogel 

showed considerably higher adsorption capacity for nanoplastics than microplastics. This 

was caused by NPs smaller size, which allows them to be easily penetrated deeper onto the 

hydrogel network. The network also displayed capillary action, diffusion and water flux 

transport properties that aided the adsorption along with the negative charge and large 

surface area of CNF.  

In the same study, Leppänen et al. (2022) assessed CNF and TEMPO-CNF self-standing 

films’ quantitative ability to trap nanoplastics and microplastics. The study used negatively 

and positively charged polystyrene nano- and microplastics with diameters of 100 nm and 1 

µm. The number of captured nanoparticles per unit area is shown in Figure 10 a and b, which 

are around 170 million to 250 million per square millimeters for adsorbed PS (ø100 nm) 

particles by TEMPO-CNF. Figure 10 c also shows SEM images of the films after contact 

with nanoplastic dispersion. The results delivered that highly hygroscopic and negatively 

charged TEMPO-CNF performed the best both for positively and negatively charged 

particles as well as both sized particles. Attraction with TEMPO-CNF and positively charged 

nanoplastics was expected due to the electrostatic attraction, but the higher adsorption 

capacity of negative PS particles was surprising. This is due to TEMPO-CNFs nanoscale 

porosity, high hygroscopicity and capillary flow, which aid water transport and therefore 

transport even the negative nanoplastics. Electrostatic attraction was stronger for larger PS 

particles, as negatively charged cellulose films captured more positively charged 

microplastics. 
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Figure 10.  Quantitative assessment of entrapped nanoplastic particles on different self-

standing films: (a) Number of captured polystyrene nanoplastic particle PS (ø100 nm) and 

(b) number of PS (ø1µm) particles captured. Grey bars represent positively charged particles, 

and white bars negatively charged particles. (c) SEM images of the films after exposure to 

the anionic PS (ø100 nm) dispersion for 10 min. Scale bar in SEM images represents 1 µm 

(Leppänen et al., 2022)   

 

Liu et al. (2024) investigated the adsorption of PS (1 µm) microplastics using aerogels 

composed of double-aldehyde-modified cellulose nanofibers and graphene oxide (D-

DPGG). By this modification method the aerogel had positive charges opposed to the 

negative charge of TEMPO modified nanocellulose. Regardless of the charge, one of the 

main adsorption methods was proven to be electrostatic attraction. The aerogel exhibited a 

maximum adsorption capacity of 241.56 mg/g in 20 minutes, which is superior compared to 

most adsorbents. Additionally, it maintained a high adsorption efficiency of 96.62%. This 

study proposes high potential even for nanoplastic adsorption since the principle and 

adsorption mechanism for nano- and microplastics remains relatively same. Even a higher 
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adsorption capacity for nanoplastics could be obtained, since according to Leppänen et al. 

(2022) nanocellulose networks showed higher adsorption for NPs than MPs.  

Most studies done on nanoplastic adsorption by nanocellulose focus solely on polystyrene 

particles and do not study other polymer types that are found in wastewater. Batool & 

Valiyaveettil et al. (2021) studied polyvinyl acetate (PVAc), polyvinyl chloride (PVC) and 

polymethyl methacrylate (PMMA) adsorption by polyethylenimine modified cellulose fibers 

(PEI@CE). Although the cellulose was not in the nano scale the plastic particles were 

averaging in sizes 71 nm, 76 nm, and 98 nm, respectively. The adsorption efficiencies were 

high for all the polymer particles at above 97% within 30 minutes. Most polymer particles 

exhibited negative surface charges, enabling strong electrostatic interactions with the 

positively charged PEI@CE surface and achieving high adsorption efficiency. The 

successful removal of microplastics from a commercial body scrub sample further 

demonstrated its practical applicability. This study suggests that nanocellulose-based 

adsorbents could be effective for a wider range of polymers, not just polystyrene. However, 

further research is needed to explore adsorption behaviour with other common nanoplastics, 

such as polyethylene and polypropylene, to optimize removal strategies for real wastewater 

treatment.  

Modified nanocellulose has shown great promise as an adsorbent for dyes and heavy metals, 

with high adsorption capacity and efficiency (Hokkanen et al., 2014; Salama et al., 2021). 

The primary mechanisms for the adsorption of dyes and heavy metals are ion exchange and 

chemical-complexation (Salama et al., 2021), which can also be applied to nanoplastics. 

Since many nanoplastics acquire surface charges in aqueous environments, ion exchange 

and electrostatic interactions play a key role in their removal. The effectiveness of 

nanocellulose in removing dyes and metals from water matrices suggests its suitability for 

nanoplastic as well as other pollutant remediation, enhancing the positive results and further 

confirming its success in adsorption. 

Nanocellulose adsorbents have shown great promise in actual water samples to remove MPs, 

which is crucial for the application of this method into wastewater. Liu et al. (2024) studied 

the adsorption performance of the aerogel for PS (1 µm) microplastic removal in actual water 

environments, such as rivers, oceans, lakes and reservoirs as shown in Figure 11. In these 

samples the anionic and cationic interference was present in the water as well as other 

dissolved substances for example salts and metals. For MP concentrations of 100 mg/L the 
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adsorbent showed exceptional efficiency (> 95%) and adsorption capacity (> 235 mg/g), and 

for lower concentrations (10 mg/L) the efficiency stayed above 90%. Demonstrating its 

effectiveness in removing PS microplastics in real-world conditions as well as lower 

concentrations, it shows great promise for large-scale PS micro- and nanoplastic 

remediation.  

 

Figure 11.   Adsorption efficiency and capacity of D-DPGG aerogel in different water 

environments (microplastic concentration: 100 mg/L; adsorbent concentration: 1 %; mass: 

10 mg; time: 20 min; temperature: 25 °C; pH: 7) (Liu et al., 2024) 

 

pH is a prevalent variable in wastewaters affecting the adsorption capacity (Gobi et al., 

2024). Additionally, the pH value influences the surface charge of nanoplastics (Sharma et 

al., 2021). The acceptable pH range for wastewaters in Finland is between 6 and 11 (HSY, 

2021). Nevertheless, due to neutralization processes, wastewater typically has a pH close to 

neutral, which also appears to be the most optimal condition for adsorption of small particles. 

Leppänen et al. (2022) studied the effect of pH on TEMPO-CNFs adsorption of NPs and 

concluded that variations in pH 7.3 to 8.4 do not change the adsorption behaviour. 

Additionally, Liu et al. (2024) studied the effect of pH 4-10 on the adsorption capacity and 

concluded that pH near neutral showed the highest adsorption capacity and efficiency. When 

pH neared 10 the efficiency dropped to 80% contrary to pH 4 when efficiency was above 

90%. These studies show that while pH influences the adsorption capacity and efficiency of 
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nanocellulose lightweight materials, it still has quite broad operational range that does not 

present any complications. 

Another key finding from adsorption studies is the rapid adsorption rate of CNF-based 

materials. Fast adsorption rate correlates to enhanced efficiency, shorter treatment times, and 

increased feasibility for large-scale wastewater treatment applications. For modified CNF 

aerogels adsorption of MPs, the equilibrium adsorption of 96.62% was achieved within 20 

min, with maximum adsorption capacity of 91.61% within the first 5 minutes (Liu et al., 

2024).  Additionally, Hokkanen et al. (2014) studied the adsorption of heavy metals from 

water by carbonated hydroxyapatite modified nanocellulose and resulted that over 80% 

adsorption efficiency was achieved by 5 minutes. Fast adsorption rate is the result of 

nanocelluloses high active surface area and porous structure providing numerous active 

adsorption sites on the adsorbent surface.  

4.3  Environmental benefits of CNF adsorption 

Nanocellulose is a sustainable material derived from renewable resources such as wood, 

algae and plants. Furthermore, nanocellulose can be obtained from different types of waste 

for example agricultural waste, wood pulp waste and energy crops, which are available in 

large amounts and are low cost. (Shak, Pang & Mah, 2018) By utilizing waste the 

nanocellulose production enhances resource efficiency and contributes to the circular 

economy, reducing the environmental impact caused by the production of nanocellulose. 

Nanocellulose production is available in large-scale (Noremylia, Hassan & Ismail, 2022; 

Salama et al., 2021), offering an environmentally friendly alternative for fossil-based 

adsorbents and other costly and complex water treatment processes.  

Unlike many synthetic adsorbents, such as carbon- and fossil-based adsorbents, which are 

the most used in wastewater treatment, nanocellulose-based adsorbents are non-toxic and 

biocompatible (Hokkanen, Bhatnagar & Sillanpää, 2016; Shak, Pang & Mah, 2018). Non-

toxic nature is particularly useful in wastewater treatment, since other adsorbents have been 

found to release secondary pollutants into the treated water (Ali et al., 2021; Burhani et al., 

2024). For example, it is concerning that plastic-based polymers can become sources of 

secondary nanoplastics, as they degrade during usage (Burhani et al., 2024). In contrast 
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nanocellulose remains stable and does not degrade in water (Phanthong et al., 2018), making 

it safer and more sustainable choice for an adsorbent.  

Regeneration is an important aspect of adsorption, since it allows to restore the adsorbent’s 

adsorption capacity, improving its recyclability and allowing it to be reused multiple times 

(Hokkanen, Bhatnagar & Sillanpää, 2016). Additionally, regeneration enables multiple 

adsorption-desorption cycles, reducing material waste and operational costs. Desorption, the 

process where adsorbed pollutants are released from the adsorbent, is also part of the 

environmental assessment, since then the removed pollutants can be recycled and reused or 

disposed of properly. Multiple studies have been made on the regeneration of modified 

nanocellulose, also proving that the desorption of absorbed heavy metals has been 

successful, (Hokkanen, Repo & Sillanpää, 2013; Hokkanen et al., 2014), allowing them to 

be repurposed. This could potentially mean the same for the adsorption of nanoplastics, 

which would allow them to be recycled and reused again.  

The regeneration of nanocellulose is possible, because of nanocelluloses’ high stiffness and 

strength as well as its easily modified nature. According to a study done by Liu et al. (2024), 

modified cellulose nanofiber aerogel could maintain a high adsorption of microplastics with 

efficiency of over 80% within 20 adsorption-desorption cycles. Therefore, nanocellulose 

lightweight materials propose excellent potential in the cyclic adsorption of micro- and 

nanoplastics. According to Hokkanen, Repo & Sillanpää (2013), modified nanocelluloses 

adsorption capacity was affected by the regeneration and decreased 11-25% after the first 

cycle, but promisingly 15 s ultrasonic treatment could regenerate it to the original state. The 

possibility of multiple adsorption-desorption cycles with good regeneration ability and 

stability of nanocellulose shows promise for scaling-up applications (Salama et al., 2021).  

After use nanocellulose-based materials offer significant environmental benefits, due to their 

biodegradable nature (Phanthong et al., 2018). Unlike synthetic polymers, which persist in 

the environment and contribute to long-term pollution, nanocellulose naturally decomposes, 

minimizing waste accumulation. Nanocelluloses’ recyclability and biodegradability along 

with renewable sourcing makes nanocellulose a key material for advancing sustainable 

technologies in water treatment and beyond. 
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4.4  Application in wastewater treatment plants 

Wastewater treatment plants employ multiple key stages for removing pollutants, with every 

stage having a focus on certain type of removal methods. None of these conventional 

treatment methods are focused on NPs or MPs removal (Ali et al., 2021), thus it is prevalent 

to create one to protect natural water bodies. Current removal methods result in an average 

80% removal rate for NPs, with preliminary and primary treatment removing the majority 

of them (Ali et al., 2021). Possible tertiary treatment methods are membrane separation, 

advanced oxidation processes and electrochemical techniques processes (Ranjit et al., 2021). 

This final stage offers an opportunity for "fine-tuning" the removal process, ensuring that 

smaller contaminants, including nanoplastics, are better captured, thus minimizing their 

release into the environment.  

Nanocellulose adsorption could be applied into WWTPs in the tertiary treatment stage to 

increase both the removal rate and the removal efficiency of nanoplastics. Since primary and 

secondary treatment stages are primarily designed to remove larger solids, suspended solids 

and organic matter (Ranjit et al., 2021), they are not specifically tailored to target nanoscale 

contaminants. Tertiary treatment stage, however, focuses on recalcitrant solids, pollutants 

and pathogens (Rout et al., 2022), for a more refined removal of specific pollutants, making 

it a suitable stage for the implementation of nanocellulose-based adsorbents. In tertiary 

treatment, where other contaminants such as organic matter, heavy metals and nutrients have 

already been addressed, NPs can be more effectively targeted through specialized removal 

methods, since other contaminants would not hinder the removal method. This is particularly 

useful for CNF adsorption of nanoplastics, since the removal method is sensitive to other 

surfactants, organic matter and pollutants (Hokkanen, Bhatnagar & Sillanpää, 2016). 

Additionally, the placement of nanocellulose adsorption into the tertiary stage allows the 

previous stages to remove a portion of the nanoplastics, with the last stage removing the rest. 

This comes with its challenges since nanoplastics tend to accumulate in the sludge, which is 

often disposed and reused, leading to potential environmental contamination (Rout et al., 

2022). Although this solution does not fully eliminate nanoplastic contamination via all 

discharge routes from WWTPs, it serves as a valuable additional barrier that complements 

existing treatment methods and minimizes environmental release.  
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Tertiary treatment methods vary depending on the treatment plant and its needs in relevance 

to the treated water, and in some cases, they can include adsorption (Brar et al., 2010; Rizvi 

et al., 2024). Since tertiary treatments vary and are targeted for specific pollutants, the 

additional implementation of nanocellulose adsorption could be integrated alongside 

existing tertiary treatment methods. This approach is relatively easy to apply and requires 

less modification of the entire purification process, thereby enhancing compatibility with the 

existing treatment infrastructure. Additionally, the other treatment methods can remove 

other pollutants and contaminants that would interfere with the adsorption.  Alternatively, 

the nanocellulose adsorption could be applied as a standalone solution in cases where the 

WWTPs conditions warrant its independent use. Figure 12 demonstrates how nanocellulose 

based adsorption could be implemented onto the existing treatment process.  

 

Figure 12. Nanocellulose based adsorption as the tertiary treatment stage in wastewater 

treatment plant 

 

Compared to other tertiary methods, such as chemical coagulation, advanced oxidation 

processes and membrane filtration, CNF-based adsorption could be more suitable in 

WWTPs for nanoplastic removal. The nanocellulose based process is more energy-efficient, 

less prone to operational issues like membrane fouling, and does not produce secondary 

pollutants (Ali et al., 2021; Mohana et al., 2021). Nanocellulose materials are biodegradable, 

renewable, and safe for aquatic environments, making them well-suited for integration into 

existing WWTP systems (Burhani et al., 2024). Their high surface area and porous structure 

enable fast and effective nanoplastic adsorption. Hydrogels and aerogels stand out as the 

most promising forms of CNF for adsorption due to their enhanced porosity, water transport 

properties and their assumed ease of integration into existing wastewater treatment 

processes. Implementing CNF adsorption as an additional tertiary treatment could 
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significantly improve the final effluent quality, offering a sustainable and cost-effective 

option to current WWTPs without needing major structural changes to the entire process. 

 

4.5  Limitations and challenges in CNF adsorption 

Despite promising results in nanocellulose adsorption of nanoplastics have been reported, 

several challenges remain unstudied that hinder its application in water treatment. Research 

on CNF adsorption for nanoplastics removal is just beginning to gain attention with only few 

studies on the topic, since most studies have focused on the use of CNF for the removal of 

dyes and heavy metals (Salama et al., 2021). Thus, more research is needed specifically on 

nanoplastic adsorption.  

Although CNF has shown excellent adsorption performance in laboratory settings (Burhani 

et al., 2024; Hokkanen et al., 2014; Leppänen et al., 2022), scaling up remains a significant 

challenge. Industrial water treatment applications require adsorbents that are cost-effective, 

durable and easily regenerable, and nanocellulose has been proven to be all of them. Despite 

progress in nanocellulose production and its excellent properties, the synthesis methods that 

are available now are limited and not yet as cost-effective as they could be (Jiao et al., 2025) 

since the production process is still under development and the modification methods further 

increase the cost. The transition from laboratory scale experiments to full-scale industrial 

implementation requires collaboration and integration of multiple technologies. 

Nanocellulose industrialisation will accelerate in the future and low-cost, environmentally 

friendly and multi-purpose characteristics will be the main development direction (Jiao et 

al., 2025). Therefore, more studies on how nanocellulose adsorption of nanoplastics could 

be scaled up are needed.  

While adsorption mechanisms and efficiency of nanocellulose has been studied, the 

influence of real wastewater conditions, such as presence of salts, organic matter, metals and 

other surfactants, is understudied. These factors affect the characteristics of the wastewater, 

which in turn affects the performance of adsorbents (Hokkanen, Bhatnagar & Sillanpää, 

2016). Future studies should focus on real-world water samples to ensure the practical 

applicability of nanocellulose adsorbents. Additionally, key adsorption parameters such as 
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adsorbent mass, concentration, temperature, pH and contact time influence the efficiency of 

the adsorption (Gobi et al., 2024), and should be optimized for improving adsorption 

performance of CNF in real wastewater environments. Furthermore, the structural form of 

CNF, whether as hydrogels, aerogels or films, plays a crucial role in adsorption efficiency. 

More studies are needed to determine which CNF structure is best suited for large-scale 

wastewater treatment applications. 

A key concern in CNF adsorption is the fate of captured NPs and MPs. The potential of 

desorption, which allows the particles to be removed from the adsorbent, needs to be studied, 

since no research has been done on this topic. Desorption could serve as a feasible strategy 

for regenerating CNF-based adsorbents, which could improve their reusability and cost-

effectiveness in water treatment applications. Additionally, understanding desorption 

mechanisms is crucial to prevent the unintended release of captured pollutants back into the 

environment. Studies on dyes and heavy metals have demonstrated successful regeneration 

through pH adjustments, ion-exchange mechanisms, and chemical treatments, but the 

suitability of similar strategies for nanoplastic removal remain unexplored. Identifying 

efficient and environmentally friendly regeneration methods will be crucial for scaling up 

NC-based water treatment systems. Adsorbed MPs and NPs are still hazardous when 

removed from the adsorbent’s surface, and they need to be handled accordingly, for example, 

by integrating them into recycling processes or developing safe disposal methods to prevent 

secondary contamination. 

Most studies have focused solely on polystyrene micro- and nanoplastics, while the 

adsorption efficiency for other polymer types, such as polyethylene and polypropylene, 

remains largely unexplored. The impact of different plastic chemistries on sorption 

efficiency is crucial, as wastewater streams contain a diverse range of polymer types with 

varying surface charges and hydrophobicity. 

While CNF adsorption presents a promising alternative solution for removing NPs from 

water, several limitations must be addressed before its widespread application. Future 

research should focus on real wastewater conditions, regeneration strategies, and optimizing 

adsorption parameters for large-scale implementation. Additionally, understanding how 

CNF interacts with different polymer types and environmental factors will be key to 

developing efficient, sustainable, and cost-effective adsorption systems.  
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5  Conclusions 

Nanoplastic pollution poses a serious environmental risk, as their minute size enables them 

to penetrate and persist in aquatic ecosystems. This leads to bioaccumulation and adverse 

effects on aquatic organisms, ecosystems, and ultimately human health through the food 

chain. Wastewater treatment plants are significant transfers of nanoplastics onto natural 

aquatic environments. This is caused by WWTPs not having specific removal methods for 

nanoplastics and only relying on conventional removal methods, which result in an average 

80% removal rate. This literature review aimed to investigate the use of cellulose nanofibers 

as an adsorbent for sustainably removing nanoplastics from wastewater. Additionally, the 

possibility of integrating CNF-based adsorption into wastewater treatment plants was 

explored.  

The result depicted that nanocelluloses properties such as high specific surface area, porous 

structure, mechanical strength and hydroxyl rich surface chemistry are the reasons for 

nanocelluloses high adsorption capacity. Anionic modification of the CNFs surface adds 

negative binding sites and functionalizes the surface, allowing positively charged NPs to 

bind to the adsorbent. Cellulose nanofibers are usually further modified into lightweight 

porous materials, such as aerogels and hydrogels to add surface area, thus increasing 

adsorption capacity. The adsorption method between CNF and NPs is mainly controlled by 

physisorption, with electrostatic interactions as the main mechanism. This mechanism 

allows the capture of both negative and positive nanoplastics. Studies have shown 

nanocellulose adsorption to have a high efficiency and adsorption capacity, with fast 

adsorption rates, which would allow it to be used in WWTPs tertiary stage to remove NPs. 

This method would be more environmentally friendly and sustainable than traditional 

methods, due to nanocelluloses’ abundant availability from renewable sources, and 

biodegradability.  

This study successfully compiled key findings in this area and identified multiple future 

research areas. Future research should focus on real wastewater conditions and optimizing 

adsorption parameters to make large-scale applications possible, such as integration of CNF 

adsorption stage into WWTPs. More in depth understanding of how CNF interacts with 

different polymer types is also needed, as well as more studies on nanocellulose aerogel and 
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hydrogels regeneration capacity. Understanding these gaps will help develop more efficient, 

sustainable and cost-effective adsorption systems.  
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Appendix 1. Materials and methods 

This literature review was conducted by systemically collecting and analyzing current peer-

reviewed articles and research on nanoplastics and their removal using nanocellulose-based 

materials. The main database used for the collection of the sources was LUT Primo, but to 

broaden the found articles also Elsevier / ScienceDirect was widely used. Additionally, some 

open access articles were found trough Google Scholar. All literature research was done and 

read between autumn 2024 and spring 2025. Initial keywords used in the search included 

nanoplastics AND water, nanocellulose AND adsorption, cellulose nanofiber, 

nanocellulose AND nanoplastics and nanoplastics AND wastewater treatment. The 

literature search focused on studies published between 2010 and 2025, with an emphasis on 

recent advancements in the field. Throught these searches a wide range of literature was 

found including studies, articles and review articles. The articles had to bring relevant 

information and additional value to be included, with non-relevant articles being excluded.  

The most important study was by Leppänen et al. (2022), which opened the basis for this 

literature review and helped to find new keywords such as nanocellulose AND hydrogel, 

nanocellulose AND aerogel AND adsorption. These searches broadened the research onto 

nanocellulose modification, thus providing additional value to the research. Additionally, 

summary review articles references were used to find more relevant studies on nanocellulose 

adsorption of plastics, this backwards citation tracking was useful and provided multiple 

new studies.  

 


