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Abstract 

Water quality issues caused by chemical contaminants are a major challenge that humanity is 

facing in the twenty-first century. Designing an environmentally benign bio-adsorbent material for 

the removal of pollutants from water resources was a sustainable strategy to ensure water safety. 

Nanocellulose is an attractive candidate for water remediation owing to abundant renewable 

resources and tunable physicochemical characteristics. However, most of them are synthesized by 

chemical cross-linkers, which usually cause a second pollution and extra cost. Moreover, most 

nanocellulose composites adsorbents are available in powder form, which present poor separability 

and recyclability.  

In order to address these issues, the main objective of this dissertation is to design and synthesize 

stable nanocellulose-based 3-D composite hydrogels by self-assembly mechanisms for water 

remediation. Their chemical, morphology, and surface properties were characterized, and their 

adsorption behavior for toxic dyes, heavy metal ions, oil spills was investigated in terms of the 

optimal functionalized polymer content, pH effect, kinetics, and isotherm models. The results 

show that after functionalization, their adsorption capability for toxic dyes, metals ions and oils 

are all significantly increase, especially for toxic dyes due to the electrostatic attraction 

mechanism. This work not only provides a simple and cost-effective synthetic route to 

nanocellulose-based 3-D composite adsorbents, but also offers valuable clues for the removal of 

multiple water pollutants.   
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Chapter 1. Introduction  

Water contamination caused by harmful chemical compounds from industrial and municipal 

wastewater has become a global environmental concern. These compounds mainly include 

traditional toxic dyes, metal ions, spilled oils and emerging contaminants (ECs) [1, 2]. ECs are 

those that have been recently detected in natural environments, including pharmaceutical organic 

contaminants, personal care products (PCPs), endocrine disrupting compounds (EDCs), 

surfactants, pesticides, flame retardants, and industrial additives among others with the 

development of the times [2]. Most of the abovementioned contaminants are toxic, non-

biodegradable and carcinogenic and their accumulation posed serious threats to human health and 

ecosystems. Therefore, it is important to remove these contaminants from the water prior to 

disposal or reuse. 

Some methods have been developed over the years to remove contaminants from water. These 

methods include membrane filtration [3], coagulation [4], solvent extraction [5], photocatalytic 

degradation [6], chemical oxidation and reduction [7], biological oxidation [4], and adsorption [8]. 

Among these, adsorption has been considered the most commonly used method because of low 

cost, low energy consuming, simple, and easy operation procedure, and wide variety of adsorbent 

materials [9-11]. Currently, substantial research has focused on preparing novel eco-friendly 

adsorbents with large adsorption capacity, fast adsorption rate, facile separation, and reused 

property.  

Generally, ideal raw materials for the development of  adsorbent should meet certain requirements: 

(1) should be eco-friendly, (2) be inexpensive, (3) have good mechanical and structural integrity 

to overcome water flow for a long period, (4) show high adsorption capacities with high rates, (5) 
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have a large surface area and (6) possess a regeneration aptitude using cost-effective approaches 

[12]. Compared with metalïorganic frameworks, or carbon and petroleum-based polymers, 

biopolymer-based materials are gaining more attention as adsorbents due to their cost 

effectiveness, renewability  and biodegradability  [13]. Cellulose is the most abundant bio-based 

polymer on the earth, with an annual production estimated as over 7.5 × 1010 tons [14]. This 

polymer possesses unique chemical, physical, and mechanical properties, which have been 

suggested its use for the production of a wide range of materials [15]. Moreover, it is easier to 

cleave cellulose hierarchical structure to obtain nanocellulose (NC) in the form of nanocrystals 

(cellulose nanocrystals, CNCs) and nanofibers (cellulose nanofibers, CNFs) through the 

development of emerging technologies, allowing for mor complex material design [16]. In this 

case, when the size is reduced to the nanoscale, the high specific surface area contributes to 

enhance the adsorption capacity of materials developed using these CNMs [12].  

However, there are limitations to the application of nanocellulose (NC) absorbents. The pure NC 

adsorbents are easily disintegrated in water, which makes handling difficult during separation and 

reusing [17-19]. Besides, the adsorption capacity is relatively low due to the low electrostatic 

activity of hydroxyl groups [19]. The presence of abundant-OH groups in the NC structure also 

makes it difficult to be dispersed evenly in nonpolar solvents with inadequate interfacial adhesion 

with hydrophobic matrixes. This property makes NC susceptible to aggregation, reducing the 

surface area available for adsorption processes [20, 21]. Moreover, much reported NC-based 

adsorbent focuses on single water pollutants, which limit their practical settings because most of 

the water resources such as rivers, lakes, and even oceans contain complex mixtures of pollutants, 

including dyes, spilled oils, organic solvents, and heavy metals [22]. The chemical modification 

of cellulose nanomaterials can improve the adsorption capacity of adsorbents to pollutants in 
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aqueous solution and determine their selectivity for specific pollutants or multiple pollutants 

because there are more active binding sites after modification.  

Numerous modification methods have been used to introduce various functional groups onto NC 

surface, such as silylation, carboxylation, acetylation, sulfonation, phosphorylation, and 

amidation, or grating with related polymers, as well as formation composites to increase adsorption 

performance for water treatment. Among all of them, introducing the amine groups has shown 

great potential for adsorption more types of water pollutnants, including metal ions, toxic dyes, 

some emerging contaminants and also can be used for carbon capture. Moreover, the charged 

amine groups in adsorbents can be protonated and deprotonated via adjusting the pH to enable the 

adsorption and desorption of contaminants, thus realizing the regeneration of the adsorbent [11]. 

Branched PEI, contains abundant primary, secondary, and tertiary amino groups on its molecular 

chain, and is an ideal water-soluble polymeric amine [23-25]. These active amino groups can be 

crosslinked by carboxy group, aldehyde, or epoxy group to fabricate hydrogels, membranes, and 

fibres polymers to develop bio-sorbents for treating wastewater. Therefore, PEI and nanocellulose 

composites could be show a promising composite in water remediation [11, 23, 26]. 

Combing cellulose or nanocellulose matrices with PEI has led to the production of a wide range 

of composites for water remediation and have shown supper adsorption capability for different 

kinds of pollutants than other adsorbents [16]. However, current research mainly synthesizes PEI-

nanocellulose composites by chemical crosslinking with bridging agents or high temperature 

heating to promote the crosslinking of amino and carboxyl groups [16, 27]. The use of chemical 

crosslinker not only increase the cost but also could cause second contamination because the most 

frequently used cross-linkers are toxic, like glutaraldehyde (GAL) and epichlorohydrin (EPI)  [16, 

28-31]. Some of research reported without use of additional cross-linker or additive, directly cross-

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/acetylation
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links PEI and NC pre-functionalized by 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) by thermal 

processes, but this method requires freezing dry and then heating (more than 100 °C), which are 

high energy consuming processes [32-35]. Moreover, it was found that NC-PEI composite 

adsorbents typically come in powders or aerogels form. For the powders, they have poor 

separability and recyclability, thus making wastewater remediation a costly process [36]. Aerogel 

materials are highly interconnected porous and ultralight bulk solids. Their high porosity, large 

specific surface area, and ease of separation from aqueous solutions make them efficient sorbent 

for the removal of heavy metal pollutants [36-38]. Nevertheless, the formation of aerogels requires 

freeze-drying, which is a process that consumes a lot of energy, which increases the cost of the 

absorbent and carbon footprint. Therefore, it is necessary to synthesize 3-D porous nanocellulose 

based composites without the need for freeze-drying or chemical crosslinking to replace aerogel 

as an adsorbent. Hydrogels can overcome the problems from powders and aerogels. 

In addition, existing research mainly focused on using those composites to remove a single type 

of contaminant from water. It is essential to realize that water pollution is a complex process in 

reality, given that it is not dealing generally with a single type of contaminant, but the co-

occurrence of more than a single pollutant in the water systems [39, 40]. A paradigm shift from 

single pollutant to multi-pollutant control is crucial to tackle these water purification challenges. 

Based on the above, the main aim of this work is to design and synthesize stable CNM-PEI 3-D 

composites hydrogels through self-assembling mechanisms for the removal of multiple pollutants 

from water resources.  

This dissertation consists of seven Chapters. Chapter 1 is the present introduction. In Chapter 2, 

presents the background and literature review. First, detailed information regarding the water 
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pollution problems caused by traditional and emerging chemical pollutants as well as current 

technologies for removing these pollutants and their advantages and disadvantages are discussed. 

Potential use of nanocellulose based materials for water remediation based on their sustainable and 

non-toxic properties, abundant resources, hierarchical structure, molecular structure with rich 

hydroxyl group as well as unique morphological and chemical properties produced by different 

processing techniques are presented. The limitations of nanocellulose in water remediation and 

current countermeasures are also presented in addition to the great potential of CNM/PEI 

composites in addressing this limitation. Additionally, a literature review summary of the 

application of CNM/PEI composites in water remediation and current problems are presented. The 

final part of this chapter focuses on the research aim and objective. Chapter 3 focuses on the 

design and synthesis of stable hydrogels from CNF and PEI. This work relies on utilizing an 

agricultural by-product ï soybean hulls ï as a readily available raw material to produce CNFs to 

prepare hydrogels with PEI by self-assembling or physical interaction. Then immersed into a PEI 

solution for further functionalization by physical adsorption. The effect of concentration and pH 

of PEI solutions was investigated. In addition, the adsorption efficiency of the hydrogels for the 

capture of methyl blue dyes and Cu (II) ions from water was tested to explore the potential 

application of this new material for water remediation. Chapter 4 is focused on the investigation 

of the effect of pH on the removal mechanism of methyl blue by the TCNF/PEI hydrogels at 

different pH. In Chapter 5, to further increase mechanical properties and adsorption capability of 

TCNF/PEI composites hydrogel to expend the scope of application, graphene oxidize (GO) as an 

adsorption site was introduced into TCNF/PEI composites hydrogel to design a new 

TCNF/GO/PEI composite hydrogel to target multiple water pollutants. To test the adsorption 

capability of the resulting TCNF/GO/PEI hydrogels for multiple water pollutants, the methyl 
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anionic dyes, methylene blue cationic dyes, Cu (II) ions, and soybean oils were used as references. 

Chapter 6 focuses on exploring the effect of nanocellulose particle size on nanocellulose-based 

hydrogelsô surface properties and adsorption behavior for toxic dyes. Finally, Chapter 7 outlines 

the main research conclusions and recommendations for future work. 
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Chapter 2. Background and literature review 

2.1 Background 

2.1.1 Water scarcity and water pollution 

Water scarcity is a major challenge that humanity is facing in the twenty-first century [41-43]. The 

shrinkage in available sources and reduction in quality can be correlated to various reasons, like 

rampant urbanization, industrialization, and uncontrolled population growth [44, 45]. Presently, 

more than 780 million people globally are unable to access safe water for drinking purposes, 

whereas more than 5 million people lose their lives due to water-related diseases. These losses 

equal ten times the number of people that are killed in wars every year on an average [45]. It has 

been reported that two-thirds of the worldôs population is expected to live in countries with 

moderate or severe water crises by 2025, which is of great concern [46].  

Water pollution is one of the main causes of reduction in water quality [47] (worldwide global 

water contamination and their findings are as shown in Fig. 2-1 [48]). This usually occurs when 

unwanted materials such as agricultural, industrial, and municipal effluents which contain various 

harmful chemical compounds such as heavy metal ions, toxic organic dyes, spilled oils, and 

emerging contaminants (ECs) are released into the water bodies [47, 49]. ECs mainly include 

pharmaceutical organic contaminants, personal care products (PCPs), endocrine disrupting 

compounds (EDCs), surfactants, pesticides, flame retardants,  industrial additives, among others 

[50, 51]. The accumulation of all these contaminants causes serious adverse effects for human 

health and ecosystems. Therefore, it is urgent to develop efficient technology to remove these 

pollutants.  

https://pubs.rsc.org/en/content/articlehtml/2021/ra/d0ra08005e#imgfig1
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Figure 2-1. Summary of worldwide global water contamination spread in numbers. (a) Superimposed geographical 

distribution of water scarcity and of contamination by the type of major contaminants, including heavy metals, 

pesticides, and radionuclides. (b) Normalized composition of water contaminants in treated and recycled water 

streams. (c) Normalized volume of treated water by field of use [48].   

2.1.2 Current technologies used for removal water pollutants 

A number of technologies have been developed for the removal of water contaminants [52], and 

are classified as shown in Fig. 2-2 [53]. The most commonly employed technologies are 

coagulation/flocculation [54, 55], membrane filtration [56, 57], photocatalysis [58], chemical 

oxidization or reduction [59], biodegradation [60], and adsorption [61]. Nevertheless, these 

technologies present their own advantages and disadvantages, summarized in Table 2-1. 



9 

 

 

Figure 2-2. Classification of technologies available for pollutant removal and examples of techniques [53].  

 

Table 2-1. Advantages and disadvantages of mostly used technologies for water remediation. 

Mostly used 

water treatment 

technologies  

Advantages Disadvantages References 

Coagulation 

or flocculation 

Simplicity. 

Inexpensive capital cost. 

Rapid and efficient. 

Production biodegradation toxic 

sludge. 

In effectiveness in removing heavy 

metals and emerging contaminants. 

[53, 54] 

Membrane 

filtration 

Rapid and straightforward techniques. 

Suitable for all types of pollutants. 

Allows continuous separation. 

Enables easy upscaling hybrid processing. 

Maintenance and operation costs. 

Low membrane lifetime. 

High energy requirements. 

[53, 56, 57] 

Chemical 

oxidization or 

reduction 

Simple, rapid, efficient and have multiple 
high cost 

By-products 
[53, 59, 62] 

Photocatalysis 

High efficiency. 

Versatility. 

A wide range of pollutants. 

Relies on light source to activate 

catalyst. 

Formation of dioxins and 

pollutants. 
 

[53, 58] 

Biodegradation Simple. Slow processing. [53, 63] 
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Environmentally friendly. 

Economically attractive operation 

Favorable environment needed. 

Generation of biological sludge 

and uncontrolled degradation 

products 

Adsorption 

Low-cost. 

High efficiency. 

Ease of operation. 

More choice of adsorbent substrates. 

The possibility to recover the absorbent. 

Competitive and efficient in low 

concentration. 

Disposal of adsorbent after 

adsorption 
[53, 64-66] 

The coagulationïflocculation process is one of the most important and widely used treatment 

processes of industrial wastewater due to its simplicity and effectiveness [53, 54]. Its main aim is 

to agglomerate fine particles and colloids into larger particles to reduce turbidity, natural organic 

matter, and other soluble organic and inorganic pollutants in the wastewater. In addition, this 

process is simple, inexpensive cost, rapid and efficient for removal insoluble contaminants, such 

as pigments and colloidal particles [53, 65]. However, there are limitations for the coagulationï

flocculation process, including toxicity and health hazard posed by inorganic coagulants, the 

production of large amounts of toxic sludge, and ineffectiveness in removing heavy metals and 

ECs [67].  

Membrane filtration is a separation process that uses a semi-permeable membrane to separate 

particles or substances based on their size and molecular weight [56, 57]. It is a rapid and 

straightforward techniques, suitable for most types of pollutants, which allows continuous 

separation under mild conditions, and enabling an easy upscaling hybrid processing [56]. 

However, this technology has some drawbacks, which include maintenance and operation cost, 

concentration polarization and membrane fouling, low membrane lifetime, and high energy 

requirements [53, 56].  
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Photocatalysis is a promising technology for water treatment that utilizes light and catalysts to 

degrade pollutants and contaminants [58]. Photocatalysis offers high efficiency, versatility and can 

be applied to a wide range of pollutants [68]. The challenge in this process relies on the light source 

to activate the catalyst and initiate the degradation of pollutants. It also leads to the formation of 

dioxins, metals, and other pollutants as by-products [53].  

Chemical oxidation and reduction are two important processes used in water treatment to remove 

contaminants and improve water quality [59]. Chemical oxidation involves the use of oxidizing 

agents or reducing agents to convert contaminants in water into less harmful or more easily 

removable forms [62]. Some commonly used oxidizing agents include chlorine, ozone, hydrogen 

peroxide, and potassium permanganate. The reducing agents mainly include sodium bisulfite, 

sodium metabisulfite, and sulfur dioxide. Chemical oxidation and reduction methos are also 

simple, rapid, efficient and have multiple approaches concerning oxidizing and reducing agents. 

However, chemicals are required, therefore, an additional cost is added to the treatment of waste 

[62]. Additionally, potentially toxic by-products will be produced during the processing, which 

then will be needed to be addressed [53].  

Biodegradation involves the breakdown of pollutants into various byproducts by microorganisms, 

including fungi, bacteria, yeasts, and algae [63]. It is simple environmentally friendly, 

economically attractive operation [53, 63]. Nevertheless, there are some limitations, such as slow 

processing, the requirement of a favorable environment needed, the generation of biological sludge 

and uncontrolled degradation products [53, 65].  

Adsorption is a process of mass transfer in which dissolved contaminants are transferred from the 

liquid phase to the adsorbent surface to purify the water [64-66]. Adsorption is currently popular 
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for water treatment purposes because of the following advantages: low-cost, high efficiency, ease 

of operation, the possibility of using virous materials as adsorbent substrates, and the possibility 

to recover the adsorbent and the adsorbate [64]. Importantly, adsorption is competitive and 

efficient when the concentration of the contaminants in the water ranges from ng L-1 to mg L-1. 

The removal efficiency of adsorption can go up to 99.9%. The United States Environmental 

Protection Agency (USEPA) declared the adsorption process as one of the most excellent and best 

wastewater treatment techniques available [65, 69]. However, the regeneration of the absorbent is 

required [70]. Presently, research is devoted to the pursuit of ideal adsorbent materials.  

2.1.3 Nanomaterials for generation of adsorbents 

Generally, ideal materials for the adsorption of pollutants should meet several requirements: (1) it 

should be inexpensive, (2) have good mechanical and structural integrity to overcome water flow 

for a long time, (3) show high adsorption capacities with high rates, (4) have a large surface area, 

(5) possess a regeneration aptitude using cost-effective, and (6) biodegradation and eco-

friendliness [71-73]. A wide variety of materials have been developed for water remediation 

application and their classification as shown in Fig. 2-3. Among all, nanomaterials have been 

recognized potential adsorbents for wastewater treatment in the last decade mainly because they 

present higher adsorption capacities, and better binding affinities than their macroscale 

counterparts [71, 74, 75].  

At the nanoscale, an additional advantage is realized because of the small size, expansion of the 

specific surface, the dominance of interfacial phenomena and the ability to tailor surface criteria 

via surface different modification technologies [76-78]. This opens the way for nanomaterials 

toward wider applicability such as in water remediation. Silica nanoparticles [79], nano zeolites 

[80], activated carbon (AC) [53, 81], graphene and graphene oxide (GO) [82-84], metal-organic 
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frameworks (MOFs) [85] and nanocellulose attract more attention due to their unique properties 

for water remediation. The advantages and disadvantages of these materials for water remediation 

are summarized in Table 2-2 and will be discussed in the following section. 

 

Figure 2-3. The classification of current materials for adsorbents [71]. 

Table 2-2. Main advantages and disadvantages of mostly used nanomaterials for adsorbents.  

Mostly used 

nanomaterials for 

adsorbents 

Advantages Disadvantages References 

Silica 

High surface area (>1000 m2 gī1) 

Large pore volume 

Tunable sizes and properties 

Ease of surface functionalization 

Price and availability [86-88] 

Nanosized Zeolites 

Larger specific surface area (some zeolite-

based materials >1000 m2 gī1) 

Higher thermal stability and lattice stability, 

Easily tunable size and properties 

Limited in possibilities of 

functionalization 
[89-92] 
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Nano structured 

Activated Carbon 

(AC) 

High surface area (ranges from 500 to 

1500 m2 gī1) 

Well-developed internal microporosity 

Wide spectrum of surface functional groups 

Difficult separation from 

water bodies 

High cost 

Non-recyclability 

High energy consumption 

for producing 

[53, 81, 

93] 

Graphene and 

Graphene Oxide (GO) 

Large specific surface area (2630 m2 gī1) 

Great electrical and thermal conductivity 

High chemical stability 

Excellent mechanical, thermal and optical 

properties 

Production of high-quality 

graphene is expensive 
[82-84] 

Metal-Organic 

Frameworks (MOFs) 

Possess wide range of window 

opening/pore cavity and different 

functionalities 

Low stability 

Poor recyclability 

High cost for fabrication 

[85] 

Nanocellulose 

High specific area (Ḑ1000 m2 gï1) 

High adsorption capacity 

Low cost 

Sustainability 

Non-toxic material 

100% biodegradable 

Making processing is 

challenging 

Limitation for multiple 

water pollutant adsorption  

 

 

[71, 94] 

Silica nanoparticles are one of the most commonly used nano adsorbent for water purification due 

to its high surface area (>1000 m2 gī1) [95], large pore volume, tunable sizes and shapes, and ease 

of surface functionalization. In addition, it has attractive physicochemical properties, such as 

abundant surface chemistry, colloidal stability, high dispersity, and thermal stability [86-88]. 

However, the disadvantage of nano silica is its price and availability in certain countries. Some 

countries have to import nano silica to be used in concrete industry [96].  

Nanosized zeolite has attracted more and more attention in the last decades because of its inherent 

properties, such as shorter diffusion channel, larger specific surface area (some specific nanosized 

zeolite based materials presents >1000 m2 gī1), higher thermal  and lattice stability, easier shaping 

https://www.sciencedirect.com/topics/chemical-engineering/water-purification
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and tunable physical and chemical properties than regular ones [89-92]. However, they are limited 

in terms of possibilities of functionalization, which is mainly achieved by tuning the Si/Al ratio.  

AC nanoparticle is a widely used adsorbent due to its exceptionally high surface area (ranges from 

500 to 1500 m2 gī1), well-developed internal microporosity, a wide spectrum of surface functional 

groups, and high adsorption capacity [53, 81]. Nevertheless, AC generates secondary pollution 

because of the difficul ty in its separation from water bodies, cost-ineffective due to non-

recyclability, and high energy consumption because of production by heating carbonaceous 

materials at high temperatures [53, 81, 93].  

Graphene or graphene oxide (GO) possesses impressive properties, such as large specific surface 

area (2630 m2 gī1), good electrical and thermal conductivity, high chemical stability, as well as 

excellent mechanical, thermal and optical properties, [82-84]. These features make graphene a 

multifunctional material so that can be applied in many different fields. However, production of 

high-quality graphene is expensive, which is a big challenge for the graphene or GO-based 

materials [97].  

MOFs are a class of highly porous materials composed of metal ions or clusters coordinated with 

organic linkers [85]. Their tunable structure offers significant chemical and structural diversity, 

allowing for precise control over pore size and functionality, and enabling the adsorption of 

specific molecules. Compared with activated carbons (ACs), zeolites, or other porous materials, 

many MOFs possess a wide range of window opening/pore cavities and different functionalities, 

which enable them to accept several types of compounds inside their cavities [98]. Despite such 

significant efforts, there are still many scientific issues and challenges in the removal purification 
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of pollutants, such as low stability and poor recyclability, and high cost for the fabrication of MOFs 

[85]. 

Cellulose is an attractive alternative material for different applications, especially for water 

remediation owing to its low cost, low toxicity, high natural abundance, and biodegradability. 

When the size is minimized to the nanoscale [99], its intricate architecture imparts a unique 

combination of stiffness, strength, and toughness, and that it combines intriguing features from its 

nanoscale elements, such as high strength and modulus and large aspect ratios. The high specific 

area contributes to improving the adsorption capacity. Besides, the possibility of tailoring the 

surface properties, such as surface charge density, functionality, reactivity and processability 

expands adsorbents for multiple pollutants [71]. Compared to other inorganic nanoparticles, the 

nanosized cellulose adsorbent exhibits many advantages, including sustainability, cost 

effectiveness, a high aspect ratio, high adsorbent capacity, and the possibility for selective 

adsorption via appropriate surface functionalization. In addition, nanocellulose can be classified 

as a non-toxic material, 100% biodegradable and having no side effects on the environment, the 

use of nanocellulose eliminates the safety concerns generally encountered for mineral and carbon 

nanoparticles [71, 94]. However, nanocellulose production processing is still challenging now. 

This will be figured out with the development of nanotechnology. Therefore, nanocellulose has 

been the first choice for adsorbents. 

2.1.4 Cellulose  

2.1.4.1 Source of cellulose 

Cellulose is the most abundant renewable raw material in the biosphere, this that can be derived 

from virtually inexhaustible biomass feedstocks with an estimated production 1,012 tons annually 
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by photosynthesis [99]. It accounts for about 45% of the dry weight of wood [100], and around 

33% of non-woody plants [101], mainly including agricultural residues. Although plant-based 

lignocellulosic materials are generally regarded as a ubiquitous source of cellulose, other living 

species such as algae [102], as well as certain bacteria, such as Alcaligenes, Acetobacter, 

Pseudomonas, Agrobacterium, Rhizobium, or Sarcina [103-106] and a few marine animals, like 

tunicates [107] can also synthesize  cellulose [108, 109]. Fig. 2-4 exemplify graphically some of 

these sources. 

 

Figure 2-4. (A) Sources of cellulose. Some of pictures from the website or published papers 

(https://alchetron.com/Bacterial-cellulose#bacterial-cellulose-28bad1be-52ef-4be4-98ae-2adeb90c0a9-resize-

750.jpeg) [102, 110]. 

2.1.4.2 Hierarchical structure of cellulose 

In addition to its advantage as a potentially sustainable material, cellulose enables multiple 

functions and transformative applications that derive from its unique multidimensional structure 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pseudomonas
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/rhizobacterium
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sarcina
https://alchetron.com/Bacterial-cellulose#bacterial-cellulose-28bad1be-52ef-4be4-98ae-2adeb90c0a9-resize-750.jpeg
https://alchetron.com/Bacterial-cellulose#bacterial-cellulose-28bad1be-52ef-4be4-98ae-2adeb90c0a9-resize-750.jpeg
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[111]. Cellulose fibers can be separated into fibrils with diameters ranging from less than 100 µm 

to around 2-4 nm [111-113]. Owing to this hierarchical structure (Fig. 2-5), microfibrillated 

cellulose (MFC, also known as cellulose nanofibril or CNFs) features substantial tunability in 

terms of its morphology and fibril size [114], which results in unique mechanical, optical, thermal, 

fluidic, and ionic properties that far surpass those of the parent cellulose fibers. MFC has attractive, 

tunable properties and is biocompatible, indicating the potential for practical implementation and 

commercialization [111]. The increased adoption of MFC is expected to facilitate the shift from 

petroleum to bio-based products in support of a more sustainable circular economy [111]. Recent 

research studies are focused intensely on cellulose at the nano-scale due to the consideration that 

it is an eco-friendly material, with special properties to be used as a versatile material with diverse 

applications, more details will be discussed in the section 2.5.  
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Figure 2-5. Hierarchical structure of cellulose [115].  

2.1.4.3 Molecular structure of cellulose 

The molecular structure of cellulose is composed of D-glucose units linked by ɓ (1, 4) glycosidic 

linkage (Fig. 2-6). Three hydroxy groups with different reactivities are present on each glucose 

unit at the C2, C3, and C6 positions [116]. On the cellulose molecular chains, rich hydroxyl groups 
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can contribute to the formation of abundant intra- and inter-molecular hydrogen bonds, which in 

turn enable the creation of highly ordered, three-dimensional crystalline structures [111]. The 

dense packing of molecular chains originating from the presence of hydrophilic hydroxy groups 

and hydrophobic axial C-H planes, gives an amphiphilic character to nanocellulose. Whatôs more, 

these hydroxy groups can be functionalized or cross-linked with other polymers to modify the 

mechanical and chemical properties, which make cellulose available to meet the needs of different 

applications [111].  

 

Figure 2-6. Molecular structure of cellulose [111]. 

2.1.5 Nanocellulose  

Nanocellulose is defined as a cellulosic material having at least one dimension of 1ï100 nm and 

can be isolated from natural cellulose fibrils [99, 117, 118]. Nanocellulose have attracted rapidly 

growing interest from both academic and industrial researchers due to their unique nanostructure 

and impressive physicochemical properties such as high tensile strength (up to 10 GPa) and elastic 

modulus (up to 220 GPa), high specific surface area (up to several hundreds of m2/g), low density 

(1.6 g/cm3), reactive surfaces combined with biodegradability and renewability [119]. Based on 

sources, size, morphologies, properties, and preparation techniques, nanocellulose is mainly 
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divided into three categories: cellulose nanofibrils (CNFs), cellulose nanocrystals (CNCs), and 

bacterial nanocellulose (BNC) [99, 118-120]. At present, most of the CNFs and CNCs are isolated 

from lignocellulosic biomass (Fig. 2-7 (A)), as they are the most sustainable sources of cellulosic 

biomass. Fig. 2-7 (B) shows the relationship between different types of nanocellulose and the 

corresponding micrographs; Fig. 2-7 (C) shows the characteristics of different types of 

nanocellulose.  
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Figure 2-7. (A) Nanocellulose isolation processing from lignocellulosic materials. (B) Relationship between different 

types of NCs and the corresponding micrographs [118]. (C) Characteristics of different types of nanocellulose [121].  

2.1.5.1 Cellulose nanofibers (CNFs) 

CNFs, also named as nanofibrillated cellulose (NFC), are thin flexible fibrils with diameters <100 

nm and lengths 50-500 nm or few micrometers, which are comprised of both crystalline and 

amorphous regions of cellulose [71, 118, 122, 123]. The quality of CNFs is very much dependent 

on the cellulose source and the extraction methods. However, CNFs are easily produced in high 

yields and present both crystalline and amorphous regions, which unlike CNCs, give a rigid and 
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complex network composition [118, 124, 125]. Their production process involved mainly 

intensive mechanical disintegration to break down the fiberôs cell walls releasing elementary 

cellulose nanofibrils. such as high-pressure homogenization, micro fluidization, high-intensity 

mechanical grinding using a Masuko grinder, ball milling, and ultrasonication [122, 126-128].  

Homogenization, including using homogenizers and microfluidizers, and grinding are the most 

common techniques used for mechanical production of CNF (Fig. 2-8 (A)). These techniques are 

the most efficient for delamination of fiber cell wall and CNF isolation, as well as are suitable for 

upscaling, which are for industrial production of CNF nowadays [126]. However, both of them are 

very energy intensive (12-70 MWh/t) [129]. Another issue is clogging when processing long 

cellulose fibers mainly due to the fact that long cellulose fibers tend to form entanglements [126, 

130]. Meanwhile, other methods are studied in order to reduce energy consumption and find more 

beneficial solutions for CNF production, including enzymatic hydrolysis [131, 132], TEMPO-

mediated oxidation [133, 134], sulfonation [135, 136], carboxymethylation [137-139], 

quaternization [140, 141], and others [126]. Among them, TEMPO mediated oxidation can 

selectively oxidize the cellulose C6 hydroxyls to carboxylates introducing a large amount of 

negative carboxyl groups on the cellulose (Fig.2-8 (B)) [142]. Another strategy is introducing 

positive quaternary trimethylammonium groups on the surface of cellulose fiber to increase the 

electrostatic repulsion and enhance the fibrillation efficiency. Moreover, the introduced cationic 

groups endowed the final CNFs with antibacterial properties, which could be applied in food 

packaging and biomedical applications (Fig.2-8 (C)) [143]. Nevertheless, the above methods still 

face several drawbacks such as high cost of enzymes and chemicals, time-consuming process, 

difficulty to recover chemicals and environmental issues. Therefore, it is of critical importance to 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/homogenizer
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fiber-cells
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develop a more cost-effective, sustainable and environmentally benign pretreatment methodology 

for the preparation of high-quality CNFs [130]. 

 

Figure 2-8. (A) Schematic diagrams of most widely used mechanical approaches and the corresponding instruments 

for CNFs production schematic diagrams [126]. (B) Systematic diagram of preparation of CNFs by surface 

carboxylation using TEMPO oxidation [144]. (C) Schematic illustration of how the fibers quaternization enhanced 

the fibrillation process [143].  

2.1.5.2 Cellulose nanocrystals (CNCs) 

CNCs, also termed nanocrystalline cellulose (NCC) or cellulose nanowhiskers (CNW), are rigid 

rod-like crystalline fibrils with 10ï80 nm in diameter and 5ï200 nm in length [99, 123].  

Several methods have been developed for extracting CNCs from cellulose. The most used method 

for preparation of CNCs is using inorganic acid to selectively dissolve amorphous domains and 

release cellulose crystallites (Fig. 2-9 (A)). Sulfuric acid is the most commonly used acid for 
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producing sulfonated CNCs, which not only effectively isolates the crystalline regions by 

dissolving amorphous parts but also provides sulfate half-ester groups on the surface of CNCs, 

resulting in high colloidal stability for CNC dispersion in water owing to electrostatic repulsion 

[145, 146]. Some other inorganic acids such as hydrochloric acid [147], phosphoric acid [148], 

hydrobromic acid [149, 150], and nitric acid [151], have been used for the preparation of CNCs as 

well [152]. Strong acid hydrolysis is a simple and time-saving method. However, certain issues 

such as harsh corrosion of equipment, severe environmental pollution, large water usage, and low 

production yield need to be well addressed [130]. Enzymatic hydrolysis, Subcritical water 

hydrolysis are also used to produce CNCs (Fig. 2-9 (B)) [153]. Enzymatic hydrolysis has the 

benefit of not requiring harsh conditions such as highly concentrated acids. However, it is often 

not desirable due to the extended time that is required for the process to properly occur [153]. An 

alternate method for hydrolysis has been explored using subcritical water (Fig. 2-9 (C)), which 

has the advantage of not requiring harsh conditions as found in acid hydrolysis and also being a 

relatively quick process unlike enzymatic hydrolysis [154]. Besides, some sustainable and 

environmentally friendly methods based on the replacement by recyclable chemicals have been 

invented recently to address the above drawbacks, such as solid acid (e.g. phosphotungstic acid) 

hydrolysis [155, 156], organic acid (e.g. formic acid, oxalic acid) hydrolysis [157-159], and ionic 

liquid [160, 161] or deep eutectic solvents treatment [162, 163].  
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Figure 2-9. (A) Preparation of CNCs from wood: Wood pulp can be hydrolyzed with sulfuric acid to selectively 

remove amorphous regions, leaving behind crystalline cellulose nanorods [164]. (B) Illustration of cellulose 

enzymatic hydrolysis for CNCs [164]. (C) Schematic showing methodology for subcritical water hydrolysis [153]. 

2.1.5.3 Bacterial nanocellulose (BNC) 

Bacterial nanocellulose (BNC) is a type of nanocellulose that has a high length-to-width ratio 

(approximately 100  nm in width and 100 um length) composed of nanofibrils of 2-4 nm width 

[165]. Besides, functional groups such as carbonyl and carboxyl are generally absent in BNC and 

exhibit pure cellulose without lignin and other foreign substances. BNC demonstrated a very 

extensive polymer chain (up to 8000) and crystallinity up to 90 % [105, 166].  

BNC is generally created through the microbial fermentation process, Fig. 2-10 [105]. The bacteria 

used for secretion extracellularly are some known genera such as Alcaligenes, Acetobacter, 

Pseudomonas, Agrobacterium, Rhizobium, or Sarcina [103-105]. Overall, NFC are known for 

possessing both long length and high aspect ratio but suffers from low crystallinity while CNC has 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pseudomonas
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/rhizobacterium
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sarcina
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/crystallinity
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/nanocrystal


27 

 

a shorter length and low aspect ratio but possesses good crystallinity and chemical stability. 

Conversely, BNC has high purity and crystallinity, which leads to superior mechanical strength 

and stability [105]. BNC may well have applications in numerous fields, including food, paper, 

pharmaceuticals, nonwoven cloth, waste treatment, textile industry, refineries, and broadcasting, 

due to its unique properties, such as high density, purity, and degree of crystallinity, good shape 

retention, and higher surface area and water-binding capacity [167-170]. However, the major 

challenges faced for the applications of bacterial cellulose are its up-scale production, the high cost 

of the media and the low productivity at industrial scale [171]. 

 

Figure 2-10. Bacterial nano-cellulose production from K. sucrofermentans [172]. 

2.1.6 Application nanocellulose in water remediation 

Due to their valuable characteristics described in the previous section (2.1.5), like excellent 

resistance, chemical inertness, renewability, transparent appearance, stiffness, biocompatibility, 

high specific area, biodegradability, low thermal expansion coefficient, stable structure, low 

density, high surface area-to-volume ratio and capacity for hydrogen bonding interactions [171], 

nanocellulose is appealing for applications in biomedical engineering [173, 174], electronics [175, 
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176], textile [177], energy [178, 179], [117], contamination removal systems [180] and others, see 

Fig. 2-11. 

 

Figure 2-11. Main applications of nanocellulose [171]. 

Some major nanocellulose attributes contribute to their use as adsorbent for water remediation is 

highly attractive, such as the high specific area of the nanoscale-cellulose materials results in an 

enhanced adsorption capacity, the high aspect ratio enhances the mechanical strength of the 

adsorbent, the high crystalline degree enhances the chemical resistance of the adsorbent [71]. 

However, the adsorption capacity of native nanocellulose remains relatively low due to the low 

activity ability of hydroxyl groups [48, 181]. Besides, nanocellulose are hydrophilic in nature 

because of the presence of abundant -OH groups in their structure. This makes it difficult to be 

dispersed evenly in nonpolar solvents and inadequate interfacial adhesion with hydrophobic 

matrixes so that nanocellulose materials are susceptible to aggregation which diminishes the 

surface area available for adsorption processes [20, 21]. Those limitations discourage the direct 
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use of nanocellulose in adsorbents. Therefore, it is of utmost necessity to modify the nanocellulose 

to overcome their incompatibility and poor interfacial interactions, as well as enhance adsorption 

performance [21, 48, 118]. 

2.1.7 Current nanocellulose modification strategies for improving adsorption 

Surface modification is a key step to promote the adsorption of a specific class of pollutant and 

enhance the adsorption capacity [71, 108, 182]. The modification of nanocellulose is often dictated 

by the target absorbed species, the mechanism of action between the adsorbent and contaminant 

needs to be considered [48]. Normally, the negatively charged adsorbent will effectively absorb 

the positively charged heavy metals and dyes. Meanwhile, considering the hydrophobic and 

oleophilic characteristic of oils or solvents, the hydrophobic groups are commonly introduced to 

nanocellulose by using chemical or physical methods to improve their oil adsorption capacity [48]. 

Illustration of the possible modification according to the pollutant class is given in Fig. 2-12 [71, 

183]. These modifications can be achieved by 3 categories: 1) chemical surface modification, 2) 

grafting with polymers, and 3) formation of nanocomposites [108, 184].  
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Figure 2-12. Surface modification strategies of nanocellulose according to the pollutant class [71]. 

2.1.7.1 Surface functionalization 

Nanocellulose surfaces can be functionalized by multiple methods, such as silylation, 

carboxylation, acetylation, sulfonation, phosphorylation, and amidation [21, 48, 108, 185], by 

which the corresponding functional groups were introduced onto the nanocellulose surface. The 

reaction activity or adsorption capacity towards a specific contaminant is highly dependent on the 

concentration of corresponding functional groups [21, 186]. Silylation modification introduced 

silyl groups onto the surface of nanocellulose to improve compatibility with non-polar matrices 

and can be used to absorb oil spills or non-polar solvents or molecules [186]. It has also been 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/acetylation
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demonstrated that carboxyl, sulfonate, and phosphonate groups, when present on nanocellulose 

can exhibit selective uptake of contaminants, such as metal ions, dyes and microbes for water 

purification [187, 188]. Amidation has been well explored as a tool to tailor the surface of 

nanocellulose where amide linkage is formed by a reaction between amine and carboxylic moieties 

[189]. Therefore, the carboxy groups should be first introduced before carrying out amidation. 

Most of the amidation reactions are conducted on pre-oxidized nanocellulose through TEMPO-

mediated oxidation [190]. Amino group can be pronated at acid pH range, usually used for cationic 

ions [191] or anionis dyes remove [192], but also can adsorption some cationic dyes [193] and 

emerging contaminants [32, 194].  

2.1.7.2 Grafting with polymer 

The hydroxy groups of nanocellulose can act as chemical handles [108]. Due to this uniqueness, 

nanocellulose also can be grafted with polymers, such as polyvinyl alcohol, poly lactic acid, 

polyvinyl acetate, polymethyl methacrylate, polyvinyl chloride, and many more synthetic 

polymers to yield better performance [21]. Surface grafting of polymer chains is considered an 

effective and versatile method for surface modification because interfacial properties can be tuned 

depending on the nature of the grafted polymers [108, 195]. Polymer grafting can be classified into 

two approaches: ñgrafting ontoò and ñgrafting fromò (Fig. 2-13 (a) and (b)) [108]. The grafting-

onto approach relies on covalently attaching of a coupling agent (linker) and a polymer with a 

reactive-end group onto the surface of the nanocellulose. This approach is popular due to its 

simplicity, although the number of grafted functional groups that can be obtained from this 

approach is limited. In the grafting-from approach, a variety of specific groups on  polymers are 

connected to the main chain of cellulose mainly by free radical polymerisation, ring-opening 

polymerisation to enable nanocellulose to adsorb different pollutants [184]. This method enables 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polyvinyl-alcohol
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polymethyl-methacrylate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polyvinyl-chloride
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production of polymer grafts with higher densities than those achieved with grafting-onto 

approach; however, the resulting polymers are difficult to characterize [108, 196]. Anyway, 

carboxylated polymers, aminated polymers, sulfhydrylated polymers and so on grafting of 

nanocellulose for metals and dyes adsorption [184]. 

 

Figure 2-13.  Schematic illustration of two grafting approaches ï ñgrafting ontoò (a) and ñgrafting fromò (b) [108].  

2.1.7.3 Formation of composites by non-covalent surface modification 

The synthesis of nanomaterial composites is another method for obtaining nanocellulose-based 

adsorbents for water treatment. Nanocellulose composite adsorbents imainly nclude 

cellulose/metal nanocomposites, cellulose/organic polymer nanocomposites, 

cellulose/biomacromolecule nanocomposites, cellulose/inorganic nonmetallic nanocomposites, 

etc [184, 197, 198]. As an alternative to the covalent grafting of functional groups or long 

polymeric chains to the nanocellulose surface, non-covalent cross linking is the simplest way to 

modify the nanocellulose surface [199, 200]. Non-covalent surface modifications are typically 



33 

 

achieved via non-covalent adsorption of surfactants or oppositely charged molecules onto the 

surface of the nanocellulose [108, 199, 200]. These interactions essentially are a number of 

reversible associations, such as electrostatic interactions, hydrophobic interactions, hydrogen 

bonds, or van der Waals force. The reversible non-covalent bonds can better recover from the 

adverse effects that result from the rupturing and dissipation of the energy in the network during 

the unloading process than covalent bonds [108]. Importantly, the reversible non-covalent bonds 

make it possible for the regeneration of adsorbents by desorption. Additionally, non-covalent 

physical assembly avoids the use of reagents that are harmful to the environment commonly used 

for covalent cross linking interactions [201]. However, it is noteworthy that non-covalent 

interactions in most cases are not as strong as covalent interactions, making them more likely to 

break and possibly rearrange under stress [202].  

2.1.8 Structure of novel nanocellulose-based adsorbents  

The structure of nanocellulose-based adsorbent mainly exists in powders, hydrogels, and aerogels. 

The main drawbacks of powders are poor separability for reusing. 3-D hydrogels and aerogels are 

more popular in latest years because they can overcome the problems from powders.  

2.1.8.1 Hydrogels  

Hydrogels are 3D polymeric networks capable of absorbing and accommodating a large volume 

of water in their interstitial assemblies [21, 203, 204]. Great interest has been directed toward 

hydrogel applications since its discovery in the 1960s by Wichterle and Lim [205]. This is a result 

of its versatility enabling its usage for various applications such as biomedical devices [206-208], 

soft electronics [209-211], sensors [212, 213], actuators [214, 215], and adsorbents [204, 205, 208, 

216]. Nanocellulose hydrogels are formed as a result of chemical or physical crosslinking Fig. 2-

14 (A) [21, 217]. Chemical crosslinking refers to the addition of a specific crosslinker such as 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/interstitials
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citric acid or glutaraldehyde to the solution [116, 218, 219], which can react with the nanocellulose 

and form irreversible covalent bonds between the cellulose chains. TEMPO-oxidized CNFs were 

crosslinked by 1,2,3,4-butanetetracarboxylic acid (BTCA) as a chemical crosslinker to assist the 

formation of a crosslinking network structure by esterification reactions between the hydroxyl and 

carboxylic acid groups of CNFs and BTCA, respectively (Fig. 2-14 (B)) [117]. Physical 

interactions such as hydrogen bonds, van der Waals forces, and hydrophobic interactions, 

electrostatic interactions, and ionic interactions allow hydrogel formation by self-assembly. For 

example, carboxylic CNFs can undergo chelation with some multivalent metal ions via ionic 

gelation to form a hydrogel (Fig. 2-14 (C)) [116]. A stable, three-dimensional network structure 

could be created by the physical crosslinking of hydrogen bonds within and between molecules 

since its chain contains many hydroxyl groups, which greatly simplifies the aerogel manufacturing 

process [180]. Although physical crosslinked hydrogels are not strong and could dissociate, they 

are usually favored in adsorption processes for their non-toxic nature as they do not require 

additional chemicals and available adsorption sites. Recently, a lot of work focus on forming 

hydrogels by physical self-assembly [220-222].  

However, most reported hydrogels are constrained by their poor mechanical performances, low 

adsorption capacity, or slow diffusion kinetics [216, 223, 224]. Incorporating adsorptive powders 

such as graphene [225], titanium dioxide, metal or metal oxide [226], and more recently biochar 

[227] into a tough hydrogel matrix is an effective way to improve the mechanical property of 

hydrogel while simultaneously enhancing its adsorption capacity [228]. However, this does not 

resolve the inherent slow diffusion kinetics problem of the bulk hydrogels [216]. Introducing pores 

into the hydrogel matrix is a valid way to accelerate solvent transport by invoking the capillary 

force [216, 229]. Enormous attempts have been taken to synthesize porous hydrogels through 

https://www.sciencedirect.com/topics/chemistry/hydrogen-bond
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/metal-oxide
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mechanical frothing [230], gas foaming [231], porogen leaching [232], and freeze drying [216, 

233].  However, most previously synthesized porous gels are very brittle and weak because of the 

existence of a large number of pores in the gels [216, 234]. Therefore, it is still beyond reach to 

develop a facile yet general technique to synthesize porous hydrogels with robust mechanical 

properties and excellent adsorption performances for water treatment [216]. 

 

Figure 2-14. (A) The gelation behavior of nanocellulose by chemical crosslinking and physical crosslinking. (B) 

The mechanism of the gel formation by chemical crosslinking between CNFs and BTCA. (C) The gelation process 

of nanocellulose with physical crosslinking [116]. 
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2.1.8.2 Aerogels  

Once an hydrogel is formed, the solvent could be removed to obtain an aerogel [180]. Aerogels 

are 3D materials fabricated by substituting the solvent in hydrogels with air while maintaining the 

network structure [21]. The primary difficulty during the synthesis of aerogel is the elimination of 

solvent without collapsing the network structure. The drying method of wet gel is a fundamental 

factor in determining aerogel morphology and performance [180]. Atmospheric pressure drying 

(APD), freeze-drying (FD) and supercritical drying using CO2 (SCD) are current techniques 

exploited in cellulose aerogel preparation.  APD is a simple and easy-to-operate method. In APD, 

initially through the solvent exchange method, a low surface tension solvent is introduced in the 

hydrogel. This solvent is then dried at ambient pressure conditions [235]. However, during 

evaporation of the liquid from the gel pores, it produces capillary stresses at the liquid-vapor 

interface which results in shrinkage and reduction in porosity of the aerogel [236]. FD also known 

as lyophilization, involves freezing solvents in the gel using refrigerator/dry ice/liquid nitrogen at 

temperatures of ī20,ī78,ī196 °C respectively [237]. The temperature, rate, and direction of 

freezing of the gel can control the rate of crystallization of ice and its growth direction, which can 

alter the overall pore structure and surface area of the aerogel [238]. The disadvantage of FD is 

that during crystal growth, cracks are formed and shrinkage happens to the cryogel structure [239]. 

Besides, it is an energy intensive process that consumes a lot of energy. To avoid pore structure 

damage and shrinking of aerogels as in FD and APD, SCD can be used. The SCD is carried out at 

the critical pressure and temperature of the solvent. The main advantage of this process is that 

capillary forces are avoided, due to the free movement of molecules at the critical state [239]. A 

better aerogel structure can be obtained without any apparent collapse of the pore structures and 

any pore damage as depicted in Fig. 2-15. The requirement of high temperature, pressure, time 

https://www.sciencedirect.com/topics/chemistry/rate-of-crystallization
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consumption, and cost are the main limitations of the SCD method [180, 236]. Based on the pore 

structure integrity retained and density after removal of the solvents, the aerogels are named 

aerogel (SCD), xerogel (APD), or cryogel (FD), as shown in Fig. 2-15. 

 

Figure 2-15. Cellulose hydrogel, aerogel, cryogel and xerogel forms (after dried by SCD, FD and  APD, 

respectively) and their SEM images [180].    

2.1.9 Current challenges of nanocellulose-based adsorbent in water remediation 

Nanocellulose holds great promise as a new class of novel adsorbent for water remediation. 

However, before considering nanocellulose for real water treatment, many shortcomings need to 

be dissolved. Key challenges for future growth and integration of nanocellulose as a new class of 

sustainable adsorbent for water purification and environmental remediation are: 

2.1.9.1 Limited adsorption capability 

The adsorption capacity of nanocellulose remains relatively low due to the low activity of hydroxyl 

groups. A lot of modifications have increased the adsorption capability for different pollutants as 

talked in 2.1.7 section. For example, as shown in Fig. 1-12 (A), CNCs, TEMPO-modified CNFs, 

and phosphorylated cellulose nanocrystals show significantly increase in adsorption capability 

https://www.sciencedirect.com/topics/chemistry/pore-structure
https://www.sciencedirect.com/topics/chemistry/pore-structure
https://www.sciencedirect.com/topics/chemistry/xerogels
https://www.sciencedirect.com/topics/food-science/cellulose
https://www.sciencedirect.com/topics/chemistry/xerogels
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compared to unmodified cellulose and CNFs due to because of sulfonic acid group, carboxyl group 

and phosphate group were introduced on the nanocellulose surface [21, 48, 184]. Moreover, if we 

consider that the inexpensive adsorbents are generally effective in the removal of pollutants with 

limits at the milligram per liter level, then nanocellulose-based adsorbents, with an outstanding 

capacity for removing hazardous contaminants with levels on the order of microgram per liter, 

should be environmentally and economically beneficial [71]. Therefore, further enhancement of 

the adsorption capacity and expansion of the range of pollutant species to be absorbed through 

target chemical modification of the nanocellulose surface is still needed. 

 

Figure 2-16. (A) Adsorption capacities for Cu(II) of various forms of cellulose: cellulose, cellulose nanofibrils 

(CNF), cellulose nanocrystals (CNC), TEMPO-oxidized cellulose nanofibrils (TOCNF) and phosphorylated 

cellulose nanocrystals (P-CNC) [183]. (B) Adsorption of different cationic dyes by cellulose, CNCs, and carboxyl 

functionalized nanocellulose, adsorbents (CNM) [184]. 

2.1.9.2 Multiple pollutants removal  

Contaminants in real water are typically very complicated, with various types of contaminants 

usually coexisting [240]. The co-removal of multiple types of coexisting pollutants might be 

possible if multiple adsorption sites are available on the adsorbent [241]. However, no published 

work has tackled this aspect because the important challenge faced by the researchers is the 

simultaneous removal of a multitude of contaminants in a single stage. For this, the aerogel's 

https://www.sciencedirect.com/topics/chemistry/cellulose
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properties must be tuned in terms of porosity and functional groups present to perform 

simultaneous adsorption. Besides, how to test each pollutantôs concentration change in mix 

solution is also a big issue [21, 180]. 

2.1.9.3 Regeneration of adsorbents 

Most of the work so far has emphasized the usefulness of nanocellulose as an adsorbent since it 

significantly affects the operational cost [242]. However, the reuse and regeneration of 

nanocellulose-derived materials, and recovery of the contaminants at the end of each cycle are 

complex processes. Desorption involves the recovery of adsorbents by stripping them from the 

adsorbed species and then reusing them [21]. Cellulose-based adsorbents used for heavy metal ion 

and dye elimination are typically desorbed by acidic treatments (HCl, H2SO4, and HNO3) or 

alkaline treatments (NaOH, NaHCO3, Na2CO3 and KOH) if the adsorption process occurs due to 

the electrostatic attractions. However, it is very hard to desorb when adsorption process occurs due 

to the covalent bonding because it is irreversible. Anyway, this makes their long-term application 

economically feasible, especially in the case of functionalized nanocellulose adsorbents, given the 

higher cost involved in comparison with conventional adsorbents.  

2.1.10 Merits of PEI modified nanocellulose adsorbents for current challenges  

Compare with others, introducing amine group show great potential for adsorption more types of 

water pollutnasts, including metal ions, toxic dyes, some emerging contaminants and also can be 

used for carbon cauture. Branched polyethyleneimine (PEI), containing primary, secondary, and 

tertiary amino groups on its molecular chain, is an ideal water-soluble polymeric amine [23-25]. 

These active amino groups can be crosslinked by carboxyl, aldehyde, or epoxy groups to fabricate 

hydrogels, membranes, and fibers polymers to develop bio-sorbents for treating wastewater. 

Moreover, the charged amine groups in PEI can be protonated and deprotonated via adjusting the 
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pH to enable the adsorption and desorption of contaminants, thus realizing the regeneration of the 

adsorbent [11]. For example, Liuting et al. fabricated the amino functionalized 3D multi-wall 

perforated CNF-based polyethyleneimine (PEI) aerogels to remove Cu (II) efficiently, showing a 

maximum adsorption capacity of 485.44 mg/g. Desorption performance of this aerogel was 

determined using ethylenediaminetetraacetic acid (EDTA)-2Na, which was found that 4 cycles 

without signicant degradation [243]. Besides, CNM-PEI based composites also shoe super 

adsorption capability for anionic [192], cationic dyes [193], emerging contaminants [32, 194] and 

oil spills [244]. Therefore, PEI and nanocellulose composites show a great promising in water 

remediation [11, 23, 26], more details will be show in the 2.2 section (A literature review based 

on cellulose-PEI composites for water remediation, a version of this was published in International 

Journal of Biological Macromolecules 232 (2023) 123342).  

2.2 L iterature Review - Comparison between nanocellulose-polyethyleneimine composites 

synthesis methods towards multiple water pollutants removal: A review 

2.2.1 Abstract 

Nanocellulose/polyethyleneimine composites have attracted growing attention due to their 

versatility as new materials for application in different fields. Water remediation is one of the 

traditional applications of these composites and their investigation as adsorbents for single water 

pollutants is well established. However, most water resources such as rivers, lakes, and even 

oceans contain complex mixtures of pollutants. Despite several recently published reviews on 

water purification technology, they only focused on these material as single pollutant removers 

and hardly mentioned their capacity for simultaneously recover multiple pollutants. Therefore, 

there is still a gap in the archived literature considering nanocellulose/polyethyleneimine 
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composites targeting water remediation with multiple water pollutants. In this review, methods for 

synthesizing such composites are classified and compared according to the mechanism of 

reactions, such as chemical crosslinking and physical adsorption, while outlining advantages and 

limitations. Then, the water pollutants mainly targeted by those composites are discussed in detail 

to expound the relationship between the synthesis method and the type and adsorption capacity. 

Finally, the last section presents challenges and opportunities of these 

nanocellulose/polyethyleneimine composites as emerging sorbents for sustainable multiple water 

pollutants purification technologies. This review aims to lay out the bases for future developments 

of these composites for multiple water pollutants. 

2.2.2 Introduction 

The combination of cellulose nanomaterials or cellulose nanofiber matrices (CNMs) with 

polyethyleneimine (PEI) has led to the production of a wide range of composites, which have 

found ample application in different fields, such as paper making [245-248], wastewater treatment 

[194, 249-251], drug release [252-255], sensing [256-258], heterogeneous catalysis [259], and 

others [189]. The potential utility of these composites has attracted significant interest from the 

scientific community. The number of publications in this field has progressively increased in the 

last 20 years (Fig. 2-1), with most of them (58.3%) dedicated to sorbent systems for water 

remediation [189].  
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Figure 2-17. The number of publications describing CNM-PEI composites and their utility for water remediation 

during the past 20 years. The data obtained from Web of Science based on the search function: (polyethyleneimine 

OR PEI) AND (cellulose OR nanocellulose OR cellulose nanofiber (CNF) OR cellulose nanocrystal (CNC)) for All 

CNM-PEI composites; (polyethyleneimine OR PEI) AND (cellulose OR nanocellulose OR cellulose nanofiber (CNF) 

OR cellulose nanocrystal (CNC)) AND (water OR water remediation OR water treatment OR removal). 

Being active in this research topic, we found that most research focused on using cellulose or 

nanocellulose/polyethyleneimine composites to target singular water pollutants. However, most 

water resources such as rivers, lakes, and even oceans contain complex mixtures of pollutants, 

including dyes, spilled oils, organic solvents, and heavy metals [240]. A paradigm shift from single 

pollutants to multiple pollutants control is crucial to tackle real-world water purification challenges 

[260, 261].  

The synthesis method of the nanocellulose/polyethyleneimine composites largely determines the 

type and ability of contaminants that these composites can remove. Therefore, it is essential to 

review the methods for synthesizing such composites, and how they work towards removing 
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different types of pollutants to lay out the bases for future development of these composites for 

multiple water pollutants. In this review, the aim was to study the reported adsorption capabilities 

of the CNM-PEI composites from a single contaminant, finding the most common ones that can 

be used as comparison in the transformation route to multiple contaminant removal. Likewise, to 

close the gap in the exploration between the relationship of synthesis methods and the type and 

capacity of adsorbed pollutants. 

2.2.3 Current synthetic strategies of CNM-PEI composites 

When the different reported celluloseïPEI composites are compared, it can be noted that they were 

formed mainly by following two formation mechanisms: chemical crosslinking and physical 

adsorption. These are summarized in the scheme presented in Fig.2-2. The first approach, chemical 

crosslinking, can be subdivided into two types: with or without additional agents. These methods 

are largely dependent on whether the cellulose or CNMs have been pre-functionalized or not. 

Starting from cellulose sources without pre-functionalization often requires the use of proper 

crosslinkers to obtain stable and resistant composites. On the contrary, when operating in the 

presence of pre-functionalized cellulose, the formation of covalent bonds between the two building 

blocks by direct crosslinking is possible under proper and controlled reaction conditions [189]. 

Thus, a strong covalent bond can be obtained by heating [190] or by using condensation agents 

[194], without requiring additional molecules to act as bridges between the materials [189]. The 

second alternative is the direct assembly of the polymers by physical crosslinking between them. 

To achieve this, interacting forces such as hydrogen bonding, electrostatic forces, van der Waals 

forces, chain entanglements, and ionic & hydrophobic interactions dominate. Thus, allowing to 

maintain surface functional groups available as active point on the materials. Following, a detailed 

comparison between each method and the resulting composites was done. 

https://www.sciencedirect.com/topics/chemistry/electrostatic-interaction
https://www.sciencedirect.com/topics/chemistry/van-der-waals-force
https://www.sciencedirect.com/topics/chemistry/van-der-waals-force
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Figure 2-18. The synthesis strategies of CNM-PEI composites and reaction mechanism. 

2.2.3.1 Chemical crosslinking  

2.2.3.1.1 Using additional chemical crosslinker 

CNM-PEI composites can be synthesized by several chemical crosslinkers, such as glutaraldehyde 

(GAL) [193, 262], epichlorohydrin (EPI) [192, 263], ɔ-(2,3-epoxypropoxy) 

propyltrimethoxysilane (GPTMS) [264], Tri-functional trimethylolpropane-tris-(2-methyl-1-

aziridine) propionate (TMPTAP) [243], among others. For this formation pathway, a common 

feature is that the chemical crosslinker combines CNM and PEI together to form a complex 

through chemical bonds. The crosslinking agent may increase the complexes mechanical 

properties or help to form a porous structure. Moreover, some of them can introduce functional 

groups, increasing the trapping of the water pollutants. Meanwhile, when these crosslinkers are 

introduced into the composites, their toxicity must also be considered. Therefore, the reaction 
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mechanism, functionality of each crosslinker in CNM-PEI composites, and its toxicity will be 

discussed in detail. 

The most frequently used crosslinkers are glutaraldehyde (GAL) and epichlorohydrin (EPI) 

because their use is operationally simple, and the reaction conditions are mild. For the GAL 

processing, the reaction can be conducted in one pot by simply stirring the reagents in polar 

solvents at room temperature [193, 262]. The use of GAL involves the crosslinking between PEI 

and cellulose through the formation of a Schiff base and a hemiacetal (Fig.2-3 (A)).  

When using EPI as the crosslinker, heating (60-90 °C) was not necessary but can improve 

reactions. Alkaline condition was required to open the epoxide ring and promote ether formation 

to crosslink the cellulose and PEI as shown in Fig. 2-3 (B) [263, 265]. However, the CNM-PEI 

composites synthesized by these two methods exist in the form of powders, which have poor 

separability and recyclability [243]. To solve this problem, the latest research synthesized aerogels 

by a combination of freeze-drying and GAL crosslinking, in which an aerogel was formed by 

freeze-drying and then crosslinked by the GAL [266]. Besides, it still cannot be ignored that both 

GAL and EPI have been reported to be highly toxic for humans and animals [189, 267-269]. As 

alternatives, recent research suggested the use of new crosslinkers, such as GPTMS [264] and 

TMPTAP [243] instead of GAL and EPI to synthesize CNM-PEI aerogels. 
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Figure 2-19. Reaction mechanism of different chemical crosslinkers. 

For the GPTMS crosslinking process, condensation between the trimethoxy silane and cellulose 

hydroxyl groups results in covalent linkage (Fig. 2-3 (C)). This reaction started by the PEI being 

added into the mixture of cellulose and the crosslinker, the epoxide group on the end of GPTMS 

reacted sequentially with the amine groups on PEI, yielding robust networks [264, 270, 271]. The 

obtained mixture was introduced to liquid nitrogen via a syringe pump at a controlled rate to form 

uniform spherical beads. Afterward, these frozen beads were subjected to freeze-drying at ī45  

to produce the aerogel beads [270, 271]. No toxicity was observed in cellular studies of the 

GPTMS-containing paste after 7 days, which showed GPTMS as superior to GAL and EPI [272].  

Another crosslinker reported in literature was TMPTAP (Fig.3 D). This is a relatively safe skeleton 

tri-functional aziridine reagent, which is also an important intermediate for synthesizing massive 

nitrogen-containing biologically active compounds [273]. There, TCNF spontaneously reacted 
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with TMPTAP via a ring-opening reaction in an aqueous solution at room temperature and then 

crosslinked PEI into the composite. One of the advantages of this method is that TMPTAP acted 

not only as a crosslinker but also introduced many amino and oxygen-containing groups into the 

composite, thus increasing the adsorption ability for water pollutants [243]. All the synthetic 

processes involving chemical crosslinkers mentioned above can be operated under mild 

conditions. However, GPTMS and TMPTAP are relatively safer than GAL and EPI. In addition, 

TMPTAP was then superior to GAL, EPI, and GPTMS when it comes to introduction of additional 

functional groups to increase their trapping ability for water pollutants. Thus, TMPTAP seems as 

the ideal chemical crosslinking agent for the synthesis of CNM-PEI composites. 

2.2.3.1.2 Direct covalent bonding between TCNF and PEI 

As seen in the previous section, a lot of the current methods for synthesizing CNMs-PEI 

composites involved additional chemical crosslinking agents that can react under mild conditions. 

However, secondary pollution or toxicity caused by chemical crosslinking agents demonstrated to 

be an issue that could emerge and should be prevented. To avoid these problems, some research 

focuses on seeking a way to directly promote the crosslinking of covalent bonds between 

nanocellulose and PEI without adding additional chemical crosslinking agents. However, the 

reactivity of hydroxyl groups on nanocellulose is not compatible with the amino groups in PEI to 

form stable, covalent complexes without chemical crosslinkers. Therefore, nanocellulose needs to 

be pre-functionalized to introduce the functional group that can covalently bond with the amino 

group [189]. The most popular pre-functionalized methods were TEMPO-mediated or 

sodium periodate oxidization. These can introduce carboxyl and aldehyde groups into 

nanocellulose, respectively. Both functional groups can be covalently bound with the PEI amino 

javascript:;
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groups by amide or Schiff base reaction under proper conditions. At present, heating and adding 

condensation agents to promote the combination of CNMs and PEI have been reported. 

By heating 

The addition of heat into solutions containing anionic cellulose and PEI allows for the materials to 

break the energetic barrier to promote the condensation of the functional moieties and forming 

covalent bonds. This mechanism has been used to form TCNF and PEI composites with a sponge-

like structure, good mechanical stability, and a shape-memory capability in water [190]. The 

composite formation was carried out in a multistep process. First freeze-drying was done to form 

a foam, followed by heating in an oven over a temperature ramp of 60 to 102°C, over 8 h followed 

by heating at 102 °C for 2 h, thus forming amide bonds between the two components during the 

thermal treatment [190] (Fig.4 A). Interestingly, a later study found that their mechanical 

properties can be further enhanced by the introduction of a natural crosslinker, citric acid [274]. 

This approach made it possible to obtain cellulose nano sponges (CNS) due to their inner 

nanostructure and nano porosity [189, 275, 276]. However, the problem with this method is that 

the synthesis of TCNF/PEI nano sponges needs a combination of freeze-drying and heating over 

100 °C, both of which are energy-intensive processes [189, 275, 276]. 

By condensation agents-EDC 

CNM/PEI composites could also be formed by using condensation agents, such as EDC (N-ethyl-

Nǋ-(3-(dimethylamino) propyl) carbodiimide) (Fig. 2-4 (A)), which promotes amide bond 

formation between the amines of PEI and the carboxyl groups of TEMPO-oxidized cellulose, 

instead of thermal treatment in the absence of additional chemical crosslinkers [194]. The 

advantage of this synthetic route relies on the possibility of operating at room temperature [189, 
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194]. The disadvantage is that the EDC needs to be removed by a dialysis process after 

crosslinking, which is a time tedious process.  

By Schiff base reaction  

Another alternative is the formation of the composite through Schiff base reaction. The CNF were 

pre-functionalized by sodium periodate oxidation to introduce aldehyde groups. Then a cryogel 

was prepared by freeze-induced chemical crosslinking between the aldehyde groups and hydroxyl 

groups on CNF. Finally, the cryogels were added to the PEI solution to functionalize to form the 

CNF-PEI composites cryogels by a Schiff base reaction (Fig. 2-4 (B)). The CNF/PEI hybrid 

aerogels exhibited good structural stability and shape recovery in water. Moreover, the squeeze-

deformed CNF cryogel was recovered to its original shape upon contact with water [277]. The 

results of this study have made a breakthrough in improving the mechanical properties of CNF-

PEI composites without heating, freeze drying and other conditions. 

 

javascript:;
javascript:;


50 

 

 

Figure 2-20. Reaction mechanism by covalent bonding. 

2.2.3.2 Physical adsorption 

The downside of the chemical crosslinking strategies is the problem of using toxic reagents, the 

chemical residues produced, and the extra cost added with new reactants [278]. Condensations 

promoted by high temperature are energy intensive processes. An alternative strategy involves 

physical crosslinking strategies that are governed by non-covalent interactions such as electrostatic 

interactions, hydrogen bonding, hydrophobic association, or chain winding [279]. In addition, the 

technology of physical crosslinking is much simpler (Fig. 2-5). Li and co-workers made a shape 

memory aerogel from TCNF and PEI via electrostatic combination without additional chemical 

crosslinking. These aerogels were generated by maintaining the total concentration of TCNF and 

PEI at 12 mg/mL at pH 10 for 4 h at room temperature followed by freeze-drying for 3 days at ī91 

°C. The CNF/PEI hybrid aerogels exhibited good structural stability and shape recovery in water 

[181]. In our research, a TCNF/PEI hydrogel was also formed by combination cationic chelating 

and physical adsorption. The TCNF was chelated by zinc ions to form a preliminary hydrogel 
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which was then put into the PEI solution to functionalize at room temperature, resulting in 

TCNF/PEI hydrogel composites (unpublished). These studies have confirmed that a physical 

adsorption method is also a good option for the synthesis of CNF-PEI composites for water 

remediation.  

 

Figure 2-21. The synthesis of CNM-PEI composites by physical adsorption.  

2.2.4 Possible interfacial interactions with CNM-PEI composites 

It is very important to comprehensively understand the underlying mechanisms of adsorption to 

fully exploit the utility of CNM-PEI for water remediation. Due to the abundant amino groups 

added to the surface with PEI, as well as the presence of residual carboxyl and aldehyde groups, 

electrostatic interactions are prevalent. Moreover, the high density of hydroxyl groups on the 

cellulose backbone would allow hydration and the formation of hydrogen bonding between 

molecules in the media and exposed surfaces, as well as other van der Waals interactions. 

Likewise, cellulose structures are known to adsorb molecules into the hydrophobic crystalline face 

as their main entropic strategy to decrease the free energy in water systems [280]. The 
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understanding of adsorption mechanism is helpful to design optimal composites targeting more 

types and amounts of pollutants. Therefore, this section focuses on the adsorption mechanism of 

the different types of water pollutants onto CNM-PEI composites. 

2.2.4.1 Metal ions 

Taking Cu (II) as a model for divalent ions, previous studies showed that the adsorption capacity 

of CNM-PEI could be attributed to a large amount of amino functional groups (primary amine, 

secondary amine, and tertiary amine groups) and oxygen-containing functional groups (hydroxyl 

and carbonyl groups) available. These moieties provided abundant electrostatically charged sites 

for the adsorption of cations like Cu (II) [243]. Based on this, if the chemical crosslinker is rich in 

the amine group and oxygen-containing functional groups, it will increase the adsorption capacity 

for the ions.  

Thus, one can roughly predict the order of metal ion adsorption capacity of CNM-PEI composites 

obtained by various synthetic methods according to the content of oxygen or amino groups 

introduced by chemical crosslinkers. The order is: TMPTAP>GPTMS>GA, EPI > covalent 

bonding by heating and EDC, physical adsorption> covalent bonding by Schiff base reaction if the 

same moles of chemical crosslinker were added with same moles of CNF and PEI. However, 

considerations on porosity, surface area, and structure need to be made to confirm this.  

2.2.4.2 Toxic dyes or other organic chemicals 

Most of the research focused on the removal of toxic dyes by adsorption onto CNM-PEI 

composites [192, 248]. PEI with abundant amine groups were immobilized on the surface of 

TCNF/PEI hydrogel. When TCNF/PEI hydrogels were put into aqueous solution whose pKa is 

lower than the pKa of PEI, amine groups on hydrogels would translate to positively charged amine 

groups [193]. These positively charged amine groups could form the cation-ˊ interactions, which 
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are electrostatic attraction between positively charged cations and negatively charged electron-rich 

ˊ systems [281]. Besides, positively charged amine group could also produce strong electrostatic 

attraction towards the negatively charged anionic dye molecules [192]. Furthermore, hydrogen 

bounding, hydrophobic interaction, and Van der Waals forces all could exist between the hydrogels 

and methyl blue dyes [281]. Finally, it cannot be ignored that the multilayer adsorption caused by 

ḯ́  stacking is also a pathway of interaction between dye molecules having rich ˊ systems [282].  

In general, cation-ˊ interactions show higher strength than hydrogen bonding, and in some cases, 

even chargeïcharge interactions, which are arguably one of the strongest noncovalent interactions 

in aqueous solutions [282-284]. However, according to other research, the strong electrostatic 

attraction between PEI and methyl blue dyes is prevalent, being the main reason PEI functionalized 

cellulose composites absorbed the methyl blue dyes [193]. More research is needed to determine 

which role is dominant among those. 

For the cationic or non-ionic organic chemicals without ˊ-systems, the adsorption is limited to 

these pollutantsô capacity to form electrostatic attraction, van der Waals interaction or hydrogen 

bonding with the hydroxyl groups and other polarizable functionalities. Another important 

consideration is that the conditions of the system will also determine the pollutants adsorption onto 

cellulosic materials since the systemôs free energy needs to be decreased. Thus, the presence of 

salt and the exchange of water molecules for molecules on the surface would also favor the 

adsorption of the molecules, even when other phenomena are not driving it. For example, coupling 

hydrophobic molecules onto hydrophobic faces and points in the CNM-PEI composites will 

liberate water and cosolvents, increasing the entropy of the overall system. 

2.2.5 Applications of CNM-PEI composites for water remediation 
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Nowadays, the research of CNM-PEI composites in the field of water remediation focuses mostly 

on heavy metal ions and organic dyes; with only some studies focusing on removing the emerging 

contaminants (ECs) that have been recently detected in natural environments. Different aspects of 

the composite, such as processing, conformation, and experimental conditions, determine the 

availability and reactivity of the active sites, modulating the removal efficiency [189]. All these 

aspects are mainly determined by the synthesis method. Therefore, it is necessary to compare the 

synthesis methods and the types and amounts of pollutants adsorbed. Understanding this will help 

select the method that can be used to synthesize CNM-PEI composites capable of targeting 

multiple types and higher amounts of pollutants. 

2.2.5.1 Removal of metal ions  

A general overview of celluloseïPEI composites achieved by different methods for removing 

heavy metals is provided in Table 2-3. Regardless of their methods of preparation, cellulose-PEI 

composite materials are well-suited for the adsorption of metal ions due to the large amount of 

charged moieties on the surface of the particles, as well as their capacity to chelate metal ions. The 

most tested metal ions include Cu (II), Pb (II), Cd (II), Ni (II) [191], Cr (VI) [285], As (III), As 

(V) [286], Fe (III), Cr (III) [287], and Zn (II) [288, 289]. Among all the metal ions of interest, Cu 

(II) has been widely taken as a reference in adsorption studies since it is well adsorbed, and the 

sorption is easy to detect by a simple UV analysis [189].  

While comparing the adsorption capacity of such complexes, differences have been noted 

depending on the method of synthesis. TMPTAP crosslinked TEMPO-oxidized CNF and PEI 

aerogels had the highest adsorption capacity with up to 485.44 mg/g (Table 1) [243]. This 

difference is due to TMPTAP acting not only as a crosslinker but also introducing amino and 

oxygen-containing groups, which all can chelate Cu (II) ions, thus increasing the adsorption 



55 

 

capacity of the material. Based on Table 2-3, the order of the maximum adsorption capacity of 

CNM-PEI composites obtained by the various synthetic methods for Cu (II) is TMPTAP> GAL, 

EPI > covalent bonding by heating > physical adsorption> GPTMS> covalent bonding by Schiff 

Base reaction. This order is like the order we predicted only according to the content of carboxyl 

or amino groups introduced by synthetic process in the adsorption mechanism section except for 

the GPTMS.  

It was also found that the composites that presented the highest adsorption capacity for Cu (II) 

ions, were also more likely to be highly adsorbent to other ions (Table 1). PEI-functionalized A4 

paper has the higher adsorption capacity for Cu (II) (435mg/g) and Cd (II) (370 mg/g) as compared 

to TEMPO-oxidized cellulose-PEI sponges [288, 289]. Likewise, TEMPO-oxidized CNF/PEI 

aerogel performed better than the PEI- dialdehyde bacterial cellulose composites for the adsorption 

of Cu (II) and for Pb (II) with 357.44 mg/g and 141 mg/g, respectively [181, 290]. Therefore, the 

adsorption capacity order of this kind of material to other ions can be roughly judged according to 

the adsorption capacity order of copper ions.  

Table 2-3. CelluloseïPEI composites are used for removal of metal ions.  

Composites Synthesis strategies 
Metals ions and their maximum 

adsorption capacity (mg/g) 
Reference 

TEMPO-CNF/PEI 

aerogels 

Crosslinker 

TMPTAP Cu (II) 485.44 [243] 

PEI-functionalized A4 

paper 

GAL 

Cu (II) 435, Cd (II) 370, Ni (II) 

208 ̆ Cr (VI) 68 
[291] 

PEI-carboxymethyl 

cellulose nanofibrils 

aerogel 

Cu (II) 380.03 [292] 

PEI-CNF aerogel Cu (II) 135.1  [265] 

PEI-TEMPO oxidized 

cellulose hydrogels 
Cu (II) 109.89, Pb (II) 279.32 [293] 

PEI-nanowood Cu (II) 93 [294] 

PEI-modified TCNF 

powders 
Cu (II) 53 [262] 

PEI-modified 

microcrystalline cellulose 
Cd (II) 217, Pb (II) 357 [295] 

PEI-cellulose aerogel 

beads 
Cr (VI) 229 [285] 

https://www.sciencedirect.com/topics/engineering/cellulose-nanofibers
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PEI functionalized coffee 

cellulose membranes 
As (III) 13, As (V) 46 [286] 

Cellulose/PEI powder 

EPI 

Cu (II) 285.7 [263] 

Porous spherical PEI-

cellulose powders 
Fe (III) 377.19, Cr (III) 83.98 [287] 

Hyperbranched PEI 

modified cellulose fiber 

powders 

As (III) 54.13, As(V) 99.35 [296] 

Cellulose aerogel beads 

GPTMS 

Cu (II) 163.40 [270] 

Cellulose nanofiber 

(CNF)-supported cryogel 
Cu (II) 138 [297] 

PEI modified cellulose-

based adsorbent 
GMA Cu (II) 102 [298] 

PEI coated bacterial 

cellulose nanofiber 

membranes 

GDE Cu (II) 90.01, Pb (II) 130 [299] 

PEI -TEMPO 

oxidized cellulose sponges 
Covalent 

bounding 

between 

carboxyl 

and amine 

group 

 

 

Heating 

 

Cu (II) 194, Cr (III) 94, Cd (II) 84, 

Zn (II) 125 
[288] 

TEMPO oxidized 

cellulose-PEI cellulose 

sponges 

Cu (II) 89.6 [190] 

PEI -TEMPO 

oxidized cellulose sponges 
Zn (II) 100 [289] 

PEI-TEMPO oxidized 

wood aerogel  

EDC 

Cu (II) 59.8 [182] 

TEMPO-Oxidized 

cellulose nanocrystal-PEI 

powders 

Cr (VI) 358.42 [264] 

PEI- dialdehyde bacterial 

cellulose 

Covalent 

bounding 

between 

aldehyde 

and amine 

group 

Schiff base Cu (II) 148, Pb (II) 141 mg/g [290] 

TEMPO-NFC/PEI aerogel 
Physical 

adsorption 
/ Cu (II) 175.44, Pb (II) 357.44 [181] 

Moreover, in a closer view, the TMPTAP crosslinked TEMPO-oxidized CNF and PEI aerogels 

had the highest adsorption capability compared with other materials, as shown in Table 2-4. Most 

CNM-PEI composites showed higher adsorption capability than other materials, which indicates 

that CNM-PEI composites have excellent performance for metal ions. 

 

 

https://www.sciencedirect.com/topics/engineering/cellulose-nanofibers
https://www.sciencedirect.com/topics/engineering/cellulose-nanofibers
https://www.sciencedirect.com/topics/engineering/cellulose-nanofibers
https://www.sciencedirect.com/topics/engineering/cellulose-nanofibers
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/imines
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Table 2-4. Comparison of the adsorption capacities of TEMPO-oxidized CNF/PEI crosslinked by TMPTAP with 

other types of materials for Cu (II).  

Composites 
Maximum adsorption capacity for Cu (II) 

(mg/g) 
Reference 

TEMPO-CNF/PEI aerogels 

crosslinked by TMPTAP 
485.44 [243] 

Magnetic tubular carbon nanofibers 375.93 [300] 

Electrospun polyacrylonitrile-based 

lace nanostructures 
354 [301] 

Chitosan derivative 192.31 [302] 

Graphene oxide/polyethyleneimine 

sponge 
150.9 [303] 

Graphene oxide functionalized 

chitosan-magnetite nanocomposite 
111.11 [304] 

Solid carbon 

nanoonions via catalytic co-pyrolysis 

of lignin and polyethylene 

100 [305] 

2.2.5.2 Removal organic dyes  

Water pollution caused by synthetic dyes has received considerable attention since such dyes are 

extensively utilized in diverse industries such as textile, food, paper, drugs, leather, amongst others 

[306]. Nowadays, over 100,000 dyes are commercially available [189]. Most of these dyes feature 

toxic, nonbiodegradable, and carcinogenic features which cause adverse effects on human health 

and ecosystems [306]. During the washing process, a certain fraction of dyestuffs unavoidably 

ends up in the wastewater discharged into the environment. 

CelluloseïPEI composites have also been used to remove these toxic dyes. A general overview of 

celluloseïPEI composites for the removal of toxic dyes is provided in Table 2-5. The removal 

efficacy has been demonstrated for both cationic and anionic dyes but most of the research focuses 

on the anionic examples. PEI-modified cellulose aerogels crosslinked by GAL showed high 

adsorption capacity for anionic Rose Bengal, methyl orange, and methyl blue reaching 1290, 1226, 

and 1200 mg/g, respectively [192]. The strong adsorption performance of cellulose-PEI 
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composites for anionic dyes was mainly ascribed to an electrostatic interaction between the 

cationic charges of the amino groups of PEI and the negative charges of anionic dyes, with a 

sorption efficiency depending on the charge present both on the surface of the composite and the 

contaminant dye [189]. Conversely, the adsorption capacity of cellulose-PEI composites for 

cationic dyes is lower than that of anionic dyes. It shows enormous difference for different cationic 

dyes, the adsorption capability up to 970 mg/g for Cationic Basic Yellow, but just has 6 mg/g, for 

methylene blue. The reason is not very clear. Further research is needed to be able to explain this 

behavior. 

Unlike the research on metal ions, where most studies choose copper ions for reference, making it 

easier to compare different methods and materials, the use of standard reference dyes is not 

common. Thus, it is more difficult to compare the adsorption capacity of materials arising from 

different synthetic tactics. For methyl orange, the adsorption capacity of CNF/PEI aerogel 

crosslinked by EPI was up to 1226 mg/g [192], which was higher than that achieved with PEI-

MFC aerogel (500 mg/g) which was generated by covalent bonding between aldehyde and amine 

group by Schiff base reaction [277]. In addition, the adsorption capacity of PEI modified cellulose-

based bio-adsorbent crosslinked by GAL for the cationic dye bright yellow was 571.43 mg/g [193], 

which was also higher than that of an Aldehyde-CNF/PEI (160 mg/g) obtained by Schiff base 

reaction [307]. This difference might be because GAL or EPI not only functioned as a crosslinking 

agent but also introduced additional charged oxygen atoms, which can form hydrogen bonding 

with oxygen and nitrogen atoms in methyl orange.  

 

 

 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/methyl-orange
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/imines
https://www.sciencedirect.com/topics/chemistry/polyethyleneimine
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/imines
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Table 2-5. CelluloseïPEI composites are used for removal of different toxic dyes.  

Composites Synthesis strategies 
Metals ions and their maximum 

adsorption ability (mg/g) 
Reference 

PEI-modified cellulose 

aerogels 

Crosslinker 
GAL 

Anionic Rose Bengal, 1290 

[192] 

Anionic Methyl Blue, 1200 

Anionic Alizarin Red, 360 

Anionic Acid Orange 7, 280 

Anionic Ponceau S, 220 

PEI modified cellulose-

based bioadsorbent 
Anionic Reactive Yellow, 971 [193] 

Oxidized cellulose 

membranes modified 

with PEI 

Anionic Xilenol Orange, 241 [308] 

CNF/PEI aerogel EPI Anionic Methyl orange,1226 [281] 

Aldehyde-CNF/PEI 

cryogels or powders 

Covalent 

bounding 

between 

aldehyde 

and amine 

group 

Schiff 

base reaction 

Anionic Brilliant Blue, 1000 

[307] 
Anionic Congo Red, 990 

Anionic Reactive Red, 950 

Anionic Eosin Y, 215 

PEI-MFC aerogel Anionic Methyl orange, 500 [277] 

PEI modified cellulose-

based bioadsorbent 

Crosslinker GAL 

Cationic bright yellow 571.43 [193] 

Oxidized cellulose 

membranes modified 

with PEI 

Cationic Methylene blue, 144 [308] 

PEI-modified cellulose 

aerogels 
Cationic Methylene blue 6.0 [192] 

Aldehyde-CNF/PEI 

powder 

Covalent 

bounding 

between 

aldehyde 

and amine 

group 

Schiff 

base reaction 

Cationic Basic Yellow, 970 

[307] 
Cationic Bright Yellow, 160 

When compared with other materials (as shown in Table 2-6), the adsorption capability of CNM-

PEI composites for anionic Rose Bengal, methyl orange, and methyl blue and cationic basic yellow 

https://www.sciencedirect.com/topics/chemistry/polyethyleneimine
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/methyl-orange
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/imines
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/imines
https://www.sciencedirect.com/topics/chemistry/polyethyleneimine
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/imines
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/imines
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was among the highest. Demonstrating that these composites also presented excellent adsorption 

performance for toxic dyes. 

Table 2-6. Comparison of the maximum adsorption capacity of CNM-PEI composites for Rose Bengal, methyl 

orange, and methyl blue dyes with other materials. 

Dyes Absorbents Shape 

Maximum 

adsorption 

ability 

(mg/g) 

References 

Rose 

60engal 

(-) 

Other 

materials 

Chitosan/PVA Powder 44.4 [309] 

Kappa-carrageenan/tamarind kernel 

powder 
Hydrogel 168.1 [310] 

Polyethyleneimine-functionalized 

cellulose beads 
Beads 467.9 [311] 

Dextran hydrogel Hydrogel 1700 [312] 

CNM-PEI 

composites 
PEI-modified cellulose aerogels Aerogels 1310 [192] 

Methyl 

orange 

(-) 

Other 

materials 

Chitosan/polyvinyl Alcohol/zeolite 

electrospun composite 
Membrane 153 [313] 

Chitosan microspheres Microspheres 207 [314] 

Amino-functionalized three-dimensional 

graphene 
3D-networks 270.3 [315] 

Functionalized carbon nanotube Powder 310.2 [316] 

3D hierarchical GO-NiFe LDH 
Sandwich-like 

structure 
438 [317] 

CNM-PEI 

composites 
PEI-modified cellulose aerogels Aerogels 1226 [28] 

Methyl 

blue 

(-) 

Other 

materials 

Cellulose membrane prepared from corn 

stalk 
Membrane 8.8 [318] 

BaFe12O19 ferrite particles Powder 223.9 [319] 

Poly (methacrylic acid-co-2-

(dimethylamino) ethyl methacrylate) and 

carboxylated cellulose nanofibrils 

Aerogel 598.8 [10] 

Diethylenetriamine-functionalized hollow 

polymer particles 
Powder 1341 [320] 

B-Cyclodextrin functionalized SBA-15 Powder 1790.9 [321] 

CNM-PEI 

composites 
PEI-modified cellulose aerogels Aerogels 1333 [28] 
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Basic 

yellow 

(+) 

Others 

Fe@graphite coreïshell nanocomposite Nanocomposite 52.4 [322] 

Graphene oxide-Polyethylenimine-

Polyvinyl alcohol 
Hydrogel beads 862.1 [323] 

CNM-PEI 

composites 
Aldehyde-CNF/PEI Powder 970 [307] 

2.2.5.3 Emerging contaminants (ECs) 

ECs are a large and relatively new group of compounds and can potentially cause deleterious 

effects in aquatic and human life at environmentally relevant concentrations which are becoming 

a growing concern [324]. At present, just counted studies focusing on using the CNM-PEI 

composites for removal emerging contaminants [32, 194]. P-nitrophenol (pNPh) is an important 

industrial precursor in the synthesis of different drugs, fungicides, and dyes. It has been found that 

TEMPO-Oxidized cellulose-PEI prepared by the direct amination of the TCNF carboxylic groups 

with PEI by heating, and without using a supplementary crosslinker, can be used to adsorb the 

pNPh, as well as other Ecs like 2,4,5-trichlorophenol and amoxicillin. Their adsorption capacity 

reached 1630, 205 and 556 mg/g, which are higher or like that of other materials (Table 2-7). 

Interestingly, Swasy and her collaborators found that PEI-functionalized cellulose nanocrystals 

can potentially serve as a new and viable remediation technique based on their ability to effectively 

degrade various pesticides such as malathion, deltamethrin, and permethrin with 100%, 95%, and 

78% degradation in water, respectively [194]. Therefore, the CNM-PEI composites also have an 

immense potential for removing and eliminating emerging contaminants. More attention should 

be paid to the removal of the emerging contaminants by CNM-PEI composites.  

 

 

 

 

https://www.sciencedirect.com/topics/engineering/nanocomposites
https://www.sciencedirect.com/topics/engineering/nanocomposites
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Table 2-7. Compare CNM-PEI composites with other materials for emerging contaminants adsorption capability. 

Contaminants Composites 
Maximum adsorption 

capability (mg/g) 
Reference 

 

Hypercrosslinked magnetic polymer 152.6 [325] 

Microporous activated carbon by 

FeCl3 activation 
184.9 [326] 

Nanographite oxide 268.5 [327] 

TEMPO-oxidized cellulose -PEI 1630 [32] 

2,4,5-

Trichlorophenol 

(tCPh) 

Macroporous polymers foams (MPFs) 

 
167.7 [328] 

Organo-acid-activated bentonite 244.6 [329] 

TEMPO-oxidized cellulose -PEI 205 [32] 

Amoxicillin  

CoFe2O4 modified biochar derived from 

banana pseudostem 
99.99 [330] 

Mesoporous Fe3O4/SiO2/CTABïSiO2 362.7 [331] 

TEMPO-oxidized cellulose -PEI 556 [32] 

2.2.5.4 Oil spills  

Furthermore, it is possible to apply CNM-PEI composite for the cleaning of oil spills [244]. CNC-

PEI aerogel crosslinked by Di-epoxide and then coated by graphene were used to selectively 

absorb organic solvents with a weight ratio ranging from 25 to 58 g/g. Therefore, CNM-PEI based 

composite also showed satisfactory performance to clean oil spills.  

2.2.6. Challenges and opportunities of CNM-PEI composites for multiple water pollutants   

Although CNM-PEI composite sorbents demonstrated satisfactory sorption capabilities to remove 

different classes of contaminants, ranging from heavy metals, organic dyes, some emerging 

contaminants, and oil spills; most of these studies focused on the removal of a single water 

pollutant under an ideal model system condition. Realizing that this ideal condition may not exist 
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because polluted water systems are often contaminated with a wider array of pollutants, an urgent 

call for a multipollutant modeling approach aimed to target simultaneous uptake of coexisting 

water pollutants is needed. In particular, the performance efficiency for simultaneous uptake of 

coexisting water pollutants from different pollutant classes using CNM-PEI sorbents has rarely 

been reported in the literature and can be considered as one of the major gaps in adsorption studies. 

A shift of current conventional single-pollutant modeling toward a multipollutant approach should 

be undertaken for a more inclusive coverage of water pollutant assessment using emerging CNM-

PEI sorbents. It cannot be guessed what would happen in complicated multiple pollutants system, 

including metal ions, dyes, and oil spills. The big challenge may be how to test the amount change 

of each single pollutant in a mixed system with multiple pollutants.  

2.2.7 Conclusions 

Different strategies have been used to synthesize the CNM-PEI composites as adsorbents for water 

remediation due to their superior adsorption performance compared with other materials. In this 

review, synthesis mechanism, processing, adsorption capability, toxic properties, and recyclability 

of CNM-PEI composites were compared.  

By doing this, we found that TAMPT seems to be an ideal chemical crosslinking agent due to easy 

processing, high adsorption capability and non-toxic properties. TMPTAP acted not only as a 

crosslinker but also introduced many amino and oxygen-containing groups into the composite, 

thus increasing the adsorption ability for water pollutants. Based on this, the incorporation of 

chemical crosslinker has the capability to introduce more functional groups, appears to confer 

higher contaminant removal performances. Likewise, the accessibility of a high number of amino 

groups on PEI, the presence of hydroxyl, carbonyl, and carboxylic groups on cellulose fibers and 
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nanofibers, also opens the possibility of introducing other functional groups. Besides, physical 

adsorption also shows great potential to prepare CNM-PEI composites due to its comparable 

adsorption capability and no extra cost paid for crosslinkers. Moreover, CNM-PEI based 

composites demonstrated to be capable of adsorbing metals, dyes, emerging contaminants, and 

oils. Therefore, there is enough knowledge developed to transition CNM-PEI composites into a 

multipollutant modeling approach aimed targeting simultaneous uptake of coexisting water 

pollutants.  

The current problem is that CNM-PEI composites are usually in powder form which has poor 

separating capacity and recyclability. Freeze-drying can help to transfer powders to aerogels, but 

increased energy consumption needs to be accounted for. How to generate stable 3-D structure 

adsorbents under mild conditions is still the goal of future efforts. 

The comprehensive understanding presented herein opens the way for the fabrication of more 

sophisticated and functionalized systems, which would be capable of providing higher 

contaminant removal performances, even in multipollutant systems. Moreover, the origin of the 

CNM can be varied, making these biomass-based materials candidates for sustainable solutions 

for a wider range of uses.  

2.3. Research objective and hypothesis 

2.3.1 Overarching objective 

The aim of this work was to synthesis CNM-PEI composites hydrogels via self-assembling 

mechanism for water remediation.  

2.3.2 Specific objectives  

Chapter 3: 
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i) To synthesize stable TCNF/PEI hydrogels by combination cationic chelation and physical 

adsorption. 

ii)  To characterize the formed hydrogels to learn their chemical and morphology properties.  

iii)  To explore the effect of concentration and pH of PEI solutions on the composite and 

performance of formed TCNF/PEI hydrogels. 

iv) To investigate the adsorption efficiency of hydrogels for the capture of methyl blue dyes 

and Cu (II) ions from water. 

Chapter 4: 

i) To explore the impact of pH in the adsorption of methyl blue onto TCNF/PEI hydrogels. 

ii)  To elucidate the active interaction mechanism of TCNF/PEI hydrogels and methyl blue. 

Chapter 5: 

i) To integrate GO onto the TCNF/PEI hydrogel formulations.  

ii)  To explore the effect of GO content on the stability, surface properties, physical and 

chemical properties, and adsorption capability of multiple pollutants. 

Chapter 6: 

i) To explore the effect of enzyme hydrolysis by endoglucanase FiberCare® on the particle 

size change of TCNFs 

ii)  To study the effect of particle size decease on the surface properties and adsorption 

behavior of nanocellulose 

2.3.3 Hypotheses  



66 

 

i) Stable TCNF/PEI composite hydrogels can be formed by combination cationic chelation 

of the carboxyl groups and PEI immobilization onto the surface of cellulose due to the 

hydrogen bonding.  

ii)  The TCNF/GO/PEI composite hydrogels can be formed by combination cationic chelation 

and physical adsorption due to carboxyl group in the GO can be chelated by cationic ions, 

and the hydrogen bonding between oxygen-containing groups in GO and amine group in 

PEI.  

iii)  Addition of GO in the TCNF/PEI hydrogels will promote multiple water pollutants 

adsorption due to multiple functional sites and high surface area of GO.  

iv) The decrease of particle size will significantly increase the adsorption capability of toxic 

dyes due to the surface area increase.   
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Chapter 3. Valorized soybean hulls as TEMPO-oxidized cellulose nanofiber 

and polyethylenimine composite hydrogels and their potential removal of 

water pollutants 

Note: this chapter was published as a peer-review article as ñNan, Y., Gomez-Maldonado, D., 

Iglesias, M. C., Whitehead, D. C., & Peresin, M. S. (2023). Valorized soybean hulls as TEMPO-

oxidized cellulose nanofibril and polyethylenimine composite hydrogels and their potential 

removal of water pollutants. Cellulose, 0123456789. ttps://doi.org/10.1007/s10570-023-05086-yò  

3.1 Abstract 

Cellulose nanomaterials (CNM) and polyethylenimine (PEI) composites have attracted growing 

attention due to their multifunctional characteristics, which have been applied in different fields. 

In this work, soybean hulls were valorized into carboxyl cellulose nanofibers (TCNFs) and 

composited into hydrogels with PEI by combining them with cationic chelating and physical 

adsorption strategies. Cellulose nanofibrils (CNFs) were produced from soybean hulls prior to 

oxidation by a TEMPO mediated reaction to obtain TCNFs; then drops of zinc chloride were added 

to 1.5 % aqueous TCNF dispersions, which were left for 24 h to form TCNF hydrogels. Finally, 

the hydrogels were functionalized using different concentration of PEI solutions over a range of 

pH values. Elemental analysis results showed that 20% aq. PEI at pH 11.6 is the optimum condition 

to synthesize the TCNF/PEI hydrogels. Additionally, the adsorption efficiency for the removal of 

anionic methyl blue dyes and Cu (II) ions from water was tested, reaching 82.6 % and 69.8 %, 

respectively, after 24 h. These results demonstrate the great potential of TCNF/PEI hydrogels as 

adsorbent materials for water remediation. 
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3.2 Introduction  

Cellulose nanomaterials/polyethylenimine (CNM-PEI) composites have attracted growing 

attention due to their multifunctional characteristics. Extensive research has been devoted to the 

design and development of new materials for different applications, such as paper making [332], 

wastewater treatment [249, 263, 333, 334], drug release [252, 253, 335], sensing [336, 337], 

heterogeneous catalysis [189, 259, 338], and of particular interest to this group for water 

remediation. 

Current research mainly focuses on synthesizing adsorbents derived from CNM-PEI composites 

by chemical crosslinking [189, 190, 339]. The most frequently used crosslinking agents are 

glutaraldehyde (GAL) and epichlorohydrin (EPI), both of which have been reported to be highly 

toxic to humans and animals, causing second-hand contamination within water systems and the 

environment [192, 267, 340, 341]. Similarly, ɔ-(2,3-epoxypropoxy) propyltrimethoxysilane 

(GPTMS) and tri-functional trimethylolpropane-tris-(2-methyl-1-aziridine) propionate 

(TMPTAP) [342] have been used to synthesize CNM-PEI composites in recent years [270]. 

Considering the second-hand pollution issue caused by chemical crosslinkers, some research 

focuses on seeking a way to directly promote the crosslinking between nanocellulose and PEI 

without the need for additional chemical agents. The intermolecular interactions between the 

hydroxyl groups on the nanocellulose and the PEI amino groups are rather weak, which makes the 

formation of stable complexes by electrostatic interactions between these two motifs challenging. 

Therefore, pre-functionalization of the nanocellulose is preferred in order to either strengthen the 

intermolecular interactions that facilitate composite formation, or to provide appropriate functional 

groups that can be leveraged for covalent bonding to the PEI amino groups [189]. The most popular 

pre-functionalized strategy is TEMPO-mediated oxidization, which can selectively introduce a 
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carboxyl group on the C-6 carbinol of the glucose residues in nanocellulose [343, 344]. This group 

can then be used for covalent bond formation with the PEI amines via an amide linkage or facilitate 

the formation of ionic interactions (i.e. ammonium carboxylate formation) under appropriate 

conditions [189]. 

At present, heating and adding condensation agents to promote the combination of TCNFs and 

PEI has been the most studied method [189]. However, these processes require temperature and 

dialysis, making the overall procedure energy-and time-consuming. Another challenge for the use 

of CNM-PEI as an adsorbent is that most CNM-PEI composites exist in the form of a powder or 

aerogel. Their main drawbacks are that powders have poor separability and recyclability, while 

aerogels need high energy demand to generate absorbents. Hydrogels are an alternative material 

that seems to overcome the shortcomings of powders and aerogels.  

Regarding the raw material utilized to produce the composites, soybean hulls are an appealing 

alternative as a cellulose source. In the U.S., over 96 million tons of soybeans are produced 

annually [345]. Approximately 6-10% of the crop is a fibrous byproduct denominated soybean 

hull, which is traditionally used as cattle feed [345, 346]. Previous work has demonstrated that 

soybean hulls can be valorized as bionanomaterial [345]. Soybean hulls contain variable amounts 

of cellulose (29ï51%), hemicelluloses (10ï25%), lignin (1ï4%), pectins (4ï8%), proteins (11ï

15%), soy oils (<2.5%) along with other minor extractives [347]. These components are easily 

extracted, and their properties are suitable for producing different materials. Nanofibrils of 

cellulose generated from soybean hulls exhibit high surface area, colloidal stability, and favorable 

polyanionic characteristics [348].  
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This work aims to address the design of stable hydrogels from soybean hulls and PEI. The 

hypothesis is that CNM-PEI composites can be synthesized by combing cationic chelation and 

physical adsorption. The novelty of this work relies on utilizing an agricultural by-product ï 

soybean hulls ï as a readily available raw material to produce hydrogels. To this end, TEMPO-

oxidized CNFs from soybean hulls were chelated using zinc chloride at room temperature to form 

TCNF hydrogels, then immersed into a PEI solution to further functionalization by physical 

adsorption. In order to increase the amount of the absorbed PEI in the TCNF hydrogel system, the 

effect of concentration and pH of PEI solutions was also investigated. In addition, the adsorption 

efficiency of the hydrogels for the capture of methyl blue dyes and Cu (II) ions from water was 

tested to explore the potential application of this new material for water remediation. Schematic 

illustration of the preparation TCNF/PEI hydrogels form soybean hull and PEI in Fig. 3-1. 

 

Figure 3-1. Schematic illustration of the preparation TCNF/PEI hydrogels form soybean hull and PEI. 
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3.3 Materials and methods 

3.3.1 Materials 

CNF from bleached soybean hull fibers was produced at the Forest Products Development Center 

(Auburn, AL) by mechanical processing on a Masuko supermasscolloider (MKZA10-15J, Masuko 

Sangyo Co., Fiber, Japan). For the preparation of the CNFs, bleached hulls were diluted to a 2% wt. 

suspension. The washing was done first by lowering the suspension pH to 3 with a 1 M HCl 

solution. After 30 min, hulls were rinsed with DI water until pH increased to 4.5ï5. Then, 

NaHCO3 was added to obtain a 0.001 M concentration and pH was adjusted to 9 with 1 M NaOH 

for 30 min. Finally, washings were performed until no changes in conductivity were measurable. 

The washed hulls were then processed by Masuko super mass colloider (MKZA-10-15 J) with 12 

passes, obtaining a final consistency of 2.12% wt. at a pH of 5.8. Polyethylenimine (branched, Mw 

= 25,000 g/mol) was purchased from Sigma-Aldrich. (2,2,6,6-Tetramethylpiperidin-1-yl) oxyl 

(TEMPO), methyl blue anionic (MB) dye was purchased from VWR, and the anhydrous copper 

(II) sulfate (98%) from Alfa Aesar. 

3.3.2 TEMPO oxidation of CNF 

TEMPO mediated oxidation of CNFs (TCNFs) was adapted from studies previously reported [27]. 

Briefly, 5 g of CNFs (dry mass basis) were suspended in 500 mL of distilled water containing 

TEMPO 0.08 g (0.1 mmol/g CNF) and NaBr 0.5 g (1 mmol/g CNF), and the pH was adjusted to 

10 by addition of 0.5 M aq. NaOH. Then 30 mL of 12.5% aq. NaClO solution was added slowly 

to the CNF slurry (1.65 mL/10 min, total 3 h) and the reaction mixture was maintained at pH 10.5 

at room temperature by adding aq. 0.5 M NaOH simultaneously. Furthermore, the oxidized CNFs 

were precipitated by adding ethanol (1500 mL) and then centrifuged at 3800 rpm. Finally, the 
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oxidized CNFs were washed thoroughly with distilled water and filtered using a 0.20 µm cellulose 

acetate filter paper. 

3.3.3 TCNFs hydrogel formation and functionalization with PEI 

TCNF hydrogels were prepared by the dropwise addition of a 20 % wt. aq. ZnCl2 solution along 

the walls of the glass tube into a 1.5% wt. aq. TCNF dispersion. The final zinc ion concentration 

was controlled to be 0.1 mol/L (0.35 mL of 20% ZnCl2 solution). Then, the mixture was allowed 

to stand for 24 h without stirring to enable the formation of the nanocellulose hydrogels. Afterward, 

unbound Zn2+ ions were removed by rinsing the resulting hydrogels with 150 mL distilled water 

three times [349].  

Next, TCNF hydrogels were immersed in an aq. PEI solution at room temperature for 24 h to 

functionalize. The effects of pH (5-12) and concentration (2%, 5%, 10%, 20% and 40%) of PEI 

on the amount of PEI adsorbed in TCNF hydrogel was investigated. Finally, the functionalized 

hydrogels were first placed into a 150 mL anhydrous ethanol solution for 2 h and then washed with 

150 mL distilled water for about 5 times until the pH of the cleaning water remained neutral. 

3.3.4 Characterization  

3.3.4.1 Fourier transform infrared spectroscopy (FTIR) 

Samples were freeze-dried at ï50 °C for 48 h and then analyzed using a PerkinElmer Spotlight 

400 FT-IR Imaging System (Massachusetts). An attenuated total reflectance (ATR) accessory with 

diamond/ZnSe crystal was used for collecting 64 scans with 4 cmī1 resolution. Data was processed 

with Spectrum 6 Spectroscopy Software (PerkinElmer). 

3.3.4.2 Atomic force microscopy (AFM) 

Surface characterization of the CNFs and TCNFs were performed using Tosca 400 equipment 

from Anton-Paar (Gratz, Austria). Surfaces were prepared by spin-coating (2 Ĭ 2 cm2, with 150 µL 
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of 0.01% liquid samples at 3000 rpm for 30 s). Height images were obtained by tapping mode with 

a NanoWorld (Neuchâtel, Switzerland) ARROW-NCR-20 silicon SPM-sensor cantilever with a 

resonance frequency of 285 kHz and constant force of 42 N/m; scan sizes were 5 Ĭ 5 µm2. 

Processing of the images was done with Gwyddion software 2.49 (SourceForge) and roughness 

calculations were done with ProfilmOnline (KLA Corporation, Milpitas, CA, U.S.). 

3.3.4.3 Carboxyl group titration 

The carboxyl content of oxidized cellulose samples was determined by conductometric titrations. 

The method was modified on the basis of previous studies [350]. Briefly, 30 mg (dry basis) of 

TCNF samples were suspended into 7.5 mL of 0.01 M HCl solution and adjusted to a pH of 2. 

After 2 h of stirring, the suspensions were titrated with 0.01 M NaOH. 

3.3.4.4 Dynamic light scattering (DLS)  

The Zeta potential for 0.1 % TCNF and PEI solutions were tested on a pH range from 2 to 12. All 

measurements were done in a Litesizer from Anton-Paar (Gratz, Austria). For all samples, twelve 

repetitions were done and averaged. 

3.3.4.5 Elemental analysis 

Elemental analysis was performed on each sample using an elemental analyzer (Elementar vario 

MICRO, Ronkonkoma, NY, USA). 2 mg of freeze-dried sample were used for the test, and 

measurements were performed by triplicate. 

3.3.4.6. Scanning electron microscopy (SEM) 

Freeze-dried samples were set onto aluminum studs and sputtered with gold for 90 s in an EMS 

×550 Sputter Coating Device from Science Services (Munich, Germany). Images with 

magnifications of ×50, ×100, and ×1000 were recorded in a Zeiss Evo 50VP SEM (Oberkochen, 

Germany). 
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3.3.5 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) 

All the experiments were performed on a Q-Sense analyzer (Biolin Scientific. Västra Frölunda, 

Sweden). These measurements were performed on gold sensors that were purchased from Biolin 

Scientific (Västra Frölunda, Sweden). Analyte solutions at a concentration of 0.1% were prepared 

and flowed onto the sensors at 100 µL/min at 25 °C, according to previous works (Gomez

Maldonado et al., 2021). 

3.3.6 Adsorption tests of Methyl blue and Cu (II) ions 

The adsorption efficiency of the hydrogels for methyl blue dyes and Cu (II) ions was tested. The 

hydrogels were cut into a 3.5 mm long cylinder (0.0186 g dry basis) and then placed into 10 mL 

of 200 mg/L methyl blue buffer solutions with pH 5.7 and left without any shaking; aliquots were 

taken after different time intervals (3, 6, 12, 24 h) and the methyl blue dye concentrations in the 

supernatant were calculated by UV spectrophotometer at 596 nm. Hydrogel cylinders of the same 

size were also put into 10 mL of 320 mg/L Cu (II) solutions for 24 h. The remaining Cu (II) ions 

in solution after hydrogel treatment were quantified by ICP-MS. 

3.4 Results and discussion 

3.4.1 Characterization of CNFs and TCNFs from soybean hulls 

In order to confirm that the carboxyl group was successfully introduced to the CNFs, a FTIR 

analysis was carried out. The FTIR spectra of CNFs and TCNFs are shown in Fig. 3-2 (A). The 

characteristic bands for CNFs and TCNFs are observed at 3334 cmī1 and 2904 cmī1 which relate 

to O-H stretching and asymmetric C-H stretching, respectively. The band at 1723 cmī1 indicates 

a carboxyl stretching which is only observed in the TCNF spectra, suggesting the formation of 

carboxylate after TEMPO mediated oxidation [351, 352]. This was further confirmed by titration 

measurement where the carboxyl group content in the TCNFs was 1.8-2.0 mmol/g CNF [353]. The 
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morphology of the fibers was assessed by AFM measurements, and the images of CNFs and 

TCNFs are shown in Fig. 3-2 (B) and (C). After oxidation, the root means square height (RSq) 

and arithmetic mean height (RSa) of the fiber decreased by 64% and 54.5%, which could be related 

to the decrease in fiber particle size. As can be observed in Fig. 3-2 (B) and (C), the CNF sample 

presents longer fibers compared with TCNFs where the particles are clearly smaller, indicating a 

reduction in particle size after TEMPO-mediated oxidation [349]. 

 

Figure 3-2. (A) FTIR spectra of CNFs and TCNFs, (B) (C) AFM images of CNFs and TCNFs. 

3.4.2 Synthesis of hydrogels 

To overcome the issues caused by chemical crosslinking, heating, and the use of condensation 

agents, a hydrogel absorbent was produced by combining cationic chelating and physical 

crosslinking. To achieve this strategy, TEMPO-oxidized CNF suspensions were chelated by zinc 

chloride at room temperature to form TCNF hydrogels (Fig. 3-3 (B)), then placed into PEI 

solutions to further functionalize by hydrogen bonding and electrostatic interactions based on rich 
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hydroxyl groups on the surface of the CNFs (Fig. 3-3 (C)). The results showed that the hydrogels 

become opaque and appear to be more rigid after functionalization by PEI, which is an indicator 

of successful adsorption of PEI into the TCNF hydrogels. 

 

Figure 3-3. Images of TCNF dispersions (A), TCNF hydrogels (B)and TCNF/PEI hydrogels (C). 

3.4.3 Optimization on PEI adsorption conditions 

The concentration and pH of the PEI solutions utilized to functionalize the hydrogels can impact 

their composition and performance. The first study was performed by varying the pH of PEI 

solutions using a reference concentration of 20% [342]. Elemental analysis was utilized to confirm 

the presence of PEI in the TCNF hydrogel system (Fig.3-4. (A) and (D)). The nitrogen content 

increased from 6.6% to 9.0% as the pH of the solution was increased from 5.1 to 11.7 (Fig. 3-4. 

(A)), indicating that more PEI is absorbed in the hydrogel when the pH increased. It is important 

to emphasize that PEI can be adsorbed in the hydrogel system by means of hydrogen bonding, 

electrostatic interaction, and pore trapping [240]. At pH values higher than 10, electrostatic 

repulsions occur as evidenced by zeta potential values (Fig. 3-4 (B) and (C)), causing PEI to 

desorb from the system. However, results show that the nitrogen content still increases when the 

pH exceeds 10 compared to what was found elsewhere [354]. A possible explanation for this is 

that the amount of PEI absorbed due to hydrogen bonding and pore trapping overcomes the 
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desorption caused by the electrostatic repulsion at conditions of pH above 10 (Fig. 3-4 (B) and 

(C)).  

 

Figure 3-4. (A) The effect of pH on the N content in TCNF/PEI hydrogels; the DLS analysis for the zeta potential 

of (B) TCNFs and (C) PEI; and (D) the effect of concentration of PEI on the the N content in the TCNF/PEI 

hydrogels. 

Further testing was done maintaining the adsorption pH at 11.65, where the adsorption of PEI was 

highest, while varying the PEI concentrations from 2% to 40%. Here, the nitrogen content 

increased with increasing concentration of PEI up to 20%, and then began to decline at higher PEI 

concentrations (Fig. 3-5 (D)) as demonstrated by elemental analysis. This may be caused by the 

volume reduction of TCNF/PEI hydrogel, as shown in Fig. 3-5 (F), leading to a decrease in surface 

javascript:;
javascript:;


78 

 

area and pore size, which may be related to PEI immobilization. Thus, the best conditions for 

hydrogel synthesis were defined as pH 11.65 and 20% PEI concentration, resulting in 14.2% 

nitrogen content. A high nitrogen content in the hydrogel composite is essential for the adsorption 

ability of anionic dyes and copper ions, as will be discussed in the following section.  

 

Figure 3-5. Image demonstrating the physical changes of TCNFs/PEI hydrogels with different PEI solutions. 

3.4.4 Characterization of hydrogels 

FTIR was used to probe the nature of the interactions of the PEI molecules attached to the TCNF 

hydrogel. The FTIR spectra of unmodified TCNF hydrogels, PEI, and TCNF/PEI hydrogels are 

presented in Fig. 3-6 (A). The band at 1723 cmī1 corresponding to carboxyl groups was observed 

in the free TCNF spectra but cannot be found in the TCNF hydrogel or the TCNF/PEI hydrogels. 

This can be explained as complete chelation of the carboxyl group by zinc chloride, which should 

shift the asymmetric carboxyl stretching frequency to lower wavenumbers, thus obscuring it in the 

broader bands around 1600 cm-1 originating from cellulose and PEI [355]. For PEI, the absorption 

at 2936 and 2817 cmī1, 1670 cmī1, and 1050 cmī1 were the characteristic bands of -CH2- 

stretching vibrations [356], amino groups, and C-C skeleton vibration, respectively [192]. 

Meanwhile, the absorbance band near 1599 cmī1 and 1459 cm-1 are the NïH bending vibration of 

primary amines in PEI [356, 357]. The absorption at 2936, 2817, and 1599 cmī1 were also found 

in the TCNF/PEI hydrogels, which proves the successful introduction of PEI to TCNF/PEI 

hydrogels. Moreover, no new bands were observed in the TCNF/PEI hydrogels indicating that PEI 

javascript:;


79 

 

functionalized hydrogel was physically blended and no chemical bonding occurred. Moreover, 

there is no notable change in the characteristic bands of PEI when the pH increases (Fig. 3-6 (B)). 

However, when varying the PEI concentration from 2 to 40%, there is a slight difference in the N-

H band at 1599 cmī1 (Fig. 3-6 (C)). The value was the highest at 20% PEI concentration. This 

could be related to the higher PEI adsorption in the hydrogel at 20% PEI concentration, which 

agrees with the elemental analysis results. 

 

Figure 3-6. FTIR analysis for (A) TCNF hydrogels, PEI and TCNF-PEI hydrogels, (B) TEMPO CNF-PEI hydrogel 

in PEI solutions with different pH, and (C) different concentrations. 

Morphological characteristics of the hydrogels were studied by SEM. As shown in Fig. 3-7 (A), 

(B), and (C), TCNF hydrogels possessed a denser structure, compared with TCNF/PEI hydrogels 

in Fig.3-7 (D), (E), and (F) which showed an open and microporous structure. A similar 

phenomenon was reported by Li et al. (2018), where CNF-PEI composite aerogels possess an open 

and macroporous honeycomb structure [352]. While increasing surface area, the creation of pores 

within the sorbent network allows liquid to diffuse and fill the pores, which provides favorable 

interactions for the use of these materials for water contaminant removal [240]. Key features of 

the pore structure including pore type, size, and volume determine the access and entrapment of 

the pollutants within the pores of the adsorbents [240, 358]. 
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Figure 3-7. SEM image of TCNF hydrogels ((A), (B) and (C)) and TCNF/20%PEI hydrogels ((D), (E) and (F)) at 

different magnification times. 

3.4.5 QCM-D analysis 

To better understand the interaction between TCNFs and PEI, the adsorption phenomena was 

simulated on the surface of model films and followed by QCM-D at optimum conditions of pH 

and PEI concentration (Fig. 3-8 and Table 1). The chemicals used to synthesize the hydrogel 

flowed through the QCM-D sessor in the same order that was used to prepare the hydrogels. The 

frequency and dissipation change are shown in Fig. 3-8 and Table 1. A frequency shift of ï38.44 

Hz was noted for the formation of the TCNF film on the surface with a 3.56 ppm shift in dissipation, 

confirming the deposition of a viscous TCNF film on the surface of the sensor, which was stable 

after pure water was flowed on top. When an aqueous solution of ZnCl2 was added, an increase in 

frequency of 1.22 Hz was observed as well as a dissipation drop of ï1.02 ppm. The negative shift 

in dissipation confirms chelation at the surface of the film [359], and the shift in frequency can be 

linked to water being released from the film after crosslinking. The change of pH from neutral to 

a more alkaline value (pH 11.65) induced swelling of the CNF film as more sodium ions were 
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present in the media allowing for the weakening of the H-bonding [360] as indicated by frequency 

decreasing (ï11.63) and dissipation increasing (2.82). Finally, PEI was irreversibly adsorbed onto 

the surface of the crosslinked TCNF model film as demonstrated by a negative frequency shift of 

ï27.16 Hz, that remaind attached after rinsing. 

 

Figure 3-8. QCM-D sensogram of the analysis of the interaction between the components generating the TCNF/PEI 

composite hydrogels in thin model films. 

 Table 3- 1. Data extracted from the QCM-D sensograms. 

Step ȹ F (Hz) ȹ D (ppmζ 

PEI ï11.36 0.44 

TCNFs ï38.44 3.56 
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Zinc 1.22 ï1.02 

pH change ï11.63 2.82 

PEI with pH 11.65 ï27.16 ï3.47 

3.4.6 Hydrogel adsorption tests 

For the cellulose-PEI composites, most research focuses on adsorption of anionic dyes and metal 

ions, usually methyl blue and Cu (II) [189]. Based on this, adsorption testing was done to quantify 

the removal ability of the hydrogels prepared in this study.  

First, the effect of N content on the adsorption efficiency of methyl blue dye was tested to confirm 

the hypothesis that more PEI would result in a higher adsorption efficiency. As expected, the 

adsorption efficiency increased with the increase of the N content (Fig. 3-9 (B)).  

 

Figure 3-9. The effect of N content (A) and different cationic ions (B) used for formation hydrogel on the 

adsorption efficiency of TCNF/PEI hydrogel for the methyl blue dyes at initial 200 mg/L and pH 5.7 for 48 h. 

Based on the previous results, testing was done at 24 h adsorption under the optimal conditions 

(pH 5.7) for the methyl blue and Cu (II) ions adsorption. Results showed that the adsorption 

efficiency reached 82.6% and 69.8 %, respectively (Fig. 3-10).  
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Figure 3- 10. The adsorption efficiency of TCNF/PEI hydrogels for methyl blue and Cu (II) at pH of 5.7 after 24 h. 

3.5 Conclusion 

In this work, a TCNF/PEI hydrogel originating from valorized soybean hulls was successfully 

synthesized by a combination of cationic chelation and physical adsorption. In order to increase 

the quantity of PEI on the surface, the effect of concentration and pH of the PEI solution on the N 

content of the composite was explored by elemental analysis. The results showed that the best 

conditions to introduce the highest nitrogen content (14.2%) in the TCNF/PEI hydrogel were the 

combination of a 20% solution of PEI with a pH of 11.65. The adsorption efficiency of TCNF/PEI 

hydrogels for the removal of methyl blue dye and Cu (II) from water were explored. The results 

showed that the adsorption efficiency for the methyl blue dyes and Cu (II) were 82.6 % and 69.8%, 

respectively, after 24 h at pH 5.7. The results suggest that these hydrogel composites originating 

from soybean hulls have potential uses in water remediation applications. 
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Chapter 4. Cellulose-polyethylenimine hydrogels for removal of anionic dyes 

4.1 Abstract 

Cellulose-polyethylenimine (PEI) composite has been widely used in water remediation. However, 

most of them are synthesized by chemical cross-linkers, which usually cause second pullulation 

and extra cost. In order to address these issues, a stable TEMPO-oxidized cellulose nanofibril 

(TCNF) and PEI composite hydrogel (TCNF/PEI) was synthesized by self-assembly mechanisms 

of cationic chelation and physical adsorption. These hydrogels were used to remove methyl blue 

ionic dyes from aqueous solutions.  Interactions of the hydrogels and methyl blue dyes were found 

to be highly pH-dependent, resulting in dye removal by both adsorption and precipitation 

phenomena. Over the pH of 3.7ï5.7, most of the dyes were removed by adsorption with a 

maximum adsorption obtained at pH value 4.7. Adsorption kinetics and isothermal data were fitted 

to a pseudo-second-order kinetic model and Langmuir model indicating that chemical adsorption 

on a homogeneous surface is the predominant mechanism of dye removal. The maximum 

adsorption predicted by the Langmuir adsorption isotherm model was 3,125 mg/g, which is higher 

than most cellulose-based materials. Up to four regeneration cycles were done with adsorption 

efficiencies is still higher than 82%.  Furthermore, these hydrogels promoted rapid precipitation 

of methyl blue at acidic pH values 2.7, where a total of 98.4 mg/g (91.5%) of methyl blue was 

quickly removed from an initial 200 mg/L solution after 6 h. For the second cycling, the 

flocculation efficiency decreased to 24%. Removed methyl blue molecules were unaltered and did 

not present any chemical modification based on the XRD and FTIR analysis. Based on this finding, 

the TCNF/PEI hydrogels show great potential for the anionic dyesô removal and recovery from 

industrial wastewater. 

https://www.sciencedirect.com/topics/materials-science/chemisorption
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4.2 Introduction  

Nanocellulose displays high surface area, and high strength, as well as tunable surface chemistry, 

which makes it interesting for its use in water remediation [361-363]. However, adsorption 

capacity of pure nanocellulose materials is relatively low and the scaffold generated can easily 

disintegrated in water, which has limited their commercial incursion [17-19]. Despite this, 

numerous methods have been developed to functionalize nanocellulose to improve its functionally 

for wastewater treatment such as grafting [364], carboxylation [365], crosslinking [366], and 

composite formation[367, 368]. From the different possible chemical moieties that exist, amine 

groups are one of the most effective groups to remove contaminants from wastewater as they not 

only can remove cationic metal ions by chelating, but also can adsorb anions by electrostatic 

interaction [366, 367]. Moreover, amino groups are pH sensitive and can be protonated and 

deprotonated, allowing the pollutants to be absorbed and desorbed to permit the recycling of the 

adsorbents [369].  

Recently, extensive research has been devoted to the use of polyethylenimine (PEI) to 

functionalize CNFs for water remediation, attributing to its great number of primary, secondary, 

and tertiary amines [19, 370, 371]. This combination has resulted in super adsorption performance 

for different water pollutants and these composites are easy to regenerate [243]. For example, 

Liuting et al. fabricated CNF- PEI based aerogels to remove Cu (II) , showing a highest maximum 

adsorption capacity (485.44 mg/g), as well as being able to adsorb other ions. Furthermore, it was 

easy to regenerate maintaing adsorption capability without signicant degradation after 4 cycles 

[243]. Besides, cellulose nanomaterials (CNM)-PEI based composites also show super adsorption 

capability for anionic [28] and cationic dyes [193], emerging contaminants [32, 194] and oil spills 

[244].  
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Nevertheless, most studies focused on synthesizing PEI-nanocellulose composites by chemical 

crosslinking, either using crosslinking agents or high temperature heating, promoting covalent 

bond formation between the PEI amines and residual hydroxyls (i.e. from unmodified cellulose) 

or carboxyl groups on oxidized cellulose [27, 32, 189]. Despite the use of a sustainable polymer 

such as cellulose, most used chemical crosslinking agents are toxic, i.e., glutaraldehyde (GAL) 

and epichlorohydrin (EPI), and posing a risk of secondary contamination of water sources [28-31, 

189] . Although avoiding chemical crosslinkers, heat mediated crosslinking strategies require a 

pretreatment by freeze-drying, followed by heating at high temperature (over 100 °C), making it a 

highly energy intensive process [32-35].  Moreover, most CNM-PEI composite adsorbents are 

available in powders form, which present poor separability and recyclability, thus making 

wastewater remediation a costly endeavor [243]. 3-D hydrogels and aerogels have become more 

popular in latest years because they can overcome the problems from powders. Compared with 

hydrogels, the formation of aerogels usually requires freeze-drying, as part of the manufacturing 

process, again consuming a high amount of energy, which is not economical.  

Here, we pursued the generation of a stable 3-D hydrogel by cationic chelation and physical 

adsorption to avoid issues caused by using chemical cross-linkers. It was found that the resulting 

hydrogels demonstrated a great potential in removal of methyl blue dye from water. This work 

describes an extensive study about the effect of pH on the mechanisms of removal of methyl blue 

dye using PEI-CNF hydrogels. Interestingly, the results show that the formed hydrogels can 

remove methyl blue dyes by precipitation in addition to the traditionally reported adsorption as a 

function. This findings can open a way to design nanocellulose based 3-D hydrogel adsorbents-

flocculants for water treatment.  The Schematic illustration as shown in Fig. 4-1. 
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Figure 4-1. Schematic illustration of COOH-CN synthesis and its mechanism for removal of methyl blue. 

4.3 Materials and methods 

4.3.1 Materials 

Briefly, CNFs were isolated from soybean hulls by mechanical processing on a Masuko 

supermasscolloider. Polyethylenimine (branched, Mw=25,000 g/mol) was purchased from Sigma-

Aldrich. (2,2,6,6-Tetramethylpiperidin-1-yl) oxyl (TEMPO) and methyl blue anionic (MB) dye 

were bought from VWR. 

4.3.2 TEMPO oxidation of CNF 

TEMPO-mediated oxidation of CNFs (TCNFs) was conducted based on our previous study [366]. 

Briefly, 5 g of CNFs (dry mass basis) were diluted to 500 mL with distilled water containing 0.08 

g of TEMPO (0.1 mmol/g CNF) and 0.5 g of NaBr (1 mmol/g CNF). The pH was adjusted to 10 

using 0.5 M aq. NaOH. Then, 30 mL of a 12.5% NaOCl solution was added slowly to the CNF 

slurry (1.65 mL/10 min, total 3 h) while maintaining the pH at 10.5 at room temperature by adding 

0.5 M aq. NaOH simultaneously. Next, the oxidized CNFs were precipitated by adding ethanol 

(1500 mL) and centrifuged at 3800 rpm. Finally, the oxidized CNF slurry was washed thoroughly 

with distilled water and filtered with 0.20 µm cellulose acetate filter paper.  
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4.3.3 TCNF Hydrogel formation and functionalization with PEI 

TCNF hydrogels were prepared by the dropwise addition of a ZnCl2 water solution (20 %, w/w) 

along the walls of a glass tube into the TCNF dispersion (1.5 % w/w) according to our previous 

research [366]. The final concentration of zinc ions was controlled to 0.1 mol/L (0.35 mL of 20% 

ZnCl2 solution) in the mixture. The mixture was then allowed to stand for 24 h without stirring to 

enable formation of the nanocellulose hydrogels. Then, the unbound Zn2+ was removed by rinsing 

the resulting hydrogels with distilled water.[349] For PEI functionalization, the TCNF hydrogels 

were placed inside a 20% aq. PEI solution with pH 11.56 at room temperature for 24 h.  

4.3.4 Methyl blue removal 

4.3.4.1 The effect of pH on TCNF-PEI interaction with methyl blue dyes 

The effect of different pH (2.7, 3.7, 4.7, 5.7, 6.7, 7.7) on the removal capability of PEI 

functionalized hydrogels for methyl blue dye was tested over time. Hydrogels were cut into 3.5 

mm long cylinders (0.0186 g dry basis) and placed into 10 mL of a solution containing 200 mg/L 

methyl blue buffer solutions. To better control the pH of these experiments, phosphate buffer (0.05 

M) was used instead of water, as the PEI functionalized hydrogel would change the pH of methyl 

blue dye water solution (from 5 to 10, data shown in the Fig.S1; The buffer solution PH changes 

after adsorption as shown in Fig. S2. All pH values mentioned in the text are initial methyl blue in 

buffer solution). Methyl blue dye concentrations in the supernatant were quantified by UV 

spectroscopy at 596 nm at different times.  

4.3.4.2 Adsorption  

4.3.4.2.1 Adsorption capability   

The adsorption capacity was calculated according to the following equations: 

ή ὠ                                                                                                                                           (1) 
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ή ὠ                                                                                                                                         (2) 

where C0 (mg/L) and Ct (mg/L) are the initial concentration and concentrations at time t, 

respectively; qt (mg/g) is the adsorption capacity at time t; V (L) represents the solution volume of 

methyl blue, and m (g) represents the dry mass of the hydrogel adsorbent; Ce (mg/L) are 

equilibrium concentrations; qe (mg/g) is the adsorption capacity at equilibrium. 

4.3.4.2.2 Adsorption kinetics 

A 0.0186 g sample of hydrogel was added to 10 mL of a 200 mg/L methyl blue solution at pH 5.7 

and 25 Ņ, until the adsorption reached equilibrium. Aliquots were taken at set time periods to 

obtain the dye concentration remining in solution. The adsorption data was then fitted to the 

pseudo-first and pseudo-second order kinetic model as well to the and intra-particle diffusion 

model, using the equations presented below: 

ὒὲή ή ὒὲή ὯÔ                                                                                                                                   (3) 

 
 

  
                                                                                                                                    (4) 

ή ὑ ὸȢ Ã                                                                                                                                   (5) 

where k1 and k2 are the rate constants for the pseudo-first order adsorption and pseudo-second 

order adsorption kinetic models, respectively. Kid is the rate constant (g mgī1 minī1) of intra-

particle diffusion kinetics, and c is the intercept. 

4.3.4.2.3 Adsorption isotherms 

A 0.0186 g sample of TCNF/PEI hydrogels was immersed in 10 mL methyl blue dye solution with 

a concentration between 20 to 70000 mg/L to study the adsorption isotherms. The adsorption 

experiments were carried out at 25  at an initial pH of 5.7 after 120 h. The adsorption values 

were fitted into linear (equation 6) and non-linear (equation 7) Langmuir isotherm models. 
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Likewise, the data was fitted into linear (equation 8) and non-linear (equation 9) Freundlich 

isotherm models to describe its behavior [28, 372, 373]. The equations used are described below:  

                                                                                                                                   (6) 

ή                                                                                                                                     (7) 

Ὑ                                          (8) 

where qm (mg g-1) is the maximum adsorption capacity estimated by the Langmuir model, and KL 

(L mg-1) is Langmuir constant which is related to the adsorption intensity [28, 373]. Ὑὒ is the 

separation factor, which values indicate the adsorption to be unfavorable when Ὑὒ > 1, linear when 

Ὑὒ = 1, favorable when 0 < Ὑὒ < 1, and irreversible when Ὑὒ = 0. C0  refers to the initial 

concentration of the adsorbate in (mg/L) 

ὒὲή ὒὲὑ
 
                                                                                                                                   (9) 

ή ὑὧ
Ⱦ

                                                                                                                                   (10) 

KF are constants of the Freundlich equations; 1/n in the Freundlich model represents an empirical 

parameter, which is related to the energetic heterogeneity of the adsorbent surface and determines 

either the favorable or unfavorable curve. When 1/n is greater than zero (0 < 1/n < 1) the adsorption 

is deemed favorable, when 1/n is greater than 1, the adsorption process is unfavorable, and it is 

irreversible when 1/n = 1. 

4.3.4.3 Precipitation 

The effect of concentration on precipitation was investigated by immersing 0.0186 g of TCNF/PEI 

hydrogels into different concentrations (50, 100, 200 and 400 mg/L) of methyl blue buffer solution. 

Then methyl blue dye concentrations in the supernatant were quantified after 6 h and 24 h by UV 

spectroscopy.  
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4.3.4.4 Regeneration studies of TCNF-PEI hydrogels 

 0.0186 g sample of TCNF/PEI hydrogels were put in 200 mg/L methyl blue solution to finish 

adsorption at pH 5.7 after 120 h and precipitation at pH 2.7 after 6 h, respectively. Then hydrogels 

were taken out and immersed in 1 M sodium hydroxyl for 24 h to stimulate desorption of the 

methyl blue or other ions, then washed by DI water until neutral PH. This procedure was repeated 

4 times and the adsorption and precipitation capability for each cycle was calculated.  

4.4 Results and discussion 

4.4.1 Chemical and morphological properties of the hydrogels  

The TCNF/PEI hydrogel synthesis and characterization has been discussed in detail in our previous 

publication [366]. In brief, the PEI was successfully absorbed on the TCNF hydrogels based on 

the FTIR and elemental analysis resulting in hydrogels with a N content up to 14.8%. Most 

importantly, the structure of TCNF/PEI hydrogels became a porous honeycomb structure after 

functionalization with PEI, which is conducive to the adsorption of the water pollutants, especially 

in the case of macromolecular organic dye pollutants.  

4.4.2 Stability of methyl blue dye solution at different pH 

It is well established that pH is a key factor affecting the adsorption performance of adsorbents 

[374]. However, several articles have mentioned that methyl blue solutions are not stable at 

different pH conditions without providing a detailed explanation about why or under which 

conditions [375, 376]. Thus, herein the stability of methyl blue and the linear relationship between 

absorbance and concentration were explored while varying the pH of the solution.  

As shown in the Fig.4-2 (A), the absorbance of methyl blue buffer solution decreased from 1.557 

to 0.005 as the pH was increased from 2.7 to 8.7 at the same initial concentration (20 mg/L); 

however, the absorbance did not change over time at each pH value (Fig.4-2 (B)). The linear 
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relationship between the concentration and absorbance of methyl blue buffer solution under 

different pH conditions (Fig.4-2 (C)) was also explored. A high correlation (R2 > 0.99) was found 

at each pH value. Here, we observed the solution color become lighter at higher pH conditions, 

but it becomes stable over time at each pH value. Thus, a linear relationship between the 

concentration and methyl blue buffer solution absorbance under each pH condition can be 

established, and it can be used to calculate the methyl blue concentration upon adsorption. 

It worth noting that that when the pH value was increased to 8.7, the absorbance value of the 100 

mg/L MB solution was less than 0.05, which falls below the detection limit for UV-Vis. Xie et al. 

(2021) also showed that methyl blue was stable in aqueous solution with a pH value of 5.0ï8.0 

[376]. However, Li et al. (2021) and Shu et al. (2015) carried out their adsorption for methyl blue 

water solution  at pH 2-10  and showed contradictory results to the Xie study [375, 377]. We 

suspected that the different results might be caused by the ionic content of the media. To confirm 

this, the color changes of methyl blue aqueous solutions at different pH values were also examined, 

and we confirmed that aqueous solutions of methyl blue were almost colorless at pH 10, as shown 

in Fig.4-2 (D). Therefore, in this work, we limited our pH range to 2.7-7. 

. 
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Figure 4-2. Dependence of absorbance of methyl blue solutions at (A) different pH values, and (B) over time. linear 

relationship between methyl blue concentration and absorbance at different pH values (C); and Color change of methyl 

blue aqueous solution (200 mg/L) at different pH (from left to right is 10-3) (D). 

4.4.3 Adsorption and precipitation of methyl blue dyes on a function of pH 

The effect of pH of methyl blue buffer solutions on the removal performance of TCNF and 

TCNF/PEI hydrogels was investigated. It was found that the maximum removal efficiency of 

methyl blue by TCNF hydrogels was less than 14.4% over the tested pH range of 2.7 to 7.7 after 

48 h using 200 mg/L as initial concentration (Fig.4-3 (A)). However, the removal efficiency 

increased to more than 82.6% after the TCNF hydrogels were functionalized with PEI (Fig. 4-3 

(B)). Interestingly, the TCNF/PEI hydrogels were able to remove methyl blue dye by adsorption 
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and precipitation, depending on pH. When the pH was 2.7, 91.2% of methyl blue dye was quickly 

removed mainly by precipitation after 6 h. The removal efficiency slowly increased to 94.9 % over 

48 h. Meanwhile, at pH values between 3.7 and 5.7, most of the dye was removed by adsorption, 

with a maximum adsorption efficiency obtained of 88.34% at a pH of 4.7 after 48 h. When the pH 

was between 6.7 to 7.7, the methyl blue was removed by both mechanisms, and we are unable to 

distinguish which was the dominant mechanism of removal. The different modes of dye removal 

(i.e. precipitation vs. adsorption) are easily distinguishable based on the formation of a blue 

precipitate at the bottom of the tube after contact with the TCNF/PEI hydrogels (Fig. 4-3 (E)) or 

the depth of color of the hydrogels surface after adsorption (Fig. 4-3 (F)). As pH value of 2.7, a 

stronger blue precipitation was observed, while the hydrogel surface resulted in a lighter color. 

Conversely, little blue precipitation was produced at pH 3.7-5.7, with a more visible coloration on 

the hydrogel surface. Based on these results, pH 5.7 was selected for further studies on the 

adsorption behavior of the TCNF/PEI hydrogels, which aligns with the pKa (pKa of methyl blue 

is 5) of methyl blue solutions. 
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Figure 4-3. Removal capability and efficiency of methyl blue dyes by (A) TCNF hydrogels and (B) TEMPO CNF-

PEI hydrogels at different pH values (2.7-7.7 from left to right) over time, each pH point has three repeats. The pH 

change of methyl blue dyes buffer solution (C) before and (D) after TCNF hydrogels or TCNF/PEI hydrogel 

adsorption (E). Surface color changes of the hydrogels after adsorption (F). 

4.4.4 Adsorption studies 

4.4.4.1 Adsorption kinetics 

The absorption kinetics of TCNF/PEI hydrogels at different initial methyl blue concentrations are 

shown in Fig. 3. All adsorption curves presented a fast increase during the first 6 h, disregarding 

the initial concentration present in the solution (Fig. 4-4 (A) and (B)). The dyes werecompletely 

adsorbed when the initial concentration is 20 and 50 mg/L after 24 h. However, when the initial 

concentration was higher than 50 mg/L it did not reach equilibrium until after 120 h.  
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Figure 4-4. Plots of the absorption kinetics of TCNF/PEI hydrogels at different initial methyl blue concentrations 

with pH 5.7. 

To investigate the adsorption behavior and mechanism, the adsorption data was fitted to pseudo-

first and pseudo-second order models as shown in Fig. 4-5 (A).  The fitting parameters are shown 

in Table 4-1. The R2 value of the pseudo-second order model (R2=0.9745) was higher than that of 

the pseudo-first order model (R2=0.9591), suggesting that chemisorption was the predominant 

mechanism of the removal process of dyes [378, 379]. This result  agreed with previous studies, 

which found that chemical adsorption is the predominant mechanism between the PEI modified 

cellulose aerogels crosslinked by glutaraldehyde [28].  

To further examine the diffusion mechanism in the methyl blue dye adsorption process, an intra-

particle diffusion model was evaluated. As shown in Fig. 4-5 (B), the plots of qt versus t0.5 yielded 

three linear regions, which are assigned to three stages of diffusion of methyl blue dye: (1) external 

diffusion from bulk solution to the surface of the hydrogel, (2) internal diffusion from the surface 

to the inner section of the hydrogel once the surface sites are saturated, (3) slow diffusion until the 

https://www.sciencedirect.com/topics/chemical-engineering/chemisorption
https://www.sciencedirect.com/topics/chemical-engineering/chemisorption
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surface became saturated [380]. The slopes of the three stages were calculated from the 

intraparticle diffusion model and are summarized in Table 4-1. It is evident that Kid,1 > Kid,2 > 

Kid,3, suggesting the adsorption rate in the first stage was fastest. Supporting the previous 

discussion on external surface adsorption process, which being faster than intra-particle diffusion 

process. 

 

Figure 4-5. Model data of the kinetics fitted to (A) pseudo- first- order and Pseudo- second- order models; and (B) 

intra-particle diffusion model. 

 

Table 4-1. Parameters extracted from the pseudo- first- order, pseudo- second- order, and Intra-particle diffusion 

models for adsorption kinetics. 

Kinetic parameters TCNF/PEI hydrogel 

qe,exp (mg/g) 102.5 

Pseudo-first-order model 

qe (mg/g) 60.9 

K1 (mg/(g*h)) ï0.0377 

R2 0.9591 

Pseudo-second-order model 

qe (mg/g) 84.74576 

K2 (mg/(g*h)) 0.001327 

R2 0.9745 

Intraparticle diffusion model 

ki,1 (mg/(g*h)) 26.9 

c1 ï1.8 
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R1
2 0.9918 

ki,2 (mg/(g*h)) 5.4 

c2 54.6 

R2
2 0.9785 

ki,3 (mg/(g*h)) 1.7 

c3 84.2 

R3
2 0.9992 

4.4.4.2 Adsorption isotherm 

Adsorption isotherm analyses were carried out to examine the maximum adsorption capacity and 

interaction behaviors between the adsorbent and methyl blue dye. The adsorption data were fitted 

into the Langmuir and Freundlich linear and non-linear models as shown in Fig. 4-6. The 

parameters obtained from the fittings are summarized in Table 4-2. Compared with the non-linear 

model, the correlation coefficient R2 of linear Langmuir (0.99829) and Freundlich (0.8955) models 

were higher than that of the non-linear Langmuir model (0.9311) and Freundlich (0.8377) models. 

For both linear and non-linear adsorption models, R2 of Langmuir models were higher than those 

of Freundlich models, suggesting that the adsorption process occurred on the homogeneous 

surface. [381]. The adsorption isotherm model agreed with results from a cellulose-PEI aerogel 

crosslinked by glutaraldehyde [28], confirming that the availability of amino groups is the 

determinant factor in adsorption mechanism  instead of the type of crosslinker needed in the 

hydrogels synthesis.  
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Figure 4-6.  Adsorption data fitted to (A) linear Langmuir isothermal model, (B) linear Freundlich model, (C) non-

linear Langmuir and Freundlich isothermal model. 

 

Table 4-2. Langmuir and Freundlich constants of TCNF/PEI hydrogels adsorption of methyl blue.  

Adsorption isotherm Model parameters Statistics parameter 

Linear model 
Langmuir Qm=3125.0 mg/g, KL=0.00021, RL =0.06-0.99 R2=0.9829 

Freundlich KF=2.9084, n=1.3789 R2=0.8955 

Non-linear 

model 

Langmuir Qm=3151.6 mg/g, KL=0.00023 R2=0.9311 

Freundlich KF=69.6226, n=2.8586 R2=0.8377 

Langmuir fitting can predict the maximum adsorption capability of an adsorbent when forming a 

monolayer adsorption [380]. Qm of the linear Langmuir isotherm (3125.0 mg/g) was closer to the 

experimental value (3010.5 mg/g) than that of non-linear Langmuir isotherm (3151.6 mg/g), 

further indicating the better fitting to the linear Langmuir isotherm (as shown in Table 4-3). 

Throughout the archived literature, there are several adsorbents that have been evaluated to remove 

methyl blue dye from wastewater. The maximum adsorption capacity measured for the TCNF-PEI 

hydrogels developed herein (3125 mg/g) is higher than most other materials, showing significantly 

superior performance. With the additional advantage of being produced from a low-cost and 

sustainable source. Interestingly, the maximum adsorption capability of the TCNF/PEI hydrogels 

in this work was more than two times higher than that of PEI-modified cellulose aerogels 

synthesized by glutaraldehyde crosslinking in the previous study. The reason for this notable 

increase might be due to the high PEI content immobilized in the TCNF/PEI hydrogels (i.e. 14.8 % 
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of N content based on the element analysis from our previous research) [366]. However, 

homogeneous monolayer adsorption was dominant for both of them based on the adsorption 

isotherm models, which means synthesis strategies didnôt change the adsorption mechanism. 

Table 4-3. Comparison with other results.  

Absorbents Shape 

Adsorption 

ability 

(mg/g) 

References 

Cellulose based 

Epoxy chloropropane and 

diethylenetriamine modified 

cellulose membrane prepared 

from corn stalk 

Membrane 9.06  [382] 

Poly(methacrylic acid-co-2-

(dimethylamino) ethyl 

methacrylate) and 

carboxylated cellulose 

nanofibrils 

Aerogel  598.8 [383] 

PEI-modified cellulose 

aerogels 
Aerogel 1333 [28] 

TCNF/PEI Hydrogel 3125 This work 

Other materials 

BaFe12O19 ferrite particles Powder 223.86 [384] 

Diethylenetriamine-

functionalized hollow polymer 

particles 

Powder 1341 [385] 

ɓ-Cyclodextrin functionalized 

SBA-15 
powder 1790.9 [375] 

Polyaspartateīmontmorillonite 

composite withquaternary 

phosphonium salt (Mt/IPS2) 

Aerogel 7958 [386] 

Macroscopic yttrium oxide 

aerogel monoliths 
Powder 8080 [387] 

4.4.4.3 Adsorption mechanisms 

As explained throughout this manuscript, PEI with abundant amine groups was immobilized on 

the surface of TCNF/PEI hydrogels through physical adsorption. When TCNF/PEI hydrogels were 

placed into aqueous solution, amine groups on hydrogels would translate to positively charged 
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amine groups. This positively charged amine group could promote cation-ˊ interactions, which are 

electrostatic attraction between positively charged cations and negatively charged electron-rich ˊ 

systems [388], producing strong electrostatic attraction towards the negatively charged anionic dye 

molecules [28] (Fig. 4-7). The other electrostatic attraction exists between positively charged 

amine group of hydrogel and natively charged sulfate group of dyes [184]. Additionally, hydrogen 

bonding, hydrophobic interactions, and Van der Waals forces can also promote adsorption of 

methyl blue dye on the hydrogels [184].  

Furthermore, it cannot be ignored that the multilayer adsorption caused by ˊḯ  stacking could also 

exist [389]. In general, these interactions typically show higher strength than hydrogen bonding, 

and in some cases, are even stronger than chargeïcharge interactions, which are arguably one of 

the strongest noncovalent interactions in aqueous solutions [389-391]. However, according to this 

and other research [392], the strong electrostatic attraction between PEI and methyl blue dye, 

which is the main interaction between PEI functionalized cellulose composites and methyl blue 

dye, is the most probable adsorption mechanism. 
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Figure 4-7. Schematic of the structures of PEI and methyl blue, as well as the probable mechanisms of adsorption 

processes between the anionic methyl blue dyes onto TCNF/PEI hydrogels. 

4.4.5 Precipitation 

4.4.5.1 The effect of concentration on precipitation  

The effect of methyl blue concentration on the precipitation performance was tested, as shown in 

Fig. 4-8. The precipitation capability increased with the increase of methyl blue concentration until 

the concentration values of 200 mg/L, after which it started to decrease due to the charge 

neutralization mechanism caused by electrostatic absorption among cationic amine  groups on the 

hydrogel and anionic groups on the methyl blue surface [393, 394]. The higher methyl blue 

concentration, the more anionic sites available to flocculate through the above mechanisms. Thus, 

precipitation efficiency increases with the increase of methyl blue concentration. However, when 

the methyl blue concentration is above the hydrogel maximum flocculation capability, the 

precipitation efficiency decreases.  
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Figure 4-8. The precipitation performance changes with various methyl blue concentrations after (A) 6 h and (B) 24 

h. Each test has three repeats. 200 mg/L methyl blue in buffer solution before adsorption (C), after adsorption 6 

h (D) and 24 h (E). 

4.4.5.2 Precipitation mechanism 

As mentioned above, PEI-CNF hydrogels also promoted the precipitation of more than 90% of the 

methyl blue dye under 2.7 pH buffer conditions. An explanation for this was sustained on the 

hypothesis that the zinc ions or PEI were released from the hydrogel and consequently coagulated 

the dye. To confirm this, zinc chloride and PEI were separately added in excess into methyl blue 

dye buffer solutions and checked after 48 h. There was no precipitation found in the tubes where 

the PEI was added (Fig. 4-9 (A) and (B)), while blue precipitate occurred when zinc chloride was 

added at pH 2.7 and white precipitate occurred at 3.7-7.7. From this result, it could be inferred that 

zinc chloride can precipitate methyl blue dyes at pH 2.7. However, only 20-34% of the methyl 

blue was precipitated by a 10 times higher concentration of the zinc ions than that of zinc ions used 
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in the synthesis of the hydrogels. In the adsorption test, 90% of methyl blue dyes were removed 

by precipitation promoted by the TCNF/PEI hydrogels at pH 2.7. A similar observation was made 

in previous research where precipitation of the dye anions was induced by soluble Ca2+ and Mg2+ 

in alkaline white mud suspensions [395]. Although both cations were responsible for the methyl 

blue precipitate, the pH conditions were opposite ours, suggesting a different mechanism causing 

the methyl blue precipitation. Therefore, the leaching of zinc ions might not be the dominant cause 

of methyl blue precipitation and there should be the hydrogels serve as an efficient flocculant 

makes the methyl blue dyes flocculate and precipitate [393, 394]. The precipitation mechanism 

could be mainly attributed to the charge neutralization mechanism caused by electrostatic 

absorption among cationic amine groups on the hydrogel and anionic groups on the methyl blue 

surface [393, 394].   

 

Figure 4-9. The investigation of precipitation of methyl blue by PEI (A) and zinc chloride (B) at pH from 7.7 to 2.7 

(from left to right); (C) methyl blue removal efficiency by zinc chloride at pH 2.7-7.7. 

To better understand the composition of the precipitates and identify if ZnCl2 or PEI were in there, 

characterization by FTIR and XRD were done (Fig. 4-10 (A) and (B)). It can be observed that 

adsorption bands and diffraction peaks corresponding to methyl blue were found in precipitated 

methyl blue. The band at 1161 and 1337 cm-1 can be assigned to the strong characteristic 
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adsorption band of the S=O of MB [386, 396]. 1600, 1571 and 1084 cmī1 are the C=C peaks of 

aromatic rings [397]. The 1496 cm-1 is C=N stretching. 1146 and 995 cm-1 are C-N stretching [386, 

398]. These results suggest that the structure of re-precipitated methyl blue dyes did not change, 

and that this method can be used to remove and recover methyl blue dye from industry wastewater. 

The XRD analysis agrees with the FTIR showing a pattern with the main peaks of the methyl blue (Fig. 

9 B). 

 

Figure 4-10. The FTIR (A) and XRD (B) analysis of (a) pure methyl blue, (b) methyl blue dissolved in 0.5 M buffer 

solution at pH 5.7, then freeze dried and (c) methyl blue precipitated by TCNF/PEI hydrogels in 0.5 M buffer 

solution at pH 5.7 after 48 h then removed hydrogel and freeze dried.  

4.4.6 Regeneration  

To address the issue of economical and sustainable viability of the adsorption process, we 

evaluated the TCNF/PEI hydrogels recyclability and reusability [399]. Here, the adsorption 

mechanism is mainly driven by electrostatic interaction, so the dyes can be desorbed from the 

adsorbent by drastically changing the pH of the solution. To this end, sodium hydroxide solution 

1 M was used for desorption of dyes. After 4 cycles, the adsorption efficiency was still higher than 
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82 %, indicating that the hydrogels have the capability of being recycled multiple times (Fig. 4-11 

(A)).  

The flocculation recyclability of hydrogels was also tested, as shown in Fig. 10 (B).  It was 

observed that the flocculation efficiency decreased to 24% after 2 cycles. This is probably due to 

the hydrogel local charges being neutralized by coupling ions from the buffer solution.  

 

Figure 4-11. Generation test of TCNF/PEI hydrogel in the 200 mg/L methyl blue solution with pH 5.7 for 

adsorption (A) and flocculation (B).  

4.5 Conclusion 

This study provides a promising strategy for the development of efficient, sustainable, and cost-

effective adsorbents and flocculants for the removal of methyl blue dye from aqueous solutions. 

The synthesised TCNF/PEI hydrogels exhibited excellent adsorption capability and flocculation 

capability, as a function of pH, which was mainly attributed to electrostatic interaction. The 

physical adsorption was also supported by hydrogen bonding, hydrophobic interaction, Van der 

Waals force, and ˊ-ˊ stacking. The adsorbent showed great reclcling ability, withadsorption 

efficiency still above 82% after 4 cycles. Importantly, in strong acidic conditions, these hydrogels 

also promoted the rapid precipitation of methyl blue dye, while flocculation efficiency decreased 

to 24% after 2 cycles. The structure of re-precipitated  methyl blue dyes did not change during the 
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precipitation process, indicating the possibility of recovering and reusing the dyes in related 

industries. This study open a pathway to design nanocellulose-based 3-D hydrogel adsorbents-

flocculants for water treatment.  
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Chapter 5. Polyethyleneimine functionalized graphene oxide and cellulose 

nanofibril composite hydrogels for removal of water pollutants 

5.1 Abstract 

Nanocellulose-based adsorbent has been widely studied for single water pollutants. However, most 

water sources like wells, rivers, lakes, and even oceans are drowning in a complex mixture of 

pollutants, such as metals, dyes, organic compounds, and spilled oils. Therefore, developing 

efficient technologies to remove multiple pollutants from water sources is necessary. Here, a stable 

TEMPO-CNF (TCNF)/graphene oxide (GO)/polyethylenimine (PEI) composite hydrogel was 

synthesized by combining cationic chelation and physical adsorption instead of extra chemical 

crosslinkers. Their chemical, morphology, surface properties as well as thermal stability were 

characterized with AIT-FTIR, Raman, elemental analyzer, SEM, IGC-SEA and TGA techniques, 

and the adsorption behavior for methyl blue (ð) was systematically investigated in terms of the 

optimal GO content, pH effect, kinetics, and isotherm models. Besides, the adsorption capability 

for methylene blue (+), Cu (II), and soybean oils was also tested. The results indicated that a 

negative relation between GO content and surface energy was found, but a positive correlation 

between GO content and the amount of immobilized PEI or surface area was found in the 

TCNF/GO/PEI hydrogel. Moreover, adding GO did not change the main adsorption isotherm 

model and adsorption mechanism but increased the external diffusion rate of the intraparticle 

diffusion model. Based on the Langmuir adsorption model, the maximum adsorption capability 

for the methyl blue increased from 3125 to 3962 mg/g when 0.2% of GO was added at maximum 

methyl blue solubility (70,000 mg/L). The adsorption capability for Cu (II) ions and soybean oils 

increased from 205.3 to 218.5 and 2.1 to 7.2 mg/g, respectively. This work not only provides a 
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simple and cost-effective synthetic route to TCNF/GO/PEI hydrogels, but also offers valuable 

clues for the removal of multiple water pollutants.  

5.2 Introduction  

Cellulose nanomaterial and polyethylenimine (CNM-PEI) composites are widely applied in 

different fields such as paper making [245, 332], wastewater treatment [400-404], drug release 

[405-408], sensing [409, 410], heterogeneous catalysis [411-413], and others. Among all, water 

remediation has attracted most of the attention due to its excellent adsorption capability for water 

pollutants compared with other materials [16, 414]. The adsorption of CNM-PEI composites on 

specific and single classes of water pollutants, such as heavy metal ions [401, 415], toxic dyes, 

and other organic chemicals has been studied in depth, which show super adsorption performance 

and good regeneration ability. Furthermore, the use of CNM-PEI composite coated by graphene 

was also demonstrated efficacy for cleaning of oil spills [416]. Therefore, CNM-PEI based 

composites have shown a great potential to absorb various single water pollutants existing in the 

water body [417]. However, most water resources such as rivers, lakes, and even oceans are 

polluted by a complex mixture of multiple pollutants, such as toxic metals, plastics, manufactured 

chemicals, petroleum, urban and industrial wastes, pesticides, fertilizers, pharmaceutical 

chemicals, agricultural runoff, and sewage  [22, 418, 419]. Therefore, a paradigm shift from single 

pollutant to multipollutant control is crucial for realizing its industrial application [40, 420]. The 

design of CNM-PEI composite adsorbents for multiple pollutants may be the key to solving this 

challenge. Considering the hydrophilic properties of both cellulose and PEI, it is necessary to 

introduce other substances with adsorption capability for the hydrophobic molecules, solvents, and 

oils to widen their application scale. 
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Conferring adsorptive powders, such as graphene [225], titanium dioxide, metal or metal oxide 

[226], and more recently biochar [227], into a tough hydrogel matrix is an effective way to enhance 

its adsorption capacity [228]. Recently GO has been reported as a novel material for the removal 

of contaminants from water resources [22, 421]. Owing to its high surface area of about 2600 m2/g, 

GO is an excellent material for the removal of oil, organic compounds, and metal ions from 

aqueous solutions [22]. Moreover, GO has abundant of oxygen-containing functional groups such 

as carboxyl, epoxy, keto, etc., which are active site to further increase the adsorption capability for 

water pollutants [422], while presenting good mechanical and chemical stability. Thus, combining 

it with other nanomaterials can further improve their dimensional stability, which is important for 

water resistance applications [421, 423]. Various research studies have reported the ability of 

graphene oxide as an excellent adsorbent for wastewater treatment [22, 421, 424]. However, a 

major drawback of using GO as a neat material is the difficult separation from the aqueous 

medium, since GO disperses in water [22]. To overcome this shortcoming, the GO needs to be 

crosslinked with polymers to arrest the leaching of GO into water.  

There are two methods to introduce other polymers into nanocellulose: covalent or non-covalent 

bonding. As an alternative  to the covalent bonding of functional groups or long polymeric chains 

to the nanocellulose surface, non-covalent interaction is the simplest way to synthesis composites 

[199, 200]. These interactions essentially are a number of reversible associations, such as ionic 

interestion, electrostatic interactions, hydrophobic interactions, hydrogen bonds, or van der Waals 

force [108, 199, 200]. The reversible non-covalent bonds can better recover from the adverse 

effects that result from the rupturing and dissipation of the energy in the network during the 

unloading process than covalent bonds [108]. Importantly, the reversible non-covalent bonds make 

it possible to regenerate adsorbents by desorption. Additionally, non-covalent physical assembly 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/metal-oxide
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avoids the use of reagents that are harmful to the environment commonly used for covalent cross

linking interactions [201].   

The aim of this work was to introduce GO into CNM-PEI composites by physical interactions to 

design a new 3-D CNM/GO/PEI composite hydrogel to target multiple water pollutants. Here, it 

was hypothesized that a stable CNM/GO/PEI composite hydrogel can be synthesized by the 

combination of cationic chelation and physical adsorption. Moreover, an increase in the diversity 

and ability of contaminant adsorption would exist by introducing GO into CNM/PEI composites, 

partially attributed to high surface area and oxygen functional groups on the GO. To this end, 

TCNFs from soybean hulls and GO were combined by cationic chelating to form the TCNF/GO 

hydrogels and further functionalized in PEI solution by TCNF physical adsorption to form the 

TCNF/GO/PEI hydrogel. To test the adsorption capability of resulting TCNF/GO/PEI hydrogels 

for multiple water pollutants, the methyl anionic dyes, methylene blue cationic dyes, Cu (II) ions, 

and soybean oils were regarded as references, the show in the Fig. 5-1. By doing this, soybean 

hulls were successfully valorized to a valuable TCNF/GO/PEI hydrogel by an easy and cost-

effective way and can be applied for the removal of various water pollutants.   

 

Figure 5-1. Schematic illustration of COOH-CN synthesis and its mechanism for removal of methyl blue. 



112 

 

5.3 Materials and methods 

5.3.1 Materials 

CNFs, TCNFs and GO were prepared at the Sustainable Bio-Based Materials Laboratory, Auburn 

University (Auburn, AL), details were provided in the supplemental data. Polyethylenimine (CAS 

number 9002-98-6, branched, Mw = 25,000 g/mol) was purchased from Sigma-Aldrich. (2,2,6,6-

Tetramethylpiperidin-1-yl) oxyl (TEMPO) and methyl blue anionic (MB) dye were purchased 

from VWR. Graphene flake (99.8%) and anhydrous copper (II) sulfate (98%) from Alfa Aesar. 

The soybean oil was supplied by Archer Daniels Midland company. 

5.3.1.1 Preparation bleached pulp from soybean hulls 

Soybean hull is hydrolyzed with 0.1 N HCl solution at 1:20 w/w (fiber to liquor ratio), at 90 ± 5 °C 

for 1h using a magnetic stirrer at 190rpm. Afterward, the sample is filtered without cooling using 

a Whatman #4 qualitative paper. Fibers are retained in the funnel and filter paper. Wash profusely 

with DI water to neutral. 

100 g fibers (dry base) from previous extraction were added in 2.5L of DI water with 56 g of 

NaClO2 (80% from Alfa-Aesar) and 15 mL of glacial acetic acid (99.9% Fisher-scientific). 5 

Doses of NaClO2 and glacial acetic acid were added to complete the bleaching step at 1 h intervals. 

5.3.1.2 Preparation of CNFs  

 Briefly, the bleached pulp from soybean hulls was diluted to 2 wt.% suspension and then washed 

to low the pH to 3 with a 1 M HCl solution; after 30 min, washings of the pulp with DI water until 

pH increased to 4.5. Then, NaHCO3 was added to obtain a 0.001 M concentration, and pH was 

adjusted to 9 with 1 M NaOH. After 30 min, washings with water exchanges were performed until 

the conductivity of DI water was obtained. Finally, the washed pulp was processed with Masuko 
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super mass collider (MKZA-10-15 J) for 12 passes, with a final consistency of 2.12 wt.% at pH 

5.8. 

5.3.1.3 preparation of TCNFs  

TCNFs were produced by TEMPO-mediated oxidation based on our previous study [366]. Briefly, 

5 g of CNF (dry mass basis) was dispersed in 500 mL of distilled water with TEMPO 0.08 g 

(0.1 mmol/g CNF) and NaBr 0.5 g (1 mmol/g CNF), and the pH was adjusted to 10 by addition of 

0.5 M aq. NaOH. Then 30 mL of 12.5% aq. NaClO solution was added slowly to the CNF slurry 

(1.66 mL/10 min, total 3 h) and the reaction mixture was maintained at pH 10.5 at room 

temperature by adding aq. 0.5 M NaOH simultaneously. Next, the oxidized CNFs were 

precipitated by adding ethanol (1500 mL) and then centrifuged at 3800 rpm. Finally, the oxidized 

CNFs were washed thoroughly with distilled water and filtered using a 0.20 µm cellulose acetate 

filter paper.  

5.3.1.4 Preparation of GO  

GO was prepared by the oxidation of graphite flake (according to Hummers method with a slight 

modification. Briefly, 3 g of graphene flake (325 mesh) and 18 g of potassium permanganate were 

added in a 1 L flat-bottomed flask, slowly adding the acid mix with 360 mL of 98 wt.% H2SO4 

and 40 mL of 85 wt.% H3PO4. Then, the reaction system was put in an oil bath at 50 ºC and stirred 

at 500 rpm for 30 h. After that, the reaction solution was poured into a beaker with ice (formed by 

500 mL DI water) and followed by a slow addition of 15 mL H2O2 (30%) with a syringe (turning 

the color of the solution from dark brown to yellow) and stirred at 500 rpm for 20 h. Finally, the 

solid part was washed sequentially by DI water, hydrochloric acid (36-38%), and ethanol by 

centrifuging at 6000 rpm to remove the metals and manganese chloride.  

5.3.2 Synthesis and functionalization of TCNF/GO hydrogels  
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TCNF/GO hydrogels were prepared by dropwise addition of a 20 wt.% aq. ZnCl2 solution along 

the walls of the glass tube into a 1.5 wt.% aq. TCNFs dispersion with 0 wt.%, 0.05, 0.1 and 0.2 

wt.% of GO (all wt.% based on the total suspension mass). The final zinc ion concentration was 

controlled to be 0.1 mol/L. Then, the mixture was allowed to stand for 24 h at rest to enable the 

formation of the hydrogels. Afterward, the resulting hydrogel rinsed with 150 mL distilled water 

three times to remove unbound Zn2+ ions. Next, TCNF/GO hydrogels were immersed in an aq. 

PEI solution with pH 11.6 at room temperature for 24 h to functionalize. Finally, unfunctionalized 

hydrogel were named TCNF, TCNF/0.05%GO, TCNF/0.1%GO and TCNF/0.2%GO. While the 

functionalized hydrogels, named TCNF/PEI, TCNF/0.1% GO/PEI, and TCNF/ 0.2% GO/PEI 

hydrogels, respectively. They were first placed into 150 mL anhydrous ethanol solution for 2 h 

and then washed with 150 mL distilled water for about 5 times until the pH of the cleaning water 

remained neutral.  

5.3.3 Materials characterization  

5.3.3.1 Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR)  

In order to confirm that GO and PEI were successfully introduced into the hydrogels, ATR-FTIR 

was used to test their corresponding functional groups in the hydrogels. Samples were freeze-dried 

at ï50 °C for 48 h and then analyzed using a PerkinElmer Spotlight 400 FT-IR Imaging System 

(Massachusetts). An attenuated total reflectance (ATR) accessory with diamond/ZnSe crystal was 

used for collecting 64 scans with 4 cmī1 resolution. Data was processed with Spectrum 6 

Spectroscopy Software (PerkinElmer). 

5.3.3.2 Raman spectroscopy 

To further confirm the GO existed in the TCNF/GO and TCNF/GO/PEI hydrogels, Raman 

spectroscopic analysis was carried out by DXR Raman Spectroscopy (Thermo Scientific). A 
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532 nm (50.0 mW power) wavelength laser was used in the Raman spectrometer to analyze the 

sample. The data acquisition has been carried out in a range of 500-3500 cmī1 by OMNIC software. 

5.3.3.3 Elemental analysis 

In order to investigate the effect of GO content on the chemical composition of TCNF/GO/PEI 

hydrogels, elemental analysis was carried out to test the C, N and H content. 2 mg of freeze-dried 

sample were used for elemental analysis by an elemental analyzer (Elementar vario MICRO, 

Ronkonkoma, NY, USA). Each sample has three replicates. 

5.3.3.4 Scanning Electron Microscopy (SEM) 

SEM was used to observe the morphological properties. Freeze-dried samples were set onto 

aluminum studs and sputtered with gold for 90 s in an EMS ×550 Sputter Coating Device from 

Science Services (Munich, Germany). Images with magnifications of ×100 were recorded in a 

Zeiss Evo 50VP SEM (Oberkochen, Germany). 

5.3.3.5 Inverse Gas Chromatography-Surface Energy Analyzer (IGC-SEA) 

Surface energy analyses and BrunauerïEmmettïTeller (BET) surface area measurements were 

conducted using IGC-SEA (Surface Measurement Systems, UK). Each sample (20 ï 50 mg) was 

packed into a 4 mm chromatographic column and conditioned under a nitrogen gas flow for 2 h. 

The dispersive components of the surface energy were measured using n-alkanes probes, including 

octane, nonane, decane, and undecane. The acid-base components of the surface energy were 

determined using ethyl acetate and dichloromethane as probes. All measurements were carried out 

under controlled conditions (30 C̄, 0% RH). The BET specific surface areas (SBET) were 

determined by calculating the isotherm of octane with a pressure ratio (P/P0) ranging between 0.05 

and 0.35. 
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5.3.3.6 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis was utilized for the investigation of thermal stability of the hydrogels 

using a Q-500 thermogravimetric analyzer from TA instruments Inc. Sample weight of the 

materials were maintained between a range of 10-15 mg and were placed on a platinum plate. The 

temperature range was from ambient conditions upward to 600°C with a scan speed of 5°C /min; 

samples were continuously run under a nitrogen atmosphere with a purge flow rate of 60mL/min. 

5.3.4 Adsorption behaviors 

5.3.4.1 Effect of GO content and retention time  

Hydrogels containing 0, 0.1 and 0.2 % of GO were cut into a 3.5 mm long cylinder (0.0186 g dry 

basis) and then submerged into 10 mL of 200 mg/L methyl blue buffer solutions with different pH 

2.7-7.7 and left at rest. To better control the pH of these experiments, phosphate buffer (0.05 M) 

was used instead of water. Aliquots were taken after 24 h to test the methyl blue left in the solutions 

by UV-Vis spectrophotometer at ɚ = 596 nm.  

5.3.4.2 Adsorption kinetics 

0.0186 g of absorbent hydrogel was added to 10 mL 200 mg/L methyl blue solution at pH 5.7 and 

25 , until the adsorption reached an equilibrium. Aliquots were taken at set time periods to obtain 

the concentration remaining in the solution. The adsorption capacities were calculated with the 

following equations: 

ή ὠ                                                                                                                                                                        (1) 

ή ὠ                                                                                                                                                                 (2) 

where C0 (mg/L) and Ct (mg/L) are the initial and concentrations after t time, respectively; qt (mg/g) 

is the adsorption capacity at time t; V (L) represents the solution volume of methyl blue, and m (g) 

https://www.element.com/landing/aerospace/thermal-analysis
https://www.element.com/landing/aerospace/thermal-analysis
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represents the dry mass of the hydrogel adsorbent; Ce (mg/L) are equilibrium concentrations; qe 

(mg/g) is the adsorption capacity at equilibrium. 

The adsorption data were then fitted to the pseudo-first-order kinetic model, pseudo-second-order 

kinetic model, and intra- particle diffusion model, using the equations presented below: 

ὒὲή ή ὒὲή ὯÔ                                                                                                                                               (3) 

 
 

  
                                                                                                                                                     (4) 

ή ὑ ὸȢ Ã                                                                                                                                                        (5) 

where k1 and k2 are the rate constants for the pseudo-first order adsorption and pseudo second 

order adsorption kinetic models, respectively. Kid is the rate constant (g mgī1 minī1) of intra-

particle diffusion kinetics, c is intercept. 

5.3.4.3 Adsorption isotherms 

0.0186 g absorbents were immersed in 10 mL methyl blue dye solutions with concentration from 

20 to 70000 mg/L to study the adsorption isotherm. The adsorption experiments were carried out 

at 25  at an initial pH of 5.7 after 120 h. The adsorption values were fitted into linear (equation 

6) and non-linear (equation 7) Langmuir isotherm models. Additionally, the data was fitted into 

linear (equation 9) and non-linear (equation 10) Freundlich isotherm models to describe its 

behavior. The equations used are described below:  

                                                                                                                                                               (6) 

ή                                                                                                                                                           (7) 

Ὑ                                           (8) 

where qm (mg g-1) is the maximum adsorption capacity estimated by the Langmuir model, and KL 

(L mg-1) is Langmuir constant which is related to the adsorption intensity (Guo et al., 2018; Wang 
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et al., 2020). Ὑὒ is the separation factor, which values indicate the adsorption to be unfavorable 

when Ὑὒ > 1, linear when Ὑὒ = 1, favorable when 0 < Ὑὒ < 1, and irreversible when Ὑὒ = 0. C0  

refers to the initial concentration of the adsorbate in (mg/L) 

ὒὲή ὒὲὑ
 
                                                                                                                                         (9) 

ή ὑὧ
Ⱦ

                                                                                                                                                  (10) 

KF are constants of the Freundlich equations; 1/n in the Freundlich model represents an empirical 

parameter, which is related to the energetic heterogeneity of the adsorbent surface and determines 

either the favorable or unfavorable curve. When 1/n is greater than zero (0 < 1/n < 1) the adsorption 

is favorable, when 1/n is greater than 1, the adsorption process is unfavorable, and it is irreversible 

when 1/n = 1. 

5.3.4.4 Adsorption capability for various pollutants  

The adsorption capability of the hydrogels for methylene blue (+) dyes, Cu (II) ions and soybean 

oils was also tested. The hydrogels 0.0186 g dry basis were put into 10 mL of 200 mg/L methylene 

blue buffer solutions with pH 5.7 left at rest and samples were taken after different time intervals 

(3, 6, 12, 24 h). Methylene blue concentrations in the supernatant were calculated by UV 

spectrophotometer at 664 nm, respectively. Hydrogel cylinders of the same size were also put into 

10 mL of 320 mg/L Cu (II) solutions for 24 h. The remaining Cu (II) ions in solution after hydrogel 

treatment were quantified by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). Finally, 

the same size of hydrogels was put in the 5 g (W1) of pure soybean oil after 30 min, then removed 

hydrogels and tested the weight of oil left in the container (W2). The soybean oil adsorption 

efficiency was calculated based on the following (equation 11): 

Soybean oil adsorption efficiency (%)  ×100     (11) 
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5.4 Results and discussion 

5.4.1 The effect of GO concentration on the stability of TCNF/GO hydrogels 

Carboxyl group in TCNF can be chelated by cationic to form stable hydrogels [366, 425]. Here, 

GO was introduced into the TCNF dispersions (Fig. 5-2 (A)) and chelated by Zn2+ to form 

TCNF/GO hydrogels. The interaction promoting the hydrogel formation was based on the 

existence of similar carboxyl groups in GO that resulted in a stable TCNF/GO hydrogel when the 

GO concentration was less than 0.2 % (Fig. 5-2. (B)). However, a higher concentration of GO 

resulted in a collapse of structure. After PEI functionalization, the color of TCNF/GO hydrogel 

changed from brown to black likely induced by the GO reduction to graphene [426], which will 

be further confirmed by the FTIR in the following section. Another visible change was that the 

material seemed stiffer after PEI functionalization due to the crosslinking by the PEI.  

 

Figure 5-2. Images of TCNF/GO dispersions and TCNF/GO hydrogels with different concentration of GO (from 

left to right: 0% GO, 0.1% GO, 0.2% GO, 0.5% GO, 1.0% GO, 1.5% GO with 1.5 % TCNF, 1.5 % GO without 

TCNF) chelated by cationic ions. 

5.4.2 Characterization of the hydrogels 

5.4.2.1 Chemical properties  

FTIR was used to identify the functional chemical group in PEI, GO, and corresponding hydrogels 

(Fig. 5-3). For the GO (Fig. 5-3 (A)), the band at around 3400 cmī1 is related to OïH stretching 
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vibration, 2917 cmī1 is symmetric stretching vibration  of CïH, 1723 cmī1 is C=O stretching 

vibration in carboxyl group  and the band at 1624 cmī1 corresponds to the skeletal stretching of 

C=O alkene group, CïOïC bending vibrations at 1417 cmī1 [427, 428], 1226, 1050 and 987 cmī1 

are C-OH stretching/bending vibrations. Besides, CïC and CïO are around 913 and 857 cmī1 

[429]. High intensity of major bands in GO revealed that large amounts of oxygen-containing 

groups are present after the oxidation process [430-432]. For PEI (Fig. 5-3 (B)), the signals at 2936 

and 2817 cmī1 were the characteristic bands of -CH2 stretching vibrations, while the bands at 

1670 cmī1 and 1050 cmī1 correlated to the -NH2 stretching vibrations, and CïC skeleton vibration, 

respectively [433]. Besides, the band near 1599 cmī1 and 1459 cm-1 are the NïH bending vibration 

of primary amines in PEI; 1350, 1278, 1126, and 1041 cm-1 are C-N stretching vibrations [434]. 

After PEI functionalization, some of GO characteristic peaks (1417, 1226, 987, 913 and 1050 cm-

1) were visible in the TCNF/0.1%GO and TCNF/0.2%GO hydrogel spectra, which means GO was 

successfully introduced into the hydrogels (Fig. 5-3 (A)). However, these signal bands become 

weakened. Besides, some of GO signal bands (1723, 1624, 913 cm-1) disappeared after PEI 

functionalization. The weakened or disappearing bands for oxide-containing groups in 

TCNF/GO/PEI hydrogels indicate that reductive PEI could partially reduce GO to graphene (Fig. 

5-3 (B)) [426]. All PEI characteristic bands were observed in PEI functionalized hydrogels, 

proving the successful introduction of PEI to TCNF/PEI hydrogels.  

To further make sure GO or graphene exists in the TCNF/GO and TCNF/GO/PEI hydrogels, all 

samples were tested by Raman spectroscopy, as shown in Fig. 5-3 (C). GO, TCNF/GO, and 

TCNF/GO/PEI hydrogels show  peaks at Ḑ1315 cmī1 (D band) and Ḑ1594 cmī1 (G band) 

corresponding to sp3 disordered carbon and sp2 hybridized carbon, respectively [429, 435]. In 

comparison with GO, the D and G bands did not shift in hydrogels, but several changes occured 
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in the D and G peaks of the TCNF/GO and TCNF/GO/PEI hydrogels. Both D and G bands in 

TCNF/GO and TCNF/GO/PEI hydrogels become broader than those of GO. Besides, the D and G 

bands become narrower when GO increase from 0.1% to 0.2%. However, both D and G bands in 

TCNF/GO/PEI hydrogels became narrower after PEI functionalization compared with TCNF/GO 

hydrogels. To explain this, the intensity ratio of the D and G bands (ID/IG) has been used to find 

out the sp2 domain size and partially ordered crystal structure of carbon, respectively. The ratio of 

ID/IG of GO is 1.41, it decreased to 1.22 and 0.97 in the TCNF/0.1%GO and TCNF/0.2%GO, 

respectively. It definitely proves that TCNF has repaired the structural defects on the surface of 

GO, thus reducing the ID/IG [436]. It seems 1.5% of TCNF can repair more than 0.2% of GO, 

because TCNF/0.2%GO hydrogel has a higher shift of ID/IG ratio. However, the ID/IG ratio 

increased to 1.23 and 1.38 after PEI functionalization. This indicates that PEI functionalization 

can increase the amount of graphite edges due to the reduction of GO [437].  
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Figure 5-3. FTIR (A) and (B), Raman (C) and elemental (D) analysis of all studied samples. 

To explore the effect of GO content on the amount of PEI adsorbed on the TCNF/GO hydrogels, 

elemental analysis was done to test the N content in the PEI functionalized these hydrogels. The 

results showed that the N content increased with the increase of GO content (Fig. 5-3(D)). The N 

content increased from 11.5 % to 12.1% when the GO content increased from 0% to 0.2%, which 

can be attributed to oxygen-containing group on the GO can combine PEI by covalent bonding, 

hydrogen bonding and electrostatic attraction force [438]. The N content was related to the 

adsorption capability of these hydrogels for water pollutants, the higher N content, the higher 
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adsorption capability [366]. However, for all hydrogels, the values for carbon and hydrogen are 

lower than expected, which could be explained by surface adsorption of water [439].  

5.4.2.2 Morphology characterization  

Morphologies were observed by SEM (Fig. 5-4). The TCNF hydrogel presented a dense structure 

(Fig. 5-4 (A)), while TCNF/0.1% GO hydrogels and TCNF/PEI hydrogels showed a microporous 

scaly structure (Fig. 5-4 (B) and (D)), but TCNF/0.1% GO hydrogels look fluffier, while hydrogel 

structure became cross-linked when GO content increased to 0.2%, looked more organized (Fig. 

5-4 (C)). The structure of TCNF/0.1% GO/PEI and TCNF/0.2% GO/PEI look more compact and 

more tightly (Fig. 5-4 (E) and (F)) compared with their unmodified analogs. Generally, a more 

porous structure would have a higher surface area, which translates to higher adsorption 

capabilities for the water pollutants [440]. To confirm this, the surface area of those materials was 

tested (see next section). 

 

Figure 5-4. SEM images of TCNF/PEI hydrogels with different concentration of GO at 100x. 
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5.4.2.3 Surface area and surface energy 

SEM images in Fig. 5-5 demonstrated changes in morphology caused by GO and PEI 

functionalization. Here, BET surface area measurements were used to quantify the changes in 

morphology relative to an unmodified control. As shown in Fig. 5-5, compared with TCNF 

hydrogel (5 m2/g), the surface area of TCNF/GO hydrogels increased with the increase of GO 

content, up to 5.76 m2/g when GO content increased to 0.1%, then decreased to 3.74 m2/g when 

the GO content was increased to 0.2%. This indicated that low GO content (Ò0.1%) can help to 

increase the surface area of TCNF hydrogels. However, the surface area of TCNF/PEI hydrogel 

decreased to 2.82 m2/g. It means PEI functionalization caused a significant decrease in surface 

area. Interestingly, it was found that the surface area of TCNF/GO/PEI hydrogel increased from 

2.82 to 4.78 m2/g when GO content increased from 0% to 0.2%, which means adding GO in the 

TCNF/PEI hydrogels can help prevent surface area loss of TCNF hydrogel directly functionalized 

by PEI.  
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Figure 5-5. Surface area of all prepared hydrogels tested by IGC-SEA. 

IGC-SEA was utilized to investigate the impact of surface modification and composite formation 

on the surface energy of the hydrogels, and how these changes in energy profiles may influence 

the final adsorption properties and mechanism of the composites. Fig. 5-6 (A), (B) and (C) show 

the dispersive surface energy (‎ ), specific (acid-base) surface energy (‎ ) and total surface 

energy (‎ ) of the studied hydrogels as a function of surface coverage for probe gases. Here, "n" 

represents the amount of gas adsorbed, and "nm" is the monolayer capacity of the powders, 

respectively. The ‎  of solid surfaces is composed of ‎ , and ‎  components. The result 

revealed that ‎  contributes a significant portion of the total surface energy for all the samples 

tested [441, 442]. Moreover, these values decrease significantly with increasing surface coverage 

at lower coverage levels, indicating that the samples are energetically heterogeneous. This 

heterogeneity is further confirmed by the distribution of  ‎  (Fig. 5-6 (D)). However, the 

decreasing trend was not significant when the surface coverage was larger than 0.05.  ‎  has the 
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same change trend with ‎  in spite of ‎  continuing to be slightly decreasing when the surface 

coverage was larger than 0.05, which was due to ‎  was the dominant component of  ‎ . These 

changes in surface energy align with previous literature examples for cellulosic materials, where 

higher surface energies at lower coverages result from the preferential binding of probe molecules 

to higher-energy surface sites under dilute conditions [443, 444].  

Compared with TCNF hydrogels, all functionalized hydrogels with GO or PEI presented higher 

‎and ‎  at the most of surface coverage points (Fig. 5-6 (A) and (B)), which means all these 

modifications increased the surface energy of TCNF hydrogels. The  ‎  of TCNF/GO hydrogels 

increased from 49.4 (TCNF hydrogels) to 78.4 mJ/m2 when the GO content was 0.05%, then 

decreased to 56.1 mJ/m2 when the GO continued to being increased to 0.2% at lowest surface 

coverage (Fig. 5-6 (C)). When these hydrogels were further functionalized by PEI, TCNF/PEI 

hydrogel showed highest  ‎ 144.9 mJ/m2, while  ‎  of TCNF/GO/PEI hydrogels decreased to 

70.0 mJ/m2 when the GO content increased to 0.2%. This result indicates that low levels of GO 

(less than 0.1%) functionalization can enhance the surface energy of TCNF hydrogel, which is 

consistent with the changes observed in surface area after functionalization with GO. The presence 

of PEI on the surface significantly increases the surface energy of TCNF hydrogels, contrary to 

the change in surface area after PEI functionalization. However, the addition of GO to TCNF 

hydrogels followed by PEI functionalization leads to a decrease in surface energy, also 

contradicting the change in surface area. Therefore, it appears that there is no clear relationship 

between surface area and surface energy, contrary to previous research findings [445].  

Meanwhile, compared to TCNF hydrogel, all functionalized hydrogels showed a broader 

distribution profile of total surface energy (Fig. 5-6 (D)), which indicated that they had a large 
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surface heterogeneity due to their complex physical structure (more porous) and chemical 

composition (new functional groups were introduced into the TCNF hydrogel). Among them, 

COOH-PEI hydrogel displays the broadest distribution profile and the highest  ‎ . It is worth 

noting that the order of the distribution profiles of all the hydrogels, from broadest to narrowest, 

coincides with the order of their surface energy, from highest to lowest. Hence, a higher surface 

energy corresponds to a larger surface heterogeneity [445, 446].   

 

Figure 5-6. Surface energy (A): ɔD, dispersive energy, (B): ɔAB, specific energy, (C): ɔT, total energy (ɔT=: ɔD+ ɔAB), 

(D): distribution of ɔT tested by IGC-ESA.  
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5.4.2.4 Thermal stability 

Fig. 5-7 (A) and (B) shows the thermogravimetric (TG) and first derivative thermogravimetric 

(DTG) curves of all tested hydrogels, respectively. As shown in Fig. 5-7 (A), the mass loss of all 

samples when temperature Ò 100 ÁC is caused by volatilization of water molecules physically 

absorbed onto the samples. The main mass loss of GO is around 170 °C. This is due to thermal 

decomposition of oxygen-containing groups in graphite oxide to CO, CO2, and H2O 

[447]. However, the main mass loss temperature of GO is around 200 °C based on other research 

[447, 448], the different was probably induced by the producing process of GO. Pure PEI degraded 

nearly completely at around 320-420°C, which is similar with previous study [448]. TCNF 

hydrogel mainly decayed at 230-335 °C, which is decomposition of hydroxyl and carboxyl groups 

[144]. Correspondingly, the initial decomposition temperature (T0), the decomposition 

temperature at 10% weight loss (T10%) and maximum decomposition temperature (Tmax) are 

summarized in Table 1. The order of T0, T10%, and Tmax was constant in the order of GO < TCNF 

hydrogel < PEI, which means PEI had the highest and GO had the smallest thermal stability. The 

GO functionalized TCNF hydrogels showed lower T0, T10%, and Tmax than pristine TCNF hydrogel, 

while PEI functionalized TCNF hydrogels have lower T0, T10%, but higher Tmax than pristine TCNF 

hydrogel. This indicated that GO functionalization decreased the thermal stability of TCNF 

hydrogel, while PEI functionalization can increase the thermal stability of TCNF hydrogel.  

Besides, the residues of GO or PEI functionalized hydrogels were also lower than that of TCNF 

hydrogels because of the GO and PEI decomposition [449]. Therefore, the char-forming 

performance of TCNF hydrogel didnôt improve after adding GO, PEI, and both GO and PEI, 

respectively.  
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Figure 5-7. TG (A) and DTG (B) curves of PMS and CNFs. 

 

Table 5- 1. Summary of thermal decomposition parameters of PMS and CNFs samples. 

Aerogels T0 ( ) T10% ( ) Tmax ( ) Residues (%) 

GO 167 167 168 0.3 

PEI 325 341 364 1.5 

TCNF  258 284 304 32.7 

TCNF/0.1% GO 201 232 241 31.7 

TCNF/0.2% GO 198 227 237 26.6 

TCNF/PEI 233 268 313 20.4 

TCNF/0.1% GO/PEI 231 267 313 26.6 

TCNF/0.2% GO/PEI 222 263 313 22.5 

Note: T0, T10%, Tmax represent the start decomposition temperature, the decomposition temperature at 10% weight 

loss, and maximum decomposition temperature, respectively. 

5.4.3 Adsorption  

5.4.3.1 Effect of GO addition  

Testing was conducted to investigate the impact of GO addition on the adsorption performance of 

the corresponding hydrogel for methyl blue, an anionic dye. The adsorption process was examined 

within a pH range of 3.7-7.7 and measured after a 24-hour period. As depicted in Fig. 5-8, the 

adsorption capacity of TCNF hydrogels increased after GO addition. In comparison to the TCNF 

hydrogel (7.9 mg/g), the adsorption capacity of the GO-modified CNF hydrogel showed an 
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increase with higher GO content, reaching a maximum of 42.3 mg/g at a GO content of 0.1% and 

a pH of 5.7. However, when the GO content continued to increase to 0.2%, the adsorption capacity 

decreased to 36.9 mg/g. These results align with the changes observed in surface area and surface 

energy ( ‎ , ‎  and ‎ )  based on variations in GO content. 

 5.4.3.2 Effect of further PEI functionalization  

Further modification of the TCNF and TCNF/GO hydrogels through physical adsorption of PEI 

led to a sharp increase in adsorption capacity. The adsorption capacity of TCNF/PEI hydrogel 

ranged from 64.6 to 79.1 mg/g within the pH range of 3.7-7.7. The adsorption capacity of 

TCNF/GO/PEI further increased with higher GO content, reaching 86.9-96.3 mg/g across the 

tested pH range. This increase can be attributed to the combined effect of surface area and surface 

energy. Although the surface energy decreased with increasing GO content for TCNF/GO/PEI 

hydrogel, the surface area increased. Consequently, GO-functionalized hydrogels exhibited lower 

adsorption capacity compared to PEI-functionalized ones due to the presence of electrostatic 

attraction between the PEI-modified hydrogel and methyl blue, as indicated by the higher total 

surface energy of the PEI-modified hydrogel mentioned earlier. 

Furthermore, electrostatic attraction or repulsion, which depends primarily on pH, influenced the 

adsorption capacity when the GO content was below 0.2% for both TCNF/GO and TCNF/GO/PEI 

hydrogels [28, 388]. Conversely, the adsorption capacity of TCNF/0.2%GO/PEI hydrogel 

remained similar across all pH conditions. This suggests that when the GO content is below 0.2%, 

the adsorption capacity is pH-dependent, whereas with a GO content of 0.2%, the adsorption 

capacity becomes independent of pH. This finding indicates a different adsorption mechanism, 

prompting further investigation through adsorption kinetics and adsorption isotherm modeling to 

clarify this difference. 
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Figure 5-8. The effect of GO and PEI modification on the adsorption capability of corresponding hydrogels. 

5.4.3.3 Adsorption kinetics  

The adsorption capability and kinetics were evaluated using an initial concentration of 200 mg/L 

using 0.0186 g of material (Fig. 5-9 (A)). The results showed that the adsorption capability of 

TCNF/0.2%GO/PEI hydrogel reached 82.2 mg/g after just 12 h, while TCNF/PEI hydrogel needed 

24 h to get to 85.9 mg/g. The time was cut in half for the TCNF/0.2%GO/PEI hydrogel to get 

almost the same adsorption capability as the TCNF/PEI hydrogel. However, the adsorption 

capability became similar after 48 h, up to 92.8 and 94.2 mg/g, respectively. This indicates that 

the addition of GO leads to an increase in the initial adsorption rate. This was further explored by 

adsorption kinetics modeling. The adsorption reached equilibrium after 120 h, with an adsorption 

capability of 102.5 mg/g and the adsorption efficiency was 96.8%, which meant almost all methyl 

blue dyes were adsorbed at initial concentration of 200 mg/L.  
































































