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Teollisuuden ja ihmisten aiheuttamat ympäristöhaitat lisäävät jäteveden saastumista. Nyky-

aikaiset vedenpuhdistusmenetelmät eivät poista tehokkaasti kaikkia saasteita, mikä on nos-

tanut kiinnostusta uusien, kestävien ja uusiutuvien ratkaisujen kehittämiseen. Tässä kirjalli-

suuskatsauksessa tutkitaan metsäteollisuuden sivutuotteista kehiteltyjen adsorbenttien po-

tentiaalia vedenpuhdistuksessa. Tutkimuksia viimeisen 10 vuoden ajalta on käytetty lähteenä 

tämän tutkimuksen kirjoittamisessa. Keskipisteenä on metsäteollisuuden sivutuotteiden fy-

sikaalinen ja kemiallinen koostumus sekä valmistusmenetelmät, joilla niistä valmistetaan 

adsorbentteja. Metsäteollisuuden sivutuotteet ovat edullisia ja runsaasti esiintyviä luonnon-

varoja täynnä funktionaalisia ryhmiä, jotka toimivat sitovina komponentteina vedenpuhdis-

tuksessa. Modernit valmistusmenetelmät, kuten 3D tulostus ja sähkökehruu ovat ainutlaa-

tuisia menetelmiä tuottamaan komplekseja ja huokoisia rakennelmia. Nämä menetelmät li-

säävät adsorbenttien tehokkuutta. Optimaalisten esikäsittelyvaiheiden ja adsorbenttien muo-

don tutkiminen ovat avaintekijöitä puupohjaisten adsorbenttien toimivuuteen. Lisäksi näiden 

prosessien parantaminen esimerkiksi 4D tulostuksella ja älykkäillä materiaaleilla tulisi olla 

osana tulevia tutkimuksia. 
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With the rising levels of industrial and human water pollution, the current wastewater treat-

ment technologies fail to effectively eradicate all of these pollutants. This has caused a search 

for new sustainable and renewable water treatment methods. This literature review offers an 

extensive outlook on the adaption of wood-based adsorbents in wastewater treatment, col-

lected as wastes from the forest industry. Studies from the past 10 years were used as the 

source material for this literature review. The main focus point is on the chemical and phys-

ical structure of forestry by-products and the processing strategies used to transform them 

into functional adsorbents. The by-products of forestry are an affordable and abundant re-

source, filled with active sites that serve as binder agents in water treatment. Modern pro-

cessing strategies such as 3D printing and electrospinning offer unique methods of producing 

complex and highly porous monolithic structures, increasing the efficiency of the adsorbents. 

Researching the optimal pretreatment procedures as well as optimizing the shape of the ad-

sorbent plays a key role in their functionality. Improvements to pre-existing processing strat-

egies, such as 4D printing and smart materials needs to be included in future studies. 
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1  Introduction 

Constant development of industrial practices as well as human exploits are actively increas-

ing wastewater pollution. These practices cause organic and inorganic pollutants such as 

dyes, pharmaceuticals, fertilizers, heavy metal ions and metal oxides to seep into our nature 

and circulate through the ecosystem, which harms the health of both the environment and 

humans. In the meantime, freshwater is already a scarce resource. Only 20% of the 

wastewater discharged is being properly treated before it is released back into nature. Fresh-

water amounts to only 2.5% of all water on earth’s surface, and only 1% of it readily avail-

able for human and industrial consumption since most of it is found in glaciers and snow-

fields (Tan et al., 2020; Zheng et al., 2023). Furthermore, current wastewater treatment meth-

ods require exceedingly high energy output to purify low concentrations of pollutants 

(Delikanli, 2025). 

This is why developing new sustainable methods to purify wastewater is a crucial field of 

research in conserving the available water resources. Organic biomass such as wood has 

been a key research point in recent studies due to their renewable and sustainable nature. 

Wood biomass has a unique chemical composition that is abundant in organic matter such 

as cellulose, hemicellulose and lignin that have shown promising results in recent experi-

ments as raw materials for adsorbents. Wood also has a dense porous structure that allows 

for a large surface area for adsorption (Zheng et al., 2023). 

This literature review focuses on collecting information on how wood biomass, sourced as 

waste from the forest industry, can be repurposed as adsorbents in water purification and 

resource recovery. Additionally, case studies depicting the current state of wood-based ad-

sorbents and their manufacturing methods are included. The main research aspects are the 

processing strategies that transform the wood biomass into monolithic adsorbents, and how 

different pretreatment methods affect adsorption capabilities of the adsorbent. 
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2  Forestry residues and water purification 

This chapter goes over the qualities of woody biomass as an adsorbent, including the chem-

ical composition of different wood types and compares them to alternative organic biomass. 

The basic process of wastewater treatment in its current form and its challenges is also re-

viewed in this chapter. 

 

2.1  Chemical composition of wood 

The basic cellular composition for different woody biomasses remains quite similar, alt-

hough some properties might vary depending on the wood type and which part it was col-

lected from. The core of wood cells consists of the cell lumen, which is a hollow cell cavity 

in the innermost part of the cell. The lumen is surrounded by the cell walls that are composed 

of the secondary wall layers, the primary wall, the intercellular layer and the middle layer. 

The secondary wall layers consist of three sublayers: S3, S2 and S1, which can be differen-

tiated by the different angles of microfibril. The secondary wall layers are followed by the 

primary wall layers and the intercellular layers. Together they are called the intercellular 

complex. The primary wall layers consist primarily of cellulose and pectin, which gives 

wood features such as plasticity and elasticity. The intercellular layers are where most of the 

lignin is stored. The outermost layer of wood cells is called the middle layer that provides 

the cell with the ability to fuse lignin to itself (Zheng et al., 2023). The cell wall layers and 

microfibril orientations are visualized in Fig. 1.  
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Figure 1. The cell wall structure of wood (Zheng et al., 2023) 

 

Woody biomass’ chemical composition can vary depending on the wood type. Wood can be 

separated into two main types of wood, softwoods (SW) and hardwoods (HW). SW comes 

from coniferous trees such as spruce or pine, while HW comes from deciduous trees such as 

oak or birch. Both SW and HW have a cellulose count of 40-44 wt.%. The hemicellulose 

count for SW is 30-32 wt.% and for HW 15-35 wt.%. Lignin count for SW is around 25-32 

wt.% and for HW 18-25 wt.%. SW has roughly 5 wt.% of extractives and HW has 2 wt.% 

(Ahmad et al., 2020). These values are collectively represented on Table 1.  

 

Table 1. Chemical composition of different wood types 

 Softwood (wt.%) Hardwood (wt.%) 

Cellulose 40-44 40-44 

Hemicellulose 30-32 15-35 

Lignin 25-32 15-25 

Extractives 5 2 
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Organic biomass can be collected as excess raw material from various different sources such 

as forestry residue, agricultural waste, or energy crop production (Hossain et al., 2025). Still, 

most natural biomass that can be found in nature has an undesirable structure to function as 

a favourable adsorbent. Their deficient distribution of pore sizes limits their surface area, 

which in turn limits their adsorption capacity. They often also have a low density of func-

tional groups. In order to enhance the number of functional groups and to activate them, the 

biomass needs to be properly pretreated. Due to these factors, most natural biomass has a 

poor adsorption capacity. Wood on the other hand, has a very unique pore structure. It con-

sists of micropores, mesopores and macropores. Micropores have a diameter of 2 nm, mes-

opores 2-50 nm and macropores have a diameter that is more than 50 nm. Having such a 

wide range of pore sizes gives wood a large specific surface area, which allows more ad-

sorption. Wood is also rich in various organic material like cellulose, hemicellulose and lig-

nin, and it has a dense composition of functional groups such as hydroxyl groups and car-

boxyl groups. These functional groups work effectively as adsorbents (Zheng et al., 2023). 

Since different types of woods have alternate compositions as seen in Table 1, their effect 

on the wood’s adsorption capabilities should be researched. 

 

2.2  Current state of wastewater treatment 

The wastewater treatment process is split into four main stages:  preliminary, primary, sec-

ondary and tertiary treatment. The preliminary treatment is the first stage, in which large 

debris and solid material is removed to prevent clogging and bad odours. The objective of 

the preliminary treatment is to separate most of the solids from the water to accommodate 

the later stages of the process. Other heavy particles such as sand and gravel need to be 

removed early using gritting to prevent erosion of the machines in future stages. The follow-

ing stage is primary treatment, which includes removing the remaining solids as well as oil 

and grease in sedimentation tanks. The secondary treatment includes a variety of biological 

treatment methods to remove dissolved organic matter from the sewage. The final stage of 

wastewater treatment is the tertiary treatment stage, that focuses on removing smaller pollu-

tants such as pathogens, pharmaceuticals and inorganic nutrients (Tsalas et al., 2024). The 

adsorption process researched in this thesis, would be implemented in the tertiary stage of 
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the treatment cycle. Currently a multitude of techniques are viable for the tertiary stage. 

Techniques such as photo-Fenton reactors, chlorination, membrane filtration and con-

structed wetlands are commonly used due to their high pathogen removal rate (Zaglis & 

Bampos, 2022). 

In a Fenton reactor, iron ions react with hydrogen peroxide in an acidic solution creating 

hydroxyl radicals. This process is able to destroy recalcitrant organic pollutants. The photo-

Fenton process uses UV-Vis radiation as a catalyst for the reaction. The Fenton process gen-

erates high quantities of iron sludge, requires a very specific pH range (2.8-3.5 pH) and 

recovering the catalyst is a difficult process. Photo-Fenton reactor requires also high energy 

consumption, making it an effective but costly method for wastewater purification (Liang et 

al., 2023).  

Chlorination is an effective and commonly used method for wastewater treatment. It is a 

simple and economically viable method to disinfect water systems using chlorine as an oxi-

dizer that reacts with the organic compounds in the water. Chlorine has extremely low green-

house gas emissions of around 0.004 − 0.07
kg CO2

m3 . However, the chemical reaction between 

chlorine and organic matter creates harmful by-products that can have detrimental effects on 

human health and the environment (Zaglis & Bampos, 2022; Albolafio et al., 2022). 

Membrane filtration is one of the most common methods for separating fine particles from 

a solution. Membrane filtration uses semi-permeable membranes with pores ranging from 1 

nm to less than 1 µm. These membranes often need to be used in series to ensure efficient 

removal rates. Reverse osmosis is a membrane filtration method that does not use a porous 

structure for separation, instead it takes advantage of different diffusion rates within the 

membrane (Zaglis & Bampos, 2022). 

Constructed wetlands are a traditional wastewater treatment option, that uses natural vege-

tation, soil and microorganisms to remove impurities from wastewater. It is an effective 

method to clear wastewater from a multitude of different pollutants but comes with high cost 

and greenhouse emissions. They also require a lot of space for operating, which is another 

disadvantage (Zaglis & Bampos, 2022). 

Although, these methods and many more have been commonly applied in water treatment 

for decades, they all face inefficiencies in efficient pathogen removal activities. The 

wastewater treatment methods currently in use require high energy consumption and rely on 
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complex mechanics that might not be available in all parts of the world (Grzegorzek et al., 

2023). Adsorption offers a simple alternative that has proven effective for removal of differ-

ent types of pathogens. Wood-based adsorbents are cheap to produce and are available all 

over the world, making them potentially a superior alternative for traditional wastewater 

methods. 
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3  Pretreatment methods 

Although natural wood is enriched with an abundant pore structure and a high concentration 

of functional groups, it still suffers from weaknesses that need to be addressed to unlock the 

full potential of wood-based adsorbents (Zheng et al., 2026). It is essential to utilize pretreat-

ment methods that can increase their maximum adsorption capacity. While wood has a nat-

urally high cellulose count and a large specific surface area, pretreatment methods are still 

required in order to maximize adsorption capacity to make it a viable adsorbent for industrial 

wastewater treatment. The cell walls of natural woody biomass have pore membranes and 

contaminants that restrict the flow within the pore structure. Pretreatment methods can clear 

out the wood pores and create new pore channels increasing its internal surface area. It can 

also increase the amount of targeted active sites to increase the adsorption of for example, 

cationic or anionic dyes. Carbonizing wood increases its porosity and makes it a more suit-

able adsorbent. The carbonization and adsorption is hindered by the dense composition of 

lignin, cellulose, hemicellulose and other extractives. Delignification refers to the process of 

removing lignin the target material. Delignification increases wood’s surface area and un-

covers more cellulose within the wood cell layers. (Zhang et al., 2025; Zheng et al., 2026). 

Commonly used pretreatment methods and their classifications are presented in Fig. 2. 
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Figure 2.  Common pretreatment methods for lignocellulosic biomass. 

 

As seen in Fig. 2, pretreatment methods can be classified as physical, physicochemical, 

chemical and biological methods, although biological methods are not as common due to 

their slow reaction rates (Taylor et al., 2019; Kumar & Sharma, 2017). In this chapter, the 

most common pretreatment methods are reviewed.  

 

3.1  Physical methods 

Physical methods typically involve mechanical or manual processes where the physical 

properties of the biomass are altered. This often includes processes such as drying, milling 

or extrusion. Physical methods are often considered efficient and simple for altering ligno-

cellulosic biomass. Although, physical methods are commonly used as pretreatment meth-

ods, they are not always suitable for every process since they often involve crushing the 

internal structure of the biomass, which can have a negative effect on the pore structure of 

the material (Taylor et al., 2019; Zhang et al., 2025). 

Drying is a necessary pretreatment step for many processes, especially thermochemical pro-

cesses. Lignocellulosic biomass has a high moisture content, which is why drying the 
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biomass is important step before continuing with other potential pretreatment methods. Dif-

ferent methods of drying the biomass have alternate side effects. Air drying can cause re-

crystallization in amorphous cellulose, while oven drying can cause decreased pore sizes in 

the biomass. Optimizing the parameters such as temperature and time to prevent unwanted 

structural degradation or minimizing energy consumption is a crucial part of the drying pro-

cess. Milling and extrusion are physical pretreatment methods used to reduce the particle 

size of the lignocellulosic biomass. Smaller particles lead to better thermal responsiveness 

but can also negatively affect the pore structure (Taylor et al., 2019). 

 

3.2  Chemical methods 

During chemical treatment for creating biochar, wood is imbued with chemical reagents, and 

other methods are often applied as assistive features to enhance the absorption. The most 

commonly used reagents are dilute acids, alkaline reagents. Methods such as organosolv, 

oxidants and ionic liquids are also commonly used (Zhang et al., 2025). 

Dilute acids dissolve hemicellulose through acid ionization in which the hydrogen ion reacts 

with amorphous section of hemicellulose. This weakens the bond between cellulose and lig-

nin. They also break down some of the lignin content within the cell, effectively breaking its 

crystalline structure and increasing porosity. Dilute acids are preferred over high concentra-

tion acids since they don’t corrode the machinery and are cheaper to recycle. Most common 

inorganic acids are sulfuric, phosphoric and nitric acid. Organic acids such as acetic, maleic 

and oxalic acids are also common.  

Alkali treatment accomplishes the same goals as acid treatment, but through different means. 

Alkaline compounds such as potassium hydroxide (KOH), ammonia or sodium hydroxide 

(NaOH) can be used to break down the ester and aryl groups as well as carbon-carbon bonds. 

These groups attach lignin to other parts of the cell and removing them damages the lignin 

structure. Alkali treatment removes lignin and induces swelling of the cellulose, which in-

creases the specific surface area and porosity. It also dissolves hemicellulose by eliminating 

acetyl groups and alduronic acids. Although KOH and ammonia are used in many experi-

ments, NaOH has shown to be the most effective alkali (Zhang et al., 2025). Alkali treatment 
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has shown decreased efficiency when handling biomass with high lignin content. In addition, 

neutralizing the biomass is a costly process, and it has a long residence time (An et al., 2019). 

Multiple studies have been done combining alkali such as NaOH with a dilute acid to coun-

teract the pitfalls of alkali treatment (Zhang et al., 2025). For example, An experiment done 

by An et al. (2019) in which a two-stage pretreatment method was tested on the recovery of 

sugars in corn stover. Hydrochloric acid and aqueous ammonia wet oxidation were used as 

subsequent pretreatment steps. This increased lignin recovery in addition to lessening the 

residence time to 80 minutes, which is lower than typical for alkaline treatment.  

 

3.3  Physicochemical methods 

Physicochemical methods are pretreatment methods that target both the physical and chem-

ical properties of the biomass. These methods often use thermochemical reactions where 

heat or pressure along with chemicals are used to effectively alter the structure of the bio-

mass. Steam, carbon dioxide (𝐶𝑂2) or ammonia fibre explosions, microwave irradiation and 

ultrasonication are some commonly used physicochemical techniques. Pyrolysis using mi-

crowaves or ovens in a nitrogen (𝑁2) filled environment to induce chemical activation is also 

a simple physicochemical pretreatment method (Taylor et al., 2019; Kumar & Sharma, 

2017). 

Steam explosions work through a hydrothermal process, where the target biomass is sub-

jected to high pressure and temperature. After a set amount of time, the steaming chamber 

is repeatedly depressurized and re-pressurized to push the gas inside the porous structure. 

When decompressed, this creates an explosion altering the chemical and physical structure 

of the porous biomass. 𝐶𝑂2 and ammonia fibre explosions work through similar methods, 

except the reaction chamber is filled with different gases. Sometimes 𝐶𝑂2 can be used as a 

catalyst in steam explosion or as a stand-alone process. The benefits of ammonia fibre ex-

plosion are that it requires less thermal energy and has presented higher porosity increase 

compared to steam and 𝐶𝑂2 explosions (Taylor et al., 2019). 

Microwave irradiation can be used as a simple, cheap and energy efficient method to turn 

lignocellulosic biomass into biochar. Microwaves heat the biomass evenly throughout the 
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target, effectively reducing the reaction time and bettering the carbonization. This technique 

is often used along with chemical reagents such as alkalis to breakdown the cellulose more 

efficiently. Microwave irradiation is an efficient method of biomass pyrolysis, but it has also 

been known to cause pollution, and resource waste in addition requiring grinding the bio-

mass into powder. For these reasons it has not gained popularity as a process for creating 

high volumes of biochar (Kumar & Sharma et al, 2017; Zhang et al., 2025). 

As a fairly recent innovation, ultrasound waves offer a new alternative pretreatment method 

to microwaves. Ultrasonication creates cavities within the cell walls, causing tears in the 

cellulose and hemicellulose. This increases the accessibility for enzymes that breakdown 

cellulose (Kumar & Sharma et al, 2017). 
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4  Processing strategies 

The process of designing the shape of the adsorbent is equally important for the utilization 

of the porous substance as are the pretreatment methods. The shape of the adsorbent plays 

an important role in ensuring structural integrity and mechanical strength as well as optimal 

contact time between the adsorbent and pollutants. Modern manufacturing methods such as 

three-dimensional (3D) printing or electrospinning can work effectively as a cheap and fast 

method in conjuring intricate monolithic designs. These methods allow the liberty to gener-

ate various different structures such as scaffolds, capsules or membranes for experimenting 

optimal adsorbent designs. Combining this technology with a readily available organic ad-

sorbents such as forestry residue creates grounds for functional wood adsorbents that opti-

mize adsorption surface area and minimizes energy usage. This chapter delves into these 

methods and compares studies done using these methods. 

 

4.1  Traditional processing strategies 

Shaping porous material into various shapes for different purposes has existed for a long 

time. Methods such as extrusion and slip casting are traditional processing strategies, that 

have been used to shape porous materials for alternate purposes.  

Extrusion is one of the most commonly used traditional methods for preparing porous ad-

sorbents. The extrusion process involves shearing, heating and mixing the targeted material 

to alter its physical and chemical properties. Extrusion works as an efficient method to break 

down lignocellulosic biomass without requiring exceedingly high temperatures or tons 

chemicals, which lowers the risks of producing unwanted by-products (Duque et al., 2017). 

The process starts with creating a paste containing the powdered version of the porous ma-

terial. The paste is then placed into a chamber and extruded into a mould of the desired shape. 

The paste is then dried and heat treated to create the functioning adsorbent. Some chemicals 

such as SiO2 and Al2O3 are often added as permanent binders to increase the mechanical 
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strength of the structure. Organic binders are also commonly used to alter the pastes thick-

ness and viscosity to ensure the mould gets properly filled (Gao et al., 2023).  

Slip casting offers an alternative method of creating monolithic shapes through a suspension 

that is poured into a mould.  In order to prepare structures by slip casting, the porous material 

must first be powdered. Then it can be added in a liquid or polymeric solvent along with 

plasticizers and binder agents. Before casting the solution into a porous mould, it needs to 

be mixed and declustered by milling or a mixer. The solution can then be cast into the porous 

mould, and after setting, the excess solvent can be removed, and the remaining shape can be 

dried. After this the remaining binder agents need to be burned to open the pores. Slip casting 

is a relatively easy method for shaping monolithic structures, but materials such as MOFs 

present challenges due to their low durability for thermal treatment (Gao et al., 2023). 

 

4.2  3D-printing 

3D-printing has gained a lot of popularity in recent studies for its ability to produce complex 

morphologies such as scaffolds, monoliths or membranes with porous structures. Intricate 

designs and geometries can be created using computer-aided designs (CAD). These designs 

can be produced fast and cost-effectively using additive manufacturing (AM), better known 

as 3D-printing (Esfahani et al., 2021). Conventional manufacturing methods such as extru-

sion or casting, which have been proven novel techniques for producing monolithic struc-

tures, encounter ineptitude for crafting complex macroporous structures. 3D-printing meth-

ods can be divided into powder-based printing methods or polymer-based printing methods 

(Gao et al., 2023). 

 

4.2.1  3D printing methods 

With AM technologies appearing more commonly in new market sectors, new printing meth-

ods are constantly being produced (Kacem et al., 2025). It is imperative that a suitable print-

ing method is chosen for production. Alternate printing methods have unique fortes that 
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make them better suited for specific applications. These methods can be divided into pow-

der-based printing methods or polymer-based printing methods. Powder-based methods typ-

ically use a sintering laser or electron beam to interconnect each layer of the 3D design 

together. Polymer-based method applies heat or UV light to craft each layer of the design 

(Gao et al., 2023). 

Powder bed fusion methods such as Selective Laser Sintering (SLS) are some novel powder-

based printing methods. The process uses lasers to heat the powder particles in the bed to 

fuse them together layer-by-layer. The shape is then cooled to solidify the design. Powder-

based printing methods can handle a wide range of materials and have proved to be able to 

create durable structures with high accuracy to the CAD images. Due to the thermal limita-

tions of most porous materials, SLS and other powder-based printing methods have remained 

an underexplored technology (Gao et al., 2023; Kacem et al., 2025). 

Material extrusion (MEX) methods, such as Fused Deposition Modelling (FDM) or Direct 

Ink Writing (DIW) are commonly used polymer-based printing methods. MEX methods in-

volve extruding layers of a thermoplastic material or composite on the printer platform until 

the design is complete (Kacem et al., 2025). Photopolymerization uses UV rays to cure the 

polymer-based liquid. Stereolithography (SLA) and Digital Light Processing (DLP) are ex-

amples of 3D-printing methods that use photopolymerization. They are vat polymerization 

printing methods, where the printer vat is filled with a liquid resin. The printing platform 

can then be lowered slowly to allow the UV light to selectively cure the resin layer-by-layer 

to create the desired shape (Gao et al., 2023; Kacem et al., 2025). 

 

4.2.2  Case study: 3D printed wood/polymer composite for toxic dye removal 

Delikanli (2025) made a study attempting to fabricate a functioning polylactic acid 

(PLA)/wood based composite filter for cationic dye removal. For comparison different types 

of wood materials were used to build the composite filters. The different composite filters 

were composed of PLA and 30 % wood dust, 30 % graphite (GF) or 15% carbon fibre (CF). 

Delikanli used the colour dyes crystal violet and Congo red as the target pollutants and tested 
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the filters adsorption capabilities against different concentrations of the pollutant. Concen-

trations of 10, 20, 100 and 200 mg/L were used in the study.  

The filters were printed using an FDM printer. A spiral cylinder design was used for the 

filters to maximize the contact time between the polluted water and the adsorbent. The sizing 

of the filters was 69.4 mm in total length and 36.25 mm in total diameter. The spiral section 

of the filters was 36.4 mm in length and 32.88 mm in diameter. Above the spiral section is 

the housing unit that can hold up to 23 mL of water. The entry point between the housing 

unit and the spiral section was 1.3 mm and the same goes for the exit point. The space be-

tween the spirals was 0.2 mm. For the study, multiple filters were produced using both PLA 

and PLA/wood composites. Each filter took 7 hours to print, and a total of 39 filters were 

produced for testing.  

Additionally, the experiment involved enhancing the filters adsorption efficiency with alkali 

treatment. Half of the filters underwent KOH treatment for 4 hours at 45 °C, using KOH 

solution concentrations of 0.1 M, 0.2 M and 0.4 M. Prior tests showed 45 °C to be an optimal 

temperature to maximize activation without weakening the structural integrity of the filter. 

Filters were then dried for 72 hours at 45 °C to remove any lingering KOH. 

The results were measured using Scanning Electron Microscopy (SEM), Fourier Transform 

Infrared Spectroscopy (FTIR), X-ray diffraction (XRD) and pH point of zero charge (pHpzc) 

analysis. SEM was used to observe surface qualities of the filters. Fig. 3 presents SEM im-

ages taken of PLA and PLA/wood composites as well as PLA and PLA/wood composites 

that were activated with 0.4 M KOH solution. 
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Figure 3. SEM images of a) PLA, b) PLA/wood composite, c) 0.4 M KOH activated PLA 

and d) 0.4 M KOH activated PLA/wood composite. Reproduced from (Delikanli, 2025) 

with permission from Elsevier © 2026. 

 

KOH treatment increased the coarseness of the filter material, as seen in Fig. 3. A more 

notable change can be seen between the treated and untreated PLA/wood composite. A 

coarser surface can potentially increase the adsorption of the dye by boosting the adhesive-

ness of the filter material. Fig 4. shows data collected from the FTIR analysis. Four sample 

plates were produced from the PLA and PLA/wood composite materials, from which half 

received the aforementioned 0.4 M KOH treatment. In Fig. 4, the FTIR analysis data for the 

KOH treated and untreated PLA and PLA/wood composites are presented. 
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Figure 4. FTIR analysis data for PLA and PLA/wood plates as well as KOH activated PLA 

and PLA/wood plates. Reproduced from (Delikanli, 2025) with permission from Elsevier 

© 2026. 

 

No notable change can be seen in Fig. 4, when comparing the PLA plate after it received 

KOH treatment, but PLA/wood plate underwent far more significant alterations. In the area 

at the range of 2500 − 3600 𝑐𝑚−1 far more coherent activity can be noticed. This area re-

fers to the enhancement of the hydrophilic sites, hydroxyl and carboxylate. The spike at 

1600 − 1700 𝑐𝑚−1, that correlates to C=C bonds has strengthened considerably. This sug-

gests re-aromatisation and breakage of the lignocellulosic matrix. The most notable change 

appears at 730 𝑐𝑚−1, where a new spike referencing the bending of C-H bonds. Essentially, 

KOH treatment has created a higher concentration of hydrophilic sites that generates a 

stronger electrostatic pull towards cationic dyes. KOH also advocates the breakage of woods 

structure, increasing its macro- and mesoporous structures. 

The XRD analysis showed that both PLA and PLA/wood have a partially crystalline struc-

ture with PLA/wood having slightly more crystallinity (63.17 %) than PLA (56.74 %). The 

XRD analysis also showed that KOH treatment lowers the crystallinity of both materials. 

KOH treatment lowered the crystallinity of PLA/wood down to 54.11 % and PLA to 40.98 

%. The pHpzc measures the pH point at which the solution’s charge changes from positive 

to negative. The study validated the idea that KOH treatment creates negatively charged 
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surface structure that is brimming with hydroxyl and carboxylate groups. These traits are 

extremely advantageous for the removal of components such as toxic cationic dyes. The 

results, as per the dye removal efficiency of the experiment are compiled in Table 2. 

 

Table 2. The collective data for the dye removal efficiency of the tests (Delikanli, 2025). 

Filter material Dye concentration (
mg

L
) Removal efficiency (%) 

PLA/GF-KOH 10 98.72 

PLA/GF-KOH 100 92.68 

PLA/wood-KOH 10 97.50 

PLA/wood-KOH 100 92.85 

PLA/CF-KOH 10 95.24 

PLA/CF-KOH 100 90.19 

PLA-KOH 10 45.28 

PLA/KOH 100 19.72 

PLA/GF 10 7.65 

PLA/wood 10 6.35 

PLA/CF 10 4.85 

PLA 10 2.25 

 

 

KOH treatment was extremely efficient and necessary for the adsorption process as seen 

from Table 2 KOH treatment increased the removal efficiency by 91.15 %. Out of all the 

test subjects, graphite-based composite was the most suited material for dye removal. Graph-

ite has a highly crystalline structure and a high surface area. The structure of graphite works 

an electric conduit that allows it to adsorb cationic dyes efficiently. Traditional water puri-

fication methods often fail to purify smaller concentrations of impurities or require an ex-

tensive amount of energy to do so (Delikanli, 2025). On the contrary, the PLA/wood com-

posite filter has not only succeeded in efficiently removing low concentrations of the targeted 

dye, but also with better results than high concentrations of the target dye. In addition, a 

preliminary recyclability test was done for the filters to evaluate the economic aspect of 

producing carbon-based filters. During the first three cycles, the adsorption rate remained 



26 

 

fairly constant, experiencing only a 3% drop. After the third cycle the dye removal efficiency 

started falling as far as 37% by the seventh cycle. The reason for this is assumed to be related 

to the pretreatment methods. Researching more efficient pretreatment methods is a key as-

pect for commercialization of this product. Nevertheless, this study showed that wood-based 

composites have high potential to work as novel wastewater filter for cationic pollutants, 

and also that 3D printing works excellently for producing multiple filters in a short time 

span. 

 

4.2.3  Case study: 3D printed filter for pharmaceutical pollutant removal 

A study done by Efthymiopoulos et al. (2026) researched extensively the effectiveness of 

3D printed wood-based adsorbents as pharmaceutical pollutant removers. The goal of the 

study was to evaluate wood-based adsorbents’ ability to replace traditional wastewater treat-

ment methods for pharmaceutical pollutants. Pharmaceutical compounds have complex 

chemical structures, which often causes their recalcitrant nature. Diclofenac is an anti-in-

flammatory drug commonly used around the world. In recent years, Diclofenac has surfaced  

as a major pollutant in global water systems. This is due to the inefficient removal by tradi-

tional wastewater treatment methods, which often fail to remove more than 20% of the di-

clofenac molecules in water (Lin et al., 2023; Sotelo et al., 2014). 

The study compared the use of activated carbon (AC) and graphene oxide (GO) -based pol-

ymer composites. The wood composite was transformed into a functional filter using vat 

polymerization. The polymer used in the composite was the base resin (BR). A pore forming 

agent 1-decanol, a common porogen solvent was added into the BR to increase the porosity 

of the adsorbent. The CAD image produced for the adsorbents was a triply periodic minimal 

surface-based Gyroid. After printing, the excess porogen solvent was removed and the ad-

sorbents were submerged in HCl for 24 hours. The adsorbents were then rinsed until they 

reached neutral pH levels. Lastly, the adsorbents were submerged in a diethylenetriamine 

(DETA) solution for 48 hours to increase the count of amino groups, and the adsorbent was 

rinsed again to remove excess DETA. This produced the two gyroid adsorbents for the study: 

BR-AC-DETA and BR-GO-DETA. 
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The study analysed the effect of changing different parameters on the removal efficiency of 

the adsorbents in order to find optimal parameters for the reaction. The parameters observed 

were pH, temperature and contact time. Additionally, the regenerative abilities of the adsor-

bents were tested through repetitive adsorption and desorption tests. In Fig. 5, the effect of 

different pH levels and temperatures are displayed. 

 

 

Figure 5. The effect of A) pH and B) temperature on the adsorption efficiency of BR-AC-

DETA and BR-GO-DETA. 

 

As seen from Fig. 5, pH value plays an important role in efficient removal of diclofenac. 

Diclofenac is a weak acid, which is why Fig 5, shows optimal removal percentage at mildly 

acidic conditions. The optimal removal percentage was achieved with BR-GO-DETA at pH 

5, achieving nearly 90% removal. Fig. 5 also shows the effect of temperature on both adsor-

bents. The highest adsorption efficiency was achieved with BR-GO-DETA at the lowest 

temperature of 30 °C. These tests gave unique insight into the optimal reaction parameters 

for diclofenac removal. Since neither of these charts present a drop in efficiency on both 

sides of the proclaimed peak, more tests could be done to learn whether different pH values 

or temperatures could further increase the adsorption efficiency. In Fig. 6 the effect of con-

tact time on the adsorption efficiency of the adsorbents are displayed.  
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Figure 6. The effect of contact time on the adsorption efficiency of BR-AC-DETA and 

BR-GO-DETA 

 

Fig 6. shows that the decrease in diclofenac concentration decreased rapidly in the initial 

phase of the adsorption process but slowed down around the 600-minute mark, before reach-

ing equilibrium after 1400 minutes. Although, the tests reached a similar consensus for the 

effect of contact time, BR-GO-DETA showed far better removal efficiency than BR-AC-

DETA.  

As per the regenerative aspect of the adsorbents, the pH level seemed to play a crucial role. 

The tests were done between pH 6 and pH 12 and according to the results, pH 12 retained 

the highest adsorption efficiency after multiple cycles. BR-AC-DETA’s adsorption effi-

ciency fell below 50% after the 3rd cycle with all pH levels, while BR-GO-DETA managed 

5 cycles before the adsorption efficiency reached less than 50%. Still, major differences were 

found between the regenerativeness of the different tests. The pH 12 test for BR-GO-DETA 

experienced a roughly 10% drop in removal efficiency in the first 5 cycles, while the pH 9 

test showed a 30% drop during the same period. This insinuates that the high pH level allows 

for better recovery of active sites during the desorption process. 

From these collective tests, BR-GO-DETA can be determined as the superior adsorbent due 

to reaching higher removal efficiencies in every test, in addition to faring better during the 

regenerative testing. Both AC and GO are highly porous materials, optimal for adsorption 

processes. Still, the oxygen-rich functional groups in GO allow a more stable polymer com-

posite and better adsorption capabilities, which gives it an edge over AC in this application.  

BR-GO-DETA can reach an optimal adsorption capacity of roughly 91.5
𝑚𝑔

𝑔
. 
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4.3  Electrospinning 

Electrospinning is an alternative method for creating monolithic porous designs, which uses 

high voltages and electrohydrodynamics to shape polymer solutions into extremely fine nan-

ofibres. These nanofibres can then be used as the core building blocks for the monolithic 

filters or membranes. Compared to 3D printing, electrospinning has been a known manufac-

turing method for a longer time. The recent advances, such as needleless electrospinning, 

have kept it a relevant and efficient manufacturing method. Electrospinning offers a higher 

resolution than 3D printing, which allows finer nanofibre production. This can be an ex-

tremely necessary quality for crafting some adsorbents, although 3D-printing does allow 

more freedom when it comes to designing the monolithic shape. Additionally, AM technol-

ogies allow a wider range of printing materials, such as powders and metals. The biggest 

drawback of electrospinning is its dependency on polymeric solutions or melts for nanofibre 

production. Still, due to its efficient capabilities to produce thin nanofibres, it remains a field 

worthy of research and development (Kacem et al., 2025).  

Electrospinning methods can be divided into two distinct categories: needle-based systems 

and needleless systems. Needle based systems squeeze a droplet of the polymer solution or 

melt through a needle, where it is exposed to a high voltage. This causes the droplet to de-

stabilize and create a Taylor cone at the tip of the needle. The destabilized polymer forms a 

jet, which shoots out of the Taylor cone and stretches into thin fibres. The fibres fly towards 

a conductive collector and wrap around it, creating thick mesh structure. The fibres first 

follow a strait path, but start to experience instability after a while, which causes it to create 

coils. The needleless system is a more recent innovation in the field of electrospinning. By 

eliminating the need for a needle, multiple Taylor cones can be created simultaneously. This 

is done by applying the electrostatic forces directly on the fluid on an open surface. This 

destabilizes the fluid and creates multiple Taylor cones on the surface. Needleless systems 

allow faster nanofibre production but has proven difficult to control due to its spontaneous 

nature (Kacem et al., 2025). 
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4.3.1  Case study: electrospun membrane for simultaneous pollutant removal 

A study done by Lu et al. (2021) produced cellulose-based nanofibre membranes using 

deacetylated cellulose acetate/polyvinyl pyrrolidone (CeD) as the polymer solution. The cel-

lulose acetate was prepared using prehydrolysis kraft based dissolving pulp. Iron-based 

metal organic frameworks (MOF) were used as photocatalytic sheaths for the membranes. 

Iron-based MOFs have shown promising results in the field of dye adsorption as well as 

catalytic properties for pollutant degradation (Aslam et al., 2017).  

The goal of the study was to measure cellulose-based electrospun nanofibre membrane’s 

(ENM) efficiency as a sustainable membrane for removing recalcitrant pollutants from 

wastewaters. The pollutants removed in the study were oils such as petroleum ether, cyclo-

hexane, toluene, silicone oil and colza oil solutions and dyes, methylene blue and chromium 

(Cr (VI)) ions. 

The electrospinning device used for the ENM production was a traditional needle-based sys-

tem. The cellulose acetate was deacetylated through alkaline hydrolysis. The CeD was sub-

merged in a solution of NaOH and aqueous ethanol. The mixture was allowed to react for 

24 hours before the nanofibre mat was infused with aqueous hydrogen chloride (HCl) for 10 

minutes before rinsing. The deacetylated cellulose acetate was then dried in an oven at 40 

°C for 6 hours. Polyvinyl pyrrolidone (PVP) was chosen as the base for the polymer solution 

for its hydrophilic properties and its binding sites that allow more reactions between the 

water and the membrane. Additionally, PVP strengthens the fibre structure. 

In order to simulate real wastewater treatment in a laboratory-scale testing environment, the 

pollutants were added into one complex wastewater mixture, and the purification process 

was executed at 25 °C. Two separate batches were prepared to evaluate the effectiveness of 

the photo-Fenton catalysis using the MOF sheath. The first batch was filtered with an assis-

tive UV light irradiation setup to allow the photo-Fenton catalysis, and the second batch was 

filtered in complete darkness to prevent it. As shown in Fig 5., The photo-Fenton catalyst 

was absolutely necessary for the functionality of the filter. 
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Figure 7.  The separation results with A) UV light irradiation and B) separation in com-

plete darkness. Modified from (Lu et al., 2021) with permission from Elsevier © 2026. 

 

The results were measured using UV-Vis spectroscopy. The prepared MOF/CeD membrane 

managed exceptional purification for all pollutants in the wastewater mixture. As seen from 

Fig. 7, the presence of the UV light had the biggest effect on the degradation of Cr (VI) and 

methylene blue, and on the reusability of the membrane. Without the presence of the UV 

light, the separation efficiency can be seen declining significantly by the fifth cycle, espe-

cially for the methylene blue and Cr (VI). This phenomenon can be credited to the self-

cleaning attributes that the photocatalytic structure provides. This is why the separation ef-

ficiency can be visually seen declining only in experiment B.  The self-cleaning properties 

can be added to membranes along with increased wettability and separation efficiency 

through post-modification methods. Combining the ENMs nanofibre structure with photo-

catalytic traits increases the dispersion and recyclability of the catalysts, which allows better 

reusability of the membranes (Xu et al., 2020). The UV-Vis spectra comparing the filtered 

and unfiltered mixtures are presented in Fig. 8. 
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Figure 8. UV-vis spectra of the Methylene blue/Cr (VI)/petroleum ether separation. Repro-

duced from (Lu et al., 2021) with permission from Elsevier © 2026. 

 

As can be seen from Fig. 8, the filtered product shows a clear colour compared to the unfil-

tered product. The MOF/CeD membrane successfully cleared the wastewater from all pol-

lutants past the 99th percentile. It managed to separate 99.5 % of the oils present. It also 

managed to degrade 99.4 % of the dye, methylene blue and 99.7 % of the heavy metal ion 

Cr (VI). With the assistance of the UV light irradiation, the test results remained within the 

99th percentile through all five cycles, proving the effectiveness of cellulose-based electro-

spun membranes as well as the importance of a photocatalytic catalyst. 

 

4.3.2  Case study: electrospun filter for pharmaceutical pollutant removal 

In a study done by Astuti et al., (2025) biochar’s adsorptive properties towards pharmaceu-

ticals were tested. In the study, porous adsorbents were produced via electrospinning. The 

polymer-based solution contained polyacrylonitrile (PAN) and okara biochar. The goal of 

the study was to create a successful adsorbent for removing pharmaceutical pollutants from 

wastewater as well as use a response surface methodology based on Box-Behnken Design 

approach (RSM-BBD) software to explore optimal parameters for producing functional ad-

sorbents.  
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Roughly 30-90% of ingested pharmaceuticals such as antibiotics can end up in wastewater 

systems through urination. Oxytetracycline (OTC), a common antibiotic, is used for both 

humans and livestock and can cause severe harm for the environment by damaging the nat-

ural microbial environment and due to its toxic and recalcitrant nature as well as its muta-

genicity (Li et al., 2019). OTC was chosen as the target compound for this study for its 

relevance in recent studies as well as its recalcitrant nature. The study showed promising 

results for biochar-based removal of OTC. In addition to successfully removing OTC from 

water, the filter also showed signs of antibacterial qualities inhibiting the bacterial growth of 

Escherichia coli and Staphylococcus aureus. 

The biochar used in the study was created from okara, a by-product of soy milk and tofu 

production. Astuti et al. chose the okara biochar to incorporate them into the PAN solution 

because the adsorption mechanisms for adsorption of antibiotics often calls for aromatic 

structures along with the obvious benefits of the highly porous structure packed with active 

sites. Even though this study was done using okara biochar, it could very well be reproduced 

using wood-based biochar, since they share similar chemical structures, such as aromatic 

structures and oxygen rich functional groups (Scaria et al., 2022; Suratman et al., 2024). The 

okara was turned into biochar by following a study by Suratman et al. (2024). After the okara 

was washed with deionized water, it was dried in a laboratory oven and a freeze dryer. The 

dried biomass then underwent the thermochemical pyrolysis process in a tube furnace with 

nitrogen gas flowing through it. The biochar was then activated using acid-alkaline activa-

tion in addition to separate acid and alkaline activation. The biochar was then incorporated 

into the PAN solution along with an appropriate solvent to homogenize the mixture. The 

solution was then fed through a needle-based electrospinning device to produce porous nan-

ofibre mats (PNM). 

In order to fully comprehend the effect of the biochar loading on the adsorption capabilities 

of the PNMs, multiple mats were produced with alternating PAN-to-biochar ratios. The 

PAN:biochar ratios extended from 10:0 to 10:4. The measured effects on the PNMs are com-

prised in Table 3. 
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Table 3. A collective chart of PNM properties based on the PAN-to-biochar ratio (Astuti et 

al., 2025). 

PAN:biochar Fibre diameter 

(nm) 

Conductivity 

(µS/cm) 

Viscosity 

(mPa s) 

Adsorption 

capacity (mg/g) 

10:0 467 65 99.1 2.8698 

10:1 385 80 99.0 3.7854 

10:2 340 87 98.9 9.6668 

10:3 253 99 98.8 17.4424 

10:4 264 112 98.7 32.5294 

 

As seen in Table 3, the fibre diameter and viscosity decreased while conductivity and ad-

sorption capacity of the PNMs increased along with the PAN-to-biochar ratio. This is to be 

expected as the increase of biochar adds graphene structures to the polymer solution, which 

directly increases the conductivity. The increased conductivity also allows better response 

to the electrostatic forces applied to the electrospinning needle causing the fibres to stretch 

more and their diameter to decrease. The most notable difference is the large jumps in ad-

sorption capacity, while the fibre diameter decreases only slightly. This suggests that the 

chemical structure within the PNMs play a larger role than their physical structure. 

Additionally, the effect of pH on the adsorption capacity of the PNM as well as the adsor-

bents mass, OTC’s concentration, temperature and residence time were also studied. The 

pHpzc was calculated for the PNM and was found to be pH 6.3, meaning that below this pH 

level the PNM was positively charged and above it its negatively charged. The adsorption 

capacity was measured at multiple pH points including one at net positive charge (pH 2), 

one at pHpzc (pH 6.3) and twice at a net negative charge (pH 7.7 and 10). The collective 

data from this test is comprised it Table 4. 
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Table 4. The effect of solution pH on the adsorption capacity (Astuti et al., 2025). 

Solution pH Adsorption capacity 

(mg/g) 

2 34.1025 

6.3 103.8758 

7.7 15.6403 

10 2.5497 

 

As seen in Table 4, adsorption performance is extremely sensitive towards pH values. At the 

pHpzc, the adsorption capacity measured three-fold higher than the second highest point at 

pH 2. After the PNM turned net positively charged, the adsorption capacity plummeted mas-

sively. The effect of the adsorbents mass on the adsorbed mass and the concentration of the 

pollutant was studied. Multiple adsorption tests were performed with increasing adsorbent 

mass starting from 0.5 mg to 3 mg. The effect of the pollutant’s concentration was studied 

between the range of 10
𝑚𝑔

𝐿
 to 100

𝑚𝑔

𝐿
. The results of these tests can be seen in Fig. 9. 

 

 

Figure 9. A) The effect of the adsorbents mass on the adsorbed mass, B) the effect of the 

initial OTC concentration on the adsorption capacity. Reproduced from (Astuti et al., 

2025) with permission from Elsevier © 2026. 

 

The test showed that the adsorbed mass ceased to increase after 2 mg of adsorbent. Only a 

slight increase can be noticed between 2.0 mg and 2.5 mg of adsorbent. The effect of the 

OTC concentration also reached a plateau around 80
𝑚𝑔

𝐿
 peaking at around 35

𝑚𝑔

𝐿
. The 
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effects of temperature on the adsorption capacity were studied using three tests at tempera-

tures of 303 °K, 313 °K and 323 °K. The adsorption capacity showed clear increases along 

with the rise of the temperature insinuating that the adsorption process is an endothermic 

reaction, with the highest measured value at 178
𝑚𝑔

𝑔
. The effect of the residence time was 

tested between 5 minutes and 120 minutes. The reaction reached a clear plateau at 60 minutes 

with almost no noticeable change beyond that point. 

The study done by Astuti et al. (2025) offered a comprehensive outlook on the potential of 

biochar-based adsorbents for the removal of pharmaceutical pollutants from water sources. 

The study also measured optimal reaction parameters including pH, adsorbent mass, pollu-

tant concentration, residence time and temperature, with the highest measured adsorption 

capacity at 178
𝑚𝑔

𝑔
. The collective data from these experiments were fed into the RSM-BBD 

software to fully optimize the adsorption process. The software returned near identical re-

sults, with a few minor alterations and evaluated the maximum adsorption capacity to be 

180
𝑚𝑔

𝑔
. Additionally, the used PNMs were tested for bacterial growth and showed inhibitory 

effects towards E. coli and S. aureus. This side effect offers not only increased reusability of 

the adsorbents but also a possible dual functionality in the medical field. More studies could 

be done substituting the okara-based biochar for a wood-based biochar to compare their ef-

ficiency as adsorbents.  
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5  Challenges and future directions 

In this chapter challenges including industrialization, economic considerations and the reus-

ability of wood-based adsorbents in wastewater treatment and their manufacturing methods 

are addressed. Also, possible future research points that could further enhance the overall 

functionality of wastewater treatment such as 4D printing and smart materials are reviewed. 

 

5.1  Scalability and industrialization 

The adaptation of a new process or method into an industrial scale operation requires more 

than successful laboratory-scale experiments. Scalability considerations are one of the big-

gest hurdles to overcome when implementing new practices to a large pre-existing field such 

as wastewater treatment. For a successful adaption to an industrial scale production, one 

must take into consideration sustainability, reusability and mechanical properties of the fin-

ished product as well as economic aspects.  

Forestry is a consistent and renewable source of porous adsorbents. The wastes or by-prod-

ucts of forestry are a sustainable and well-performing resource, that could possibly benefit 

the cleanliness of our water systems around the world. Currently forestry by-products are 

mainly used for energy production but could offer a far more beneficial resource for 

wastewater production. According to Doczekalska et al., (2024) the underground parts of 

tree stumps and roots are often left in the soil untouched. This is because they have undesir-

able properties for energy consumption and aren’t worth the effort of harvesting. These 

stumps and roots could have potential negative side effects on the local vegetation (Becker 

et al., 2016). Utilizing these parts for wastewater treatment not only takes advantage of a 

currently untouched resource but could also be favourable for our ecosystem. Studies done 

by Lu et al. (2021) and Delikanli (2025) tested the reusability of porous biomass adsorbents 

with varying results. Lu et al. designed an electrospun membrane for simultaneous pollutant 

removal, and experienced self-cleaning properties induced by photo-Fenton reaction within 

the MOF structure in the membrane. Delikanli on the other hand, experienced a decrease in 
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adsorption after the third cycle. This was assumed to be caused by the pretreatment process 

lowering the reactivity of the active sites and hindering the washing cycles in the filter. This 

shows that figuring optimal pretreatment steps are a key aspect for incorporating wood-based 

adsorbents for industrial wastewater treatment processes.  

The mechanical strength of the adsorbent plays a vital role in scaling up the process. It en-

sures efficiency, safety and reusability of the adsorbent. Generally electrospun membranes 

can measure up to 4.5 MPa of mechanical strength, while 3D printed membranes can reach 

80 MPa. The mechanical strength of electrospun membranes is strong enough to withstand 

traditional water filtration systems. 3D membranes are better suited for applications that re-

quire high pressure, such as desalination (Kacem et al., 2025). Nanomaterials such as MOFs, 

carbon-based nanomaterials and zeolites can be added into the composite mixture to improve 

their characteristics. These additives have shown to increase properties such as reusability 

and mechanical strength but have proven difficult to incorporate into large scale manufac-

turing due to requiring precise and extremely well controlled environment (Gao et al., 2023). 

As per the economic considerations for creating green adsorbents using modern manufac-

turing methods, wood is a low-cost and highly porous material found nearly all over the 

world. Incorporating the abundant wastes of the forest industries for the manufacturing pro-

cess offers an affordable and sustainable option for large-scale wastewater treatment (Zheng 

et al., 2023). Electrospinning is primarily more affordable than 3D printing, with the pricing 

for electrospinning devices varying between 180 and 10 000 dollars while 3D printers can 

climb from 180 to 100 000 dollars. The pricing largely depends on the model and quality of 

the fabricator. 3D printers have seen considerable decreases in their pricing in recent years. 

Printers, such as FDMs are nowadays priced 300 dollars on average, which is significantly 

less when compared to previous prices at 50 000 dollars. Although FDMs offer lower reso-

lution compared to some other available options, they still offer plenty of convenience for 

fabricating trial filters (Kacem et al., 2025). It should also be noted that the FDM printing 

model is still capable of functioning as a successful fabrication method for wastewater fil-

tration systems as Delikanli showed in an aforementioned case study done on 3D printing 

wood-based filters.  

 



39 

 

5.2  Future directions 

4D printing is a newer innovation in the field of AM technology. It is an improved version 

of 3D printing, in which 3D printed objects are susceptible to external stimuli. This can be 

achieved through the usage of smart materials, that can alter their shape or structure when 

exposed to reagents such as heat, light, time, pH or liquids. Incorporating these materials 

into 3D printed filters can increase their reusability, reactiveness or alter their surface mor-

phology. Additionally, smart materials can be used to make storing or transporting high-

capacity filters easier (Tijing et al., 2020). In a similar manner, the aforementioned study 

done by Lu et al. (2021), built a MOF sheath around an electrospun membrane to exploit 

photo-Fenton reactions. This is a novel method of using light to introduce self-cleaning char-

acteristics to a membrane. Incorporating similar principles to 3D printing could be a crucial 

turning point in the evolution of AM technologies. 

Combining modern processing strategies, such as 3D printing and electrospinning is another 

method that could be used to enhance the performance or mechanical properties of the man-

ufactured adsorbent. Pensa et al. (2019) performed a successful study combining 3D printing 

and electrospinning to increase the mechanical properties of electrospun scaffolds. The goal 

of the study was to fix the issue of low tensile strength in electrospun scaffold structures. In 

the study 3D printing was used to create meshes that could be incorporated into the electro-

spun scaffolds. The meshes were printed with 1) 6 mm distance between the struts and 2) 8 

mm distance between the struts. The best results were noticed with the mesh with 6 mm 

struts, experiencing a 13-fold increase in tensile strength. The scaffolds equipped with 6 mm 

meshes tested tensile strength of 1001 ± 302 kPa while the scaffolds equipped with 8 mm 

meshes tested tensile strength of only 583 ± 261 kPa. This study works as a prime example 

of how novel fabrication methods can be combined to create improved adsorbents by com-

bining different processing strategies. Alternatively, membranes produced with different 

processing strategies or pretreatment methods could be stacked in a singular monolithic ad-

sorbent to induce phase-by-phase separation of specific contaminants. 
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6  Conclusions 

Due to various industrial and human exploits, the water systems are becoming increasingly 

more contaminated and modern water treatment methods fail to purify pollutants effectively. 

This has caused a search for new sustainable and renewable water treatment methods. This 

literature review collects data on the chemical and structural properties of forestry by-prod-

ucts and reviews the processing strategies used to transform them into functional monolithic 

adsorbents in wastewater treatment. 

The by-products of forestry are an affordable and abundant resource with a unique chemical 

structure rich in cellulose, hemicellulose and lignin. It is full of active sites that can bind to 

pollutants. Additionally, wood structure has a large quantity of different sized pores that 

allow it an exceptionally high surface area. Nevertheless, forestry residues still need to be 

properly pretreated before they can successfully function as adsorbents. Figuring optimal 

pretreatment steps and parameters is a crucial part of commercializing wood-based adsor-

bents in industrial wastewater treatment. Studies have shown that carbonization along with 

chemical reagents such as acids or alkalis to be one of the most effective pretreatment meth-

ods. Carbonizing the wood increases its porosity while chemical reagents can increase the 

number of active sites within the adsorbent. Also, incorporating additives such as MOFs into 

the monolithic structure can greatly improve the reusability of the adsorbent. 

Modern processing strategies such as 3D printing or electrospinning offer unique methods 

of producing complex and highly porous monolithic structures, increasing the efficiency of 

the adsorbents. 3D printing allows more creativity to test alternative shapes and structures 

as well as a higher mechanical strength, while electrospinning offers higher resolution and a 

more affordable price range. Additionally, 3D printing allows a wider range of base materials 

for the production of the adsorbent. 3D printing has shown more promise towards industri-

alization of wood-based adsorbents than electrospinning. With new innovations for electro-

spinning devices such as needleless electrospinning, it still remains a research-worthy field 

for porous adsorbents. 

Wood-based adsorbents show great promise for the future of wastewater treatment. Figuring 

out optimal pretreatment procedures as well as optimizing the shape of the adsorbent plays 
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a key role in their functionality. Further research on the kinks such as stable incorporation 

of MOFs and other additives as well as alternate reusability techniques is extremely im-

portant. Additionally, improvements to pre-existing processing strategies, such as 4D print-

ing and smart materials needs to be included in future studies. Combining different pro-

cessing strategies to exploit their benefits or override their flaws as well as combining alter-

natively processed membranes in a singular monolithic structure to induce phase-by-phase 

separation are also noteworthy research points. 
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Appendix 1. Materials and Methods 

 

This is thesis is a literature review done on wood-based adsorbents used in wastewater treat-

ment. The sources used for this thesis are scientific sources collected from Scopus, Google 

scholar and LUT Primo.  In the beginning, keywords such as “forestry AND adsorption AND 

water treatment”, “wood biomass AND pretreatment AND porosity” and “Overview on wa-

ter treatment” were used to find sources for the main information on the topic. Later addi-

tional keywords such as “chemical pretreatment”, “3D printing” or “electrospinning” were 

added to narrow down the search results. No non-scientific sources such as company 

webpages were used in this literature review. 

The Thesis uses sources only from the past 10 years with an emphasis on the past 5 years. 

Sources more than 5 years old were only used for understanding some of the basic methods 

such as physical or chemical pretreatment. Altogether 34 scientific articles were used to 

compile this literature review. 


