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Abstract 

Bio-mass derived materials, such as cellulose nanomaterials (CNs) are naturally abundant, 

sustainable, and bio-degradable, and they are promising next generation materials to replace 

petroleum derived systems. The thesis focuses on the management of environmental pollutions 

caused by the discharge of emulsions and heavy metal ions in wastewater and the use of non-

sustainable surfactants and toxic solvents used in conventional pesticide formulation. To achieve 

this goal, the general approaches adopted in this doctoral study are: 1) development of pesticide 

emulsion formulation using sustainable cellulose nanocrystals (CNCs) as emulsifiers, 2) 

development of novel organic solvent- and surfactant- free pesticide nano-dispersion using CNCs 

as carriers and dispersing agents, 3) development of CNs-based aerogel adsorbents for the 

treatment of wastewater containing heavy metal ions and emulsion droplets, 4) recovery of water 

pollutants as nutrients for plant growth.   

Firstly, surfactant-like CNC particles were synthesized by grafting aminated polystyrene (PS-NH2) 

on the end of CNC via reductive amination. The effect of reaction conditions, such as reaction 

time (1, 3 or 7 days), reaction temperature (room temperature or 70 ℃) and polystyrene chain 

length (Mn of 5000 or 10000 Da) on the modification degree were investigated. Further, the 

emulsification capability of the end-modified CNCs was investigated, where the modified CNCs 

were more effective in emulsifying toluene and hexadecane than pristine CNCs. Various 

parameters, such as concentration of particles, electrolytes, and polarity of solvents on the 

characteristics of the emulsions were investigated. Such system, bearing biocompatible and 

environmentally friendly characteristics, showed excellent encapsulation of a model hydrophobic 

compound (Nile red) without coalescence over a period of more than 4 months, which offers 

promise for preparing emulsion formulations for pesticide encapsulation. 

Following this, an organic solvent- and surfactant-free pesticide nano-dispersion was developed 

using pristine CNCs as carriers and dispersing agents, eliminating the use of organic solvents in 

the final formulation. Such characteristic aligns with one of the key focuses of sustainable 

agriculture, i.e., development of environmentally friendly nano-sized pesticide formulation. CNC 

was used as a carrier and dispersing agent for two water-insoluble pesticides (Deltamethrin and 

Permethrin) to formulate aqueous pesticide formulations. The optimum loading mass ratio 

between pesticide and CNC was determined as 1:100 from UV-vis spectrophotometer, dynamic 
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light scattering (DLS), zeta potential, and transmission electron microscopy (TEM) analyses. 

Besides, the possible attractive force between the pesticide molecules and CNC was studied by 

Fourier transform infrared spectroscopy (FTIR) and Isothermal Titration Calorimetry (ITC). In 

addition, both laboratory and field trial tests were conducted to evaluate the pest control efficacy 

of the nano-dispersion, with performance better or equal to existing commercial formulations. 

Functionalized cellulose nanofibrils (CNFs) based aerogels were synthesized to remove Cu (II) 

ions and emulsified emulsion droplets in wastewater streams. Firstly, amine-functionalized CNF 

was prepared by cross-linking polyethylenimine (PEI) to cellulose nanofibrils (CNF) using 3-

glycidyloxypropyl trimethoxysilane (GPTMS). Robust cellulose aerogel beads (CGP, diameter of 

3~4 mm) were produced by injecting crosslinked CNF dispersion into liquid nitrogen, followed 

by freeze drying. The effect of mass ratio between PEI and GPTMS (1:1 or 3:1) on the total amine 

contents, mechanical strength and morphologies of the aerogel beads were investigated. In addition, 

the effect of pH, ionic strength, adsorbent dosage, temperature as well as initial concentration on 

the adsorption performance were studied, where the maximum adsorption capacity, adsorption 

kinetic were examined. Small CGP beads with desirable characteristics, such as high amine content 

(5.74 mmol/g for CGP3 beads), large maximum Cu (II) adsorption capacity (163.40 mg/g for 

CGP3 beads), very fast adsorption rate (< 10 h to reach equilibrium), high shape recovery (2.00 % 

plastic deformation for CGP3 beads at 50% strain), robust mechanical strength (stress around 10.5 

KPa at 50% strain), and possible regeneration were achieved.  

As an extension from the previous study, carboxylated CNF aerogel beads were prepared for Cu 

(II) ions removal. A one step protocol to prepare highly carboxylated and chemically crosslinked 

cellulose nanofibril (CNF) aerogel beads using maleic anhydride (MA) was developed. The 

crosslinking was achieved by esterification reaction based on the results from Fourier transform 

infrared spectroscopy (FTIR) and conductometric-potentiometric titration. The carboxyl groups 

and ester linkages were produced simultaneously during the ring open reaction of MA, yielding a 

carboxylic content of up to 2.78 mmol/g. The effect of CNF concentration on the morphology and 

wet mechanical strength of the crosslinked aerogel beads were also investigated. Results suggested 

that higher CNF concentration yielded a compact network that displayed a maximum compressive 

stress of 2800 Pa at 60% strain. In addition, Cu (II) ions adsorption capacity of 60.92 mg/g and 



vi 

 

84.12 mg/g was yielded for CNF-MA 1% and CNF-MA 2%, respectively. The adsorption was 

achieved by complexation between carboxylic and hydroxyl groups.  

Furthermore, an ambient amphiphilic cellulose aerogel was prepared for both emulsified oil-in-

water and water-in-oil emulsion filtration. Dicarboxylated-PEG crosslinkers of different lengths 

were synthesized by grafting MA on Poly (ethylene glycol) (average Mn = 600, 1500, 3350, 8000 

Da) by esterification reaction. Then, ambient amphiphilic and underwater superoleophobic 

cellulose aerogels (CPMs) were prepared by crosslinking cellulose nanofibrils (CNF) with 

dicarboxylated-PEGs of different lengths. The dried aerogels showed excellent uptake capacity for 

various solvents possessing different polarities, and the released of the absorbed oils in water. The 

crosslinking efficiency decreased with increasing crosslinker length. Both crosslinking degree and 

network density contributed to the mechanical strength of the aerogel. Such amphiphilic aerogels 

were effective for both oil-in-water and water-in-oil emulsion separation. The permeation flux and 

separation efficiency for oil-in-water emulsions are controlled by a combination effect of size 

sieving and electrostatic interaction between oil droplets and the negatively charged aerogel. The 

aerogel also demonstrated excellent separation performance (>92%) for cellulose nanocrystal 

stabilized oil-in-water Pickering emulsions. For water-in-oil emulsions, the viscosity of oil showed 

a significant effect on the permeate flux. A separation efficiency over 97% was achieved for all 

studied water-in-oil emulsions.   

Finally, the potential of CNF based aerogel as an absorbent for water and nutrient capture and 

release was examined. As an example, the as prepared CPM aerogel was buried in soil before 

planting pea seeds. Seed germination and growth rates in CPM aerogel containing soils was 

compared with normal soil. After harvesting, the fresh weight, average shoot/ root length and 

diameter of seedlings from each pot were compared. The results suggest that the functionalized 

aerogels were effective for promoting seed germination and seeding growth. 

In summary, the thesis contributes to the development of CNs from two perspectives: 1) 

development of new and novel sustainable systems and advancing new fundamental understanding 

on the properties of these systems and 2) expanding their applications to other fields, such as 

agricultural (not often reported) and wastewater treatment. The specific applications being 

demonstrated are novel pesticide formulations preparation, aerogel beads for heavy metal ions 
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removal, superwetting cellulose aerogel for oily wastewater purification, and aerogel for 

promoting plant growth. 
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Chapter 1 Introduction 

1.1 Problem statement 

With the increasing population, agricultural production of food must significantly increase to meet 

the demand for food for nutrition. In the past decades, increasing the application of pesticides, 

fertilizers, water, and other resources is a very straightforward approach to enhance crop yield.1 

As most pesticide active ingredients (AI) are insoluble in water, auxiliary ingredients, such as 

carriers, solvents, surfactants, are required to prepare suitable formulations to facilitate their 

applications in the field.2–6 For example, emulsifiable concentrate (EC), a type of commercial 

pesticide formulations, is prepared by mixing toxic organic solvents containing AI with surfactants 

to improve the water dispersity of the AI.7 However, the inefficiencies of agrochemical 

formulations has led to the overuse of pesticides, surfactants, solvents, fertilizers and water, which 

causes environmental pollutions. According to a report, 187 million metric tons of fertilizer, four 

million tonnes of pesticides, 2.7 trillion cubic meters of water (about 70% of all freshwater 

consumptive use globally) are required to produce three billion metric tons of crops per year.8  

As a consequence of agrochemical loss through leaching, water and soil pollution has become an 

environmental issue and concern.9 To reduce environmental pollutions caused by agrochemicals 

loss through leaching, advanced delivery systems based on polymer capsules, spheres, micelles, 

emulsions, suspensions, and carriers were developed in the past decades. The goal is achieved by 

improving nutrient delivery efficiency to enhance crop production yield.7 However, most of these 

systems use synthetic and non-degradable polymers which further contribute to the environmental 

problems. According to the description of “sustainable agriculture” by the Food and Agriculture 

Organization of the United Nations, land, water, and ecosystems must be sustainably managed 

while ensuring crop yield. Compared to conventional agrochemical formulations for plants, 

sustainable agriculture requires bio-degradable and bio-compatible materials for designing 

efficient agrochemical delivery systems or water retention systems without comprising crop 

yield.10 

The discharge of wastewater containing emulsions droplets, dyes, pharmaceuticals, metal ions, 

fertilizers, pesticides, and oil spills is another major source of water pollution for decades. Methods 

including sorption, membrane filtration, chemical precipitation, coagulation-flocculation, and 

catalytic degradation are widely adopted to remove pollutants from wastewater. Notably, the 
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removal of emulsions from oily wastewater is a global challenge, especially for surfactants 

stabilized emulsions due to their good stabilities resulting from their micro- or nano- droplet 

sizes.11 Traditional methods, such as centrifugation, oil skimming, and floatation for oil/water 

mixture separation are not applicable for separating these emulsions.12 Activated carbon and 

petroleum based polymers with a large carbon footprint are commercially used to treat wastewater. 

From a sustainable perspective, natural materials are more desirable to design effective systems 

for water treatment.   

Biomass materials, such as wheat straw, wood and sugar bagasse are natural resources that are 

being considered for these applications. The utilization of large volume of agricultural wastes is 

an environmentally and economically friendly approach to minimize soil contamination. As these 

materials mainly consist of cellulose, hemicellulose, lignin, pectin etc, they can be converted to 

high value products like cellulose nanomaterials, bio- polyols, bio-oil, and biochar.13,14 

Furthermore, these products are starting materials to design systems for agricultural and water 

treatment applications, for example, agrochemical delivery, water retention, pesticide/ fertilizer/ 

metal ions removal, oil absorbents, etc. Such close loop strategy greatly reduces the environmental 

pollution caused by agricultural activities, which supports the sustainable agriculture concept. 

As the largest component of the biomass, cellulose is a promising material to replace non-

degradable polymers in developing many advanced delivery and pollutants removal systems. 

Cellulose is a high molecular weight polysaccharide composed of anhydro-glucose units, where 

the repeating segments are connected via the β-1, 4-glycosidic linkages. To extract cellulose fibers 

from biomass, it is necessary to remove hemicellulose, lignin, and other components from the raw 

materials. Under chemical, mechanical, or enzymatic treatment, cellulosic fibers can be further 

broken down to cellulose nanomaterials (CNs), such as cellulose nanofibrils (CNFs) and cellulose 

nanocrystals (CNCs). The detailed isolation procedure of CNs from biomass wastes have been 

reviewed by Rajinipriya et al.15 García et al.16 and Mishra et al.17 As nanoscale materials, CNs 

possess many beneficial characteristics, such as large surface area, high aspect ratio, excellent 

water stability in addition to sustainability and hydrophilicity.  

In addition, surface modification methods on CNs have been widely reported due to its abundant 

surface hydroxyl groups. There are several comprehensive review papers discussing the 

background information on the structure, physical property, classification, preparation, and 
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modification of cellulose.18–20 These techniques provide solid support for researchers to construct 

various functional systems for multiple applications. 

1.2 Research objectives 

The scope of this research is to reduce environmental pollution caused by conventional pesticide 

formulations and wastewater discharge. The objective is achieved via four approaches: 1) 

development of pesticide emulsion formulation using sustainable cellulose nanocrystals (CNCs) 

as emulsifiers, 2) development of novel organic solvent- and surfactants- free pesticide nano- 

dispersion using CNCs as carriers and dispersing agents, 3) development of CN based aerogel 

adsorbents for treating wastewater containing heavy metal ions and emulsion droplets, 4) recovery 

of water pollutants as nutrients for plant growth.  A detailed literature review is described in 

Chapter 2, where only a few reports on the use of cellulose nanomaterials to prepare pesticide 

formulations were evident compared to their applications in water treatment, oil recovery, 

nanocomposites, biomedical, etc. For pollutants removal, porous aerogel possessed significant 

advantages over single cellulose nanofibers in terms of the performance. Besides, there are very 

few studies on the application of cellulose aerogel for emulsified oil droplets removal. 

Based on the literature survey, the following hypothesis and research goals are formulated: 

Research hypothesis: 

(1) Cellulose nanocrystals can be used to encapsulate water-insoluble active pesticide 

compounds; 

(2) Pesticide nano-dispersion with good water dispersity can be prepared using cellulose 

nanocrystal as the carrier; 

(3) Cellulose aerogel beads possess faster pollutants adsorption rate than monolithic cellulose 

aerogel; 

(4) The recovered water pollutants can be used as nutrients for promoting plant growth; 

(5) Super amphiphilic cellulose aerogel can be synthesized for both oil-in-water and water-in-

oil emulsions separation. 

Research objectives: 

(1) Synthesis and characterization of amphiphilic cellulose nanocrystals by grafting aminated 

polystyrene on its reducing end via reductive amination reaction. Its capacity as an 
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emulsifier to stabilize oil-in-water emulsions for the encapsulation of a model hydrophobic 

compound, i.e. Nile red was evaluated.  

(2) Preparation of organic solvent- and surfactant-free pesticide nano-dispersion using 

cellulose nanocrystals as carriers, where the preparation conditions and pest control 

efficiency will be evaluated. 

(3) Synthesis and characterization of aminated and carboxylated cellulose aerogel beads for 

heavy metal ions removal. The adsorption performance of aerogel monolith and beads will 

be compared. 

(4) Synthesis of ambient amphiphilic and underwater super-oleophobic for oil-spill recovery 

as well as emulsion droplets separation.   

(5) Explore the potential of functionalized cellulose aerogel as a platform for water and 

nutrient capture and delivery to promote plant growth.  

1.3 Thesis outline  

The thesis comprises 8 chapters. Chapter 1 introduces the environmental pollutions caused by 

conventional pesticide formulation and wastewater discharge. It also introduces the research 

objectives and outline of the thesis. Chapter 2 consists of a detailed literature review covering the 

background information of commercial pesticide formulation, cellulose nanomaterials (CNs) 

preparation and property, CNs as Pickering emulsifiers, CNs as drug carriers, and the application 

of CNs in crop protection as well as in water treatment. The results from all the research work 

conducted in this doctoral research are reported in the manuscript format and they are described in 

Chapter 3 through Chapter 7. Specifically, Chapter 3 reports on the synthesis of an amphiphilic 

cellulose nanocrystals through reductive amination reaction at its reducing end, and its capacity as 

a Pickering emulsifier for hydrophobic pesticide encapsulation was investigated. Chapter 4 

provides a scalable and novel solution to prepare organic solvent- and surfactant-free pesticide 

nano-dispersion using cellulose nanocrystals as carriers. Its pest control efficiency was evaluated 

in both laboratory and field trial experiments. Chapter 5 to Chapter 7 focuses on the pollutant 

removal from wastewater using aerogels prepared using cellulose nanofibrils (CNFs). Chapter 5 

and Chapter 6 report on the synthesis of aminated and carboxylated cellulose aerogels for the 

capture of heavy metal ions (such as Cu2+) respectively. Chapter 7 describes and discusses an 

ambient amphiphilic and underwater super- oleophobic carboxylated cellulose aerogel for oily 

wastewater treatment including spilled oil recovery and emulsified oil droplet removal, and for 
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emulsified water droplet removal from oil. In addition, the potential of the aerogel as water and 

nutrient capture and delivery platform for promoting plant growth was explored. Lastly, Chapter 

8 summarizes the major conclusions and contributions of this research work along with the 

recommendations for future studies.  
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Chapter 2* Literature review 

 

2.1 Commercial pesticide formulations 

As most of the pesticide active ingredients (AI) are insoluble in water, auxiliary ingredients, such 

as solvents, surface active compounds, and stabilizers are used to prepare the pesticide formulation. 

Commercial pesticide formulations typically consist of: emulsifiable concentrates (EC), 

suspension concentrates (SC), soluble concentrates (SL), capsule suspension (CS), wettable 

powders (WP), water-dispersible granules (WG), granules (GR), tablets (TA), etc. The specific 

format is determined by the property of AI, for example, its solubility in organic solvents and its 

toxicity to non-target organisms. Each formulation has its advantages and disadvantages, and the 

general components, characteristics, and preparation process of the most widely used formulations 

such as EC, SC, WP and WG are reviewed. 

Emulsifiable concentrates (EC) 

EC is a concentrated oil-in-water emulsions consisting of an organic solvent (e.g., toluene and 

xylene) with the solubilized AI and large amounts of surfactants (e.g., alkylphenol ethoxylates). 

The solvent type determines the odor, viscosity, flammability and potential phytotoxicity of the 

formulation. Upon dilution, EC forms oil-in-water emulsions, where creaming and oil droplets 

coalescence are commonly observed during application. Due to the presence of toxic solvents, ECs 

may be more phytotoxic to plants than other types of formulations, especially for active ingredients 

that are intended to remain on the leaf surface and not to penetrate plant tissues. 

Suspension concentrates (SC) 

A SC formulation usually contains milled AI particles suspended in water with the aid of 

suspension agents to prevent the AI particles from settling. To increase the water dispersity of AI 

particles, wetting agents are required as most AIs are hydrophobic. The SC formulation generally 

possesses high viscosity to prevent phase separation. Upon dilution in water, AI particles tend to 

settle in the tank bottom due to the reduced concentration of suspension agents and their micro-

size. Therefore, it is critical that agitation be maintained on dilution. Depending on the formulation, 

the solids can be difficult to resuspend once they have settled.  

Wettable powders (WP) 

 
* This chapter is adapted from a manuscript in preparation for a review paper.  
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WP is a powder pesticide formulation comprising of milled AIs, usually with a carrier, inert fillers, 

and other additives. As WPs are dry powders, they can be dusty and require proper protection. 

Upon dispersing in water, WPs form a suspension similar to SC, thus agitation should be 

maintained during dilution.  

Water-dispersible granules (WG) 

Water-dispersible granules (WGs) are also dry formulations that are similar with WPs except they 

consist of larger AI particles and are typically much less dusty. Prior to the application, they are 

required to be dispersed in water to form a suspension consisting of solid particles. Similarly, 

adequate agitation must be maintained to prevent the settling of the solids. 

2.2 Cellulose nanomaterials preparation and property 

2.2.1 Cellulose nanomaterials preparation 

Cellulose is a high molecular weight linear polysaccharide containing β-D-glucopyranose units, 

where the repeating segments are connected via the β-1, 4-glycosidic linkages. Cellulose is an 

abundant material widely found in wood, plants, tunicates, algae, and bacteria. It is a promising 

material due to its abundance, biodegradability, and low cost. Cellulose fibers are comprised of 

alternating tightly packed crystalline regions and loosely packed amorphous regions as shown in 

Figure 2.1 (A). Such characteristic provides the scientific basis for researchers to prepare CNs. 

Under chemical, mechanical, or enzymatic treatment, the loosely packed amorphous domains can 

be partially or completely removed, producing CNFs or CNCs, respectively. As proposed by the 

Technical Association of the Pulp and Paper Industry (TAPPI), US Department of Agriculture, US 

Forest Service and various Canadian entities, the classification of CNs can be divided into two 

groups, namely cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs).  

The detailed isolation procedure of CNs from biomass have been reviewed by Rajinipriya et al.,15  

García et al.,16  Mishra et al.,17 and Moon et al..21 Generally, CNCs are produced via acid hydrolysis 

of the cellulose fibers, while CNFs are prepared solely by mechanical disintegration treatment or 

combined with chemical treatment as shown in Figure 2.1 (B). Using mineral acids, such as 

sulfuric, hydrochloric, or phosphoric acids treatment, the amorphous regions in the cellulose fibers 

are disintegrated, leaving behind the crystalline domains, which is generally referred to as CNCs. 

In recent 5 years, organic weak acids, such as citric acid, maleic acid, oxalic acid, were also 

reported for the preparation of CNCs. CNCs extracted from plants possess lateral dimensions of 

5-10 nm, lengths ranging from 60- 250 nm and thickness of around a few nanometers depending 
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on the sources. For example, CNCs extracted from cotton possessed a length of 195 ± 35 nm, width 

of 22 ± 3 nm, and thickness of 6 ± 0.2 nm.22 In addition, negatively charged ester groups are 

decorated on CNCs after hydrolysis, which induce electrostatic repulsion between CNC particles, 

resulting in an excellent colloidal stability. On the other hand, mechanical shearing, such as 

refining, grinding, microfluidization, intense ultrasonication, high-pressure homogenization and 

chemical treatment (TEMPO oxidation and acid hydrolysis) are used to prepare CNFs. CNFs 

contain some amorphous domains, and their dimension differ widely depending on the 

methodology and treatment process. For example, Zimmermann et al. reported the use of a 

microfluidizer (Microfluidics Inc., USA) for CNF production. Sulphite pulp suspensions were first 

treated by an ultra-turrax (FA IKA) at 24,000 rpm for 8 h, and then subjected to microfluidization 

at a pressure of 1000 bar for 60 min. Finally, CNFs with a diameter of 20-100 nm and length of 

several tens of micrometers were obtained.23 In another study, Isogai et al. prepared CNFs from 

native wood celluloses through TEMPO oxidation, yielding individual nanofibers with a width of 

3-4 nm and length of several microns.24 Typically, CNF have a diameter of 5-50 nm and a length 

of few micrometers.25 

2.2.2 Properties of cellulose nanomaterials 

In addition to sustainability and biodegradability, CNs also possess favorable physical and 

chemical properties. As nanoscale materials, CNs exhibit superhydrophilicity, large surface area, 

high aspect ratio, excellent colloidal stability (refers to CNCs), and high modulus. Besides, various 

modifications can be performed on CNs due to the abundance of surface hydroxyl groups. Moon 

et al. summarized the commonly used approaches for the surface modification of CNs. These 

strategies can be categorized into 3 distinct groups: (1) decoration of functional moieties on CNs 

during their preparation process as shown in Figure 2.1 (C), (2) physically adsorb modifying agents 

onto the surface of CNs as shown in Figure 2.1 (D), and (3) chemically grafting reagents to the 

surface of CNs as highlighted in Figure 2.1 (E).26 These advantages can be used for the design of 

systems for many different applications, and this topic will be discussed in section 2.3 to section 

2.7. 
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Figure 2.1 (A) Schematic of the tree hierarchical structure.27 (B) Schematic diagram showing the 

process of extracting CNs from trees along with micrographs of wood fibers during the various 

stages of the extraction process.28 Surface modification on CNs by the extraction method (C), by 

physical adsorption (D), and by chemically grafting (E).26 

In addition to surface functionalization, there are several reports on the end-modification of CNCs 

in the recent 10 years. The phenomenon that the hemiacetal ring form of glucose is in equilibrium 

with an open-chain aldehyde form as shown in Figure 2.2 (A), so called mutarotation, was 

discovered at the beginning of the 20th century.29 Although such characteristic has been known for 

decades, the end-modification on CNCs that utilizes the reducing end (reactive aldehyde group) 

have only emerged recently, because of analytical challenges associated with the low concentration 

of the modified groups. It is known that the cellulose chains of native cellulose are aligned in 

parallel, thus the reducing end groups in CNs are at the same terminal. To date, reducing end 

modification is mainly performed on CNCs for interface stabilization, fluorescent labelling, 

composite reinforcement, and self-assembly regulation as seen in Figure 2.2 (B).30  The most 

commonly used approaches for the modification of the aldehyde end-group are summarized in 

several studies. These methods can be classified into 4 types: (1) hydrazine, hydroxylamine, and 

thiosemicarbazide ligation,31 (2) reductive amination,32 (3) Pinnick oxidation or followed by 
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amidation,33,34 and (4) Knoevenagel condensation.35 The corresponding chemical reaction scheme 

is shown in Figure 2.2 (C). 

 

  

Figure 2.2 (A) Open chain mutarotation phenomenon of cellulose chain, (B) several reported 

applications of reducing end-modified CNCs,30 (C) most commonly used approaches toward 

modifying reducing aldehyde group on CNCs.29 

2.3 Cellulose nanocrystals as Pickering emulsifiers 

Emulsions are widely used in cosmetic, food, and agriculture industries. Generally, surfactants are 

necessary to reduce the oil and water interfacial tension for preparing emulsions. Since the first 

report on Pickering emulsion by Pickering in 1907, micro- or nanoparticles have been widely used 

as “Pickering emulsion” stabilizers. With the rapid development of materials science, more and 

more types of solid particles beyond silica nanoparticles were developed as stabilizers. Also, 

additional modifications can be performed on solid particles to impart multi-functions compared 

to surfactants. Moreover, Pickering emulsions possess superior stability and low toxicity compared 

to classical emulsions.36 

To yield a stable Pickering emulsion, the key factor is to prepare solid particles with wettability 

towards both oil and water. Under partial wetting conditions, the contact angle of the air or oil/ 
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water interface with the solid (termed θ) as shown in Figure 2.3 (A) determines the type of 

emulsion for a given solid particle. For hydrophilic particles with 20° < θ < 90°, the major part of 

the particle would immerse in the aqueous phase, inducing the formation of an oil-in-water (o/w) 

emulsion. On the other hand, hydrophobic particles with 160°> θ > 90° would produce water-in-

oil (w/o) emulsions. Theoretically, particles with an angle of 90° at the oil-water interface possess 

the maximum desorption energy according to Eq. (2.1), 

𝐸 = 𝜋𝑟2𝛾𝑜𝑤(1 ± 𝑐𝑜𝑠𝜃)2 (2.1) 

where γow is the interfacial tension between oil and water; r is the radius of solid particle; θ is the 

the contact angle of the interface with the solid (measured through the aqueous phase).  

From the equation, we conclude that the particle radius has a critical effect on the adsorption 

energy, i.e., larger particles possess higher adsorption energy. As an example, the adsorption 

energy of 10 nm spherical silica nanoparticles at the toluene-water interface (γow = 36 mN·m-1) 

with a contact angle of 90° is 2750 kT, which is multiple orders of magnitude larger than thermal 

energy kT (4×10-21 J at 293 K). In contrast, surfactant molecules usually have a radius less than 

0.5 nm, which results in an adsorption energy of several kT. Thus, the adsorption of solid particles 

on the interface is considered irreversible, while surfactants could adsorb and desorb at a relatively 

short time scale.37 In recent years, particles with different shapes such as fibers, cubes, rods were 

also used as Pickering stabilizers. Compared with spheres, fibers and rods possess high aspect ratio, 

which could connect to each other and form a stable coverage on emulsion droplet at a higher 

concentration. The phenomenon was observed by Kalashnikova et al. who prepared cellulose 

nanorods with aspect ratios between 13:1 and 160:1.38 

Cellulose nanomaterials (CNs) exhibit inherent advantages as Pickering emulsion stabilizers due 

to its bio-renewability, bio-degradability, high aspect ratio and ease of functionalization. Moreover, 

it is also reported by Kalashnikova et al. that CNC possesses hydrophilic planes ((010)β/(110)α 

and (1–10)β/(100)α), and hydrophobic edge plane ((200)β/(220)α).39 The hydrophobic face could 

oriented to the oil phase while the hydrophilic faces stayed in the water phase as shown in Figure 

2.3 (B). Pristine CNC extracted from bacterial cellulose and cotton cellulose with surface charges 

less than 0.03 e/nm2 could stabilize hexadecane in water emulsions as seen from Figure 2.3 (C). 

These adsorbed CNCs functioned as physical barriers, preventing the coalescence of the droplets. 

It was reported that the surface charge played a critical role in emulsion preparation. Strong 

repulsion between CNC particles were generated when its surface charge density exceeded 0.03 
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e/nm2. To reduce the surface charged density, they prepared de-sulfated CNCs by treating sulfated 

CNCs with 2.5 N HCl. The surface charge decreased from 0.16 e/nm2 to 0 e/nm2 after treatment. 

The orientation of CNCs at the oil/water interface was confirmed using Small Angle Neutron 

Scattering (SANS) technique, and the emulsifier thickness was determined from the signal 

intensity contrast as shown in Figure 2.3 (D). SANS results revealed that the CNCs adsorbed on 

the oil droplet possessed a thickness of 7 nm, which corresponded to the lateral cross section 

dimension of the CNC measured oriented to the (200) plane, while the thickness perpendicular to 

(1-10) and (110) were around 4-6 nm. Besides, the thickness maintained at 7 nm regardless of the 

CNC concentration, suggesting that the monolayer of the sulfated CNCs were packed on the 

surface of the oil droplet, while the excess CNCs remained in the water phase.  Finally, hexadecane 

in water emulsion with an average droplet size of around 3 µm was obtained, and the corresponding 

surface coverage by the CNCs was 85%.40 

As limited by the surface charge, hydrophilicity, and insufficient wettability in the oil phase, 

pristine CNCs have limited emulsification capacity for many types of solvents, especially for polar 

solvents such as toluene. It is known that interfacial tension decreases with increasing oil polarity, 

becoming negligible when the oil and water is completely miscible. From Eq. (2.1), one can predict 

that the adsorption energy decreases with increasing oil polarity. Thus, the introduction of 

hydrophobic domains on the surface of CNCs is an effective strategy to drive the solid particles 

towards the oil phase to increase its contact angle with the interface, which enhances the adsorption 

energy to form stable oil-in-water emulsions. Recently, hydrophobic modifications of CNCs have 

been developed for stable Pickering emulsions preparation. For example, Le et al. grafted octenyl 

succinic anhydride on CNCs via esterification, and the static water contact angle of CNCs 

increased from 56.0° to 80.2° after hydrophobic modification, which allowed the modified CNCs 

to be partially wetted by both phases for food-grade oil tripropionin and tributyrin stabilization.41 

In another study, Hiranphinyophat et al. decorated a bio-compatible and bio-degradable thermo-

responsive polymer poly[2-isopropoxy-2-oxo-1,3,2-dioxaphospholane] (PIPP) on CNCs via ring-

opening polymerization of cyclic phosphoester monomers 2-isopropoxy-2-oxo-1,3,2-

dioxaphospholane (IPP). The obtained CNC-g-PIPP functioned as an effective emulsifier at 4 °C 

for the preparation of heptane-in-water emulsions, while the phase separation was observed when 

the temperature exceeded its low critical solution temperature (45°C).42 Other methods, such as 
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acetylation, carboxymethylation, surfactant coating, ATRP polymer grafting were also widely 

adopted to prepare hydrophobically modified CNCs. 

 

Figure 2.3 (A) Schematic illustration of contact angle at the air/oil interface with solid particles 

(measured through water phase) less than 90° (left), equal to 90° (middle), and greater than 90° 

(right), and the corresponding emulsions formed.37 (B) Schematic illustration of the orientation of 

cellulose nanocrystals at the oil/water interface with the hydrophobic edge (200) towards at the oil 

phase.39 (C) SEM images of polymerized styrene/water emulsions stabilized by (a) bacterial 

cellulose nanocrystals (BCN) and (b) cotton cellulose nanocrystals (CCN).39 (D) A concept 

demonstration of the CNC layer thickness measurement by SANS.40 

2.4 Cellulose nanocrystals as carriers 

As introduced earlier, CNCs possessed bio-compatibility, low toxicity, high surface area, and 

excellent colloidal properties. Its use as carriers for drugs, dyes and inorganic particles were 

reported in recent years.43–46 The carriers can be a hydrogel, a complex particle formed by CNC 

and other polymers, a film, a membrane, or CNC itself. Here, we summarize the recent key 

progress of using CNCs solely to conjugate/load organic compounds in dispersion form. In 2011, 

Jackson et al. first reported the use of CNCs as a drug delivery excipient. These CNCs bound large 

quantities of water-soluble, ionizable drugs tetratcycline and doxorubicin by opposite charge 
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interaction, achieving around 20 wt% drug loading capacity (0.5 mg tetratcycline on 2 mg CNCs). 

For loading hydrophobic anticancer drugs, such as docetaxel, paclitaxel, and etoposide, cetyl 

trimethylammonium bromide (CTAB) was used to decorate hydrophobic domains on CNCs. 

Around 200 µg hydrophobic drug were bound on 2 mg CNCs via hydrophobic interaction.47 

Hydroquinone is a hydrophilic drugs that could inhibit the production of melanin and eliminate 

the discolorations of skin. Taheri et al. introduced cellulose nanocrystals as suitable carriers for 

the delivery to skin. A maximum 79.32% binding efficiency was obtained when 1.1 mg 

hydroquinone was added to 2 mg of cellulose nanocrystals.48 In 2017, a detailed study on CNCs 

as carriers for water-soluble drug was reported by Wijaya et al., who extracted CNCs from 

passionfruit peels through sulfuric acid hydrolysis to conduct the binding experiments. Its 

adsorption for tetracycline, a pH-dependent amphoteric antibiotic, was investigated at 30 ℃ in 

various pH conditions (3, 4, 5, 6, and 7). A maximum adsorption capacity of 129.5 mg/g was 

achieved at pH 3. It’s known that the tetracycline molecules exist as cations at pH < 3.3, as 

zwitterions at pH between 3.3-7.7, and as anions at pH > 7.7. In addition, hydrophobic interaction 

between the CNCs and tetracycline increased with decreasing pH, which also contributed to the 

adsorption capacity.44  

The loading capacity of CTAB modified CNCs for water-insoluble drugs was investigated by Qing 

et al., who coated a cationic surfactant cetyltrimethylammonium bromide (CTMAB) onto spherical 

CNCs via electrostatic interaction. Adsorption isothermal studies indicated that the adsorption of 

CTMAB on CNCs followed the Freundlich model, which suggested a multi-molecular layer 

adsorption. Kinetics study revealed that the adsorption followed the pseudo-second-order kinetics 

process. The CTMAB coated CNCs possessed a stable and good dispersion in water, which were 

further used as carriers for two water-insoluble anticancer drug luteolin (LUT) and luteoloside 

(LUS). Moreover, the drug loading and release performance of CTMAB-coated NCC were studied 

using as model drugs. The hydrophobic CTMAB could bind hydrophobic drugs and resulted in a 

loading capacity of 12.9 ± 1.5 and 56.9 ± 0.9 mg/g for LUT and LUS, respectively. In addition, 

the authors also attributed the drug loading capability to the possible electrostatic attraction 

between positive CTMAB and negative charged drug particles. Both LUT and LUS showed a 

sustained release manner at 37℃ in PBS buffer solution over one day observation.49 

The performance of pristine CNCs for loading hydrophobic compound was investigated by Sun et 

al. and Tang et al. in 2014 and 2017, respectively. A hydrophobic spirooxazine (SO)-based dye 
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was loaded to CNCs prepared by sulfuric acid hydrolysis. Nano scaled SO dyes were uniformly 

distributed on CNCs as shown in Figure 2.4 (A), which significantly improved the photochromic 

efficiency of SO. However, the loading capacity and adsorption mechanism of CNC for 

hydrophobic SO dyes were not examined.45 In the study reported by Tang et al., pristine CNCs 

prepared by sulfuric acid hydrolysis was used as carriers for dispersing a hydrophobic antioxidant, 

20 (R)-ginsenoside Rg3, to improve its free radical scavenging property. Similarly, the surface 

charge of 20 (R)-ginsenoside Rg3, the loading capacity of CNCs and adsorption mechanism were 

also not discussed.50 Nevertheless, their researches have demonstrated that pristine CNCs without 

surface modification could be an effective carrier for loading and dispersing water insoluble 

compounds to improve their water dispersity and solubility. These findings provide insights for 

the administration of drugs with low water solubility. It has been previously reported that 

compounds, such as CTAB and PEI possess cytotoxicity that could led to adverse effects on cell 

survival, viability, and proliferation. In contrast, CNCs itself exhibited very low cytotoxicity, 

which is very promising as drug vehicles. 43,51,52 

2.5 Cellulose nanomaterials for pesticide encapsulation  

With the advancement of nanotechnology, nanomaterials have been incorporated in many systems 

due to their size, high surface area, as well as attractive mechanical properties.53 Nanomaterials 

are widely used to design systems for drug delivery, which can also be used for pesticide delivery.54 

As discussed earlier, CNs are extracted from bio-mass based materials, they are sustainable, 

renewable, and bio-degradable. They are very promising materials for the fabrication of pesticide 

delivery systems to reduce the carbon footprint. Encapsulation technology is very effective to 

reduce AI loss, improve handling safety, prevent AI degradation, and control AI delivery.55 This 

section summarizes systems prepared using CNs for pesticide encapsulation. Based on the 

nomenclature, the systems can be classified into hydrogels, emulsions, capsules, dispersions, and 

other types of systems. 

2.5.1 Cellulose nanomaterial-based hydrogels for pesticide encapsulation 

Hydrogels possess highly porous structure that allows the loading of compounds into the matrix. 

Therefore, it is very promising to load pesticides, which could be released from the matrix at a rate 

that is dependent on the diffusion coefficient upon swelling. For example, Nörnberg et al. 

incorporated 5 wt% cellulose microfiber into alginate solution, and the mixture was further 

crosslinked with CaCl2 to prepared hydrogel beads.56 The addition of CMF increased the herbicide 
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imazethapyr (IMZ) encapsulation efficiency (>85%) by reducing the crosslinking density within 

the beads network, which generated more vacant spaces for loading IMZ molecules. Release 

experiments in water showed that the beads could prolong the herbicide release by up to 30 days.  

Bacterial cellulose (BC) is produced by bacterial species, and it exhibits high water holding 

capacity, and gel-like character. BC has similar chemical composition to the plant cellulose, and 

it possesses higher purity, crystallinity, and water absorbance. Alonso-Díaz et al. anchored Ag NPs 

in bacterial cellulose by in-situ thermal reduction under microwave irradiation to construct a slow 

release of silver nanoparticles hydrogel patch (BC-AgNPs) for pathogens control.57 The hydrogel 

texture exhibited excellent adherence to N. benthamiana leaves as shown in Figure 2.4 (B), 

reducing nanoparticles loss and roll-off. The authors also assessed the in vitro antibacterial and 

antifungal properties of the hydrogel patch against the bacteria Escherichia coli and two agro-

economically relevant pathogens: the bacterium Pseudomonas syringae and the fungus Botrytis 

cinereal (a causal agent of gray mold disease). Results showed that the BC-AgNPs exhibited 

positive inhibitory effect towards Escherichia coli and inhibited Botrytis cinereal colonization and 

spore production. Besides, the authors also studied the in vivo inhibition of the BC-AgNPs in 

Nicotiana benthamiana and tomato leaves infected by P. syringae. The positive inhibitory 

properties were proven by quantitative gene expression profiling of various plant defense marker 

genes (Pathogenesis-related a1, Homebox 1 and Harpin-induced gene) and reduced production of 

reactive oxygen species (H2O2). 

2.5.2 Cellulose nanomaterial-based emulsions for pesticide encapsulation 

As introduced in Section 2.1, the production of EC involves organic solvents and synthetic 

surfactants, which generate adverse effects to the environment and non- target organisms. In recent 

years, many studies have demonstrated that Pickering emulsions (emulsions stabilized by solid 

particles) possessed better thermal stability and required less emulsifier compared to surfactants 

stabilized emulsions due to their irreversibly adsorption at the oil/water interface.58,59 Cellulose 

nanomaterials have been widely used as Pickering emulsion stabilizers in food and oil recovery 

industry, showing good promise to replace traditional surfactants in agrochemical formulations.  

Essential oil (EO) is plant-derived compound that display a broad-spectrum biological activity 

such as anti-repellency, anti-germination, fungicidal, antibacterial, etc.  EO mainly consist of 

terpenes, terpenoids, and rarely nitrogen- and sulphur-containing compounds. In agriculture, EO 

has been used as pest repellent and anti-bacterial agents.58 Its mode of action is through passing 
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the cell wall and penetrating between the fatty acid chains of the lipid bilayer, making the cell 

membrane more permeable. Eventually, it can cause cytoplasm leakage, cell lysis and cell death, 

thus inhibiting the sporulation and germination of spoilage fungi. On the other hand, some studies 

shown that EO can play a role in plant defense mechanisms by production of secondary metabolites 

such as alkaloids, benzoxazinoids, phenolics, and terpenoids for self- protection. Some typical 

examples of EO are cinnamon, citronella, lemon grass, garlic, thyme, eugenol, and turpentine. 

Compared to synthetic agrochemicals, EOs can reduce the environmental risk and are exempted 

from registration along with extensive toxicological and environmental tests. However, EO is 

volatile, which is not favorable for long term storage. Therefore, techniques such as encapsulation 

are required to formulate stable EO based products.60 

Shin et al. encapsulated thyme white essential oil, which composed of p-cymene (38.14%), thymol 

(35.82%), limonene (7.93%), pinene (7.22%), and linalool (3.57%) using sulfate CNC (degree of 

sulfate substitution was 0.40) as emulsifier.61 The successful EO encapsulation was evident by 

confocal microscopic images as shown in Figure 2.4 (C).The droplet size decreased with 

increasing CNC content, which in turn enhanced emulsion stability as demonstrated by the 

turbidity and rheological tests. Also, the antimicrobial activity against Escherichia coli and 

Staphylococcus aureus of the emulsion were investigated. The Pickering emulsion exhibited 

positive results with a lower minimal inhibitory concentration (MIC) and minimum bactericidal 

concentration (MBC) values when compared to the pure EO counterpart. As seen from Figure 

2.4(D), the emulsion possessed faster and longer bactericidal activity than pure EO due to the 

increased permeability towards bacterial as well as the densely absorbed CNC shell that reduced 

the volatility of EO. At last, the emulsion shown larvicidal activity against Asian tiger mosquito 

Aedes albopictus.  

In another study, Mikulcová et al. conducted a more detailed study using nanocellulose (CNC and 

MFC) as emulsifier for three types of antimicrobial EO (cinnamaldehyde, eugenol and limonene) 

encapsulation.62 The effects of nanocellulose type, EO type and content on the emulsion 

antibacterial activity were investigated.  In terms of emulsion droplet size, 0.5 wt% CNC could 

yield smaller droplet size (14-34 μm) compared to 0.5 wt% MFC (27-51 μm). This is because the 

shorter length CNC could accommodate a higher curvature and form a dense layer on the droplet 

surface, while longer length MFC lack such flexibility. Oil polarity is another factor affecting the 

droplet size, where oil with lower polarity yielded smaller droplet size. Thus, smaller droplet sizes 
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were observed in limonene and cinnamaldehyde emulsions. The antibacterial activity was mainly 

governed by oil type, and they followed the order cinnamaldehyde > eugenol > limonene. 

Cellulose type only played a minor effect on the antibacterial activity when higher oil content was 

used. At lower oil content, MFC stabilized emulsions displayed slightly better inhabitancy, 

however, the authors did not give a clear explanation for such phenomenon. Besides, the emulsions 

displayed stronger inhibition efficiency on Gram positive bacteria than Gram negative species. 

The CNC and MFC stabilized emulsions exhibited good storage stability of 8 weeks and they could 

be effective in protecting the EO from oxidation and volatilization. 

  

 

Figure 2.4 (A) TEM images of CNCs before (a) and after loading SO dyes (b).45(B) Antibacterial 

and antifungal activity of BC-AgNPs in N. benthamiana against P. syringae. (a) BC-AgNPs 

adhered to a N. benthamiana leaf. (b) Three-week-old N. benthamiana plants were infiltrated with 

P. syringae (DC3000) at an O.D.600 of 0.0008. After infiltration, infected areas were covered with 

different treatments: BC-AgNPs, BC, or left uncovered. 57 (C) Size distribution of CNC/EO PE 

prepared at the different contents of CNCs.61 (D) Antimicrobial activity of CNC/EO PEs and 

thyme white only against E. coli, The extracts were diluted 1000 times and spread on an agar plate 

after the storage for (A) 0 d, (B) 10 d, and (C) 25 d. 61  
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2.5.3 Cellulose nanomaterial-based capsules for pesticide encapsulation 

Designing of microcapsule for AI encapsulation is highly desirable as it ensures safer handling, 

reduces AI leaching and early degradation. Pickering emulsion can be used as template to prepare 

microcapsule. For example, Tang et al. developed polydopamine (PDA) microcapsule templated 

by cinnamoyl chloride modified cellulose nanocrystals stabilized W/O Pickering emulsion for 

essential oil (turpentine) and herbicide (2,4-D) encapsulation.63 This technique eliminated the 

template etching process and the use of synthetic surfactant and achieved a 2,4-D encapsulation 

efficiency of 74.9% when 1200 mg dopamine was used. The PDA microcapsule exhibited 

sustained release of the herbicide and showed potential leaf affinity as well as UV resistance due 

to the adhesive PDA shell and UV absorption capacity of cinnamoyl moiety. In another study, 

Kadam et al. modified CNF by stearic acid to prepare surfactant free W/O and O/O emulsions, 

which functioned as templates to prepare polyurethane microcapsules through interfacial 

polycondensation.64 The hydrophobicity of the modified CNF was demonstrated by its water 

contact angle of 112.2°. Such hydrophobic CNF could be well dispersed in paraffin oil as the 

continuous phase. Then, the dispersed phase containing a water sensitive insect repellant agent N, 

N-diethyl-3-methylbenzamide (DEET) and monomer toluene- 2, 4-diisocyanate (TDI) was added 

to the continuous phase under vigorous stirring to produce emulsions. Afterwards, ethylene glycol 

(EG) was added to the mixture to conduct the interfacial polycondensation with TDI. The presence 

of CNF in the microcapsule wall greatly decreased DEET release rate due to its barrier effect. 

2.5.4 Cellulose nanomaterial-based dispersions for pesticide loading 

Compared to microscale emulsions and capsules, pesticide formulation in nanoscale can greatly 

facilitate its bioavailability (especially for poorly water-soluble pesticides) due to the enhanced 

surface area and better leaf affinity. Nano-suspension or nano-dispersion is an important type of 

nano- formulations. Different from emulsifiable concentrate (EC), nano-dispersion has no organic 

solvents in the final product, which can reduce environmental risk and enhance safety to end users 

and non- targeted organisms. Also, unlike suspension concentrate (SC), whose AI particles are 

generally produced by top-down approach, nano-dispersion usually produce AI nanoparticles by 

bottom-up approach. SC also requires mixing surfactants to stabilize the AI NPs, while the AI NPs 

in nano-dispersion were often loaded onto the nano-carriers. NPs, such as silica, metal, metal 

oxides, lipids, carbon, and polymeric nanoparticles are some common nano-carriers for 

agrochemicals.  
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In recent years, CNCs display advantages as drug carriers in food, cosmetic, biomedical and 

nutraceutical applications. However, the exploration of CNCs as agrochemical carriers was less 

reported. CNC can be a very competitive candidate to formulate water-based pesticide nano-

dispersions considering its excellent colloidal stability due to its high negative surface charge and 

nano dimension. Another advantage of CNC is its rod-shape particle. In general, CNC has an 

average length of around 200 nm and width of 10 nm, hence it possesses a moderate to large aspect 

ratio. The rod-like morphology will prevent the rolling off from leaves, thereby offering good 

foliar retention properties. It is widely accepted that the size of the pesticide particle significantly 

affects its bioavailability and efficacy. CNC as carrier for pesticide and a length of around 200 nm, 

imparts significant advantage compared to the micro-/bulk pesticide particles. For example, 

Elabasy et al. loaded a water-soluble pesticide thiamethoxam (TMX) on CNC by emulsion solvent 

evaporation method as shown in Figure 2.5.65 Briefly, TMX and CNC were mixed with methylene 

chloride as the organic phase, then dropped to the water phase containing PVA under stirring to 

form O/W emulsions. The mixture was subjected to solvent evaporation to produce TMX loaded 

CNC nanosuspension. TGA results and UV analysis revealed that the loading efficiency and 

entrapment efficiency of TMX was 18.7% and 83.7 ± 1.8%, respectively. The release study of 

TMX from CNC indicated a sustained release behavior, achieving 12.73% in 72 h. The slow-

release rate was due to the hydrogen bond interaction between CNC and TMX. The bioassay test 

against Phenacoccus solenopsis was conducted by a leaf dipping method. Leaves were dipped in 

the nano-formulation or control formulations containing different concentrations of TMX, and 10 

P. solenopsis second-instar nymphs were transferred to the dried leaves. The TMX loaded CNC 

nano- formulation exhibited lower LC50 than the technical and commercial formulation due to the 

smaller particle size and larger surface area. 

 

Figure 2.5 Schematic description of the preparation of the thiamethoxam (TMX)-loaded cellulose 

nanocrystals (CNCs).65 
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In another study, hexadecyl trimethyl ammonium bromide (CTAB), an efficient anti-microbial 

surfactant, was coated on CNC via electrostatic interaction for oomycete control.66 Atomic force 

microscope (AFM) analysis indicated that the diameter of CNC increased from 21.6 ±1.8 nm to 

32.5 ±1.6 nm after being coated with CTAB. Besides, a change of zeta potential from -39.4 mV to 

+7.7 mV was observed after the coating with CTAB because of the quaternary ammonium head 

groups. The antimicrobial activity was achieved through the adsorption of quaternary ammonium 

moiety of CTAB onto the cell surface, which enabled its hydrophobic long chain to interact with 

the phospholipid bilayer of the cell membrane. Such interaction could destroy the self-assembled 

structure of the pathogeny cell membrane, leading to cell death. Enhanced anti-oomycete 

efficiency was observed by increasing CTAB@CNC concentration or CTAB coating density. The 

particle could also prevent infestation when applied on the leaves of pepper achieving a disease 

index as low as zero when CTAB density was greater than 3.96 × 10-2 nmol/cm2.  

2.5.5 Other cellulose nanomaterial-based systems for pesticide encapsulation 

To prepare an anti-UV membrane for controlled biopesticide potenone and chlorogenic acid 

release, microcrystalline cellulose was dissolved in N, N-dimethylacetamide (DMAc)/ LiCl 

mixture to yield a homogenous cellulose solution. An isocyanate crosslinker synthesized by 

toluene di-isocyanate (TDI) and an excellent UV absorber 4,4’-dihydroxy benzophenone (DHBP) 

was added to the cellulose solution to produce mechanically robust, hydrophobic and anti-UV 

cellulose membrane.67 

Patil et al. mixed CNF derived from sugarcane bagasse in starch with urea-formaldehyde granules 

to encapsulate a well-known mosquito repellent agent dimethyl phthalate (DMP).68 The CNF-

reinforced starch granules displayed much higher water uptake capacity than granules without 

CNF, which was attributed to the increased hydrophilicity after the addition of CNF. It is worthy 

to note that the incorporation of CNF could reduce initial burst release of DMP, which enhance 

the overall release amount. The authors indicated that the addition of CNF could reduce the 

network porosity, thus inhibiting the initial release. On the other hand, the overall increase of the 

DMP release in CNF incorporated granule was due to water induced swelling.  

The barrier effect of CNF to reduce the pesticide release rate was also reported by Mattos et al., 

who blended CNF with nano-SiO2 isolated from Equisetum arvense (horsetail) for tebuconazole 

loading.69 The added CNF was able to trap the silica nanoparticles in a compact structure. 

Moreover, CNF possessed affinity towards tebuconazole due to the hydrophobic interaction 
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between the non-polar moieties from tebuconazole and hydrophobic backbone of CNF. A short-

term slow-release rate was achieved by the dual effects of CNF.  

2.6 Cellulose nanomaterials for aerogels preparation 

Since the first report of silica aerogel by Kistler in 1931 using super-critical drying method, many 

types of aerogels have been synthesized from the advancement of material science and drying 

techniques. In the beginning, the terminology “aerogel” was reserved for porous materials 

prepared by supercritical drying, while porous materials obtained by ambient evaporation and 

freeze-drying were referred to as xerogels and cryogels, respectively. However, the definition of 

aerogel has shifted from drying method to pore size in recent years. At present, any lightweight, 

sol- gel derived porous materials with predominantly mesoporous (pore size between 2 and 50 nm) 

pores are considered as an aerogel. Recently, sol-gel derived porous materials that possess 

macroporous (>50 nm) pores were also called as aerogels, which are also appropriately labelled as 

foams or sponges.70 Therefore, we adopt “aerogel” to describe porous materials that are sol-gel 

derived and possess predominantly mesoporous or macroporous structure throughout the thesis.  

Aerogels have attracted significant interest due to their unique characteristics, such as high 

porosity, low density, large surface area and low thermal conductivity. They have demonstrated 

excellent advantages as absorbents, heat insulators, scaffolds, and sensors. Currently, research 

activities on aerogel synthesis are motivated by using sustainable precursors rather than traditional 

polymer derived from petroleum products. As the most abundant and sustainable bio-synthesized 

material, cellulose fibers have attracted intense interests for aerogel preparation. In addition, 

aerogels prepared by cellulose fibers exhibit better mechanical property than silica based inorganic 

aerogels. 71 CNs expose more hydroxyl groups and larger surface area than raw cellulose fibers, 

and they are very promising for designing functionalized aerogels through surface modification. 

In the following sections, the advances in the preparation process, drying methods, commonly used 

pore forming templates, and aerogel beads preparation based on cellulose nanomaterials are 

reviewed.  

2.6.1 General preparation process 

In general, the preparation of CNs aerogel involves three steps: 1) preparation of CN dispersion; 

2) gelation of CN by physical or chemical crosslinking, 3) drying of wet gels. In some situations, 

only step 1) and 3) were performed to produce pristine CN aerogels, which were subjected for 

post-modification treatment to obtain robust and functionalized aerogels. Physical crosslinking 
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induced gelation includes hydrogel bonding interaction, ionic/electrostatic interaction, reversible 

bonding, and self-assembly, while chemical crosslinking formed irreversible covalent bonds 

between the cellulose chains. For example, Zheng et al. prepared a hybrid physically crosslinked 

CNF/PVA aerogel by freeze drying, followed by treatment with methyltrichlorosilane via a 

thermal chemical vapor deposition process.72 Lewis et al. adopted a freeze-thaw method to induce 

the gelation of CNCs by physical aggregation as shown in Figure 2.6 (A),73 Dong et al. reported 

the ionic gelation of carboxylated CNF by divalent or trivalent cations (Ca2+, Zn2+, Cu2+, Al3+, and 

Fe3+) (Figure 2.6 (B)),74 Li et al. prepared chemically crosslinked CNF gel network by crosslinking 

of PEI on CNF with GPTMS as crosslinkers (Figure 2.6 (C)).75 A drying process is required to 

displace the liquid with gas to maintain porous network after gelation. The dried product is referred 

to as aerogel. 

2.6.2 Drying methods 

2.6.2.1 Ambient drying 

During the drying process, the evaporation of the solvent at the gas-liquid interface transmitted to 

the pore walls can generate capillary pressure, which is caused by the liquid surface tension at the 

liquid-solid interface that is sufficient to induce structural collapse.76 As illustrated in (a) of Figure 

2.6 (C), the resultant forces on the pore walls in the horizontal direction are not balanced, which 

ultimately lead to the collapse of the pores. The capillary pressure can be expressed by the Young- 

Laplace formular in Eq. (2.2) 

𝑃 = −
2𝛾 cos 𝜃

𝑟
    (2.2) 

where γ is the surface tension of the solvent in the gel, θ is the contact angle between the solvent 

and the pore wall, r is the radius of the pore.  

To reduce the capillary pressure, four strategies are adopted for ambient drying based on Eq. (2.2): 

i) replace water in the wet gels with solvents of low surface tension, ii) increase the pore size to 

reduce θ, iii) regulate the uniformity of the pores, and iv) increase the pore mechanical strength by 

crosslinking reaction. For example, Toivonen et al. adopted a solvent exchange process for vacuum 

filtrated CNF gel to prepare CNF aerogel as shown in Figure 2.6 (D). Water was exchanged with 

2-propanol and further to octane, followed by ambient drying, and no lateral shrinkage was 

observed upon drying from octane.77 In another work by Li et al., acetone was used to replace 

water in the wet CNF gel during Soxhlet extraction to decrease the capillary pressure within the 
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pores, and subjected to ambient drying. The obtained aerogels possessed excellent flexibility and 

a much higher (4.3 times) specific surface area than that obtained from freeze-drying.75 However, 

ambient drying cannot completely prevent the collapse and cracking of the pore structure due to 

the presence of surface tension of air-solvent interface. In addition, the integrity and porosity of 

the aerogel is highly dependent on the replaced solvent as well as the replacement time. 

2.6.2.2 Supercritical drying 

Supercritical drying method is performed under high pressure and temperature conditions based 

on the supercritical fluid (e.g., carbon dioxide, alcohol, and acetone) principle. Carbon dioxide is 

commonly used in supercritical drying methods because of its accessible critical temperature and 

pressure (304 K, 7.4 MPa) and the advantages of low cost and high safety. Gas-liquid conversion 

occurred under the critical conditions, where no liquid surface tension existed during the solvent 

replacement. The benefits of using this method are that it can avoid damage to the three-

dimensional network structure caused by capillary pressure inside the pores. The produced aerogel 

has a low shrinkage rate, which allows the production of aerogel materials with a more uniform 

structure. For example, Sakai et al. prepared CNF aerogel using CO2 supercritical drying and 

compared with freeze drying.78 They concluded that aerogels from supercritical drying possessed 

much higher surface area (160 m2/g) than freeze dried aerogels (30 m2/g), which agrees with the 

conclusion from Darpentigny et al. 79  However, supercritical drying is not extensively used, 

mainly because of the high cost of the equipment for extreme conditions (temperature and vacuum) 

and complexity of the process. Besides, the process can be solvent- and time-consuming. 

2.6.2.3 Freeze drying 

Compared to supercritical drying and ambient drying methods, freeze-drying is the most common 

method to make lightweight porous CN aerogels from the wet gels according to a literature survey 

shown in Figure 2.7 (A). During the freeze-drying process, the gel is first frozen at a temperature 

below the freezing point of the liquid medium (usually water). Then, the solid ice crystals are 

eliminated by sublimation under low pressures, leaving pores in the network. This process avoids 

contact with the gas-liquid phases, thus preventing the capillary pressure formed during the drying 

process. Freeze-drying is a simple, efficient, and environment-friendly method, and the resulted 

aerogel has a lower rate of shrinkage and excellent porosity. 
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Figure 2.6 (A) gelation caused by physically aggregation of CNCs.73 (B) Free-standing gels formed 

ionic gelation between metal salt and carboxylated CNF dispersions.74 (C) (a) Capillary pressure 

analysis of pore walls of porous materials during the drying process and (b) schematics of the 

cross-linked networks.75 (D) Schematic illustration of the preparation process of CNF aerogel 

membranes and its photograph of CNF aerogel membrane (left) and compacted film (right).77 (E) 

CNF aerogel prepared from freeze drying method and (F) supercritical drying method and their 

SEM images.78 

2.6.3 Pore forming templates 

To create a porous structure, a template is required during the gel formation process.  The template 

is either removed during the drying process or removed by post-treatment process, leaving the 

cavities in the network. These templates can be categorized as ice crystals, emulsions, air bubbles 

and solid particles. Among them, ice crystals are most commonly used templates during the 

aerogel preparation. 

2.6.3.1 Ice crystal template 

Factors such as cooling rate induced by the freezing temperature and temperature gradient play 

significant roles in the pore morphology due to the ice crystals growth behavior.79 Jiang et al. 

investigated the freezing temperature on the resultant pore size and morphology of the CNF 
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aerogel. CNF suspensions were frozen for approximately 2 h in a freezer (-20 °C) or frozen in 

liquid nitrogen (-196 °C) for 5 min, followed by freeze drying.81 Much smaller nuclei were formed 

at -196 °C due to the faster cooling rate, while larger ice crystals were formed at -20 °C.  

Consequently, smaller pores were observed in the rapid frozen CNF aerogel after drying. In 

addition, the morphology of the pore walls displayed significant difference due to the different rate 

of ice formation. Seen from Figure 2.7 (B), more ordered and smoother structures were observed 

in the slower frozen aerogel, while more dispersed and less ordered thinner walls were formed in 

rapid frozen CNF aerogels as shown in Figure 2.7 (C).  

However, aerogels produced by these homogenous freezing conditions possessed randomly 

distributed pores, which prevents the aerogel from achieving a directional light propagation, heat 

and mass transfer, electrical conductivity, and water transportations. The growth direction of ice 

crystals can be controlled by manipulating the temperature gradient. To date, unidirectional 

freezing and bi-directional freezing has been reported for highly ordered porous aerogel 

preparation.  The difference between them is that one direction and two directions temperature 

gradient were applied to the gel during the freezing process. A bottom-up temperature gradient is 

applied for unidirectional freeze drying (Figure 2.7 (D, a)), inducing the ice crystals growth along 

this direction.82 Generally, honeycomb-like pores along the transverse direction and parallel 

channels along the longitudinal direction are produced in unidirectional freezing (Figure 2.7 (D, 

b)), which was also demonstrated by Pan et al.83 The authors prepared CNF monolith by 

unidirectional freeze drying, producing parallel micro-honeycomb structure in the network. Such 

structure could only allow laser light to penetrate through the aligned channels, while was blocked 

in the transverse direction as shown in Figure 2.7 (D, c). Similar to homogenous freezing, an 

inverse relation between pore size and cooling rate is also applicable for directional freezing. Seen 

from Figure 2.7 (D, e and f), the aerogel exhibited a smaller pore size when a higher cooling rate 

was applied.  
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Figure 2.7 (A) A literature survey by web of science database with a topic of “cellulose aerogel” 

and “ambient drying”, or and “supercritical drying”, or and “freeze drying” in the past 5 years. 

SEM image of CNF aerogel obtained after frozen in freezer (-20 °C) (B) and obtained after frozen 

in liquid nitrogen (-196 °C) (C).81 (D) (a) an illustration a setup for unidirectional freezing,82 (b) 

SEM images of the cross section of the transverse and longitudinal direction of CNF aerogel 

produced by unidirectional freezing, (c) Laser penetration tests on the aerogel, (d) highly 

magnified SEM image of the aerogel wall, (e, f) SEM images of the cross-sections of aerogels 

produced with a cooling rate of 50 cm/h and 2.5 cm/h into liquid nitrogen, respectively.83 (E) (a) 

an illustration a setup for bidirectional freezing, (b) SEM images of the cross section of the 

transverse and (c) longitudinal direction of graphene oxide aerogel produced by bidirectional 

freezing.84 (F) (a) an illustration the setup for bidirectional freezing developed by Wang et al. (b) 

and (c) SEM images of the cross sections of the X-Z and X-Y planes of b-PI/BC aerogel prepared 

by bidirectional freezing.85 

A radial and centrosymmetric porous structure was obtained when a bi-directional freezing was 

used as shown in Figure 2.7 (E, a). As copper rod has good thermal conductivity, the dispersion 

loaded in the setup was subjected to two temperature gradients, one from bottom-up along the 

copper rod and the other in the radial direction. Wang et al. produced graphene oxide with highly 
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ordered vertical and radially aligned structure using this method, which was demonstrated by the 

SEM images shown in Figure 2.7 (E, b and c).84 However, similar morphology has not been 

reported on CN based aerogels. A different bidirectional freezing technique was developed by 

Zhang et al. (Figure 2.7 (F, a)), where a PDMS wedge with a slope angle of around 20° sitting on 

a copper plate was used as the bottom.85 An upward temperature gradient perpendicular to the 

copper plate and a temperature gradient parallel to the diagonal of wedge were generated. Bi-

directional anisotropic polyimide/bacterial cellulose (b-PI/BC) aerogels with well-aligned lamellar 

structure were obtained by this technique. The SEM images from the X-Z and X-Y cross section 

b-PI/BC aerogel demonstrated the excellent and uniform lamellar structure (Figure 2.7 (F, b and 

c)). Significant distinct thermal insulation behaviors were observed in the radial direction 

(perpendicular to the lamella) and in the axial direction (parallel to the lamella). Ultra-low thermal 

conductivity of 23 mW m-1 K-1 in the radial direction was observed, which was nearly twice times 

lower than the axial direction (44 mW m-1 K-1). The anisotropy structure shows promise for heat 

management in thermal insulation applications.  

2.6.3.2 Emulsion template 

As described earlier, CNs are excellent Pickering emulsifiers for emulsion preparation. Oil 

droplets are trapped by CNs with higher aspect ratio (e.g., CNF) after emulsification, producing a 

stable network. Jiménez-Saelices et al. used CNF stabilized emulsion droplets as templates to 

prepare CNF aerogel for thermal insulation applications as illustrated in Figure 2.8 (A).86 

Hexadecane oil was selected as the oil phase due to its high crystallization temperature (18 °C). 

Stable and gel-like oil-in-water emulsions was produced using an oil/aqueous phase volume ratio 

of 20/80 and CNF concentration from 10 to 30 g/L. After freeze drying, highly porous aerogels 

with BET surface area between 65 and 13 m2/g were produced. The authors described a 

hierarchical pore morphology according to the SEM image: alveolar larger macropores from ice 

crystals sublimation, spherical macropores from emulsion template, and mesoporous pores at the 

pore walls formed by entangled CNF fibers. Except for the high porosity, the aerogels also possess 

high compression moduli of 1.5 MPa and low thermal conductivity of 0.018 W/(m·K).  

In another study, Li et al. prepared various CNF/polymer composite aerogels by dissolving 

different polymers (polylactic acid, polycarbonate, polystyrene, polymethyl methacrylate) in 1,2-

dichloroethane (DCE), followed by emulsification and freeze drying (see Figure 2.8 (B)).87 It was 

found that stable and gel-like emulsions were obtained for all types of polymers at a water to oil 
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volume ratio of 4:1, CNF concentration of 0.4 % in the water phase, and polymer concentration of 

2 % in the oil phase. Polymers were adhered to the lamellar structure of the CNF after ice crystals 

sublimation, producing strong pore walls consisting of CNF/ polymer composite. Based on the 

results, the authors further added a fluorophore, 1,4-dihydroxyanthraquinone (1,4-DHAQ), in the 

oil phase during CNF/PLA composite aerogel preparation. Water insoluble 1,4-DHAQ was 

uniformly distributed in the aerogel network using this method. The 1,4-DHAQ loaded CNF/PLA 

composite aerogel exhibited an extremely low detection concentration of 10-8 mol/L, which is very 

promising as a novel solid-state fluorescence probe for Cu2+ detection. 

2.6.3.3 Air bubble template 

Similar to Pickering emulsion, CNs are also effective in stabilizing the air-liquid interface to 

produce air bubbles. Cervin et al. coated octylamine on carboxyl methylated CNF at pH 9 to 

increase CNF hydrophobicity, the modified CNFs were further used as emulsifiers to prepare 

stable air bubbles.88 The mixture was stirred using an Ultra Turrax mixer for 10 min at 8000 rpm 

and for another 10 min at 13500 rpm. After stirring with a stainless-steel milk beater, CNF 

stabilized air bubbles was generated as seen in Figure 2.8 (C). Excessive water in the foam was 

drained with a funnel, and the resulting wet cake was dried at 60 ℃ to yield the aerogel. It was 

found that stable foam and good mechanical strength aerogel was obtained when 1% modified 

CNF was used. The aerogel possessed a porosity of 98% and an average pore diameter of 500 μm 

as shown in Figure 2.8 (D). However, the wet foam was dried in a humid environment by placing 

on top of a water-filled porous ceramic frit to reduce drying rate. Such process took 2 days for 

drying the wet foam, which is not efficient. 

The mechanisms behind wet foam stability and CNF emulsifier property were clarified by Cervin 

et al. in another study.89 It was found that octylamine modified carboxylated CNF possessed lower 

surface energy than unmodified CNF, which contributed to reducing the interfacial tension 

between air and water, thereby producing stable foam. The aspect ratio of the emulsifier has a 

significant effect on the foam stability. A more stable foam was generated when CNF was used as 

emulsifier compared to CNC. Based on these findings, Cervin et al. further prepared a water-

durable and wet-resilient foam using octylamine modified periodate oxidized CNFs as 

emulsifiers.90 The aldehyde groups could react with neighboring hydroxyl groups, forming 

hemiacetal groups and crosslinked CNF networks after drying. The resulting foams could uptake 
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water up to 34 times their own weight with water release and reabsorption upon compression as 

seen in Figure 2.8 (E).  

 

Figure 2.8 (A) Illustration of CNF stabilized hexadecane in water emulsion droplets as templates 

to prepare CNF aerogel for thermal insulation applications.86 (B) Illustration of Pickering 

emulsions as templates to prepare CNF/ Polymer composite aerogels.87 (C) Confocal microscopy 

image of air bubbles stabilized by fluorescently labeled octylamine-coated CNF.88 (D) A 

photograph of porous CNF foam prepared by air bubble templates and its corresponding SEM 

images.90 (E) A demonstration of water absorption capacity of crosslinked CNF foam prepared by 

air bubble templates.90 

2.6.3.4 Solid particle template 

Solid particles, such as CaCO3, polystyrene beads, and sodium bicarbonate are widely used as hard 

templates to fabricate capsules and porous materials. Li et al. used nanosized CaCO3 particle as 

pore forming agent to prepare porous cellulose aerogel beads. Nanosized CaCO3 particles were 

added to dissolved cellulose solution and microfibrillated cellulose mixture, followed by dropwise 

addition of HCl to generate beads via precipitation. CO2 bubbles were released during the process 

to generate pores inside the network. The resulting hydrogel beads were soaked in acetone for 24 

h, and dried in the vacuum oven to yield cellulose aerogel beads. The method effectively enhanced 
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the porosity of the aerogel beads, leading to a high adsorption capacity (303 mg/g) toward to 

methylene blue dye.91 

2.6.4 Cellulose nanomaterial-based aerogel beads preparation 

Due to the convenient preparation process, aerogel monoliths were often studied in many 

applications. In recent years, aerogel beads have received more attention because of their larger 

surface area, shorter drying duration, and potential for large scale production when compared with 

aerogel monoliths. Aerogel beads are very promising as carriers for drug delivery, absorbents/ 

filters for pollutants removal, and flame retardants for thermal insulation applications. In this 

section, the production methods and applications of aerogel beads based on CNs will be reviewed.   

2.6.4.1 Spraying and atomizing  

Atomization is a process that disintegrates a liquid stream with compressed air, leading to the 

formation of poly- or monodispersed droplets. These droplets were usually injected in a “low 

temperature sink” or a non-solvent medium, followed by droplets collection and drying to obtain 

aerogel beads. Cai et al. adopted such method to prepare crosslinked CNF aerogel beads as cell 

culture scaffold. CNF with a diameter below 50 nm was prepared as the starting material. CNF 

dispersion was mixed with a crosslinker Kymene (polyamide-epichlorohydrin resin), which was 

poured into the steel feed tank of the atomization equipment, followed by spraying into liquid 

nitrogen as the freeze-drying process as illustrated in the schematic shown in Figure 2.9 (A). 

Crosslinked aerogel beads were achieved by curing the dried aerogels at 120 °C for 3 h. The 

diameter of CNF aerogel beads was distributed between 60-120 μm, which increased inversely 

with CNF concentration. Besides, the aerogel beads possessed a low bulk density of as low as 1.8 

mg/cm3, and pore size  ranged from nano- to macroscale with an excellent water uptake capacity 

of 100 g/g, which is very promising as a scaffold for cell culture.92 

2.6.4.2 Precipitation 

It’s known that cellulose fibers can be dissolved in solvents such as ionic liquid and NaOH/ urea/ 

water mixture (7 wt % NaOH,12 wt % urea and 81 wt% water), yielding homogeneous cellulose 

solutions. Under acid condition, cellulose dissolved in NaOH/ urea/water solution will precipitate 

due to its reduced solubility. Based on the mechanism, cellulose beads are produced by dropping 

cellulose solution in a coagulation bath. For example, Blachechen et al. dissolved carboxylic 

cellulose fibers in NaOH/ urea/ water mixture, which was injected into 2M HCl via a syringe. It 

was found that spherical hydrogel beads with an average diameter of 3 mm were produced when 
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the distance from syringe tip to bath was controlled between 2.5-3.5 cm. Aerogel beads were 

obtained after freeze drying.93 Similarly, Guo et al. prepared polyethylenimine-functionalized 

cellulose aerogel beads for efficient removal of chromium (VI) and Li et al. prepared carboxylic 

functionalized cellulose aerogel beads for methylene blue removal using the syringe injection and 

coagulation method.91,94 

2.6.4.3 Emulsification 

Emulsions are spherical droplets that are commonly prepared by mixing two immiscible liquids in 

the presence of stabilizers. By injecting dissolved cellulose solution or CN dispersion in an 

immiscible oil phase, spherical cellulose droplets in oil phase were generated after the 

emulsification process. As illustrated in Figure 2.9 (C), Levin et al. prepared crosslinked CNC 

aerogel beads using a T-junction microfluidic fabrication device, which is promising for a larger 

scale production. Aldehyde functionalized CNCs and hydrazide functionalized CNCs were mixed 

to form the water phase, which was dispersed in food-grade soybean oil containing food-grade 

emulsifier polyglycerol polyricinoleate (PGPR). Uniform spherical CNC droplets stabilized by 

PGPR were produced, followed by evaporation at 40 ℃ for 72 h. During the process, hydrazone 

bonds were formed between aldehyde and hydrazide groups between neighbouring CNC particles. 

The dried CNC aerogel beads possessed ultra-porous with an average size of 110 ± 50 μm as 

evident from the SEM images.95 In contrast to Levin et al., Druel et al. prepared cellulose aerogel 

beads using a emulsion-coagulation method as shown in Figure 2.9 (D).  Homogenous cellulose 

solution was obtained by dissolving microcrystalline cellulose in NaOH/ urea mixture. Emulsion 

prepared by cellulose solution and paraffin oil and emulsion prepared by cellulose in a non-solvent 

(acetic acid (8.6 M)) and paraffin oil were mixed to induce coagulation. The gelation was achieved 

by the slow diffusion of acetic acid from its emulsified droplet to cellulose solution droplet since 

acetic acid is partly soluble in paraffin oil. The resulting cellulose microgels were subjected to 

supercritical drying to produce cellulose aerogel beads. Results showed that the aerogel beads 

possessed an average diameter of 21 μm with a high surface area around 355 m2/g.96 
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Figure 2.9 (A) Schematic illustration of Kymene crosslinked CNF aerogel beads prepared by a 

spraying- atomizing- freeze drying process.92 (B) Schematic illustration of cellulose aerogel beads 

prepared by non- solvent precipitation method.90 (C) Schematic illustration of crosslinked CNC 

aerogel beads prepared by microfluidic emulsification process.95 (D) Schematic illustration of 

cellulose aerogel  beads prepared by emulsification- coagulation process.96 

2.7 Cellulose nanomaterial-based aerogels for water treatment 

Due to the bio-degradable, sustainable, large surface area, highly porous and easy to modify 

properties, CN-based aerogels are popular in water treatment applications. They were reported for 

dye adsorption, metal ions adsorption, agrochemicals adsorption, pharmaceutical residues, spilled 

oil absorption, and emulsion droplets separation. In the recent 5 years, there are several 

comprehensive reviews summarizing the application of CNs in water treatment applications, 

including 1D CN fibrils, 2D CN membranes, and 3D CN hydrogel/ aerogels. Herein, a detailed 

summary regarding the scope of each review is provided.  

In 2015, Carpenter et al. summarized the processing and property of CNs and compared them with 

carbon nanotubes. The review also covered the application of 1D CN fibrils as adsorbents for 

heavy metal ions removal, CNs as reinforcing materials to fabricate 2D membranes for wastewater 

filtration, CNs as scaffolds to prepare superhydrophobic 3D aerogels for oil/ organic solvents 
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absorption.97 In 2017, Liu et al. reviewed CN-based 3D aerogels as oil absorbent for oil spill 

cleanup application.98 In 2018, Abouzeid et al. provided an overview of surface modification 

strategies of CNs and the hydrogels, aerogels, membranes absorbents for dyes, heavy metal ions, 

and organic pollutants removal. Notably, they only summarized the application of CN-based 

aerogels as oil absorbents.99 In the same year, Mohammed et al. published a critical review of CNs 

in water treatment applications. In addition to the preparation process, property, surface 

modification, the review also included CNs based flocculants, absorbents, membranes, catalysts 

for water treatment. In terms of CN-based aerogels, the authors reviewed its application for oil 

absorption, dye adsorption, and heavy metal ions adsorption.100 In the paper by Choudhury et al., 

the recent advances of CN-based aerogels for oil absorption were also reviewed.101 The application 

of CN-based membranes for water treatment were reviewed by Mautner et al. in 2020.102 In 2021, 

Chen et al. summarized the preparation and modification of CN-based aerogel and discussed their 

application in adsorption, separation, energy storage, thermal insulation, electromagnetic 

interference shielding, and biomedical applications.103  

In summary, CN-based aerogels exhibit more advantages over 1D CN fibrils regarding the 

recoverable property after adsorption, avoiding secondary contamination. A comprehensive 

review on the recent advances of CN-based aerogel for oily wastewater (emulsion droplets) is 

lacking. Specifically, the recovery of pesticide/ fertilizer from wastewater using CN-adsorbent has 

not been reported. Based on the function of CN-based aerogels, they are categorized as adsorbents 

and filters. In the followings, CN-based aerogel adsorbents for dyes, heavy metal ions, pesticide 

and fertilizers, and spilled oils removal was firstly reviewed. Then, CN-based superwetting filters 

for oil/water mixtures and emulsions separation was summarized.  

2.7.1 Cellulose nanomaterial-based aerogels as adsorbents 

Parameters, such as pH, temperature, ionic strength, and adsorbent dosage are generally 

investigated to optimize the adsorption conditions, and the maximum adsorption capacity, 

adsorption rate, and recovery property are key references used to evaluate the performance. The 

adsorption capacity of the adsorbent is typically determined by the batch adsorption protocol. A 

known amount of adsorbent is mixed with the pollutant solution at controlled concentrations and 

volume. The concentration of pollutants at equilibrium was measured, and the adsorption capacity 

qe (mg/g) is calculated using Eq. (2.3): 
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𝑞𝑒 =
(𝐶0−𝐶𝑒)

𝑚
𝑉 (2.3) 

where C0 (mg/L) and Ce (mg/L) are the initial and equilibrium concentrations, respectively; V(L) 

represents the solution volume of pollutants and m (g) represents the mass of the aerogel adsorbent. 

The adsorption isothermal is determined from the batch adsorption experiment, where a fixed 

amount of absorbent is added to a fixed volume of the pollutant of varying concentrations at a 

given temperature. The adsorption behavior is described by Langmuir isotherm model as expressed 

in its non-linear and linearized forms as shown in Eq. (2.4) and (2.5) respectively.  

𝑞𝑒 =  
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
      (2.4)  

Or its linearized form 

𝐶𝑒

𝑞𝑒
=  

𝐶𝑒

𝑞𝑚
 +

1

𝐾𝐿𝑞𝑚
     (2.5) 

where qm (mg/g) is the maximum adsorption capacity of the absorbent, and KL (L/mg) is the 

binding constant that describes the affinity between the pollutant and adsorbent. The Langmuir 

isothermal model assumes that a monolayer adsorption occurs on adsorption sites, which are 

identical and homogenously distributed on the adsorbents. For heterogenous, non-identical 

distributed sites and multi-layer adsorption, Freundlich isotherm model is more suitable model to 

describe the adsorption behavior. This model is developed from empirical assumptions, as 

illustrated in its non-linear and linear forms shown in Eq. (2.6) and Eq. (2.7) respectively. 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
𝑛   (2.6) 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝐹 + 𝑛𝑙𝑛𝐶𝑒   (2.7) 

where KF is a constant, and n represents the empirical parameter describing the magnitude of the 

adsorption driving force or the surface heterogeneity. Generally, the adsorption process is linear 

(n = 1), favorable (0 < n < 1), and unfavorable (n > 1). 

During the adsorption process, the adsorption capacity (qt) versus contact time (t) is examined 

graphically. The adsorption kinetics and mechanisms of adsorption can be examined using 

different kinetics models. For physical adsorption, pseudo first-order model is used, while pseudo 

second-order model is used when chemical adsorption dominates the process. Pseudo first-order 
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kinetic model in its non-linear form (Eq. (2.8)) and linear form (Eq. (2.9)), pseudo-second order 

kinetic model in its non- linear form (Eq. (2.10)) and linear form (Eq. (2.11)), and intra-particle 

diffusion model (Eq. (2.12)) are shown below: 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)     (2.8) 

ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡     (2.9) 

𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

1+𝑘2𝑞𝑒𝑡
            (2.10) 

𝑡

𝑞𝑡
=

1

(𝑘2𝑞𝑒
2)

+
𝑡

𝑞𝑒
            (2.11) 

𝑞𝑡 = 𝐾𝑖𝑑𝑡0.5 + 𝐶        (2.12) 

where qt (mg/g) is the adsorption capacity at time t, and 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 mg-1 min-1) of intra-particle diffusion kinetics. 

2.7.1.1 Dye adsorption 

Organic dyes, such as acid red G (ARG), methylene blue (MB), methylene orange (MO), malachite 

green (MG), and rhodamine B (RhB) are widely used in textile, food, paper, drug, and leather 

industries. Most of them are toxic, nonbiodegradable and carcinogenic, which threaten water 

quality, ecological balance, and human being health when discharged into the water stream. 

Therefore, methods like membrane filtration, flocculation, degradation, and adsorption are used to 

efficiently remove these organic pollutants from wastewater. Among them, adsorption method has 

been considered as an economic method due to its simplicity and efficiency. 

Diverse functionalized CN-based aerogels were designed for targeting the removal of dyes 

depending on their properties. The adsorption can be achieved by pore diffusion, electrostatic 

interaction, and π-π stacking interaction. Jiang et al. prepared carboxylated CNF hydrogel by 

assembling TEMPO oxidized CNFs via freezing-thaw method, followed by solvent exchange with 

tert-butanol and freeze drying to obtain a honeycomb cellular structured carboxylated aerogel. 

CNF aerogel with a surface area of 193 m2/g and surface charge of 1.29 mmol/g was used for the 

removal of cationic malachite green dyes. A maximum adsorption capacity of 212.7 mg/g was 

achieved at an optimal condition mainly through electrostatic interaction.104  
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For anionic dyes such as methyl orange, cationic CNF aerogel was prepared by Zhang et al., who 

introduced aldehyde groups on CNFs via periodate oxidation, followed by the freeze-induced 

chemical crosslinking via the formation of hemiacetal bonds between aldehyde and hydroxyl 

groups. To produce a cationic CNF aerogel, polyethyleneimine (PEI) was grafted to the cryogel 

via reduction amination reaction. The maximum adsorption capacity of 500 mg/g was achieved at 

a pH of 4.5 that was attributed to the strong interaction between protonated amino groups and 

negatively charged MO. It is known that both acidic and basic forms of MO coexisted at pH 

between 4.5 to 2.5, thus enhancing the electrostatic repulsion between MO molecule and the 

aerogel. However, the protonation degree of amino groups decreased as the pHs were increased 

from 4.5 to 11, thereby causing a reduction in the adsorption capacity. The aerogel also possessed 

excellent mechanical strength, where a stress of 304.5 kPa was achieved at 80% strain.105 

Lyu et al. prepared a carboxylated and polyaniline (PANI) functionalized CNF aerogel for both 

Acid Red G (ARG, anionic dye) and Methyl Blue (MB, cationic dye) removal. A maximum 

adsorption capacity of 600.7 and 1369.6 mg/g was achieved for ARG and MB respectively. The 

adsorption of ARG on aerogel was mainly through the electrostatic interaction with protonated 

amine groups on PANI, while the adsorption of MB was achieved by π-π stacking interaction with 

aromatic rings of PANI and electrostatic interaction with the carboxyl groups on the CNF.106 To 

achieve multi-types of pollutant adsorption performance, Wang et al. loaded one type of MOF, i.e., 

UiO-66, on the CNF aerogel. MOFs have received much attention for pollutants removal due to 

their large surface area and high porosity. Cubic shaped UiO-66 nanoparticles with a size of about 

500 nm were loaded to CNF aerogel network through hydrogen bonding between hydroxyl groups 

on CNF and oxygen-containing groups on UiO-66 particles. The obtained composite aerogel 

possessed high adsorption ability towards both anionic methyl orange (71.7 mg/g) and cationic 

methylene blue (51.8 mg/g), which was attributed to the π-π stacking interaction between UiO-66 

and dye molecules.107 A similar concept was adopted by Zhao et al., who prepared porous aromatic 

frameworks (PAFs) loaded CNF aerogel composite for the removal of bisphenol A through π-π 

stacking interaction.108 

2.7.1.2 Heavy metal ions adsorption 

Heavy metal ions (e.g., Pb (II), Cu (II), Cr (VI), Hg (II)) are serious water pollutants that threaten 

human health due to their high toxicity, non-degradability, and bio-accumulation characteristics. 

Similar with dyes removal, recent studies have shown that CNs based aerogels could effectively 
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remove heavy metal ions from wastewater. Thiol moieties exhibited strong affinity for Hg (II) ions 

as shown by Geng et al. who grafted 3-mercaptopropyltrimethoxysilane (MPT) on TEMPO- 

oxidized CNF fibers to decorate thiol groups on the aerogels (Figure 2.10 (A)). MPT not only 

functioned as modification agent, it was also a crosslinking agent to prepare CNF aerogel. The as 

prepared aerogel possessed both carboxyl and thiol groups, allowing a high adsorption capacity 

for Hg (II) ions of approximately 718.5 mg/g. In addition, the modified aerogel could effectively 

and selectively remove more than 92 % Hg (II) ions over a wide range of 0.01- 85 mg/L.109  

Polyethyleneimine (PEI) is a widely used functional agent for multiple heavy metal ions removal 

in water treatment applications due to its positive and excellent chelating properties. For example, 

Li et al. prepared physically crosslinked aerogel through the charge interaction between PEI and 

carboxylated CNF. The aerogel was effective for the removal of Cu (II) and Pb (II) ions, resulting 

in a maximum adsorption capacity of 175.44 mg/g and 357.44 mg/g, respectively, which was 

determined from the Langmuir isothermal model.110 Hong et al. prepared amine functionalized 

CNF aerogel by grafting PEI on CNF with glutaraldehyde as crosslinker. The synthesized 

PEI@CNF aerogel exhibited outstanding ion selectivity and excellent Cu (II) adsorption capacity 

of 135.1 mg/g. A continuous treatment of wastewater containing low concentration of Cu (II) (20 

mg/L) was realized by loading the synthesized aerogel into the column.111 Notably, Mo et al. 

reported a PEI-functionalized TEMPO- oxidized CNF aerogel adsorbent that possessed the highest 

Cu (II) ion adsorption capacity of 485.44 mg/g among all reported cellulose-based adsorbents.112  

In addition to PEI, other types of compounds that contain amino groups were also reported for 

heavy metal ions removal. Li et al. prepared an oriented microchannel structured chitosan (CS)/ 

CNF composite aerogel via directional freeze-drying method. Such structure reduced the metal 

ions diffusion length that yielded a rapid adsorption equilibrium within 10 min. The aerogel 

possessed excellent adsorption capacity for Pb (II) (248.5 mg/g) due to the amine groups from 

chitosan.113  

Among heavy metal ions, Cr (VI) is more complex than others as it existed in different forms, such 

as H2CrO4, HCrO4
−, CrO4

2−, and Cr2O7
2− depending on the pH and concentration. It was reported 

that amine and quaternary ammonium groups were effective for Cr (VI) removal. For example, 

both He et al. and Liang et al. developed quaternary ammonium functionalized CNF aerogel for 

Cr (VI) removal. According to He et al., a maximum adsorption capacity was achieved at pH 3.0 

since HCrO4
− was the dominant specie under this condition. Further increase in the pH produced 
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CrO4
2−, and Cr2O7

2−, which required two Cl- ions for exchanging of one Cr (VI) ion, thus reducing 

the aerogel adsorption performance.114 Similar conclusion was also obtained by Liang et al.115 In 

another study, Zhao et al. reported a dendrimer poly(amidoamine)-grafted CNF aerogel that 

possessed the highest Cr (VI) adsorption capacity of 377.36 mg/g. It has abundant amine groups 

and amide groups with strong affinity for Cr (VI) species.116 Other types of aerogels, such as UiO-

66 particles loaded CNF aerogel was reported for Pb2+ and Cu2+ removal,117 and carboxylated CNF 

aerogel was reported for Pb2+, Cu2+, Zn2+ and Ni2+ ions removal.118 

2.7.1.3 Pesticide and fertilizer adsorption 

Water and soil pollutions associated with the improper use of pesticide formulations and leaching 

of fertilizers have been one of the major challenges in environmental management. Except for the 

development of novel smart agrochemical formulations to reduce the total pesticide input, 

techniques used to remove such containments from environment are urgently needed. Various 

methods, such as photocatalysis, biodegradation, electrochemical oxidation and adsorption for 

pesticide removal are being explored. Porous silica, activated carbon, metal oxide particles, and 

porous polymers have been widely used for pesticides adsorption and removal. N and P as essential 

nutrients for plant growth, are prone to leaching due to the high-water solubility and poor soil 

retention capability, which further induce water eutrophication. The Environmental Protection 

Agency (EPA) limit the acceptable phosphorus discharge to less than 0.1 mg/L. The recovery of 

nutrients from wastewater could reduce water pollution as well as preserve the limited P rock 

resource.  

Remediation methods, such as chemical precipitation, reverse osmosis, coagulation-flocculation, 

and adsorption have been applied to remove NH4
+ and H2PO4

−. Design of such systems for 

containment removal based on cellulose materials have been widely reported. By surface 

functionalization, cellulose materials display many advantages as absorbents for heavy metals (e.g., 

Cu2+, Pb2+, Cr6+, etc.) removal,119,120 organic dyes (methylene orange, methylene blue, and Congo 

red, etc.), and oil spill cleanup. CNFs possess unique properties that are ideal for the fabrication 

of absorbents for pesticides and fertilizers adsorption due to their flexible fiber structure, large 

surface area, versatile modification methods, hydrophilicity, and biocompatibility.  

Komal et al. synthesized CdS nanoparticles on saline modified CNFs derived from sugarcane 

bagasse via a solvothermal route.121 Cd2+ ions were adsorbed on the surface of SCNF through 

metal coordination interaction with oxygen containing groups on the SCNF. DMSO was used as 



40 

 

the solvent as well as S elemental source in the hydrothermal synthesis of CdS. As temperature 

was increased, the S=O bond of DMSO became weaker liberating the S2− ions that coordinated 

with the absorbed Cd2+ ions. Thus, SCNF provided sites for the nucleation of CdS nanoparticles 

that minimized the particle agglomeration. The adsorption of the nanocomposites towards an 

organophosphate pesticide Chlorpyrifos (CPF) was investigated. Adsorption conditions such as 

pH, absorbent dosage and SCNF content were investigated, where the maximum adsorption 

capacity (86.95 mg/g) was achieved at pH of 3, absorbent dosage at 1 g/L, and SCNF content of 

10 wt%. The adsorption was achieved by: (1) the charge interaction between the organophosphate 

anion and the protonated nanocomposites at lower pH, and (2) hydrogen bonding between the O 

atoms of CPF and protons of the adsorbent at lower pH.  

Khalfaoui et al. functionalized cellulose fiber extracted from Juncus acutus L. plant (Smar) by an 

amine containing compound diethylenetriamine (DET) for linuron adsorption.122 The authors 

found that enhanced linuron adsorption capacity could be achieved when Cu2+ was used as a bridge 

between the pesticide and amine functionalized cellulose fiber. After further coordination with 

Cu2+, the DET grafted cellulose fiber displayed stronger interaction towards linuron (64.8 mg/g at 

20 ℃) due to the metal coordination bonding with the amine groups. 

Adsorption of fertilizer ions through charge interaction is widely adopted due to the ease of 

operation. Shang et al. fabricated cationic cellulose with quaternary ammonium groups for 

phosphate ions adsorption by grafting of epichlorohydrin, ethane diamine, and trimethylamine.123 

It was found that the presence of competing ions can greatly affect the adsorption performance. 

Compared to Cl- and NO3
-, the coexistence of SO4

2- with higher ionic strength could significantly 

reduce adsorption capacity. After phosphate adsorption, the potential of the composites for use as 

a slow-release fertilizer in soil was evaluated, and 27.5 % loaded phosphate was released in 4 days, 

which was much slower than the release in aqueous solution.  

In another study, Wang et al. dissolved cellulose extracted from wheat straw in NaOH/Urea 

mixture and further decorated quaternary ammonium groups and carboxyl groups by grafting 3-

chloro-2-hydroxypropyl trimethylammonium chloride (CTA) and chloroacetic acid (CA) to 

produce amphoteric straw cellulose (ASC).124 The ASC displayed rapid adsorption rate for both 

NH4
+ and H2PO4

− due to the dual functional groups. Adsorption conditions, such as pH, 

temperature, absorbent dosage, and ionic strength were thoroughly studied, and an equilibrium 

adsorption capacity for NH4
+ and H2PO4

−was 68.4 mg/g and 38.6 mg/g respectively. The nutrients 
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laden ASC exhibited pH-responsive slow release and water retention properties, which could 

reduce water pollution/ consumption and promote crop growth.  

Martin et al. used cellulose as a template to fabricate porous pellets for the removal and recovery 

of phosphate.9 Water insoluble magnesium carbonate was blended with cellulose (of varying 

weight ratios 0, 5, 10, 15, 20 %) to synthesize the pellets, which were then calcined at 300 ℃ to 

yield internal porous absorbents. Magnesium (Mg) elements in the composites functioned as 

binder for the phosphates. BET tests on the pellets revealed a maximum area of 43.1 m2/g when 

15 % cellulose was used. Unstable porous structure with reduced surface area was observed when 

20 % cellulose was incorporated. The phosphate adsorption capacity of the pellets was investigated, 

and the concentration of phosphate was determined by using a UV-Vis spectrophotometer (DR 

2700, HACH) via the US EPA PhosVer 3® (Ascorbic Acid) method at 880 nm. Isothermal study 

showed an average adsorption capacity of 96.4 mg/ g was yielded when 15 % cellulose was used. 

2.7.1.4 Oil absorption 

Frequent oil spills during marine transportation and organic solvent leakage have been persistent 

sources of water pollution. Owing to the low density, spilled oils/organic solvents usually float on 

the top of water. Aerogel is a promising absorbent to remove oil spills due to its light, porous, 

flexible, and recoverable properties. CN-based aerogels have attracted great interests because they 

can be produced from natural and abundant raw materials. To allow the aerogels to float on water 

to selectively uptake oils, superhydrophobic modification of the cellulose-based aerogels is 

required to reduce their bulk absorption towards water. As discussed early, the application of CN-

based aerogel for oil absorption has been reviewed in the past 5 years, thus only several 

representative works will be highlighted here. 

Chemical vapor deposition (CVD), esterification, and fluorination methods were commonly used 

to fabricate a superhydrophobic surface. Zheng et al. prepared glutaraldehyde crosslinked 

PVA/CNF aerogel by freeze drying, which was treated with methyltrichlorosilane via a simple 

thermal chemical vapor deposition process. The resulted aerogel possessed superhydrophobic 

(water contact angle 150.3 ± 1.2°), superoleophilic, low density, and high porosity properties, 

allowing the aerogel to float on water for various types of oil spill adsorption. It could uptake oil 

weights ranging from 44 to 96 times compared to its dry weight depending on the oil density.72 

Similarly, Rafieian et al. prepared CNF aerogels from CNF dispersion of varying concentrations 

through freeze drying, and they were further modified via chemical vapor deposition (CVD) of 
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hexadecyltrimethoxylan (HDTMS). The resulting hydrophobic aerogels possessed water contact 

angles ranging from 121° to 139°, which were effective to remove oil and organic pollutants from 

water.125 In another study by Zhou et al., a composite aerogel with highly ordered anisotropic 

lamellar microstructure was prepared by directional freeze-drying of graphene/polyvinyl 

alcohol/CNF mixture. The freeze-dried composite aerogel was further treated by carbonization 

processes to yield compressive and superhydrophobic properties (water contact angle of 138°). 

Such aerogel showed excellent oils and organic solvents absorption capacity of up to 155-288 

times its own weight due to its parallel lamellar porous structure. In addition, the aerogel was 

reusable by a convenient extrusion process due to its elastic property.126  

2.7.2 Cellulose nanomaterial-based aerogels as filters  

The discharge of oily wastewater containing emulsions and oil spills during marine transportation 

have been one of the major sources of water pollution for decades. Removal of emulsions from 

oily wastewater is a global challenge especially for surfactants stabilized emulsions due to their 

good stabilities and micro- or nano- droplet sizes.11 In another aspect, water will also be a pollutant 

when it exists in oils particularly in fuels regardless whether they are free, soluble, or emulsified. 

The presence of water promotes microbial growth and corrosion that could further damage the 

vehicle engine system.127,128 Therefore, the removal of emulsified oil and water droplets is of great 

importance for environmental management as well as oil purification industries.  

Traditional methods including centrifugation, oil skimming, adsorption, and floatation for 

oil/water mixture separation are not applicable to separate emulsions.12 Filtration technology is 

promising for oily wastewater treatment due to its high efficiency and low energy consumption. 

Commercial 2D membranes, such as PVDF and PTFE membranes exhibited high separation 

efficiency for emulsions due to their small pore size. However, they are easily fouled by 

contaminants due to the low porosity and short permeation channels, thus compromising the 

duration and separation performance. 3D porous aerogels overcome such shortcomings compared 

to 2D membranes because of their high porosity and longer channels. Other than porosity and 

thickness, proper surface wettability and pore size are two key factors for aerogel filters to achieve 

an excellent separation efficiency by either blocking oil or water droplets permeate through the 

filter.11 Cellulose based membranes were widely reported for dyes and heavy metal ions removal, 

emulsion separation, air purification, and other types of particles exclusion.102,129 In contrast, 

cellulose aerogel filters were only reported for oil/ water mixture, oil-in-water emulsions, water-
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in-oil emulsions separation in the past decade. In the scenario of oil-in-water emulsions separation, 

superhydrophilic cellulose aerogel filters possess intrinsic advantages over superhydrophobic 

filters due to their low oil adhesion while high water affinity properties. On the other hand, 

superhydrophobic cellulose aerogel filters are widely adopted for oil spill cleanup and water-in-

oil emulsions separation.130 

2.7.2.1 Superhydrophilic CN-based aerogel filters 

Cellulose has intrinsic superhydrophilic property due to the abundance of surface hydroxyl groups. 

Its interaction with water is associated with different length scales. As illustrated in Figure 2.10 

(B), the interaction consists of hydration, wetting, capillarity - diffusion when the hierarchy degree 

of cellulose extends from supramolecular structure, 1D primary fiber, 2D fiber assemblies, and 3D 

bulk porous materials.131 A large amount of water can be retained in the aerogel network, forming 

a water film on the surface, which prevents the adhesion of oils. In general, only a few publications 

describing the application of superhydrophilic cellulose aerogel for oil-in-water emulsions 

filtration have been reported in the last ten years. In contrast, superhydrophilic cellulose aerogel 

for oil/ water mixture filtration are widely reported. 

A superhydrophilic and under-water superoleophobic cellulose sponge solely prepared by 

cellulose was first developed by Wang et al. in 2015. Generally, the sponge was prepared by 

dissolving of cellulose powder in ZnCl2 solution, followed by a regeneration process. To fabricate 

a double layer cellulose sponge with different pore size, pore forming agent (Na2SO4·10H2O) was 

added in the upper layer before regeneration as illustrated in Figure 2.10 (C). The resulting 

cellulose sponge displayed a distinct two layers with micropores (> 3 μm) in the upper layer and 

nanopores (< 1 μm) in the bottom as shown in Figure 2.10 (D, a and b). Underwater oil contact 

angle (OCA) and underoil water contact angle (WCA) are commonly examined to investigate the 

wettability. As expected, the cellulose sponge possessed underwater OCAs greater than 150° and 

underoil WCA of nearly 0° (see Figure 2.10 (D, c)), suggesting its superhydrophilic and 

underwater superoleophobic characteristics. Toluene in water emulsion was prepared by mixing 4 

mL toluene in 120 mL water containing 0.2 wt% Tween 80 as surfactant. The produced emulsion 

droplet has a size below 20 μm as seen in Figure 2.10 (D, d). Owning to the unique pore structure, 

the cellulose sponge could achieve an excellent oil-in-water emulsion separation efficiency over 

99.94 %. A clear contrast for the emulsions before and after filtration was observed in Figure 2.10 

(D, e), where the filtrate on the right side is clearly transparent. However, the filtration flux was 
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only about 91 L/(m2·h) due to the nano-sized pores in the bottom layer. Notably, such 

configuration allowed the sponge forming a layer of water film on the upper layer and preventing 

the permeation of oil droplets through the bottom layer.132  

In 2021, Yang et al. adopted the same method to prepare a superhydrophilic and underwater 

superoleophobic cellulose sponge. The difference is that Yang et al. prepared a partially dissolved 

cotton cellulose, and the final sponge possessed a hierarchical pore structure including nano-, 

micro-, and macro-scale pores. In addition, the sponge exhibited ultralow underwater oil adhesion 

force (< 2 µN) when tested with various types of oils. The superoleophobic nature of this sponge 

contributed to its excellent separation efficiency towards both surfactant-free and surfactant-

stabilized oil-in-water emulsions. For example, a separation flux of 290 L/(m2· h) and efficiency 

of 99.2% were achieved solely driven by gravity for Tween 80 stabilized n- Octane in water 

emulsions.133  

In another study, a super-hydrophilic and underwater super-oleophobic polyamideamine-

epichlorohydrin (PAE) crosslinked CNF aerogel filter with tunable pore structure was synthesized 

by He et al. The prepared aerogel filter showed an underwater oil contact angle about 155.6° ± 2.5° 

and nearly 0° water contact angle in air. The pore structures can be tuned by altering the CNF 

concentration before freeze-drying. As a result, the aerogel achieved an excellent separation 

efficiency for both oil/water mixture (100 %, even after 10 cycles) and surfactant-free oil/water 

emulsions (98.6%) solely by gravity.134 

For oil/ water mixture separation, Sun et al. prepared a superhydrophilic and underwater 

superoleophobic aerogel solely by CNF. Negatively charged CNFs were prepared by sodium 

periodate oxidation and consecutive sodium sulfite sulfonation. A more uniform dispersion was 

obtained after such modification, yielding a better dispersion morphology of nanofibers in the final 

aerogel after freeze drying. The aerogel showed very high underwater OCA of 173.9°, 167.1°, 

160.9°, 172.7° and 172.5° for five different oils, hexadecane, hexane, toluene, paraffin oil and 

kerosene, respectively. After pre-wetting, the aerogel could act as filters to realize five types of 

oil/water mixtures separation. However, the authors did not explain how the aerogel maintained 

its shape in water as the aerogel was formed solely by physical entanglement between CNFs. 

Although a compression test was conducted, the testing condition (in dry or wet state) and the 

unloading curve were not shown.135  
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Figure 2.10 (A) Schematic illustration of the preparation process of 3-

mercaptopropyltrimethoxysilane (MPT) modified CNF aerogel.109 (B) Water interaction scale 

with cellulose along with its degree of hierarchy.131 (C) Illustration of the preparation process of 

double layer superhydrophilic cellulose sponge.132 (D) SEM images of double layer cellulose 

sponge (a) and a top view of the upper layer (b), underoil water contact angle test of a dried sponge 

immersed in n-hexane (c), microscope image of toluene in water emulsions stabilized by tween 80 

(d), and photos of emulsions before and after filtration (e).132 

Other superhydrophilic and underwater superoleophobic composite aerogel prepared using 

hydrophilic components such as graphene, chitosan, and alginate together with CNF were also 

reported for oil/water mixture separation. For example, Li et al. prepared an alginate/CNF 

composite aerogel using Ca2+ ions as crosslinkers. The resulted aerogel possessed numerous 

randomly distributed micropores with sizes of 50-200 μm. Besides, it displayed under seawater oil 

contact angles greater than 155° for n-hexane, kerosene, vacuum pump oil, toluene, soybean oil 

and crude oil. Such underwater superoleophobicity (underwater OCAs >150°) could be maintained 

even after being immersed in the seawater for 30 days due to the salt- tolerant property of alginate. 

Results showed that the composite could hold an intrusion pressure about 1.46 KPa, allowing the 

separation of kerosene-seawater mixture with a maximum height of 18.6 cm for kerosene.136 In 
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their another study, the authors mixed chitosan with CNF to prepare a composite aerogel for 

oil/water mixture separation. The resulted aerogel also possessed salt-tolerant and 

superoleophobicity properties under seawater. Moreover, it was able to separate various kinds of 

oil/seawater mixtures with high efficiency (> 99%) and excellent recyclability, which is very 

promising for oil/water separation in marine environments.137 

2.7.2.2 Superhydrophobic CN-based aerogel filters 

Except for oil absorption, superhydrophobic CN-based aerogels could also be used as filters for 

water-in-oil emulsions separation. To construct a superhydrophobic surface, surface roughness and 

low surface energy are necessary. Zhou et al. prepared a superhydrophobic CNF aerogel by freeze 

drying a mixture containing methyltrimethoxysilane (MTMS) modified CNF and SiO2 (~30 nm) 

nanoparticles.  It is known that MTMS is a hydrophobic reagent that possesses low surface energy, 

while the presence of SiO2 could increase the surface roughness. Hence, the resulted aerogel 

displayed a water contact angle of 168.4° in air. In addition, the aerogel possessed multi-scale 

pores including nano-sized pores ∼6-40 nm, micro-sized pores around 8- 20 μm. Various water-

in-oil emulsions with a water content of 2 wt% stabilized by 0.1 wt % span 80 were prepared to 

evaluate the aerogel separation performance. Water droplets in the range of 5-10 μm were observed 

under optical microscope before filtration. A high separation efficiency (> 99%) and high oil flux 

(1910 ± 60 L/(m2·h)) was achieved solely driven by gravity. The separation was completed by size 

sieving and de-emulsification effects attributed to the small pore size as well as the surface super-

hydrophobicity. Moreover, the aerogel could maintain stable efficiency even after 20 recovery 

cycles. Such advantages make the aerogel very promising for oil/ organic solvents purification.138 

Grafting low-surface-energy long alkyl chain or fluorine functional groups to aerogel surface is a 

common strategy to produce a superhydrophobic surface. However, these organic reagents, 

especially fluoroalkylsilane, could cause serious water pollution and threat human being health in 

the long run. The exploration of green and efficient modifiers has never ceased. It is known that 

surface wettability is determined by both micromorphology structure and chemical composition. 

Li et al. deposited copper nanoparticles on cellulose fibers extracted from Sisal by chemical 

reduction of copper acetate in the presence of hydrazine hydrate. Cu nanoparticles with particle 

size ranging 50-200 nm were distributed on cellulose fibers as seen in Figure 2.11 (A). The 

resultant cellulose aerogel possessed a water contact angle around 150.3°, while an oil contact 

angle around 0° (Figure 2.11 (B)). The superhydrophobic and superoleophilic property allowed 
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the aerogel absorbed oils both lighter and heavier than water. In addition, it could separate oil/water 

mixtures and emulsions continuously and rapidly with a high separation efficiency (above 97%) 

as seen in Figure 2.11 (C).139 

2.7.2.3 Superamphiphilic CN-based aerogel filters 

To achieve a dual selectivity for emulsions separation, smart filters were also reported. In recent 

years, stimuli-responsive compounds, such as PDMAEMA, PNIPAM, TiO2, ZnO, were adopted 

to fabricate such smart surfaces. A wettability transition was achieved when the filters were 

subjected to external stimuli, for example pH, temperature, gas, and light.140 Switchable wettability 

can be realized by grafting responsive polymers on CN aerogels.  A CO2 responsive CNF aerogel 

was reported by Li et al., who grafted poly (N,N-dimethylamino-2-ethyl methacrylate) 

(PDMAEMA) polymer brushes on PEI modified CNF aerogel via surface-initiated atom-transfer 

radical polymerization as illustrated in Figure 2.11 (D). BJH method revealed that the resulting 

aerogel possessed numerous mesopores in the range of 2-10 nm and 60-120 nm. Surface 

wettability of the aerogel was further evaluated by water contact angle with and without CO2 

treatment. As evident from Figure 2.11 (E), the aerogel possessed a water contact angle of around 

130° even after 50 s without CO2 treatment, while it gradually decreased from 130° to 0° within 

50 s after treatment with CO2. The switchable wettability allowed the aerogel to realize oil/water 

mixture and their emulsions separation. By bubbling with CO2 for 15 min, the aerogel was 

effective to separate water from oil-in-water emulsion, and the process could be reversed for 

separation of oil from water-in-oil emulsion after bubbling with N2 for 15 min.141  

The same group has also reported a CNF aerogel with pH-responsive wettability in 2020 for oil- 

water separation. CNF and cellulose acetoacetate fibers were crosslinked with amino silane (3-

aminopropyl) triethoxysilane (APTES) to form a strong porous cellulosic network. By controlling 

the amount of APTES, some acetoacetyl moieties were allowed to react with alkylamines via 

reversible Schiff base reaction. Three types of alkylamines of different of alkyl chain lengths, i.e., 

hexylamine (HA), dodecylamine (DCA) and octadecylamine (ODA), were grafted on the 

crosslinked aerogel to yield hydrophobic aerogels. Water contact angle of the aerogel increased 

from 129 ± 2°, 135 ± 2°, 146 ± 2° with increasing of alkyl chains length. The aerogels became 

superhydrophilic by the removal of alkylamines when treated with HCl. Therefore, it could achieve 

excellent separation efficiency for both water-in-oil (99.2%) and oil-in-water emulsions (99.5%) 

by attaching and de- attaching alkylamines, respectively.142 
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Figure 2.11 (A) SEM image of Cu nanoparticles coated cellulose fiber. (B) Water and oil contact 

angles of the Cu nanoparticle modified cellulose aerogel in air. (C) Set up for water-in-oil emulsion 

separation (a), optical microscope images of the water-in-oil emulsions before and after filtration 

(b), and a summary of oil/water mixture and water-in-oil emulsions efficiencies (c).139 (D) 

Schematic illustration of the synthesis process of PDMAEMA grafted CNF aerogel. (E) Water 

contact angle of the aerogel in air without CO2 treatment (a), with CO2 treatment (b), photograph 

of its CO2 responsive oil/water mixture separation performance (c), and fluxes of oil/ water mixture 

separation in the absence and presence of CO2 (d).141  

2.8 Summary 

In this chapter, commonly used commercial pesticide formulations and their corresponding 

preparation, components, and characteristics were firstly reviewed. Then, the preparation, property, 

surface, and end modification methods of cellulose nanomaterials were reviewed. In the rest of 

this chapter, CN-based applications were reviewed. Due to the large surface area, high aspect ratio, 

amphiphilic, and sustainable properties, CNs are effective as Pickering emulsion emulsifiers. The 

emulsion stabilization mechanism of CNC was discussed and compared with that stabilized by 

surfactants. Factors such as shape, aspect ratio, surface charge, wettability, and oil polarity on 



49 

 

emulsion stability were also discussed. In addition, CNCs are effective carriers for organic 

compounds such as drugs and dyes. Pesticide delivery systems based on CNs such as hydrogel, 

emulsions, capsules, dispersions, and other systems were also reviewed. CNs can also be used as 

skeletons for aerogel preparation for multiple applications. The general preparation process, drying 

methods, pore forming templates and methods for aerogel beads preparation were reviewed. Lastly, 

CNs based aerogels as absorbent for heavy metal ions, dyes, pesticides & fertilizers, and oils 

adsorption were summarized. CNs based aerogels as filters for oil/water mixtures and emulsions 

separation were also introduced.  

Through the literature review, it is found that CNs are excellent natural materials for pesticide 

delivery and pollutants removal. However, several research gaps remained between CNs and their 

applications in agriculture and wastewater treatment. Firstly, report on the capacity of end-

modified CNC as Pickering emulsifier has not observed. Consequently, its capacity for 

hydrophobic compounds encapsulation is unknown. Besides, the loading capacity of pristine CNC 

for hydrophobic compounds and the corresponding driving force have not been reported. For CN-

based aerogel beads, a method that can precisely measure the mechanical strength is lacking. 

Furthermore, the pollutant adsorption performance between the aerogel bead and aerogel monolith 

has not studied. Lastly, there are very few studies on the application of CN-based aerogel for 

emulsified oil droplets removal. The goal of this doctoral research is to narrow the gaps and to 

expand the application of CNs. 

 

 

 

 

  



50 

 

Chapter 3 Amphiphilic Cellulose Nanocrystals for Enhanced Pickering 

Emulsion Stabilization 

 

Sulfated cellulose nanocrystals (CNC) with high surface charge density are inadequate for 

stabilizing oil-water emulsions, which limits their applications as interfacial stabilizers. We 

performed end-group modification by introducing hydrophobic chains (polystyrene) to CNC. 

Results showed that the modified CNC are more effective in emulsifying toluene and hexadecane 

than pristine CNC. Various parameters were investigated, such as concentration of particles, 

electrolytes and polarity of solvents on the characteristics of the emulsions. This study provides 

strategies for the modification of cellulose nanocrystals to yield amphiphilic nanoparticles that 

enhance the stability of emulsions. Such systems, bearing biocompatible and environmentally 

friendly characteristics, are attractive for use in a wide range of industries spanning food, 

biomedicine, pharmaceuticals, cosmetics, petroleum etc. 

Graphical Abstract 

 

 

 

  

 
 This chapter is adapted from a paper “Tang, C.; Spinney, S.; Shi, Z.; Tang, J.; Peng, B.; Luo, J.; Tam, K. C. 

Amphiphilic Cellulose Nanocrystals for Enhanced Pickering Emulsion Stabilization. Langmuir 2018, 34 (43), 12897-

12905.” 
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3.1 Introduction 

Emulsions stabilized by solid particles, known as Pickering emulsions, have attracted increasing 

attention as alternatives to surfactant stabilized emulsions.143–145 They require less emulsifier, 

benefit from increased stability, and possess other advantages when compared to emulsions 

stabilized by surfactants.146–150 Pickering emulsions perform better over classical emulsions 

because the solid particles are irreversibly adsorbed onto the oil-water interface, and subsequently 

form an effective electro-steric protective shield for the emulsified droplets.36,151–154 While in 

surfactant-based emulsions, thermodynamic equilibrium is usually observed, which means that the 

stabilizer molecules are exchanging between oil-water interface and bulk continuous phase.146  

Currently, there is an increasing interest in sustainable systems that are natural, green, and 

abundant, where the present need is achieved without compromising the resource of future 

generation. Thus, the production and extraction of sustainable nanoparticles for use in the 

formulation of Pickering emulsions have been actively pursued over the last 10 years.155,156 

Cellulose nanocrystal (CNC), derived via the acid hydrolysis of biomass, are one type of 

nanoparticles that have received increasing attention.145,151–153,157–159 Due to their renewable and 

“green” characteristics160–162, and functional groups on their surface that can be readily 

modified163,164, new systems have been developed. Hence, this sustainable material has been used 

in a wide range of applications, such as catalyst and drug carrier165,166, composite nanofiller167, as 

well as Pickering emulsifier.168,169 Their capabilities to stabilize various types of emulsions, such 

as oil-in-water, water-in-oil, water-in-water and complex emulsions have been 

reported.155,159,170,171 All these studies have shown that surfactant-free emulsions for 

pharmaceutical, food, and cosmetic applications can be formulated using nanomaterials from 

nature.172 

As a result of the anhydrous glucose units, CNC possesses abundant functional moieties, such as 

aldehyde and hydroxyl groups, which can be modified, enabling the control over their physical or 

chemical properties.173,174 Anisotropy in the modified CNC can be enhanced by taking advantage 

of decorated aldehyde groups at the end of the CNC nanorods, allowing for the selective 

modification of the reducing ends of CNC. Although such study has not been widely reported, 

several groups have taken advantage of the reactive reducing ends to prepare functional cellulose 

nanocrystal with special characteristics.32,175–177 Lokanathan et al. introduced thiol groups at the 

reducing aldehyde ends of cellulose nanocrystals using either a one-step method via direct 
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reductive amination or a two-step procedure consisting of oxidation and carbodiimide-mediated 

reaction.32 Very recently, Zoppe et al. reported on a 3-step process to introduce initiators at the 

reducing end of cellulose nanocrystals, where the end-group can be used to initiate a controlled 

radical polymerization reaction.177 However, such modification protocol is complicated and some 

degree of functionalization occurred along the principal CNC axis (surface), which is unavoidable. 

Acid hydrolysis by sulfuric acid is one of the common methods to produce negatively charged 

CNC. However, sulfated CNC is not effective in stabilizing oil droplets due to the strong repulsion 

between the nanoparticles that inhibit their adsorption at the oil-water interface.156,178 Surface 

modifications of the CNC are commonly performed to improve the stability of the emulsions, and 

most of these studies focused on the surface hydroxyl group modifications.154,168,169,179,180 However, 

a possible modification of CNC can be conducted at the reducing end to prepare amphiphilic 

nanoparticles or surfactant-like particle, where such modification is rare. In this work, we seek to 

prepare an amphiphilic nanoparticle, which is akin to the concept of a “particle surfactant”. With 

a hydrophilic CNC surface and a hydrophobic end group, the amphiphilic character of the modified 

CNC will improve the wetting characteristics that promotes the partitioning of the nanoparticle to 

the oil-water interface, thereby enhancing the emulsion stability. This approach consists of a one-

step modification protocol, is simple and straight forward, where amine terminated polystyrene as 

a model compound is grafted to the reducing end of sulfated CNC via the Schiff base reaction. 

Additionally, the imine linkage could be further reduced to amine groups by the addition of 

reducing agents (Scheme 3.1). Different reaction conditions and parameters, such as concentration 

of particles, electrolytes and polarity of solvents on the properties of the emulsions were examined. 

This study provides some perspectives on the modification of CNC, which could be utilized to 

prepare alternative amphiphilic nanoparticles to improve the stability of emulsions.  

3.2 Materials 

Sulfated cellulose nanocrystals were kindly provided by Celluforce Inc. Amine terminated 

polystyrene (average Mn = 5000 Da, PDI<1.2; average Mn = 10000 Da, PDI<1.3), N, N-dimetheyl 

formamide (DMF, anhydrous 99.8%), tetrahydrofuran (THF, anhydrous 99.9%), sodium 

cyanoborohydride (reagent grade, 95%), hydroxylamine hydrochloride (reagent grade, 98%), 

toluene (anhydrous 99.8%), hexadecane (anhydrous 99%), potassium bromide (KBr), sodium 

chloride (NaCl), and Nile red were purchased from Sigma Aldrich unless specified otherwise. All 
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chemicals were used without additional purification, unless stated otherwise. Milli-Q water 

(resistivity of 18.2 MΩ.cm) was used to prepare the aqueous dispersions.  

3.3 Methods 

3.3.1 Selective grafting of polystyrene onto CNC via reductive amination 

0.5 g of cellulose nanocrystals were dispersed in 50 ml of N, N-dimethyl formamide (DMF) in a 

250 mL reaction flask. The dispersion was sonication for 10 mins to obtain a well-dispersed CNC 

dispersion. 50 mg of amine terminated polystyrene (Mn of 5000 or 10000 Da) was added to the 

mixture, and the dispersion was stirred at 600 revolutions per minute. 5 mg of sodium 

cyanoborohydride was weighed into another vial and dissolved in 5 mL of DMF. The solution of 

sodium cyanoborohydride was then transferred to the original reaction flask, and degassed with 

N2 under constant stirring for 20 minutes. After degassing, the dispersion was allowed to stir for 

certain time (refer to discussion section) at room temperature (r.t.) or 70 oC. The reaction mixture 

was then recovered via centrifugation in tetrahydrofuran (three times) and acetone (once). The 

nanoparticle was re-dispersed in water and dialyzed (Mw cut-off of 12000 Da) against Millipore 

water for 3 days with constant change of water.  The solution was then concentrated and freeze-

dried for subsequent use. 

3.3.2 Preparation of Pickering emulsions 

All the emulsions were prepared using pristine CNC or modified CNC dispersions, where water 

and toluene or hexadecane were used as the aqueous and organic phase respectively. The 

emulsions were prepared using an ultrasonic probe (Misonix-Microscon-XL2000), unless 

otherwise stated. All the emulsions were produced in 1 and 2 mL of organic and aqueous phase 

respectively, with various concentrations of nanoparticles (based on the aqueous volume). The 

power setting was calibrated using DI water, achieving a 10 W power output when partially 

immersed in DI water. The mixtures were premixing by hand and then subjected to sonication for 

1 minute. 

3.3.3 Characterization of nanoparticles and emulsions 

Dynamic light scattering (DLS) and ζ-potential experiments were conducted using a Malvern 

Zetasizer Nano series at nanoparticles concentration of 0.04 wt%. Values for zeta potential were 

determined from the average of 3 measurements, consisting of 12 runs per measurement. The 

surface tension profiles were acquired using a surface tensiometer (Data Physics DCAT 11). 
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Samples were prepared by dispersing the freeze-dried powders in water and homogenized to yield 

a homogeneous dispersion.  

Fourier transform infrared spectroscopy (FTIR) spectra were obtained using a Bruker Tensor 27 

spectrometer FT-IR spectrometer with a resolution of 4 cm–1 and a scanning number of 32 from 

400 to 4000 cm–1. Briefly, pellets were prepared by mixing the freeze-dried samples with KBr, 

grinding via mortar and pestle and the compressed into a pellet. Nuclear magnetic resonance 

(NMR) spectra were recorded on a Bruker Advance 500 MHz spectrometer with DMSO-d6 as 

solvent, where 15 mg of samples (CNC-PS or CNC) were dissolved in 1 mL DMSO-d6. 

The aldehyde content on the reducing end of CNC was determined using the classical 

hydroxylamine hydrochloride181 as well as the potentiometric titration techniques.32 The two 

methods are described below: 

In the first method, the reaction of hydroxylamine hydrochloride with the aldehyde on the 

nanoparticles produces an oxime, and releases an HCl equivalent for each formyl residue. The 

amount of HCl produced was determined from potentiometric titration, and the change in the pH 

values were used to determine the amounts of aldehyde groups on the nanoparticles. Typically, 1.0 

g of hydroxylamine hydrochloride powder was added to 50 ml of 1 wt% CNC or CNC-PS that 

was kept stirring under dark for 12 hrs.  

In the second method, the aldehyde groups on the reducing end of CNC were selectively oxidized 

to carboxyl groups as described by Arcot et al.32 Specifically, NaClO2 powder was introduced to 

10 mg/mL CNC suspension to obtain a final NaClO2 concentration of 250 mM. The pH of the 

dispersion was adjusted to 3.5 using acetic acid, and the reaction mixture was stirred for 20 h at 

room temperature. Then, the mixture was centrifugated and dialyzed against MQ water to remove 

excess reactants and side products. The resulting CNC with carboxyl functionalized ends (CNC–

COOH) were subjected to potentiometric and conductometric titration using 0.005 M NaOH, and 

the aldehyde content on the reducing end of CNC was determined. 

The emulsions were all visualized by an inverted optical microscope (Nikon Elipse Ti–S) equipped 

with a CCD camera (QImaging ReTIGA 2000R). A total of 10 μL of the resulting Pickering 

emulsion was added onto glass slides, then a single drop of water was added to dilute the emulsions 

and observed in a microscope. Droplet diameter was measured by image analysis using the 

“ImageJ” software. A total of at least 300 droplets were measured and the surface mean diameter 
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D (3,2) (the Sauter diameter) was reported as the average diameter. Additionally, 0.3 wt% aqueous 

dispersion of samples were prepared by spraying onto copper grids (200 mesh coated with copper) 

and allowed to dry for TEM characterizations (Philips CM10).  

The surface coverage (C) was determined according to Capron et al,182 which is defined as the 

ratio between the maximum surface area of CNC particles to the total surface displayed by the oil 

droplets: 

C =
𝑚𝑝𝐷

6ℎ𝜌𝑉𝑜𝑖𝑙
  (3.1) 

where mp is the mass of CNC-PS particles in the aqueous phase; D(3,2) is the surface-mean 

diameter of the emulsion droplets; Voil is the volume of oil (1 mL), h is the width of the CNC-PS 

particles (10 nm) measured by TEM;  is the density of the CNC-PS particles (1.6 g/cm3) assuming 

that this density is similar to that of the CNC. 

The stability of the Pickering emulsions was monitored by the creaming behavior and the height 

ratio of the creaming layer to the total height (H %) was compared. Photographs of the vials 

containing the emulsions were recorded using a P1 digital camera (Olympus), and the thickness of 

the creaming layer was measured with a digital caliper. The oil fraction in the formulated 

emulsions was calculated from Eq. (3.2) 

Oil fraction =  
1 mL

3 mL ×H%
 × 100 % (3.2) 

 

Scheme 3.1 Schematic illustration of the procedure used to selectively modify the reducing end 

of CNC with polystyrene (via reductive amination).  

3.4 Results and Discussion 

The chemical structure of cellulose suggests that two types of reactive sites could be used for 

covalent modification: hemiacetal group and hydroxyl groups. Cellulose nanocrystal (CNC), a 

product derived from cellulose fiber, could also possess the same chemical properties since the 
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chemical structures were retained after acid hydrolysis. For the hydroxyl groups, the hemiacetal 

group only exist at the reducing end of cellulose chains/molecules (See Scheme 3.1). This terminal 

unit is in an equilibrium state as it undergoes exchanges between the ring and open 

structure.32,173,180 An aldehyde functional group could be exposed to the environment while in its 

open structure. Several studies have reported that further reactions with these aldehydes are 

typically slow, taking up to one week to achieve a good yield.183 This is due to the low availability 

of the aldehyde functional groups. 

3.4.1 Characterization of particles and colloidal dispersions  

Polystyrene with a Mn = 5000 Da (PS-NH2) was used as a well-defined representative polymer to 

conduct the reactions. In order to achieve good yield, we set the CNC to PS-NH2 (Mn = 5000 Da) 

weight ratio at 10:1 and allowed the reactions to proceed at room temperature for 1, 3 and 7 days. 

The reaction mixture was then dialyzed with Millipore water, and a 0.2 wt% CNC dispersion was 

prepared for the surface tension measurements. Figure 3.1(A) shows that the surface tension of 0.2 

wt% nanoparticle dispersion decreased from 72 to around 69 mN/m when the reaction time was 

increased. When compared to pristine CNC dispersions, the reduction in the surface tension is 

attributed to the hydrophobic polystyrene on the nanoparticles. Similar phenomena was observed 

when amphiphilic polymers were grafted onto CNC surface.168,169,184 As negligible change was 

observed on the surface properties when the reaction time was extended from 3 to 7 days, we then 

conducted all subsequent modification by setting the reaction time to 3 days. For quantifying the 

aldehyde contents on the pristine CNC as well as the CNC-PS, the classical hydroxylamine 

hydrochloride (CHC) and potentiometric titration (PT) methods were used.181 The CHC method 

revealed an aldehyde content on the reducing end of pristine CNC to be 24.5 μmol/g, while the PT 

method gave a value of 31.08 μmol/g (Data shown in Figure 3.1 (B)). Similar results was obtained 

by Lokanathan et al., who reported that the concentration of reducing ends on pristine CNC was 

between 35 to 45 μmol/g.32 As the CHC method is efficient, we utilized it to determine the amounts 

of PS-NH2 grafted on the ends of CNC nanorods. It was found that after modification, the aldehyde 

content decreased from 24.5 to 11.4 μmol/g, confirming that the grafting to the reaction was 

successful.  
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Figure 3.1 (A) Surface tension of CNC-PS reacted for 1 day (black) and 3 days (red). (B) pH and 

conductivity titration curves of selectively end carboxylated CNC. 

 

Reaction temperature is another important factor that should be considered as the number of high 

energy collisions increased disproportionately when the temperature is increased. For this purpose, 

reactions were performed either at room temperature (r.t.) or at 70 oC for 3 days and the weight 

ratio between CNC and PS-NH2 (Mn = 5000 Da) was kept at 10:1. The FTIR spectroscopy was 

used to confirm the presence of polystyrene on the cellulose nanocrystals after modifications. As 

discussed earlier, small amounts of aldehyde groups were accessible during the reactions and thus 

it would be difficult to achieve high grafting density. Figure 3.2 (A) shows the presence of several 

specific signals that were correlated to the structure of polystyrene. For example, the aromatic C-

H stretching vibration at around 3000 cm-1, the benzene ring C=C stretching at 1494 cm-1, and the 

C-H bending at around 700 cm-1 were observed. The intensity of these peaks increased 

significantly by increasing the temperature of the reactions (e.g. from room temperature to 70 oC). 

The 1H NMR spectrum (Data shown in Figure 3.2 (B)) was also recorded to confirm the presence 

of PS-NH2 on the CNC after the reductive amination reaction temperature at 70 oC. It can be clearly 

observed that the chemical shifts at δ = 6.3-7.2 ppm and δ = 1.2–2.1 ppm are associated to the 

protons of -C6H5 and -CH2-CH- on the polystyrene chains, respectively.  

The colloidal properties of pristine and modified CNC nanoparticles were also studied as they 

provided valuable information on the physical properties of the modified CNC in aqueous solution 

(see Figure 3.2 (C) and Table 3.1). Although CNCs are rod-like nanoparticles, the scattering from 

dynamic light scattering measurements can be used to estimate the hydrodynamic diameter of the 
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nanoparticle.184 Pristine CNC possessed a hydrodynamic diameter of 25.4 nm while CNC-PS (r.t.) 

and CNC-PS (70 oC) possessed a hydrodynamic diameter of 34.5 nm and 55.7 nm respectively. 

The increase in the size of the modified CNC is associated to the aggregation induced by 

hydrophobic interactions. Such aggregation was also evident from TEM analyses as shown in 

Figure 3.3. It can be evident that the size of rod-like CNC particles increased after hydrophobic 

modification of CNC with polystyrene. However, the aggregation was somewhat limited, and this 

may be due to the low grafting of the PS chain on the ends of CNC. We postulate that interesting 

properties may be achieved if we can tune the composition hydrophobic and hydrophilic domains 

of the system. The zeta potential of nanoparticle dispersions was measured, and they are 

summarized in Table 3.1. Pristine cellulose nanocrystals possessed a zeta potential of -47.5 mV, 

while the polystyrene modified CNC had a zeta potential ranging from -33.3 to -39.2 mV, 

depending on the reaction temperatures. When polystyrene chains were grafted on the ends of 

CNC, some inter-particle interactions may occur due to hydrophobic interactions, and the 

aggregated CNC may screen the surface charge of the CNC aggregates. 

 

Table 3.1 A summary about the aldehyde contents, average size and zeta-potential of the 

nanoparticles 

Nanoparticle Aldehyde contents (μmol/g) Average Size (nm) ζ-potential (mV) 

CNC 24.5 25.4 -47.5 

CNC-PS r.t. 11.4 34.5 -39.2 

CNC-PS 70oC 6.8 55.7 -33.3 
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Figure 3.2 (A) FTIR spectra of sulfated cellulose nanocrystal (red), polystyrene (blue), CNC-PS 

from room temperature (black), CNC-PS from 70 oC (pink); (B) 1H NMR spectrum of cellulose 

nanocrystal (blue), CNC-PS from 70 oC (red); (C) Intensity distribution of a 0.1 wt % suspension 

of nanoparticles (CNC, CNC-PS at r.t. and CNC-PS at 70 oC) in water measured by DLS.  

 

Figure 3.3 TEM images showing the morphologies of (A) pristine CNC, (B) CNC-PS from room 

temperature, and (C) CNC-PS from 70 oC. 
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3.4.2 Pickering emulsion stabilized by pristine CNC and CNC-PS 

In order to investigate the capability of the various types of CNCs for the stabilization of oil/water 

emulsions, toluene was used as the model solvent and different concentrations of CNCs were 

examined. The volume of oil to water used was kept at 1 and 2 ml respectively, unless stated 

otherwise. As shown in Figure 3.4 (A), for all the concentrations examined (0.3, 0.5, 1.0 wt%), 

emulsions stabilized by pristine CNC were unstable against coalescence and total phase separation 

occurred immediately after sonication. All the sulfated CNC were highly negatively charged, and 

the highly hydrophilic character of the CNC hindered their partitioning to the oil-water interface. 

The strong repulsion force between the nanoparticles could induce the destabilization of emulsions 

as reported in the literature.156,169 However, the toluene-in-water emulsions stabilized by CNC-PS 

(r.t.) were stable against coalescence for all the concentrations tested, as shown in Figure 3.4 (B) 

and Figure 3.4 (C). The emulsions would cream to the top of dispersed phase due to the density 

difference between the oil and water, however the emulsion remained stable against coalescence 

even after 4 months. This clearly showed the enhancement in the emulsion stability when the end 

modified PS-CNC was used as the emulsifier instead of CNC. 

The effect of particle concentration on the characteristics of emulsions was investigated and the 

result is shown in Figure 3.5 (A). Toluene-in-water emulsions were stable against coalescence at 

high concentrations (above 0.3 wt%), while some coalescence and phase separation were evident 

at low CNC concentrations (below 0.3 wt%). This difference was attributed to the dosage of 

nanoparticles that were partition to the oil-water interface. Selective end modification imparts 

hydrophobic domains to the nanoparticles that promote the adsorption of the nanoparticles to the 

toluene-water interface. Ultimately, the average emulsion droplet size is controlled by the 

nanoparticles present at the oil-water interface, and the grafting of PS to CNC resulted in a 

reduction in the droplet size from around 25 to 14 μm (see Figure 3.6(B)). We also noted that the 

average emulsions droplet size remained unchanged when the nanoparticle concentration exceeded 

0.5 wt%, and this is associated to the complete coverage of the oil-water interface by the modified 

CNC. Therefore, the surface coverage ratio is 1.4 with 0.5 wt% nanoparticles according to Eq. 

(3.1), which indicated that 0.5 wt% CNC-PS was sufficient to stabilize 1 mL toluene. Similar 

phenomenon was also observed by Capron et al. where the surface coverage ratio exceeded 100 

%, where the particles exceeded the critical point.42 
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Figure 3.4 Photographs of (A) pristine CNC and (B) CNC-PS from room temperature (a: 0.3 wt%, 

b: 0.5 wt%, c: 1.0 wt%) suspensions as well as mixture after emulsifications (toluene water ratio 

1:2, d: 0.3 wt%, e: 0.5 wt%, f: 1.0 wt%); (C) Optical micrographs of emulsions stabilized by CNC-

PS from room temperature at different concentrations (toluene water ratio 1:2, 1: 0.3 wt%, 2: 0.5 

wt%, 3: 1.0 wt%) 

In order to gain a better understanding on the stability of the emulsions, the percentage height of 

emulsion phase over total mixture (H%) was visually evaluated, and the data are presented in 

Figure 3.5(B). For toluene emulsions stabilized by CNC-PS (r.t.), the H % for all the emulsions 

decreased rapidly within a storage period of approximately 15 mins, and followed by a slower 

decrease, and beyond 3 days, the H % remained constant. By increasing the nanoparticle 

concentrations, a progressive reduction in H % was observed (Figure 3.5 (B)). Similar phenomena 

were observed for other Pickering type emulsions stabilized by different nanoparticles.148,185 In 

addition, the H % of all the stable emulsions turned to around 50 % after storage for 3 months, 

thus the oil fraction in the formulated emulsions is 66.7 % according to Eq. (3.2). 

In addition to toluene, hexadecane was used as the organic phase in preparing the Pickering 

emulsions. It was evident that the emulsion stability was improved when compared to toluene, and 

the creaming rate was much lower. This could be attributed to toluene possesses a higher polarity 

than hexadecane; i.e. toluene ( = 2.38;  = 0.43), and hexadecane ( = 2.05;  = 0.06), where the 

polarity of each solvent is being expressed by its dielectric constant  and dipole moment . At 
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concentrations below 0.5 wt%, the H% of the creaming layer of the emulsions decreased rapidly 

in the initial 30 mins, followed by a slower decrease. For emulsions with nanoparticle 

concentrations greater than 0.8 wt%, mild creaming was observed, where only a 4 % change in 

height was recorded after 4 hours for emulsions stabilized by 1 wt% CNC-PS (r.t.) (see Figure 3.5 

(D)). The differences in the creaming behavior at low particle concentrations could be attributed 

to the effect of droplet size. It was found that the droplet size of emulsions stabilized by CNC-PS 

(r.t.) were much smaller when hexadecane was used instead of toluene (Figure 3.6 (A)). The 

droplet size decreased from 21 to 4.8 μm when concentrations was increased from 0.2 to 1.0 wt% 

(Figure 3.6 (B)). Once the concentration approached 0.5 wt%, further increase in the concentration 

did not result in a substantial reduction in the droplet size. Therefore, the surface coverage ratio at 

0.5 wt% nanoparticles is 50 %, which was determined by Eq. (3.1). It means 50 % surface coverage 

is sufficient to stabilize 1 mL hexadecane. When the oil droplets have been sufficiently covered 

by the nanoparticles, a further increase in concentration will only lead to the excess nanoparticles 

being dispersed in the continuous phase. This will increase the volume fraction of particles, which 

will result in an increase the viscosity of the emulsion system. The creaming rate can be better 

understood from the Stokes equation, as shown in Eq. (3.3). In addition, similar with toluene-water 

emulsions, all the stable hexadecane-water emulsions had a H % around 50 % after three months 

storage, thus the oil fraction in the formulated emulsions was 66.7 % according to Eq. (3.2). 

V =
2𝑟2(𝜌−𝜌0)𝑔

9𝜂
   (3.3) 

where V is the creaming rate, r is the droplet radius, ρ is the density of the droplet, ρ0 is the density 

of the dispersion medium, η is the viscosity of the continuous phase and g is the local acceleration 

due to gravity. 
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Figure 3.5 Optical micrographs of toluene (A) and hexadecane (C) in water emulsions stabilized 

by CNC-PS from room temperature at different concentrations (oil water ratio 1:2, A: 0.05; B: 0.1; 

C: 0.2; D: 0.3; E: 0.5; F: 0.8; G: 1.0 wt%). Creaming profile of toluene (B) and hexadecane (D) in 

water Pickering emulsion stabilized by CNC-PS from room temperature at different 

concentrations.  

 

Figure 3.6 (A) Optical micrographs of toluene (up) and hexadecane (bottom) in water emulsions 

stabilized by 0.3 wt% CNC-PS from room temperature. (B) Droplet size dependence on 

nanoparticle content in the water phase in an emulsion containing toluene or hexadecane with a 

1:2 oil to water ratio.  

The effects of salt concentration on the stability of Pickering emulsions have been previously 

described in the literature.156,179,185 By screening the charge of the sulfate groups on the surface of 
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CNC, the introduction of salt lowers the zeta potential of charged particles that favours the inter-

particle interactions at the oil-water interface that enhances the stability of the emulsion. When salt 

was added to CNC-PS from r.t., similar behavior was observed. As shown in Figure 3.7, the zeta 

potential decreased when the salt concentration was increased. A visible increase in the viscosity 

was also observed with the increase in salt concentration, due to aggregation and network 

formation of the CNC particles and the emulsion droplets. Different amounts of NaCl were added 

to 0.5 wt% of CNC-PS (r.t.), and their impact on the stability of toluene-in-water emulsions were 

investigated. As discussed earlier, the addition of salt induced the aggregation of CNC, resulting 

in the increase in the turbidity of the dispersion (Figure 3.8 (A)). Figure 3.8 (B) and 3.8 (C) 

illustrate the decrease in the creaming rate and the emulsion droplet size (15.6 to 11.3 μm) caused 

by the increase in the salt concentration from 0 to 50 mM. However, beyond 50 mM, a further 

increase in the salt concentration did not have an impact on the creaming process. This trend is 

consistent with the trend observed from the zeta potential measurements. The reduction in the 

creaming rate could be correlated to the reduction in the size of the emulsion droplet and the 

increase in the viscosity of the continue phase as governed by the Stokes equation (Eq. (3.3)).  

0 20 40 60 80 100

-50

-40

-30

-20

-10

Z
e
ta

 p
o
te

n
ti
a
l 
(m

V
)

NaCl Concentration (mM)

 Zeta potential

 

Figure 3.7 Zeta Potential of CNC-PS (0.5 wt%) with various salt concentration 
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Figure 3.8 (A) Photograph shows the transparency of 0.5 wt% CNC-PS suspensions in different 

NaCl concentrations (A: 0, B: 5, C: 10, D: 25, E: 50, F: 100 mM); (B) Emulsions with toluene as 

oil phase (probed with Nile Red) stabilized by CNC-PS suspensions (0.5 wt %) with different 

NaCl concentrations (A: 0, B: 5, C: 10, D: 25, E: 50, F: 100 mM) after the storage of 1 day; (C) 

Creaming profile of toluene in water emulsions stabilized by 0.5 wt% CNC-PS and different NaCl 

concentration; (D) Droplet size dependence on NaCl concentration in the continuous phase while 

keep the nanoparticle concentration at 0.5 wt% and oil to water ratio 1:2. 

3.4.3 Pickering emulsions stabilized by modified CNC with different Mn of polystyrene 

In this section, the impact of the molecular weight of polystyrene on the emulsion stability was 

investigated. Amine terminated polystyrene of different average Mn (5000 vs 10000 Da) were used 

in the modification at room temperature. The ratio between reactive groups on CNC and 

polystyrene were kept constant, where the weight ratio between CNC and polystyrene were 10:1 

and 5:1 for molecular weight of 5000 and 10000 Da, respectively. Toluene was used as the organic 

phase since its stability against coalescence can be easily observed. As shown in Figure 3.9 (A), 

no significant difference in the droplet size was observed for emulsions prepared using the same 

CNC concentration of 0.8 wt%. In fact, the droplet sizes were slightly larger for emulsions 

stabilized by nanoparticles prepared using a higher molecular weight polystyrene (Figure 3.9 (B)). 

We hypothesized that a relatively lower grafting density on cellulose nanocrystals was present 

when a higher molecular weight polystyrene was used since an increase in the molecular weight 

will reduce the mobility of the polymer chain during the reaction. The small terminal groups may 

be buried inside the random polymer coil, making it less accessible for the reaction with the 

hemiacetal groups on the ends of the CNC. The creaming behavior were also investigated to 

examine the stability of the emulsions, and this is summarized in Figure 3.10. There was no 
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significant difference on the creaming profile between emulsions stabilized by these two types of 

CNC-PS.  

 

Figure 3.9 Optical micrographs of toluene in water emulsions stabilized by 0.8 wt% CNC-PS (Mn 

= 5000 Da, up) and CNC-PS (Mn = 10000 Da, bottom). The inserted photograph shows the 

emulsion stability after 2 weeks with different concentrations of nanoparticles (oil water ratio 1:2, 

A: 0.05; B: 0.1; C: 0.2; D: 0.3; E: 0.5; F: 0.8; G: 1.0 wt%); (B) Droplet size dependence on 

nanoparticle content (CNC-PS, Mn=5000 Da, and CNC-PS, Mn=10000 Da) in the water phase. 

 

Figure 3.10 Creaming profiles of toluene in water emulsion stabilized by CNC-PS with various 

reaction conditions (Left) room temperature and PS Mn=5000 Da; (Middle) room temperature and 

PS Mn=10000 Da; and (Right) 70 ℃ PS Mn=5000 Da at different concentrations. 
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3.4.4 Pickering emulsions stabilized by modified CNC prepared at different temperatures 

In this study, polystyrene with a Mn of 5000 Da was used and the weight ratio between CNC and 

polystyrene was fixed at 10:1. Nanoparticles from two different reaction temperatures were 

compared to assess their capacity to stabilize the toluene-water emulsions. As shown in Figure 

3.11 (A), the emulsions stabilized by modified nanoparticles were stable against coalescence when 

the concentrations were greater than 0.3 wt%. The average droplet size was much smaller for 

emulsions stabilized by nanoparticles prepared at 70 oC (Figure 3.11 (B)). At a higher reaction 

temperature, more polystyrene chains were believed to be grafted onto the cellulose nanoparticles. 

CNC with a higher density of hydrophobic PS chains will be more favourably partitioned to the 

oil-water interface. A slight creaming behavior for emulsions was also observed, which may 

attribute to the size difference between these two systems. 

 

Figure 3.11 (A) Optical micrographs of toluene in water emulsions stabilized by 1.0 wt% CNC-

PS (r.t.) (up) and CNC-PS (70 oC) (bottom). The inserted photograph shows the emulsion stability 

after 2 weeks with different concentrations of nanoparticles (oil water ratio 1:2, A: 0.05; B: 0.1; 

C: 0.2; D: 0.3; E: 0.5; F: 0.8; G: 1.0 wt%); (B) Droplet size dependence on nanoparticle content 

(CNC-PS from r.t. as well as 70 oC) in the water phase. 

3.5 Conclusions 

Hydrophobic polystyrene was successfully grafted onto the reducing end of cellulose nanocrystals 

through a selective-end group modification protocol. The modified nanoparticles displayed 

favourable surface properties and were capable of stabilizing toluene or hexadecane-in-water 

emulsions. Both emulsions displayed good stability against coalescence over a period of more than 

4 months. When hexadecane was the oil phase, the droplet size of the emulsions was smaller than 
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toluene, which also displayed a much slower creaming rate.  The creaming behavior of the 

emulsions was inhibited by electrolytes, which screened the charges on CNC surface. This work 

offers a possible strategy to modify CNC to produce amphiphilic particles for stabilizing Pickering 

emulsions.  
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Chapter 4* One Step Synthesis of Green High-Performance Pesticide Nano-

dispersion using Cellulose Nanocrystal 

 

Developing novel environmentally friendly nano-sized pesticide formulation is a key focus of 

sustainable agriculture. In this study, we used cellulose nanocrystal (CNC) as a carrier and 

dispersing agent for two model water insoluble pesticides (i.e. Deltamethrin and Permethrin) to 

formulate organic solvent and surfactant free pesticide nano-dispersions. The results show that the 

optimum loading ratio between pesticide and CNC was 1:100 as determined by UV-vis 

spectrophotometer, dynamic light scattering (DLS), zeta potential, and transmission electron 

microscopy (TEM). Fourier transform infrared spectroscopy (FTIR) and Isothermal Titration 

Calorimetry (ITC) results suggested hydrophobic interaction dominated the adsorption process. In 

addition, both laboratory and field trial tests were conducted to evaluate the pest control efficacy 

of the nano-dispersion, and it possessed performance better or equal to existing commercial 

formulations. The nano-dispersion was effective to control diamond back moth (DBM) in cabbage, 

achieving a mortality percentage of 99%. Consequently, a total cabbage yield of 322.3 kg was 

obtained for the nano-dispersion treated plot, while that of the commercial formulation treated plot 

and the control plot was 319.2 kg and 294.28 kg, respectively. 

 

 

 

 

 

 

 

 

 
* This chapter is partially adapted from a paper: Chunxia Tang, Jason Pun, and Michael K.C. Tam, “One Step Synthesis 

of Green High-Performance Pesticide Nano-dispersion using Cellulose Nanocrystal” Manuscript under preparation. 
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Abstract graphic 
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4.1 Introduction  

Pesticides are essential compounds to ensure crop yield, and the demand of them has increased 

due to population growth and arable land reduction across the world.186 However, poor water 

solubility of the majority of pesticides has greatly limited their water dispersity, and consequently 

their pest control efficacies.187 Therefore, pesticides are often formulated as emulsifiable 

concentrate (EC), suspension concentrate (SC), wettable powder (WP), microemulsions, etc. in 

order to enhance their water dispersity.58 Meanwhile, large amount of solvents and surfactants are 

consumed during the production of the pesticide formulations. For example, organic solvents such 

as toluene and xylene, and synthetic surfactants are commonly required to dissolve the pesticides 

and maintain droplet stability in EC and emulsion formulations.1 These organic solvents possess 

strong toxicity and volatility, which are potential risks to the end users. In addition,  environmental 

pollution is another problem associated with the application of such pesticide formulations via 

spraying due to the leaching of pesticides and those un-green adjuvants.7  

In recent years, great efforts have been devoted to develop environmentally-friendly pesticide 

formulations, aiming at reducing/avoiding the use of toxic organic solvents and surfactants.188,189 

Inspired by recent advances in nanotechnology and material science, nano-pesticides have 

received much attention due to their unique surface to volume properties.1,53,190 In contrast, bulk 

pesticide crystals generally possess diameters up to hundreds of macro-meters, which are difficult 

to yield stable aqueous dispersions. Two pathways are commonly used to prepare nano-pesticides: 

grind pesticide crystals to nano-sized particles and precipitate the pesticide solution in a non-

solvent. The former requires high energy input and additional steps to produce stable formulation, 

while the latter can produce stable nano-dispersion in one step when stabilizers are present in the 

non-solvent.191 Nanomaterials can play the role as stabilizers or carriers in the precipitation step 

due to their excellent colloidal stabilities and large surface areas. Moreover, they can help reduce 

the pesticide particle size as well as increase its dispersity and stability.192,193   

A wide variety of materials have been demonstrated as pesticide carriers: Inorganic materials, such 

as clay, mesoporous silica, and layered double hydroxides;194,195 Synthetic polymers/ co-polymers, 

e.g., poly (ethylene glycol) (PEG), poly-ε-caprolactone (PCL), and polymethylmethacrylate 

(PMMA)- polystyrene copolymers;196,197 Natural polymers, like chitosan, lignin, cellulose 

derivatives, alginate, etc.17,18 Among them, biomass-based polymers are  usually considered as 

sustainable, biodegradable and environmentally friendly materials. Therefore, they are highly 
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desirable as alternative green carriers for pesticides to replace emulsion based products that are 

formulated using toxic-organic-solvents.5,53,198 

Cellulose is one of the most abundant bio-mass based polymers on earth. However, cellulose based 

nanoparticles are rarely used for pesticide application. Very recently, some new cellulose-based 

nanoparticles became commercially available, which also offered a great opportunity for 

development of “greener” pesticide systems, i.e. organic solvent- and surfactant-free pesticide 

formulations. Cellulose nanocrystal (CNC) is one of these very promising candidates, which is 

obtained by the acid hydrolysis of native cellulose using an aqueous inorganic acid, such as sulfuric 

acid.200 Under the acidic environment, the amorphous regions of native cellulose are dissociated, 

leaving behind the highly ordered crystalline domains (commonly referred to as cellulose 

nanocrystal (CNC)).21,160,201 Typically, CNC produced from sulfuric acid hydrolysis possesses a 

width ranging between 5 and 20 nm and length of several hundred nanometers. In addition, the 

hydrolysis of cellulose using sulfuric acid leads to the formation of sulfate ester groups generating 

numerous negative charges on the surface of CNC, which promotes homogeneous dispersion of 

cellulose nanocrystals due to electrostatic repulsion in aqueous solutions.162,167  

Thus, instead of using polymeric nanoparticles for agrochemicals encapsulation and dispersion, 

CNC can be an ideal carrier for the preparation of pesticide nano-dispersion due to its 

biodegradability, biocompatibility, large surface area and excellent colloidal stability. In this study, 

a universal and cost-effective method was developed to fabricate organic solvent/surfactant-free 

pesticide nano-dispersion using biomass-based CNC. The preparation conditions, binding 

mechanism and pest control efficacy in both laboratory and field trial of the nano-dispersion were 

studied.  

4.2 Materials and method 

4.2.1 Materials 

Sulfated cellulose nanocrystals powder produced by sulfuric acid hydrolysis were provided by 

Celluforce Inc. Deltamethrin (DEL, solubility in water < 0.002 mg/L at 25 deg C (data from 

PubChem)) and Permethrin (PER, solubility in water < 0.13 mg/L at 25 deg C (data from 

PubChem)) were purchased from Sigma-Aldrich in analytical standard. Acetone (ACS reagent, ≥

99.5%), ethanol (ACS reagent, ≥99.5%), and potassium bromide (KBr, FTIR grade) were 

purchased from Sigma Aldrich. A commercial EC formulation of ORTHO® HOME DEFENSE® 



73 

 

MAXTM with permethrin concentration of 0.25% was purchased from Home Depot (USA) for in 

laboratory pest control test. Another commercial EC formulation Deltamethrin 2.5 EC was used 

as reference in field trial test. Ultra-pure water (resistivity of 18.2 MΩ.cm) was used to prepare all 

the aqueous dispersions. Living mealworms and waxworms which have life expectancy of 1 month 

were purchased from PetSmart (Canada) and stored in the fridge at 4 degree. The worms were 

taken out from the fridge to at room temperature before the experiment. An average of 30 min and 

40 min is needed for mealworms and waxworms to be active, respectively. 

4.2.2 Preparation of pesticide nano-dispersion 

1 wt% CNC stock dispersion was prepared by dispersing CNC powders into Milli-Q water. DEL 

or PER dissolved in acetone at various concentrations were mixed with 1 wt% CNC dispersion 

(containing 0.5 g CNC) at a water to acetone volume ratio of 1 to 2, followed by evaporation in a 

vacuum oven at 60 °C and vacuum pressure of 15 KPa for 6 hours. The obtained dispersion was 

denoted as CNC-DELX or CNC-PERX, where X represents the mass of pesticide (mg) used. As an 

example, CNC-DEL5 means nanoparticles prepared by 5 mg DEL and 0.5 g CNC. In comparison, 

control samples (DELX) without CNC were formulated by mixing DEL acetone solution with 

ultrapure water following the same process as described. Solid content of a dispersion was 

calculated by freeze drying of a known weight of sample. 

4.2.3 Characterization of nanoparticles  

Dynamic light scattering (DLS) and ζ-potential. The average diameter and zeta potential of the 

nanoparticles were measured using the Malvern Zetasizer Nano series. Experiments were 

conducted at 90 degree with a sample concentration of 0.04 wt%. The results were determined 

from an average of 3 measurements, consisting of 12 runs per measurement. 

Turbidity measurement. Turbidity of nano-dispersions (0.45 wt%) were measured by UV-vis 

spectrophotometer (Cary 100 Bio) at 500 nm. Briefly, 2 mL of sample was transferred to a Quartz 

cuvette, and the transmittance (%) at 500 nm was recorded. All the measurements were performed 

3 times and averages were reported. 

Fourier transform infrared spectroscopy (FTIR). FTIR spectra were obtained using a Bruker 

Tensor 27 spectrometer FT-IR spectrometer with a resolution of 4 cm–1 and a scanning number of 

32 from 400 to 4000 cm–1. Briefly, freeze-dried samples were mixed with KBr, followed by 

grinding via mortar and pestle, then compressed into a pellet. 
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Transmission Electron Microscopy (TEM). To observe the nanoparticle morphologies, 0.01 wt% 

aqueous dispersions were placed onto the copper grids (200 mesh coated with copper) and allowed 

to dry at room temperature for TEM characterizations (Philips CM10, 60 Kev). 

Isothermal Titration Calorimetry (ITC). MicroCal VP-ITC (Northampton, MA, USA) was used to 

study the binding mechanism between the pesticide molecules and CNC nanoparticles. CNC stock 

solution with a concentration of 0.1 mg/mL was prepared by adding CNC water dispersion to equal 

volume of ethanol. Similarly, 25 μg/mL DEL stock solution was prepared by dissolving DEL in 

ethanol/ water (1:1, v/v) mixture. The good solubility of DEL in ethanol/water (1:1, v/v) mixture 

was confirmed by the linearly increased UV adsorption intensity at 277 nm with increasing DEL 

concentration when it was below 200 μg/mL (See Figure 4.1). To conduct the titration, aliquot of 

10 μL was dropped stepwise by an auto injection syringe that contains 280 μL DEL stock solution 

to a reaction cell contains 1.43 mL CNC stock solution with a 6 min interval. For comparison, 

background was collected by injection of DEL stock solution to ethanol/ water (1:1, v/v) mixture 

without CNC following the same method. The temperature was set at 25 °C throughout the 

titration, and data obtained were plotted with the Origin 7.0 software. 

 

Figure 4.1 UV adsorption curve of DEL in ethanol/water (1:1 v/v) mixture  

4.2.4 In laboratory nano-dispersion pest control efficacy evaluation 

Before the test, CNC-DEL5 and CNC-PER5 nano-dispersions were diluted to 0.1, 0.5, 1.0 and 1.5 

wt%, where the corresponding active ingredient (AI) concentration was 9.9 ppm, 49.5 ppm, 99.9 

ppm and 150 ppm. To perform the pest control test, fresh spinach leaves were spread on a petri 

dish (10 cm diameter), then 2 mL of the dispersion was sprayed on the leave surfaces with 1 mL 
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on the top and 1 mL on the bottom. After that, 20 active worms were placed on top of the leaves, 

and the survival rate of the worms was recorded at set time intervals. To determine whether a worm 

was dead, three steps were adopted, i) lightly touch the worm around its body with a wide tip of 

tweezer, ii) lightly pinch the worm in the stomach and tail with tweezer, iii) lightly lift the worm 

with tweezer. If there was no movement after the 3 steps, the worm was recorded as dead. In 

comparison, the pest control efficiency of 1.0 wt% CNC (0 ppm DEL) and DEL5 control (100 ppm 

DEL) were also investigated and compared with 1.0 wt% CNC-DEL5 (99.5 ppm DEL). In addition, 

the pest control efficiency of CNC-PER5 was compared with the commercial EC pesticide 

ORTHO® HOME DEFENSE® MAXTM under the same PER dosage. Both mealworms and 

waxworms were used for the evaluation. 

4.2.5 In field nano-dispersion pest control efficacy test 

To examine the efficacy of the developed nano-dispersion, Deltamethrin was selected as a model 

pesticide for the field trial test, which was conducted in Pobbathiri Tsp, Nay Pyi Taw Region of 

Myanmar during Winter 2020. This field trial was arranged by our industrial partner, Asiatic 

Agriculture Industrial Pte Ltd. Three plots (T1, T2 and T3) of 4 m × 3 m were designed for planting 

of Cabbage, Crown (hybrid), and each of them had 3 replications (R1, R2 and R3). The efficacy 

of the prepared nano-dispersion was compared with a commercial formulation Deltamethrin 2.5 

EC for the control of Diamond back moth caterpillar (DBM) in cabbage. CNC-DEL5 nano-

dispersion was prepared at a concentration of 3.75 g/L prior to spray, and Deltamethrin 2.5 EC 

was diluted in water with a concentration of 1.5 mL/L to maintain the same AI concentration. The 

spray volume was set as 100 L / acre for 2 times with an interval of 7 days. The details of treatment 

applied for each plot is summarized in Table 4.1. To evaluate the DBM control efficacies, 10 heads 

of cabbage in each replication were selected and the initial number of targeted pests per head was 

recorded on the 74th day after planting. The first assessment was conducted on the 77th day that 

was 3 days after first applications, and the second assessment was conducted on the 84th day, which 

was 3 days after subsequent applications. In the end of the test, cabbages were harvested and the 

total yield of the three plots were calculated.  
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Table 4.1 Details of treatment for each plot 

Application 

Time 
T1 T2 T3 

74th Day Control 
Deltamethrin 2.5EC 

1.5 mL/L 

CNC-DEL5 

3.75 g/L 

81st Day Control 
Deltamethrin 2.5EC 

1.5 mL/L 

CNC-DEL5 

3.75 g/L 

 

4.3 Results and discussion 

The formation process of the nano-dispersion can be illustrated in four stages as shown in Scheme 

1. In stage I, pesticide solution was mixed with CNC dispersion, where the pesticide existed in 

molecular state in acetone/ water (2:1, v/v) mixture. Interaction between pesticide molecules and 

CNC nanoparticles could occur when they were close enough. The attraction force could attribute 

to hydrophobic interaction, hydrogen bonding or Van der Waals interaction.54 In stage II, acetone 

in the mixture was partially removed at 60 °C, and the mixture still maintained its solubility 

towards these pesticide molecules. Consequently, more pesticide molecules approached the CNC 

surface due to their higher concentration. In stage III, as more acetone was evaporated, the 

solubility of the mixture was significantly reduced. Therefore, small clusters consisted of several 

molecules were formed. CNC could provide sites for these clusters due to its large surface area 

and amphiphilic surface. With the evaporation proceeding, more and more pesticide molecules 

were deposited on the CNC, forming new clusters or adding the existing clusters. In stage IV, 

acetone was completely removed, thus majority of the pesticide molecules precipitated from the 

mixture and formed clusters or nanoparticles. Notably, it’s impractical to transfer all the pesticide 

molecules from the mixture to CNC surface. Therefore, while some of the pesticide nanoparticles 

were deposited on CNC, some were not, and the proportion depends on the ratio between pesticide 

and CNC.  
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Scheme 4.1 Illustration of the formation process of CNC-AI nano-dispersion.  

4.3.1 Optimum loading ratio study  

Both Permethrin and Deltamethrin belong to the synthetic pyrethroid pesticides, and they have 

very similar chemical structure as well as poor water solubility.202 Here we used Deltamethrin 

(DEL) as an example to investigate the optimum loading ratio between pesticide and CNC. CNC-

DELx nano-dispersions were prepared by pesticide with dosages varying from 0 mg to 20 mg and 

0.5 g CNC. As shown in the inserted picture in Figure 4.2(A), the turbidity of nano-dispersion 

increased with DEL dosage, and it was evaluated by measuring the UV transmittance (%) at 500 

nm. Seen from Figure 4.2 (A), the transmittance (%) decreased proportionally with DEL dosage, 

and a rapid transmittance decline was observed when DEL dosage beyond 5 mg, which could be 

caused by the increased pesticide clusters concentration that scattered more light.  
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Figure 4.2 (A)Transmittance of CNC-DELX nano-dispersion as a function of DEL dose (mg). 

Inserted picture showing the 0.45 wt% nano-dispersions with different DEL dose (mg). Average 

hydrodynamic diameter of CNC-DELX (B), DELX control (C), and their zeta potential values (E). 

The illustration of DEL clusters formation process (D), electronegative groups on DEL molecules 

and DEL particle surface charge shielding effect (F). 

To examine the particle size, DLS measurements on 0.05 wt% CNC-DELX dispersions were 

conducted at 90 degree. Although CNC is a rod-like nanoparticle, the scattering from DLS 

measurements at 90 degree were reported to estimate the hydrodynamic diameter of CNC before 

and after modification.203,169 From Figure 4.2 (B), we observed that pristine CNC possessed an 

average hydrodynamic diameter of 75.9 nm, and the diameter clearly increased after loading the 

DEL. Two distinct increment slopes were observed after the linear fitting was applied to these 

data. Specifically, the diameter of CNC-DELX displayed a faster rate when DEL amount exceeded 

5 mg, which might be caused by the formation of larger pesticide clusters during precipitation 

when pesticide dosage exceeded the loading and dispersing capacity of CNC. The dispersion effect 

of CNC on DEL particles was further identified by a control experiment. Shown in Figure 4.2 (C), 

the diameter of DELX control without CNC was much larger than CNC-DELX under the same DEL 

content. For example, the diameter of CNC-DEL5 was 131.2 nm, while that of DEL5 was 380.8 
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nm. The much smaller size demonstrated that CNC could significantly reduce DEL particle size 

as a dispersing agent, however, larger DEL clusters/particles were produced without CNC due to 

the overgrowth of the clusters. The possible formation process of DEL clusters is illustrated in 

Figure 4.2 (D), which shows the self- assembly of hydrophobic DEL molecules to clusters by 

hydrophobic interaction or π- π stacking interaction during acetone evaporation. DEL molecules 

continued to deposit on the formed small clusters without the presence of CNC, resulting in large 

clusters.  Furthermore, DLS results indicated that CNC had limited surface/sites as dispersing 

agent. For 0.5 g CNC, it was effective for dispersing/loading up to 5 mg DEL. A further addition 

would significantly increase the particle size, causing the loss in colloidal stability, consequently 

the phase separation during formulation storage.  

Surface charge is another important parameter to evaluate the stability of pesticide formulation as 

high surface charge could introduce strong electrostatic repulsion between particles. Pristine CNC 

possessed excellent colloidal stability due to its negatively charged sulfate ester groups, which 

yielded a zeta potential of -42.2 mV as shown from Figure 4.2 (E).  The absolute zeta potential 

value of CNC-DELX increased with DEL dosage, which was probably caused by the increased 

amount of DEL particles. The surface charge of DEL particles might be attributed to the polar 

groups (-CN, -Br) on DEL molecules. As discussed earlier, the DEL clusters were formed by self-

assembly of DEL molecules, where the hydrophobic domains of DEL molecules formed the core 

and the polar groups were on the outside facing the polar solvent (Figure 4.2 (D)). N and Br are 

strong electronegative elements that can attract electrons; therefore, the electrons of C atom were 

strongly attracted by N and Br in -C≡N and -C=C (Br)2 groups (see Figure 4.2 (F)). The negative 

zeta potential values from DELX control further supported the conclusion. Similar to CNC-DELX, 

the surface charge of DELX control also increased with DEL dosage, which was probably due to 

more -C≡N and -C=C (Br)2 groups present in larger particles. Interestingly, the zeta potential 

value of CNC-DELX was very close to DELX control. This might be caused by the loaded DEL 

particles shielding the negative sulfate ester groups on CNC (illustrated in Figure 4.2 (F)).  

In summary, the optimum loading mass of DEL was considered as 5 mg when 0.5 g CNC was 

used. This ratio was adopted in the following studies as it produced nanoparticles with smaller size 

as well as more negative zeta potential, which are important parameters to prepare stable 

formulations. 
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4.3.2 Nano-particle morphology and size distribution study 

 

Figure 4.3 TEM images of pristine CNC (A), CNC-DEL5 (B), DEL5 control (C), and particle size 

distribution of 0.05 wt% of these dispersions by intensity (D). FTIR pattern of CNC, CNC-DEL5 

and DEL (E), and a magnified region (F). Calorimetric curve of injection of DEL solution to 

ethanol/ water mixture (red) and to CNC (black) (G) and integral plot after subtracting background 

(H). 

Pristine CNC is a rod-like nanoparticle with an average length of 200-400 nm and width of 5-20 

nm as seen in Figure 4.3 (A) determined from TEM analyses. Its dispersing and loading capacity 

towards DEL particles were evident as demonstrated by the uniformly distributed DEL 

nanoparticles on CNC (Figure 4.3 (B)). However, significant aggregation of DEL particles was 

observed when CNC was absent. From Figure 4.3 (C), we observed that DEL5 control exhibited 

much larger particle size than CNC-DEL5, which further confirmed the dispersing effect of CNC. 

DLS measurements were further conducted to analyze their particle sizes. From Figure 4.3 (D), 

we observed that pristine CNC possessed a single peak with an average hydrodynamic diameter 

of 75.9 nm, and the peak became broader and the average hydrodynamic diameter increased to 

131.2 nm for CNC-DEL5. In the scenario of DEL5 control, the average hydrodynamic diameter of 

DEL particles was much larger with a size of 380.8 nm.  

4.3.3 Binding mechanism study 

There are some studies that reported that pristine CNC could be used as carrier for hydrophobic 

compounds, however, the interaction mechanism between CNC and hydrophobic molecules was 
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not clearly explained.204–207 Herein, FTIR was used to investigate the bonding information before 

and after loading DEL on CNC. As shown in Figure 4.3(E), a small peak at 1735 cm-1 was observed 

in CNC-DEL5, which belongs to the ester group on DEL. A magnification from 1800 cm-1 to 1600 

cm-1 is shown in Figure 4.3 (F). Interestingly, no other characteristic peaks belonging to DEL were 

observed on CNC-DEL5, which was probably due to the low concentration of DEL in the CNC-

DEL5. In addition, we expected that hydrogen bonding could exist between CNC and DEL 

particles when they are very close as illustrated in Figure 4.2 (F). Overall, FTIR results suggested 

the interaction between CNC and DEL was physical, and no chemical bond was formed. 

To further examine the interaction mechanism between CNC and DEL molecules, ITC was used 

to monitor the heat change associated with the interaction.208 A typical curve (in red color) of 

titrating concentrated DEL solution to ethanol/water mixture without CNC is shown in Figure 4.3 

(G), where the heat released was due to dilution. In the presence of CNC, obvious enthalpy change 

was observed as a function of time or DEL concentration as shown by the black spectra in Figure 

4.3(G). The distinct enthalpy difference in the first 5000 s indicated that some forms of interaction 

occurred between CNC and DEL molecules. After 5000 s, the enthalpy was almost overlapped 

with the background, suggesting these interactions had ceased with when additional DEL was 

titrated to the CNC solution. After subtracting the background, the integrations of the peak areas 

were plotted and shown in Figure 4.3 (H). The enthalpy change was negative, i.e. -98.06±4.94 cal, 

suggesting the interaction was exothermic.209 Also, the small association constant Ka (6.69 ± 

3.42) ·104 indicated the binding force was a weak force. It seems that one type of binding 

interaction was present as the data could be fitted to a one site binding model.210–212 Since no 

hydrogen bonding peak was observed from the FTIR spectra, hydrophobic interaction would be 

the only likely driving force for the binding. Recent studies on CNC revealed that CNC is an 

amphiphilic system, where the axial direction of the rings formed by -CH were hydrophobic and 

the hydroxyl groups are hydrophilic.213–215,216 However, the specific hydrophobic plane of CNC is 

still being debated. For example, Capron et al. reported that plane (200) was hydrophobic,213,215 

while a recent work based on molecular dynamic simulation concluded that both plane (100) and 

(010) of CNC were amphiphilic.214 In other words, there is no standard method to calculate the 

content of the hydrophobic domains on CNC. Therefore, the X axis of Figure 4.3 (H) was 

designated as the mass ratio between DEL and CNC. N is known as stoichiometric, which 

represents the molar ratio between the ligand and receptor when the sites of receptor are saturated. 
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Here, N represented the mass ratio between DEL and CNC when the sites on CNC were saturated, 

and it was around 0.0106. This result was consistent with the optimum loading ratio determined 

by DLS measurements in section 4.3.1. 

4.3.4 In laboratory nano-dispersion pest control efficacy evaluation 

Both Permethrin and Deltamethrin are wide spectrum pesticides, and their mode of action is mainly 

based on contact and stomach toxicity. The pest control efficacies of CNC-DEL5 and CNC-PER5 

nano-dispersion were evaluated with two types of worms, i.e. mealworms and waxworms. 

Mealworms are the larval of the mealworm beetles, and waxworms are the caterpillar larvae of 

wax moths. Figure 4.4 (A) illustrates the pest control experiment of CNC-DEL5 nano-dispersion 

at different concentrations and two control samples in real time. The effect of CNC-DEL5 

concentration on mealworms mortality is shown in Figure 4.4 (B). Clearly, the living worm ratio 

decreased from 65% to 45% with CNC-DEL5 concentration increasing from 0.1 wt% to 1.0 wt%. 

The increased efficacy was mainly due to the increased DEL dosage in a 2 mL dispersion. Notably, 

the 1.0 wt% dispersion displayed very fast knockdown effect, as 55% mortality was achieved in 

60 mins.  

For comparison, the efficacies of CNC and DEL5 control were also investigated and compared 

with 1.0 wt% CNC-DEL5, and the results are shown in Figure 4.4 (C). It is evident that CNC did 

not show effective pest control efficacy, only 5% mortality was observed during the 2 hours 

observation, which was probably caused by natural death of the worms. In contrast, DEL5 control 

(contains100 ppm DEL) exhibited effective pest control efficacy, where 30% mortality was 

achieved in 2 hours. However, CNC-DEL5 still possessed the strongest pest control efficacy when 

compared with DEL5 control under the same DEL dosage. The superior performance was probably 

attributed to the smaller DEL particle size in CNC-DEL5, yielding a larger surface area for contact 

with the worms.  
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Figure 4.4 (A) Optical pictures of mealworms mortality in real time, (B) living mealworms ratio 

of 0.1 wt% CNC-DEL5, 0.5 wt% CNC-DEL5, and 1.0 wt% CNC-DEL5 dispersion as a function of 

time, and the insert shows the three dispersions, (C) living mealworms ratio of 1.0 wt% CNC, 

DEL5 control, and 1.0 wt% CNC-DEL5 dispersion as a function of time, and the inserted picture 

shows the three dispersions. 

Similarly, the pest control efficacy of CNC-PER5 at different concentrations were also studied and 

compared with a commercial EC pesticide formulation whose active ingredient is also permethrin. 

The efficacy was also dominated by PER concentration as shown in Figure 4.5. Moreover, the 1.0 

wt% CNC-PER5 achieved a comparable mortality (around 55%) to the commercial formulation 

(containing 100 ppm PER).   
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Figure 4.5 (A) Optical pictures of mealworms mortality in real time, (B) living mealworms ratio 

of 0.1 wt% CNC-PER5, 0.5 wt% CNC-PER5, 1.0 wt% CNC-PER5 dispersion and the commercial 

EC formulation as a function of time, and (C) picture showing the four pesticide formulations. 

For a more comprehensive assessment of the formulation performance, efficacy tests were also 

conducted on a larger body weight worm, i.e. waxworm. The living waxworm ratios of 1.5 wt% 

CNC-PER5 (150 ppm PER) and commercial formulation (150 ppm PER) as a function of time of 

are shown in Figure 4.6. It is evident that the commercial EC formulation displayed faster 

knockdown effect as 75% of the waxworms were killed in 2 hours, while CNC-DEL5 formulation 

achieved 70% mortality in 3 hours. The faster knockdown effect of commercial formulation was 

probably due to the presence of large amounts of organic solvents.  

Overall, in laboratory worm test, the results suggested that the CNC-DEL5/ PER5 nano-dispersion 

displayed good pest control performance. Besides, the current method possessed many advantages, 
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such as; no organic solvents and surfactants were used, simple preparation process, which meet 

the sustainable agriculture and ‘green chemistry’ concept. 

 

Figure 4.6 (A) Optical pictures showing the state of waxworms treated with 1.5 wt% CNC-PER5 

and commercial (150 ppm PER) at different time, (B) living waxworm ratio of the two samples in 

real time, and (C) picture of the two formulations. 

4.3.5 Large scale field trials of the nano-dispersion for evaluating pest control efficacy 

The three plots of 4 m × 3 m land designed for planting of cabbage is shown in Figure 4.7 (A). 

3.75 g/L CNC-DEL5 nano-dispersion and 1.5 mL/L commercial Deltamethrin 2.5 EC were sprayed 

on cabbages as shown in Figure 4.7 (B) on the 74th day and 81st day after planting. 10 heads of 

cabbages in each replication were selected and the targeted pests per head before and after 

treatments were recorded in Table 4.2. Figure 4.7 (C) shows a demonstration of target pest 

counting on a selected cabbage and Figure 4.7 (D) is a close view of larvaes on the leaf.  The mean 

number of target pest/head of cabbage of each plot before and after treatment is summarized in 

Figure 4.7 (E). It is evident that the cabbage plot treated with CNC-DEL5 nano-dispersion (T3) 

displayed the lowest number of larvae infestation per head of cabbage, followed by that treated 

with Deltamethrin 2.5EC (T2). Control plot (T1) showed the highest number of larvae infestation 

per head throughout the whole data collection and assessment period. The mortality percentage of 

T2 and T3 was 96% and 99% as calculated based on the mean number of target pest/head before 

and after treatment. It is evident that the CNC-DEL5 nano-suspension possessed comparable pest 
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control efficacy to the commercial Deltamethrin 2.5 EC formulation. In addition, the cabbage yield 

is shown in Figure 4.7 (F), where we observe a total yield of T3 is 322.3 Kg, followed by T2 with 

319 Kg and T1 with 294.28 Kg. Such results suggested that the developed CNC-DEL5 nano-

dispersion is very effective to control the diamond back moth (DBM) in cabbage, and consequently 

increase cabbage yield. The nano-dispersion can be widely applied to other types of crops and 

pests by simply changing the active ingredient on CNC during the nano-dispersion preparation. 

 

 

Figure 4.7 (A) An overview of the plots planted with cabbage, (B) demonstration of spray 

experiment during the test, (C) demonstration of target pest counting, (D) a close view of the larvae 

on the leaf. (E) Mean number of larvae per head of cabbage in each plot before and after treatments, 

(F) A summary of cabbage yield in 3 replications of each plot treated with different formulations. 
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Table 4.2 Mean number of target pests/ head of cabbage in each plot before and after treatments 

 

Data collection date

Before treatment(initial data)

T 1 S 1 S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 S 10 Means

R1 5 15 17 23 10 14 16 22 14 11 14.7

R2 22 23 20 24 15 13 12 23 0 17 16.9

R3 14 22 12 0 13 15 11 0 18 14 11.9

14.50

T 2 S 1 S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 S 10 Means

R1 46 8 16 14 18 0 3 20 20 11 15.6

R2 14 15 7 26 11 44 10 15 9 9 16.0

R3 5 24 22 13 5 10 13 17 5 11 12.5

14.70

T 3 S 1 S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 S 10 Means

R1 3 5 6 17 14 20 13 2 8 10 9.8

R2 22 21 31 15 28 7 1 16 9 17 16.7

R3 44 12 10 4 15 31 18 12 15 16 17.7

14.733

20.3.2020

Average of  T 2

Average of  T 3

Number of Pest per plant

Average of  T 1
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Data collection date

1st time after treatment

T 1 S 1 S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 S 10 Means

R1 13 8 26 14 23 14 15 11 12 14 15

R2 15 12 20 24 23 4 13 14 11 12 14.8

R3 20 14 13 2 21 24 7 13 20 15 14.9

14.90

T 2 S 1 S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 S 10 Means

R1 0 4 5 3 3 7 5 4 4 1 3.6

R2 4 1 8 7 3 4 0 4 0 2 3.3

R3 0 1 6 5 3 0 2 7 4 5 3.3

3.40

T 3 S 1 S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 S 10 Means

R1 4 2 5 6 3 3 4 4 3 1 3.5

R2 0 0 3 3 0 4 4 0 3 4 2.1

R3 3 0 4 3 7 0 3 3 4 4 3.1

2.9

23.3.2020

Average of  T 2

Average of  T 3

Average of  T 1

Number of Pest per plant

Data collection date

2nd time after treatment

T 1 S 1 S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 S 10 Means

R1 33 13 34 13 11 21 12 4 23 15 17.9

R2 30 21 10 30 12 10 14 21 11 7 16.6

R3 20 32 11 8 31 37 8 21 10 8 18.6

17.70

T 2 S 1 S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 S 10 Means

R1 0 1 0 0 0 1 2 1 0 0 0.5

R2 1 0 0 0 0 1 1 2 0 0 0.5

R3 1 1 0 2 2 1 0 0 0 0 0.7

0.57

T 3 S 1 S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 S 10 Means

R1 0 0 1 0 0 0 0 0 0 0 0.1

R2 0 0 0 1 1 0 0 0 0 0 0.2

R3 1 0 0 0 0 0 0 0 0 0 0.1

0.133

30.3.2020

Average of  T 2

Average of  T 3

Number of Pest per plant

Average of  T 1
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4.4 Conclusions 

We developed a simple and scalable process to produce organic solvents- and surfactants- free 

pesticide nano-dispersion using cellulose nanocrystal (CNC) as carrier and dispersing agent. FTIR 

and ITC studies suggested that the attraction between hydrophobic pesticide molecules and CNC 

was dominated by hydrophobic interaction. The optimum loading mass ratio between deltamethrin 

and CNC was 1:100 as determined by DLS and ITC results. In addition, both laboratory and field 

trial tests have suggested that the nano-dispersion possessed excellent pest control efficacy that 

was comparable to commercial formulations. Besides, the small particle size and high zeta 

potential value of CNC-DEL5 nanoparticle are very important properties to produce a stable 

dispersion that can be stored long term. In summary, the nano-dispersion is very promising for 

replacing conventional pesticide formulations due to its simple preparation process, 

environmentally friendly material, odorless ingredients, and excellent pest control efficacy.  
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Chapter 5* Shape Recoverable and Mechanically Robust Cellulose Aerogel 

Beads for Efficient Removal of Copper ions 

 

Developing bio-based absorbents with high removal capacity towards heavy metals is one of the 

key strategies to manage water pollution worldwide. Robust cellulose aerogel beads (CGP, 

diameter of 3~4 mm) with high amine content were prepared by cross-linking polyethylenimine 

(PEI) to cellulose nanofibrils (CNF) using 3-Glycidyloxypropyl) trimethoxysilane (GPTMS). The 

mass ratio between PEI and GPTMS (1:1 or 3:1), crosslinking mechanism, morphologies, 

elemental compositions, total amine contents, mechanical strengths as well as the adsorption 

capacity and kinetic of the aerogel beads were investigated. Small CGP beads possessed several 

desirable characteristics, such as high amine group content (5.74 mmol/g for CGP3 beads), large 

maximum Cu (II) adsorption capacity (163.40 mg/g for CGP3 beads), very fast adsorption rate (< 

10 h to reach equilibrium), high shape recovery (2.00 % plastic deformation for CGP3 beads at 

50% strain), robust mechanical strength (stress around 10.5 KPa at 50% strain), and they could be 

regenerated and reused.  

 

 
* This chapter is adapted from a paper: Tang, C.; Brodie, P.; Li, Y.; Grishkewich, N. J.; Brunsting, M.; Tam, K. C. 

Shape Recoverable and Mechanically Robust Cellulose Aerogel Beads for Efficient Removal of Copper Ions. Chem. 

Eng. J. 2020, 124821. 
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5.1 Introduction 

Heavy metals (e.g., Pb (II), Cu (II), Cr (VI)) are serious water pollutants that threaten human health 

due to their high toxicity, non-degradability and bio-accumulation. 217 Various technologies have 

been adopted to remove the metal ions from wastewater, such as ion-exchange, chemical 

precipitation, flocculation, membrane separation and adsorption. 218 Among them, adsorption is an 

efficient and economical approach since it is easy to design and operate. 219 Absorbents, such as 

activated carbon, clay, biochar and polymers are widely used for wastewater treatment.220 

However, most of these commercial absorbents consisted of powders, which have poor 

recyclability, low removal efficiency and high cost.221 Besides, the poor recyclability of these 

powders can cause the secondary pollution. Therefore, novel absorbents that can satisfy the 

practical requirements are necessary. 

Aerogels are highly interconnected porous solid materials that possess many advantages, such as 

ultralow density, high surface area and adsorption capacity and ease of separation from the bulk 

aqueous solutions. 222 These unique properties make aerogels ideal absorbents for water treatment. 

Many materials have been demonstrated to be effective for preparing aerogel absorbents, e.g., 

graphene oxide, silica, polymers and bio-mass based materials.223–225 In recent years, intense 

studies have been devoted to bio-mass based materials due to their low cost, bio-degradability as 

well as abundant surface reactive groups.226 

Cellulose is an environmentally friendly compound derived from natural resources, such as trees 

and agriculture biomass.58 Depending on the size and aspect ratio, cellulose materials can be 

classified into cellulose fibers (mainly used for papermaking), microcrystalline cellulose (MCC), 

cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC).59,201 CNF exhibits its unique 

properties to prepare aerogels due to its high aspect ratio, abundant surface hydroxyl groups, and 

structural flexibility.227 However, physically crosslinked CNF aerogel such as pure CNF entangled 

aerogels or polymers (e.g., PVA, PEG, gelatin) blended CNF aerogels are easy to dissociate in 

water due to the hydrogen bonding interaction between its hydroxyl groups and water molecules. 

227 Chemical crosslinking is an effective and commonly used approach to enhance cellulose 

aerogel wet mechanical strength via the formation of robust covalent bonding. In general, surface 

modification of CNF with crosslinking sites such as silyl, amine, epoxy, carboxyl or aldehyde 

groups is necessary to build up robust and functionalized CNF aerogels.222 
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Considering the low adsorption capacity of hydroxyls groups on CNF towards metal ions, 

modification of CNF with crosslinkers containing carboxylic, amine or phosphate groups is an 

effective strategy to enhance its heavy metals removal capacity as well as wet mechanical property. 

217 For example, Zhang et al. prepared a CNF aerogel absorbent that possessed both carboxyl and 

amino groups by grafting polyethylenimine (PEI) on TEMPO- oxidized CNF, achieving a 

maximum Cu (II)  capacity of 52.32 mg/g;228 Tang et al. introduced PEI on CNF using 

polydopamine as crosslinker to produce CNF aerogel absorbent, which achieved a maximum Cu 

(II) adsorption capacity of 103.5 mg/g;229 Li et al. mixed PEI with carboxylated-CNF via physical 

crosslinking to prepare aerogel absorbent with a Cu (II) absorption capacity of 175.44 mg/g.230 

However, similar to these mentioned CNF aerogels, most CNF aerogel absorbents reported in 

literature are monoliths. Although these monoliths exhibited high adsorption capacity, the 

adsorption kinetics is slow due to the long diffusion path. Since the removal rate is a critical 

parameter to improve its efficiency, this can be achieved by reducing the diffusion path length.231 

In this study, we grafted a hyperbranched cationic polymer, PEI on CNF using (3-

glycidyloxypropyl) trimethoxysilane (GPTMS) as a crosslinker. The obtained mixture was 

injected into liquid nitrogen for rapid freezing, followed by sublimation to obtain cellulose aerogel 

beads (diameter between 3-4 mm). The chemical structure and composition, morphology, 

mechanical property, Cu (II) ion adsorption capacity and mechanism as well as regeneration 

performance of the aerogel beads were investigated. The novelty of this work comprise of: (1) 

cellulose aerogel beads was used instead of cellulose aerogel monoliths for Cu (II) removal to 

improve the removal efficiency by reducing copper ion diffusion path length; (2) small beads with 

larger surface to volume ratio than monoliths that enhanced the adsorption rate; (3) a scalable and 

simple one pot chemical crosslinking reaction conducted at room temperature and in aqueous 

solution was proposed; (4) the mechanical performance of the aerogel beads were precisely 

quantified, and to our knowledge, this is the first reported study; (5) the beads possessed excellent 

adsorption, regeneration and mechanical property, which is very promising for packed column 

adsorption. 

5.2 Materials and Methods 

5.2.1 Materials 

CNF slurry was obtained from the Process Development Center (University of Maine), and the 

detailed production process was reported previously.201 (3-glycidyloxypropyl) trimethoxysilane 
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(GPTMS), branched- polyethylenimine (b-PEI, Mw 750,000 Da), copper (II) sulfate pentahydrate, 

sodium hydroxide (NaOH), hydrochloride acid (HCl, 37%), potassium bromide (KBr), humic acid 

and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma Aldrich. Milli-Q water 

(conductivity of 15 μs/cm) was used to prepare the aqueous dispersions. 

5.2.2 Preparation of cellulose aerogel beads/monoliths 

GPTMS was dropwise added to the CNF dispersion (1 wt%) under magnetic stirring at room 

temperature with a mass ratio of CPTMS: CNF = 1:1, and the mixture was further stirred for 2 

hours to allow the GPTMS hydrolyzed and condensed on CNF. Then, b-PEI solution (20 wt%) 

was added to the mixture with a mass ratio of CNF: GPTMS: PEI = 1:1:1 or 1:1:3, followed by 

stirring for 30 min at R.T. The obtained mixture was introduced to liquid nitrogen via a syringe 

pump at a controlled rate to form uniform spherical beads. Afterwards, these frozen beads were 

subjected to freeze drying at -45 ℃ to produce the aerogel beads. The obtained aerogel beads are 

denoted as CGP1 (CNF: GPTMS: PEI mass ratio of 1:1:1), and CGP3 (CNF: GPTMS: PEI mass 

ratio of 1:1:3). In comparison, aerogel beads without PEI were also prepared, and designated as 

CG (CNF: GPTMS mass ratio of 1:1). CGP1 aerogel monolith with a dry mass of 100 mg was 

prepared by freezing a scintillation vial (diameter of 28 mm) containing the reaction mixture in 

liquid nitrogen, followed by freeze drying at -45 ℃. 

5.2.3 Characterization 

Fourier transform infrared spectroscopy (FTIR) spectra were obtained using the Bruker Tensor 27 

spectrometer FT-IR spectrometer with a resolution of 4 cm-1 and a scanning number of 32 from 

400 to 4000 cm-1. Briefly, pellets were prepared by mixing an amount of freeze-dried aerogel beads 

with KBr, finely ground in mortar and pestle then compressed into a pellet. It’s worthy to note that 

all the beads samples were dialyzed in Milli-Q water to remove the unreacted CPTMS/ PEI before 

the characterization. 

Scanning electron microscopy (SEM) equipped with EDS was used to examine the morphologies 

and elemental composition of the aerogel beads. The dried aerogel beads were sputtered with gold 

and visualized in a Carl Zeiss NTS GmbH instrument with an acceleration voltage of 5 keV. 

The amine contents of the beads were quantitatively determined via a conductometric- 

potentiometric titration method using a Metrohm 809 Titrando auto-titrator (Switzerland). 

Samples were dialyzed in Milli-Q water until the conductivity remained constant prior to the 
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titration. Known mass of dry beads or PEI solution was placed in the vessel and 25 mL Milli-Q 

water was added. Then, 0.1M HCl was used to adjust the pH to 3.5 followed by titration with 

0.01M NaOH. The amine content of the sample was calculated using Eq. (5.1): 

𝐴𝑚𝑖𝑛𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑚𝑚𝑜𝑙/𝑔)  =
𝑉 (𝑁𝑎𝑂𝐻)×0.01

𝑚
  (5.1) 

where V(mL) is the NaOH volume and m (g) is the dry weight of the sample.  

The compressive strength of the aerogel beads was evaluated in a Microtester G2 (CellScale 

Biomaterials Testing, Waterloo). To fully cover the beads, a 5 mm × 5 mm steel platen was selected 

and glued on the cantilever. The beads were placed under the steel plate and the compressive tests 

were conducted in a water bath. All compression tests were performed in a displacement-

controlled mode, with images, displacement (δ) and applied force (F) in real time recorded during 

the compress. The strain (Ɛ) and stress (σ) were calculated by assuming all the beads were perfectly 

spherical and the contact area was fixed during the compression. Here, we use the maximum 

contact area to calculate the stress as shown in the following equations: 

Ɛ (%) = 100 × 𝛿 𝐷⁄   (5.2) 

S (𝑚𝑚2) = 𝜋(𝐷/2)2  (5.3) 

σ (Pa) =  106 × 𝐹 𝑆⁄   (5.4) 

where D (mm) is the diameter of the bead, and F (N) is the force applied at real time. 

5.2.4 Adsorption experiments 

5.2.4.1 Adsorption pH, absorbent dosage and ionic strength study 

To study the optimized pH for adsorption, 100 mg dry beads were massed and dialyzed in Milli-

Q water before immersing in 50 mL 100 ppm Cu (II) solution. The initial pH (pHi) of the solution 

was adjusted from 3 to 6.2 by using 0.1M HCl or NaOH. The concentration of Cu (II) in the 

mixture was monitored by a Copper Ion Selective Electrode (Cu-ISE, Cole-Parmer®). Besides, the 

pH of the solution during adsorption was recorded by a pH electrode and the value at equilibrium 

(pHe) was reported. Also, the conductivity of the solution during adsorption was recorded by a 

conductivity electrode. The adsorption capacity qe (mg/g) was calculated by Eq. (5.5) as follows: 

𝑞𝑒 =
(𝐶0−𝐶𝑒)

𝑚
𝑉  (5.5) 



95 

 

where C0 (mg/L) and Ce (mg/L) are the initial and equilibrium concentrations, respectively; qe 

(mg/g) is the adsorption capacity at equilibrium; V(L) represents the solution volume of Cu (II) 

ions and m (g) represents the mass of the aerogel adsorbent. 

The effect of absorbent dosage (20 mg to 100 mg CGP1 beads) and ionic strength (100 mg CGP1 

beads, 0 M to 0.5M NaCl) were investigated in 10 mL 100 ppm Cu (II) solution under pH 5.6 and 

25 ℃, and the corresponding equilibrium adsorption capacities qe (mg/g) were also calculated by 

Eq. (5.5).   

5.2.4.2 Adsorption isothermal and thermodynamic study 

20 mg absorbents were immersed 15 mL Cu (II) solutions with concentration ranging from 50 ppm 

to 400 ppm to study the adsorption isothermal. The adsorption experiments were carried out at 25 ℃ 

with initial pH of 5.6. The adsorption behavior was described by Langmuir and Freundlich 

isotherm models: 

𝐶𝑒

𝑞𝑒
=  

𝐶𝑒

𝑞𝑚
 +

1

𝐾𝐿𝑞𝑚
  (5.6) 

𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝐾𝐹 + 𝑛𝑙𝑜𝑔𝐶𝑒  (5.7) 

where qm is the maximum adsorption capacity of the absorbent, and KL and KF is the binding 

constant of the Langmuir and Freundlich equation, respectively; n is the Freundlich model 

represents the empirical parameter. 

To investigate the adsorption thermodynamic, 20 mg CGP1 beads was immersed in 20 mL Cu (II) 

with varying concentrations and the adsorption experiments were carried out at 25 ℃, 30 ℃ and 

35 ℃, respectively. The thermodynamic parameters (∆G°, ∆H°, and ∆S°) were calculated by 

equations as follows: 

𝐾𝑐 = 63.546 × 55.5 × 1000 × 𝐾𝐿 (5.8) 

∆G° = −RTln𝐾𝐶 (5.9) 

∆G° = ∆H° − T∆S° (5.10) 

𝑙𝑛𝐾𝐶 =
−∆H° 

𝑅
∙

1

𝑇
+

 ∆S° 

𝑅
 (5.11) 
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Where KL (L/mg) is Langmuir constant determined from Langmuir adsorption isothermal; KC is 

thermodynamic equilibrium constant that is dimensionless, and the factor 63.546 is the molar 

weight of Cu and 55.5 is the number of moles of pure water per liter. ∆G°, ∆H°, and ∆S° refers to 

Gibbs energy, enthalpy and entropy change respectively. R is a universal gas constant 8.3144 

J/mol×K, T (K) is absolute temperature. 

5.2.4.3 Adsorption kinetics study 

100 mg CGP1 absorbent was added to 50 mL 100 ppm Cu (II) solution at pH 5.6 and 25℃, and 

the mixture was stirred continuously until the adsorption reached equilibrium. The adsorption data 

were fitted to the pseudo-first order kinetic model (Eq. (5.12)), pseudo-second order kinetic model 

(Eq. (5.13)), and intra- particle diffusion model (Eq. (5.14)): 

ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡  (5.12) 

𝑡

𝑞𝑡
=

1

(𝑘2𝑞𝑒
2)

+
𝑡

𝑞𝑒
  (5.13) 

𝑞𝑡 = 𝐾𝑖𝑑𝑡0.5 + 𝐶  (5.14) 

where qt (mg/g) is the adsorption capacity at time t, and 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 mg-1 min-1) of intra-particle diffusion kinetics. 

5.2.4.4 Simulated wastewater treatment 

The simulated wastewater was prepared by addition of a common Natural Organic Matter (NOM), 

humic acid, to Cu (II) solutions (from 50 ppm to 400 ppm). The adsorption experiment was 

conducted by immersing 20 mg CGP1 beads in 10 mL Cu (II) solutions containing 50 ppm humic 

acid at pH 5.6 and 25 ℃. The adsorption capacity was calculated by Eq. (5.5). 

5.2.5 Regeneration study 

The aerogel beads after Cu (II) adsorption were immersed in 0.1 M EDTA solution to remove the 

Cu (II). A clear color transition from bright blue to colorless was observed during the regeneration 

process. Afterwards, the beads were recovered using a mesh and squeezed by hand to remove the 

excessed solution, followed by soaking in Milli-Q water several times to elute the salts until the 

conductivity became constant. The regenerated beads were subjected to adsorption process and the 

regeneration process was repeated for five cycles. 
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5.3 Results and discussion 

The preparation process and formation mechanism of the aerogel beads are illustrated in Schematic 

1. Under aqueous condition, GPTMS hydrolyzed to form silicon hydroxyl groups that further 

reacted with the hydroxyl groups on CNF via condensation reaction.75 The epoxy groups on the 

other end of GPTMS were reacted sequentially with the amine groups on PEI via the ring open 

reaction, to form robust networks. The proposed chemical structure of the network is shown in 

section (b) in Schematic 5.1. To form spherical porous beads, liquid nitrogen was chosen as the 

cold source and freezing bath due to its extreme low temperature and neglectable capillary force. 

Many studies have reported that the high temperature gradient created by liquid nitrogen could 

induce the rapid ice crystals nucleation speed and result in lots of small crystal domains, which is 

crucial to yield porous aerogel with small pore size after sublimation.84,232,233 As the reaction 

mixture dropped to liquid nitrogen,  small ice crystal domains formed within the network and 

forced the cross-linked CNF fibers to aggregate to form pores with thin walls. Porous cellulose 

aerogel beads with small pore size were produced when these small ice crystal domains were 

removed by sublimation via a freeze- drying process.234  

 

Schematic 5.1 Illustration of the preparation and chemical structure of the CGP beads 

5.3.1 Characterizations of the aerogel beads 

To verify the cross-linking reaction between CNF, GPTMS and PEI, Fourier-transform infrared 

spectroscopy (FTIR) was used to detect the characteristic peaks or formed covalent bonds, and the 

results are shown in Figure 1. Compared to pristine CNF aerogel, CG aerogel displayed three peaks 

at 1200, 900, and 851 cm-1 (see Figure 5.1(a)), which were assigned to the characteristic peaks of 
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epoxy groups on GPTMS.235 After further modification with PEI (see CGP1 and CGP3 in Figure 

5.1(b)), the peak at 851 cm-1 vanished due to the ring open reaction, while some typical peaks 

belong to PEI were evident. For example, the new peak at 3280 cm-1 is due to the N-H stretching 

vibration of secondary amine; new peaks at 1570 cm-1 and 1475 cm-1 are attributed to the N-H 

bending vibration, and the new peak at 820 cm-1 is assigned to N-H wagging vibration; Also, the 

intensity of C-H stretching vibration peaks at 2935 cm-1 and 2867 cm-1 increased due to the 

aliphatic -CH2-CH2- spacer in PEI; Another new peak at 1316 cm-1 belongs to C-N stretching 

vibration. The presence of new peaks and disappearance of epoxy groups confirmed the successful 

cross-linking reaction. In addition, compared to CGP1, CGP3 displayed stronger N-H bending 

vibration intensity, which may ascribe to the higher amine content. 

 

Figure 5.1 (a) FTIR patterns of CNF and CG, (b) FTIR patterns of CGP1 and CGP3 aerogel beads. 

 

Amine group content is a critical parameter in terms of improving the aerogel adsorption capacity 

as it exhibits strong chelation ability towards Cu (II) ions. Therefore, in this study we could 

increase the amine content by tuning the mass ratio of PEI to GPTMS (1:1 or 3:1). From the 

conductometric-potentiometric titration results shown in Figure 5.2 (a), we noted that PEI 

displayed three pKas ( 8.75, 6.37 and 4.25) due to the branched structure containing primary, 

secondary and tertiary amine groups.236 The amounts of each amine groups were calculated and 

summarized in Figure 5.2 (d), where the molar ratio of primary: secondary: tertiary is 

approximately 1:2:1. In contrast, CGP1 aerogel beads did not display the 3 regimes (Figure 5.2 

(b)), where no primary amine groups were detected. The possible reason is that most of primary 
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amine groups had reacted with the epoxy groups since they are more reactive compared to the 

secondary and tertiary amines,75 and the residual amounts of primary amine could not be measured 

by the titration method. Overall, CGP1 aerogel beads contained a total amine content of 2.67 

mmol/g, with 1.50 mmol/g -NH- that would mainly contribute to Cu (II) ions adsorption because 

of the high steric hindrance of tertiary amine. By increasing the mass ratio of PEI: GPTMS to 3:1, 

the amine contents in CGP3 aerogel beads were significantly enhanced, with primary, secondary 

and tertiary amines of 1.50, 2.24 and 2.00 mmol/g, respectively. The high amine content of the 

aerogel beads is the basis for high Cu (II) ions removal capacity and efficiency. In addition, most 

studies (listed in Table 5.2) using absorbents containing PEI did not quantitatively measure the 3 

types of amines, which is the first time such information is quantified for this aerogel.  

 

Figure 5.2 Conductometric- potentiometric titration curve of (a) pure PEI, (b) CGP1 beads, (c) 

CGP3 beads, and (d) a summary of the amine species and their contents for pure PEI, CGP1 beads, 

and CGP3 beads. 

The morphologies of these aerogel beads were visualized by SEM, and results indicated that all 

the aerogel beads possessed three-dimensional porous structure but their morphology differed 

greatly. From Figure 5.3 (a), we observed that pure CNF aerogel consisted of fibrillated and sheet-

like structure in the network, where the fibril structure dominated.83 The fiber bundles 

interconnected loosely to form porous networks. In contrast, the CG aerogel possessed a denser 

structure with larger amounts of fiber sheets. This is associated with the crosslinking effect of 

GPTMS, which brought the fibers closer to form sheets during freezing. The crosslinking effect 

was more pronounced after the modification with PEI. As shown in Figure 5.3 (c) for CGP1, the 
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sheets were closely connected with a dense network, where less fiber bundles were evident. 

Furthermore, there are no individual fiber when the mass ratio of PEI:GPTMS was increased to 

3:1. The fibers were tightly crosslinked constituting porous skeletons as seen from Figure 5.3 (d). 

In addition, the elemental composition of each aerogel was analyzed by EDS, and they are 

presented in Figure 5.3 (a’-d’). Pure CNF is composed by repeating glucose units comprising of 

atomic C, H, O. The element analysis result shown in Figure 5.3 (a’) is consistent with the expected 

atomic C, O with neglectable N element. After modification with GPTMS, the Si signal appeared 

(Figure 5.3 (b’)) and it consisted of 14.26 wt% of the total elements. Further grafting PEI increased 

the N signal intensity to 4.62 wt% of the total elements (see Figure 5.3 (c’)). Similarly, the N 

content in CGP3 aerogel beads increased to 24.22 wt% (see Figure 5.3 (d’)), which is much higher 

than CGP1 and consistent with the titration results. All the results further confirmed the 

crosslinking reaction was successful and it was effective to prepare the amine-rich porous aerogels. 

 

Figure 5.3 SEM images of the aerogel beads surface. (a) pure CNF bead, (b) CG bead, (c) CGP1 

bead and (d) CGP3 bead. Scale bar: 20 µm. EDX element analysis and the composition table of 

(a’) pure CNF bead, (b’) CG bead, (c’) CGP1 bead and (d’) CGP3 bead.  

Wet mechanical stability is another important factor on the recyclability of the absorbents as they 

could withstand the stress and deformation during adsorption.231 Compressive stress (σ)-strain () 

measurements were performed to evaluate the mechanical properties of the aerogel beads. It should 

be noted that pure CNF aerogel bead broke easily once placed in water due to the hydrogen 

bonding formed between the hydroxyl groups on CNF and water molecules. However, after 

crosslinked with GPTMS and PEI, CNF beads possessed excellent wet mechanical strength as the 

fibers were linked by robust covalent bonding that could prevent the aerogel disintegration from 
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hydrogen bonding attraction. The stress (σ)-strain () curves at different strains (Ɛ: 20, 30, 40 and 

50%) of CG and CGP1are shown in Figure 5.4 (a) and 5.4 (b). The curves possessed three distinct 

regions: In the first region, the compressive stress increased linearly with compressive strain, 

suggesting the beads are elastic when the compressive strain was below 12% for CG and 26% for 

CGP1; In the second region, the curves displayed a plateau region as the stress increased slightly 

with compressive strain, which was associated with the gradual collapse of the porous structure in 

the aerogels; As strain exceeded 25% for CG and 40% for CGP1, the stress showed a dramatic 

increase as the beads went through a densification process after the complete collapse of the porous 

structure.237,238  

Figure 5.4 (c) shows a cyclic stress (σ)-strain () test at a constant strain of 50% for CG, CGP1 

and CGP3 beads, where distinct stress difference among the beads was seen. CGP3 bead possessed 

the most robust mechanical property due to its high crosslinking density. The plastic deformation 

(refers to the ratio of permanent deformation height to the original height), maximum stress and 

energy loss coefficient (the area ratio of hysteresis loops to compress curves) of the beads in each 

cycle were calculated and presented in Figure 5.4 (d), 5.4 (e) and 5.4 (f). From Figure 5.4 (d), the 

two CGP beads exhibited much smaller plastic deformation compared to CG bead, highlighting 

their excellent shape recovery property. Specifically, the plastic deformation of CG bead increased 

from 10.35% (1st cycle) to 12.38% (10th cycle), while that of CGP1 slightly increased from 2.25% 

(1st cycle) to 2.48% (10th cycle) and that of CGP3 remained around 2.00% without changing. 

Besides, CGP3 beads displayed the largest maximum stress among the three beads (see Figure 5.4 

(e)), indicating the stable structural robustness. Energy loss coefficient is another factor to evaluate 

aerogel elasticity and mechanical compressibility.239 Shown in Figure 5.4 (f), the energy loss 

coefficient of CG bead was much higher than the CGP beads and it decreased from 0.51(1st cycle) 

to 0.46 (10th cycle). The higher energy dissipation revealed the viscoelastic characteristics of CG 

beads, and the large plastic deformation was one form of energy conversion. For CGP1, the energy 

loss coefficient decreased from 0.32 to 0.30, which is small compared to other CNF aerogels,  

237,240,241 suggesting the excellent compressibility of the beads. CGP3 displayed a slightly higher 

energy coefficient (0.33) than CGP1, which might be caused by the high stress at 50% strain (3 

times higher than CGP1). The low energy loss coefficient suggested the CGP beads possessed 

excellent elasticity and compressibility, as the beads could bear high stress by bending the fiber 

networks, thereby reducing the extent of deformation. All the results further support the conclusion 
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that crosslinking with PEI is a very effective strategy to increase the amine content and also to 

improve the wet mechanical strength and shape recovery property of the beads. 

 

Figure 5.4 Mechanical compression of the aerogel beads. (a) Strain- stress curve of CG with 

different strain (Ɛ: 20, 30, 40 and 50%), (b) strain- stress curve of CGP1 with different strain (Ɛ: 

20, 30, 40 and 50%), (c) Cyclic test of CG, CGP1 and CGP3 at strain of 50%, (d) plastic 

deformation, (e) max stress and (f) energy loss coefficient of CG, CGP1 and CGP3 at different 

cycles with a strain of 50%.  

5.3.2 Copper adsorption experiments 

5.3.2.1 Effect of pH, dosage and ionic strength 

The initial pH of the copper solution has a critical effect on the absorbent adsorption performance 

as it determines the form of copper species as well as the electrostatic repulsive forces between the 

absorbents and Cu (II) ions. For example, Cu (II) ions transformed to Cu (OH)2 when the pH 

exceeded 6.5.219 Therefore, we fixed the initial pH between 3 to 6.2 to study its effect on the bead 

adsorption capacity. The results are shown in Figure 5.5 (a), where qe was smaller at low pH due 

to the strong electrostatic repulsive force between positively charged PEI and Cu2+ ions. PEI 

became protonated at pH below 9.5 (determined from the titration curve), and the protonation 

degree increased inversely proportional to the pH, hence a suitable pH range of between 5.0 to 6.2 

was selected to conduct the adsorption studies. At a pH of 5.6, the adsorption capacity was 

determined to be 47.5 mg/g while at pH 6.2 a value of 48.5 mg/g was observed, hence no pH 
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adjustment was necessary. The adsorption data at pH 5.6 is shown in Figure 5.5 (b), where the 

Cu2+ concentration continuously decreased during the adsorption. The CGP aerogel beads 

transformed from white to bright blue as the  adsorption experiment progressed (shown in the 

inserted picture, due to the complexation of Cu (II) ions with the amine groups on PEI chains.219  

In addition to Cu (II) ions concentration, we also monitored the pH and conductivity of the mixture 

during the adsorption process (Figure 5.5 (c)). With the removal of Cu (II) ions, the conductivity 

of the mixture decreased while the pH increased. The former was due to the contribution of Cu (II) 

ions to the conductivity. As for the pH, the sustained increased from 5.6 to 7.0 suggested that the 

adsorption was not dominated by H+ exchange, but rather by the coordination/ chelation between 

the amine groups and Cu (II) ions. The increase in the pH could be associated to (i) the shifting of 

the equilibrium of Cu (II) ion hydrolysis during adsorption, and (ii) the removal of the H+ by the 

protonation of the amine groups facilitated by the chelation of Cu2+ ions and the nitrogen atom. A 

control experiment was conducted by immersing CGP1 beads in pure Milli-Q water without Cu 

(II) ions, and the pH and conductivity were recorded as plotted in Figure 5.5 (d). The conductivity 

remained constant at around 15 µs/cm during the experiment, indicating no electrolytes (such as 

free PEI molecules) were released. However, the pH showed a progressing increase from 6.4 to 

7.4 after the beads was immersed in the solution, suggesting a slow protonation of the amine groups. 

Furthermore, to further confirm the above observation, we examined the pH before and after 

adsorption under different initial pH conditions (Figure 5.5 (e)), and all the pH at equilibrium were 

in the narrow range of 6- 6.5.  

From the above results, we concluded the followings: (1) the PEI protonation and Cu (II) 

adsorption processes occurred simultaneously, and (2) the adsorption is dominated by 

coordination/ chelation of amine groups and Cu (II) ions. A suggestion for practical applications 

of PEI based absorbents is to maintain a constant pH at the optimal value, thereby improving the 

adsorption capacity since the pH of the solution might change during adsorption. 

The effect of absorbent dosage was studied by varying CGP1 beads mass from 20 mg to 100 mg 

with a fixed Cu (II) solution volume of 10 mL. Seen from Figure 5.5 (f), the equilibrium adsorption 

capacity of CGP1 beads remained increasing when the absorbent dosage below 60 mg and 

decreased when further increased absorbent dosage. This may be due to the unsaturated Cu (II) 

adsorption under higher absorbent dosage. By contrast, the Cu (II) ions removal efficiency 
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increased constantly with absorbent dosage, yielding 97.26% removal percentage when 100 mg 

absorbent was used. 

Ionic strength is another parameter that could affect the absorbents performance. Figure 5.7 (a) 

shows the effect of NaCl concentration (0 M, 0.01 M, 0.1 M, 0.25 M and 0.5 M) on CGP1 beads 

adsorption capacity. It’s seen that the equilibrium adsorption capacity decreased from 48.38 mg/g 

to 8.33 mg/g as NaCl concentration increased from 0 M to 0.5 M. The results indicated that the 

aerogel adsorption performance was significantly affected when strong ionic strength presented. 

It might be caused by extreme high concentration of counter ion Cl- (17,750 ppm for 0.5 M NaCl, 

which is 177.5 times higher than Cu (II)) that shielded the positive charged amine groups.  

 

Figure 5.5 (a) Effect of initial pH on the adsorption capacity and (b) concentration of Cu (II) ions 

during adsorption at initial pH 5.6 (100 mg CGP1 beads, R.T., and 50 mL 100 ppm Cu). (c) pH 

and conductivity curves during adsorption (100 mg CGP1 beads, R.T., 50 mL 100 ppm Cu and 

initial pH of 5.6). (d) pH and conductivity curves in Milli-Q water (100 mg CGP1 beads, R.T., and 

50 mL Milli-Q water). (e) pH values at adsorption equilibrium with different initial pHs. (f) Effect 

of absorbent dosage on Cu (II) adsorption capacity and removal percentage (20 mg to 100 mg 

CGP1 beads, 25 ℃, 10 mL 100 ppm Cu and initial pH of 5.6). 
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5.3.2.2 Adsorption isothermal and thermodynamic study 

Adsorption isothermal analyses were carried out to examine the adsorption capacity and interactive 

behaviors between the adsorbent and Cu (II) ions. Figure 5.6 (a) shows that the equilibrium 

adsorption capacity increased rapidly at low Cu (II) ions concentration then slowly increased for 

both CGP1 and CGP3 beads. The adsorption data were further fitted to the Langmuir and 

Freundlich model as shown in Figure 5.6 (b) and 5.6 (c). Clearly, the Langmuir isothermal model 

better described the adsorption data, indicating the adsorption sites were homogeneously 

distributed in the aerogels and the adsorption was monolayer.217 The parameters for the fittings are 

summarized in Table 5.1. The maximum adsorption capacity of the beads was calculated according 

to the Langmuir model, yielding 126.10 mg/g and 163.40 mg/g for CGP1 and CGP3 respectively. 

The larger adsorption capacity of CGP3 beads compared to CGP1 was due to its higher amine 

content. In addition, our maximum adsorption capacities were higher than many PEI-based 

materials reported in the literature (Table 5.2). 

Thermodynamic study is very essential to understand the energetic changes during the adsorption 

process. By investigating the adsorption isothermals at different temperatures (Figure 5.7 (b)), 

lnKc versus 1/T was plotted as shown in Figure 5.7 (c), from where the thermodynamic parameters 

(i.e., ∆G°, ∆H°, and ∆S°) can be calculated according to Eq. (5.8) to Eq. (5.11).242 As shown in 

Table 5.3, the negative ∆G° indicated the spontaneous adsorption process, and it increased as 

temperature went higher. In addition, the negative value of ∆H° suggested the adsorption was an 

exothermic process, and it is more favorable at room temperature than higher temperature.  

 

Figure 5.6 (a) Adsorption isothermal of CGP beads, (b) adsorption data fitted with Langmuir 

isothermal model, (c) adsorption data fitted with the Freundlich model. 
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Table 5.1 Langmuir and Freundlich constants of CGP1 and CGP3 beads for Cu (II) ion adsorption 

Samples 

Langmuir isotherm Freundlich isotherm 

KL qm (mg/g) R2 KF n R2 

CGP1 

CGP3 

0.06 

0.38 

126.10 

163.40 

0.99 

0.99 

22.78 

69.55 

0.32 

0.18 

0.92 

0.91 

 

 

Figure 5.7 (a) Effect of ionic strength on the CGP1 beads adsorption capacity (20 mg CGP1 beads, 

10 ml 100 ppm Cu (II) solution). (b) Adsorption isothermal of 20 mg CGP1 beads at different 

temperatures (20 mL Cu (II) solutions, pH 5.6). (c) Plot of ln KC versus 1/T for Cu (II) ions 

adsorption of CGP1 aerogel beads at different temperatures 

5.3.2.3 Effect of Cu (II) ions on beads morphology and mechanical property 

The morphologies and elemental compositions of the CGP beads after adsorption were examined 

and shown in Figure 5.8. The structure of the aerogel beads was more compact after the adsorption 

studies as seen in Figure 5.8 (a) and 5.8 (b), which might be attributed to the bridging effect of the 

absorbed Cu (II) ions. These Cu (II) ions could crosslink the amine groups to produce the densely 

porous networks. Thus, the presence and distribution of Cu (II) ions was further confirmed by 

elemental analysis and EDS mapping. From Figure 5.8 (a’) and 5.8 (b’), the proportion of Cu (II) 

ions in CGP1 and CGP3 beads was 10.28 wt% and 15.99 wt% respectively. In addition, the 

absorbed Cu (II) ions were uniformly distributed in the aerogel networks as revealed by the EDS 

mapping images shown in Figure 5.8 (a”) and 5.8 (b”), indicating the adsorption sites were 

homogenously distributed in both aerogels. 
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Table 5.2 Comparison of the maximum adsorption capacities for Cu (II) ions from various reported 

sorbents with this study 

Material pH 
qmax 

(mg/g) 
References 

TEMPO-CNF-TMPTAP-PEI 5.5 485.44  217 

Gelatin-glutaraldehyde-PEI 4.6 61.2  243 

TEMPO-CNF-glutaraldehyde-PEI 5.0 52.32  228 

cellulose/alginate-glutaraldehyde-PEI 5.5 177.1  244 

CNF-PDA-PEI 4.0 103.5  229 

Polyethyleneimine-bacterial cellulose 

(PEI-BC) 
4.5 148.0  245 

TEMPO-NFC-PEI 5.0 175.44  230 

Soybean protein -ECH-PEI 5.5 136.2  219 

CS/GO aerogel beads 4.9 457.5  246 

CGP1 beads 5.6 126.10 this study 

CGP3 beads 5.6 163.40  this study 

 

Table 5.3 Thermodynamic parameters of Cu (II) adsorption by CGP1 beads  

Temperature KC ∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (kJ/mol) 

298.15 K 2.00x106 -35.96 

-104.9  -231.6  303.15 K 8.70x105 -33.91 

308.15 K 5.06x105 -32.56 

 

To further explore the crosslinking effect of Cu (II) ions, the compressive strain- stress of CGP1 

beads after Cu (II) adsorption with initial Cu (II) concentration of 0 ppm- 400 ppm were measured, 

and data are shown in Figure 5.9 (a). At fixed strain of 50%, the stresses of the wet beads after Cu 

adsorption were significantly higher than before the adsorption, and the stress was proportional to 

Cu (II) ion concentration as more Cu (II) ions were absorbed. The increased stress was caused by 

the crosslinking effect of Cu (II) ions, which could bring the amine groups nearby closely and form 

a more compacted network due to the strong coordination bonding between Cu (II) ions and amine 

groups. 

5.3.2.4 Adsorption mechanism  

The adsorption mechanism was investigated by FTIR based on CGP beads before and after the 

adsorption. In Figure 5.9 (b), an intense peak appeared after adsorption at 625 cm-1 in both CGP1 

and CGP3 curves, which was due to the complex of Cu and amine groups.219 In addition, the N-H 

bending vibration peak at 1570 cm-1 faded and the intensity of C-N stretching peak at 1316 cm-1 
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decreased in both CGP1 and CGP3 curves after Cu adsorption.247 Also, two N-H stretching 

vibration peaks at 3215 & 3125 cm-1 were observed in the CGP3 beads after the adsorption, which 

might be caused by the Cu (II) ion. In contrast, no clear change was evident for CGP1 after 

adsorption, which indirectly confirmed the titration results that CGP1 beads possessed lower 

amounts of primary amine groups. All these changes suggested that the amine groups participated 

in the adsorption. Except for the amine groups, the vibration peak of C-O-C on the glucose units 

at 1060 cm-1 decreased significantly, suggesting that the O also participated in the adsorption 

process. The electron configuration of Cu2+ is [Ar] 3d9, who has one empty 4S and three empty 4P 

orbitals. Typically, Cu2+ has 4 or 6 coordination numbers depending on the orbital hybridization. 

Among them, 2 or 4 sites coordinated with the amine groups and the residuals were occupied by 

the oxygen containing groups (e.g., -OH, C=O, C-O, and H2O). 217 

 

 

Figure 5.8 SEM images of the cross section of (a) CGP1 and (b) CGP3 beads after Cu (II) 

adsorption, scale bar 20 µm. Element composition by weight % of (a’) CGP1 and (b’) CGP3 beads 

after Cu (II) adsorption. EDS mapping of C, O, Si, N, Cu of (a’) CGP1 and (b’) CGP3 beads after 

Cu (II) adsorption, scale bar 10 µm for selected areas and 5 µm for mapping images. 

5.3.2.5 Kinetics study 

CGP1 aerogel beads was used to study the adsorption kinetics, and Figure 5.10 (a) shows its 

absorption kinetics under different initial Cu (II) concentrations. It’s seen that all the adsorptions 
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were fast in the first 120 min and no more than 10 h was needed to reach the equilibrium. In 

comparison, as shown in Figure 5.9 (c), equal amount of CGP1 aerogel monolith possessed a much 

longer adsorption time (>16 h) than CGP1 beads (< 8h, Figure 5.5 (b)) under the same condition. 

These results demonstrated that our CGP aerogel beads possessed a faster and more efficient than 

previous reported studies. 217,219,226,229,230,243,245,248 The reasons for the high adsorption rates are: (1) 

small size of the absorbents possessed high surface area that greatly increased the contact area for 

the binding of Cu (II) ions, (2) more functional groups on the surface to rapidly capture the ions, 

and (3) the small size of the beads greatly reduced the Cu (II) ion diffusion path. The adsorption 

kinetic of CGP1 beads in 100 ppm Cu (II) is shown in Figure 5.10 (b). Clearly, the adsorption rate 

was very fast in the first 120 min, after it decreased to a slower rate. To elucidate the adsorption 

behavior on Cu (II) ions, the adsorption data was fitted to Pseudo-first and Pseudo-second order 

models as shown in Figure 5.10 (c), and the fitting parameters are shown in Table 5.4. The results 

suggested the data obeyed the Pseudo-second order model better, indicating the adsorption process 

was chemical adsorption.   

To further examine the diffusion mechanism in the Cu (II) ions uptake process, the intra-particle 

diffusion model was evaluated. As shown in Figure 5.10 (d), the plots of qt versus t0.5 yielded three 

linear regions, which are assigned to three stages of diffusion of Cu (II) ions: (1) external diffusion 

from bulk solution to the surface of the aerogel, (2) internal diffusion from the surface to the inner 

section of the beads once the surface sites are saturated, (3) slow diffusion until the beads become 

saturated.229,247 The slopes of the three stages were calculated from the intraparticle diffusion 

model and summarized in Table 5.4. It is evident that Kid,1> Kid,2>Kid,3, suggesting the adsorption 

rate in the first stage was very fast, much larger than the second and third stage. The results 

indicated that the adsorption was chemisorption process and was affected by pore diffusion, 

consistent with most PEI based absorbents listed in Table 5.2. 

Table 5.4 Parameters of Pseudo- first- order, Pseudo- second- order and Intra-particle diffusion for 

CGP1 beads adsorption kinetics  

Samples 
Pseudo-first- order Pseudo-second- order 

Intra-particle diffusion 

 (g mg-1 min-1) 

K1 R2 K2 R2 Kid,1 Kid,2 Kid,3 

CGP1 0.00588 0.967 0.00040 0.999 4.516 1.518 0.358 
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5.3.2.6 Simulated wastewater treatment 

Natural organic matter (NOM), such as humic acid, fulvic acid and non- humic substances, is one 

of the main components in industry wastewater.249,250 In this study, we simulated real wastewater 

by addition of 50 ppm humic acid to various concentration of Cu (II) solutions to evaluate the 

CGP1 beads adsorption capacity. Shown in Figure 5.9 (d), the adsorption capacity of CGP1 beads 

increased with increasing initial Cu (II) concentration in the presence of 50 ppm humic acid, which 

was slightly lower when compared to the adsorption capacity without humic acid. The reduced 

adsorption capacity may be due to the interference effect of humic acid, which could occupy the 

positive charged amine groups of CGP absorbents as well as attract Cu (II) ions because of its 

inherent negative charge. Nevertheless, the results suggested the CGP beads possessed excellent 

adsorption performance and could be considered as a promising absorbent in real wastewater 

treatment.  

5.3.3 Regeneration study 

Except for high adsorption capacity, an excellent absorbent should possess excellent recyclability 

in order to satisfy the criteria of sustainability and economics. The absorbed Cu (II) ions can be 

easily removed from the absorbents using ethylenediaminetetraacetic acid (EDTA), which is a 

strong chelation agent for Cu (II) ions. The adsorption performance of the regenerated CGP1 beads 

was evaluated and shown in Figure 5.9 (e). No clear reduction in the adsorption capacity was 

observed during the five regeneration cycles, which is likely a result of the structural stability and 

excellent chelation property of the aerogel beads. The excellent regeneration property, small size 

as well as high removal efficiency and capacity of the CGP beads pave the foundations for practical 

applications. 
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Figure 5.9 (a) Compressive strain-stress curves of CGP1 beads after Cu (II) adsorption in 0-400 

ppm copper solution, (b) FTIR patterns of CGP1 and CGP3 beads before and after adsorption in 

100 ppm Cu (II) solution, (c) adsorption kinetic of CGP1 monolith (100 mg aerogel with diameter 

of 28 mm, pH 5.6, 50 mL 100 ppm Cu (II) solution), (d) comparison of CGP1 beads adsorption 

capacity in simulated wastewater containing different concentration of NOM (0 ppm and 50 ppm 

humic acid) and Cu (II) (50 ppm to 400 ppm), (e) five cycles of regeneration study for CGP1 beads 

(100 mg absorbents, 50 mL 100 ppm copper solution, at R.T. and pH 5.6). 
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Figure 5.10 (a) adsorption kinetics of CGP1 beads in Cu (II) solution with different initial 

concentration (50-400 ppm), (b) adsorption kinetics of CGP1 beads in 100 ppm Cu (II) solution 

and (c) the data fitted to Pseudo- first- order and Pseudo- second order models and (d) the data 

fitted to intraparticle diffusion model. 

5.4 Conclusions 

In this study, a sustainable bio-based material, cellulose nanofibril (CNF), was used as a scaffold 

to prepare aerogel as absorbents for heavy metal removal. The high Cu (II) adsorption capacity of 

the absorbents was achieved by introducing branched PEI on the CNF with GPTMS as crosslinker. 

By increasing the mass ratio of PEI to GPTMS from 1:1 to 3:1, the total amine content of the CGP 

aerogel beads was increased from 2.67 to 5.74 mmol/g, resulting in the enhancement of Cu (II) 

adsorption capacity from 126.10 to 163.40 mg/g; A denser aerogel network with increased 

mechanical strength was prepared. The Cu (II) adsorption kinetic is a driven by chemisorption, 

and both the amine and oxygen containing groups were involved in the chelation process. The 
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intra-particle model revealed that the adsorption process is pore diffusion controlled. The aerogel 

network became more compact after Cu (II) adsorption yielding a higher compressive stress due 

to the crosslinking effect of Cu (II) ions. In addition, the pH of the mixture was altered during the 

adsorption in the PEI based absorbents, hence maintaining a constant pH is important for 

improving the adsorption capacity. Overall, the prepared CGP aerogel beads are promising 

systems due to the simple preparation method, room temperature reaction, high adsorption 

capacity, fast removal rate, robust mechanical strength as well as excellent regeneration property. 
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Chapter 6* Carboxylated Cellulose Cryogel Beads via a One-step Ester 

Crosslinking of Maleic Anhydride for Copper Ions Removal 

 

In this study, we developed a one-step protocol to prepare highly carboxylated and chemically 

crosslinked cellulose nanofibril (CNF) cryogel beads using maleic anhydride (MA). Fourier 

transform infrared spectroscopy (FTIR) and conductometric-potentiometric titration results 

confirmed the presence of carboxyl groups and ester linkages produced simultaneously during the 

ring open reaction of MA, yielding a carboxylic content of up to 2.78 mmol/g. The effect of CNF 

concentration on the morphology and wet mechanical strength of the crosslinked cryogel beads 

were also investigated, and results suggested that higher CNF concentration yielded a compact 

network that displayed a maximum compressive stress of 2800 Pa at 60% strain. In addition, the 

heavy metal ions (i.e., Cu (II)) removal capacity, kinetics, mechanism as well as the recyclability 

of the resulted CNF-MA cryogel beads were examined. 

Abstract graphic 

 

 
* This chapter is adapted from a paper: Tang, C.; Brodie, P.; Brunsting, M.; Tam, K. C. Carboxylated Cellulose Cryogel 

Beads via a One-Step Ester Crosslinking of Maleic Anhydride for Copper Ions Removal. Carbohydr. Polym. 2020, 

242 (02), 116397. 
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6.1 Introduction 

With the rapid development of urbanization, heavy metal ions (such as copper (II), lead (II), and 

chromium (VI)) produced from mining, machinery manufacturing and chemical engineering 

processes have been discharged causing serious water pollution worldwide.251 Strategies 

associated with the removal of these toxic heavy metals include ion exchange, chemical 

precipitation, flocculation, membrane separation and adsorption. Among them, adsorption is 

widely adopted due to its ease of operation and scale up.224 Activated carbon and petroleum-based 

polymers are commonly used absorbents or flocculants. However, their low adsorption capacity, 

high cost, poor recyclability and non-degradability make them a less attractive choice.217 Therefore, 

novel absorbents that satisfy all the practical requirements should be developed for future 

applications. 

Cellulose nanomaterial is one of the potential alternatives as it is abundant on earth, renewable and 

bio-degradable.173 As one of the promising nanomaterials, cellulose has been widely explored in 

many areas, from waste water treatment,252 energy storage,253 oil recovery,59 biomedical,254 

agriculture to food additives. 58,255 Depending on the aspect ratio, wood derived cellulose materials 

can be classified into four categories: cellulose fiber (CF) produced from bleached pulp, 

microcrystalline cellulose (MCC), cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC). 

For wastewater treatment application, cellulose nanomaterials (CNF and CNC) possess advantages 

over others because of their larger specific surface area and abundant surface hydroxyl groups.251 

Nevertheless, pristine cellulose nanomaterials have low removal capacity due to the low affinity 

of hydroxyl groups towards heavy metals. Therefore, decorating functional groups on cellulose 

nanomaterials is necessary to improve their adsorption capacity.217 

Carboxylation is an effective way to introduce adsorption sites on cellulose nanomaterials 

considering their abundant surface hydroxyl groups.256 To date, several methods have been 

successfully demonstrated for preparing carboxylated cellulose nanomaterials absorbents, 

including 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical oxidation, ammonium persulfate 

(APS) oxidation, periodate-chlorite oxidation, carboxymethylation, esterification, and organic 

carboxylic acid hydrolysis.257 For example, Qin et al. prepared carboxylated CNF via the 

carboxymethylation with monochloroacetic acid, achieving a carboxyl content of 2.70 mmol/g and 

Cu (II) removal capacity of 115.30 mg/g;258 Wang et al. produced carboxylate CNF from citric/ 
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hydrochloric acid hydrolysis, yielding a carboxyl content of 1.18 mmol/g and Cu (II) removal 

capacity of 45.05 mg/g;259 In another study, carboxylated CNC was produced by Fe2+/H2O2 

oxidation, yielding a carboxyl content of 2.20 mmol/g and a Cu (II) removal capacity of 51.10 

mg/g; 260 Li et al. adopted TEMPO-oxidation to prepare carboxylate CNF, producing a carboxyl 

content of 1.40 mmol/g and achieving Cu (II) removal capacity of 102.90 mg/g.261 However, most 

of the reported cellulose nanomaterial- based absorbents directly used their single fibril form, 

which are difficult to recover due to their submicron size. 

Assembling these single fibers into an cryogel is an excellent approach to address this issue as 

cryogel that consists of an interconnected porous solid material can be readily separated from the 

bulk solution.83 When it comes to the fabrication of cryogel, CNF exhibits unique property, such 

as structural flexibility and high aspect ratio, which favors the formation of highly entangled 

networks.201 However, physically crosslinked CNF cryogel is easy to disintegrate in water as a 

result of hydrogen bonding formed between water molecules and carboxyl/hydroxyl groups on the 

carboxylated CNF. 217 Chemical crosslinking is necessary to produce stronger network in order to 

improve the stability and recyclability of the CNF cryogel.262 Generally, most studies adopted a 

two steps process to prepare carboxylated and chemically crosslinked CNF cryogel: firstly, 

carboxylated CNFs are prepared and they are crosslinked using crosslinkers such as organic silica 

or epichlorohydrin, which require various chemicals, solvents, water and time.75,219 In addition, 

most of these cryogels are monoliths, which usually take long time to achieve adsorption 

equilibrium due to the long diffusion path length.   

In this study, we developed an efficient and simple and one step procedure to prepare carboxyl 

decorated and chemically crosslinked CNF cryogel beads. Pristine CNF cryogel beads (average 

diameter of 3 mm) were prepared by extruding the CNF slurry solution into liquid nitrogen 

followed by freeze drying, and maleic anhydride (MA) was used as the crosslinker. The CNF 

cryogel beads were immersed in molten maleic anhydride for 4 h at 120 °C to prepare robust 

carboxylated CNF cryogel beads. The chemical structure, elemental composition, morphology, 

mechanical property, Cu (II) ion adsorption capacity and mechanism as well as recovery 

performance of the cryogel beads were investigated. The novelty of this work is the carboxyl 

functionalization and ester crosslinking of CNF cryogel beads that was achieved in a one-step ring 

opening reaction of MA. Besides, several advantages associated with this method are: (1) the one 
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step reaction is straightforward, where no toxic organic solvent and catalyst (e.g., DMF, DMSO 

and Pyridine)  are needed; (2) CNF cryogel beads were used instead of CNF cryogel monoliths for 

Cu (II) removal to improve the removal efficiency by reducing copper ion diffusion path length; 

(3) The CNF beads were easily recovered from MA solution by a mesh after the reaction and the 

MA solution could be reused for subsequent reaction; (4) Instead of using week acid solutions 

(e.g., citric acid, oxalic acid, maleic acid, etc.) to prepare carboxylated CNF,257,259,263 we used 

molten acid anhydride as the solvent and a high temperature (120 ℃) to improve the esterification 

efficiency and avoid further hydrolysis as minimal water was present in the reaction mixture;264,265 

and (5) the mechanical performance of the CNF cryogel beads was measured, a characteristic that 

was not often determined. 

6.2 Material and methods 

6.2.1 Materials 

CNF slurry was obtained from the Process Development Center (University of Maine), and the 

detailed production process was reported previously.201 Maleic anhydride (MA, 99%), Acetone 

(ACS agent, ≥ 99.5%), copper (II) sulfate pentahydrate, sodium hydroxide (NaOH), hydrochloric 

acid (HCl, 37%), potassium bromide (KBr, FTIR grade), and ethylenediaminetetraacetic acid 

disodium (EDTA-Na2) were purchased from Sigma Aldrich. Ultrapure water (conductivity of 15 

μs/cm) was used to prepare the aqueous dispersions. 

6.2.2 Preparation of carboxylated CNF cryogel beads 

Well-dispersed CNF slurry (with a concentration of 0.5 wt% to 2.0 wt%) was transferred to a 50 

mL plastic syringe injector connected to a 200 µL plastic pipette tip (cut to an inner tip dimension 

of 1 mm). The slurry was dispensed at a controlled rate (80 mL/ hour) into liquid nitrogen via a 

syringe pump to produce uniform spherical beads.  The frozen beads were subjected for freeze 

drying at -45 ℃ for 4 days to produce pristine CNF cryogel beads. To prepare carboxylated CNF 

cryogel beads, pristine CNF cryogel beads were mixed with excessive amount of MA at a mass 

ratio of CNF:MA = 1:50, and reacted at 120 ℃ for 4 h under occasional stirring.264 The beads were 

separated from the MA solution using a steel mesh and thoroughly washed by acetone, followed 

by soaking in acetone overnight to remove the unreacted MA. The residual MA solution can be 

reused for the next reaction. Hereafter, the washed beads were dried in vacuum oven at 60 ℃, and 
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the beads were denoted as CNF-MA X, where X represents the initial concentration of CNF used. 

For example, CNF-MA 1.0 % means the carboxylate CNF beads prepared from 1.0 % CNF.  

6.2.3 Characterization 

All the CNF-MA X beads were dialyzed in ultrapure water until the conductivity became constant, 

confirming the complete removal of free MA molecules and other chemicals prior to the 

characterization. 

Fourier transform infrared spectroscopy (FTIR) spectra were obtained using the Bruker Tensor 27 

spectrometer FT-IR spectrometer with a resolution of 4 cm-1 and a scanning number of 32 from 

400 to 4000 cm-1. Briefly, pellets were prepared by mixing freeze-dried cryogel beads with KBr, 

finely ground in mortar and pestle then compressed into a pellet.  

Scanning electron microscopy (SEM) equipped with an Energy Dispersive X-Ray Spectroscopy 

(EDS) was used to examine the morphologies and elemental composition of the cryogel beads. 

The dried spherical cryogel beads were sputtered with gold and the exterior surfaces were 

visualized in a Carl Zeiss NTS GmbH instrument with an acceleration voltage of 5 keV. To 

examine the distribution of Cu (II) ions in the interior of the cryogel, the CNF-MA beads before 

and after Cu (II) adsorption were cut into hemispheres after frozen in liquid nitrogen, and the cross 

sections were subjected to elemental analysis. 

The carboxyl contents of the beads were quantitatively determined using a conductometric- 

potentiometric titrator (Metrohm 809 Titrando auto-titrator (Switzerland)). Samples were dialyzed 

in ultrapure water until the conductivity remained constant prior to the titration. A known mass of 

dry beads was placed in a 100 mL vessel containing 25 mL ultrapure water. Then, 0.1 M HCl was 

used to adjust the pH to 3.5, which was then titrated with 0.01 M NaOH. The carboxyl content of 

the sample was calculated using Eq. (6.1): 

𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑚𝑚𝑜𝑙/𝑔)  = 𝑉 (𝑁𝑎𝑂𝐻) × 0.01 𝑚⁄    (6.1) 

where V (mL) is the volume of NaOH and m (g) is the dry weight of the sample. The titration for 

each sample was repeated twice. To measure the total carbonyl content (TCC), a known mass of 

dry beads was treated with 0.5 M NaOH to cleave the ester linkages, which was then titrated with 

0.5 M HCl. The TCC was also calculated based on the same principle as outlined in Eq. (6.1). 
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The compressive strengths of the CNF-MA X cryogel beads were evaluated using a Microtester 

G2 (CellScale Biomaterials Testing, Waterloo). To fully cover the beads, a 4 mm × 4 mm steel 

platen was selected and glued to the cantilever (diameter of 0.5588 mm). The beads were placed 

under the steel plate and the compressive tests were conducted in a water bath. All compressive 

tests were performed in displacement control mode with loading and recovery duration of 30 s. 

The images, displacement (δ) and applied force (F) in real time recorded during the compression. 

The strain (Ɛ) and stress (σ) were calculated by assuming all the beads were perfectly spherical 

and the contact area was fixed during the compression. Here, we use the maximum contact area to 

calculate the stress as shown in the following equations: 

Ɛ (%) = 100 × 𝛿 𝐷⁄   (6.2) 

S (𝑚𝑚2) = 𝜋(𝐷/2)2  (6.3) 

σ (Pa) =  106 × 𝐹 𝑆⁄   (6.4) 

where D (mm) is the diameter of the bead measured by the machine, and F (N) is the force applied 

at real time. 

The densities of the cryogel beads were calculated using the dry mass and volume (where the bead 

diameter was measured in the wet state). Also, the porosity could be estimated using Eq. (6.5) 

according to Buchtová & Budtova (2016). 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 % = (1 −
𝜌𝑏𝑒𝑎𝑑𝑠

𝜌𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
) × 100  (6.5) 

where ρcellulose is 1.5 g/cm3. 

6.2.4 Adsorption experiments 

6.2.4.1 Adsorption pH study 

To study the optimized pH for adsorption, 100 mg dry CNF-MA 1 % beads were added and 

dialyzed in ultrapure water before immersing in 50 mL 100 ppm Cu (II) solution. The initial pH 

(pHi) of the solution was adjusted from 3 to 6.2 using either 0.1 M HCl or NaOH. The 

concentration of Cu (II) in the mixture was monitored using a Copper Ion Selective Electrode (Cu-

ISE, Cole-Parmer®). Besides, the pH of the solution during adsorption was recorded by a pH 

electrode and the value at equilibrium (pHe) was reported. Also, the conductivity of the solution 
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during adsorption was recorded by a conductivity probe. The adsorption capacity qe (mg/g) was 

calculated using Eq. (6.6): 

𝑞𝑒 =
(𝐶0−𝐶𝑒)

𝑚
𝑉  (6.6) 

where C0 (mg/L) and Ce (mg/L) are the initial and equilibrium concentrations, respectively; qe 

(mg/g) is the adsorption capacity at equilibrium; V (L) represents the solution volume of Cu (II) 

ions and m (g) represents the mass of the cryogel adsorbent. 

6.2.4.2 Adsorption isothermal study 

100 mg CNF-MA 1 % or CNF-MA 2 % beads were immersed 50 mL Cu (II) solutions with 

concentration ranging from 50 to 400 ppm to study the isothermal adsorption. The adsorption 

experiments were carried out at 25 ℃ with an initial pH of 5.6. The adsorption behavior was 

described by the non-linear forms of Langmuir and Freundlich isotherm models: 267 

𝑞𝑒 =  
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
   (6.7) 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
𝑛  (6.8) 

where qm is the maximum adsorption capacity of the absorbent, and KL and KF is the binding 

constant of the Langmuir and Freundlich equation, respectively; n is the Freundlich model 

represents the empirical parameter. 

6.2.4.3 Adsorption kinetic study 

100 mg CNF-MA 2 % beads were added to 50 mL of 200 ppm Cu (II) solution at pH 5.6 and 25 ℃, 

and the mixture was continuously stirred until the adsorption approached equilibrium. The 

adsorption data was fitted to the non- linear forms of pseudo-first order kinetic model, pseudo-

second order kinetic model, and intra-particle diffusion model described in Eqs. (6.9), (6.10), and 

(6.11) respectively: 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)  (6.9) 

𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

1+𝑘2𝑞𝑒𝑡
  (6.10) 

𝑞𝑡 = 𝐾𝑖𝑑𝑡0.5 + 𝐶   (6.11) 
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where qt (mg/g) is the adsorption capacity at time t, and 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 mg-1 min-1) of intra-particle diffusion kinetics. 

6.2.5 Recovery study 

The 100 mg CNF-MA 2% beads after Cu (II) adsorption were immersed in 0.1 M EDTA-Na2 

solution to remove the Cu (II) ions. Afterwards, the beads were recovered using a mesh and hand 

squeezed to remove the excessive solution, and then soaked in ultrapure water several times to 

elute the salts until the conductivity became constant. The recovered beads were subjected to 

adsorption in 50 mL 200 ppm Cu (II) solution at pH 5.6 and 25 ℃, and the recovery process was 

repeated four times. 

6.3 Results and discussion 

The preparation process and formation mechanism of the CNF-MA cryogel beads are illustrated 

in Figure 6.1. The CNF fibers used in this experiment exhibited an average length of tens of 

micrometers and average width of tens of nanometers as shown in the TEM image. These noodles 

like fibers tended to form interconnected networks due to their high aspect ratio and structural 

flexibility. Uniformed spherical beads were produced by injecting the CNF slurry into liquid 

nitrogen, and the extreme low temperature induced the rapid growth of ice crystals within the 

networks.262 The ice crystals further promoted the aggregation of CNF fibers to form pore walls, 

and porous cryogel beads with an average diameter of 3 mm were obtained when the ice crystals 

were removed by sublimation in a freeze dryer.75 The size of the beads was limited by the nozzle 

diameter and the injection method, which could range from several micrometers to several 

millimeters as reported by many previous studies.92,254,268,269  

Acid anhydrides, such as succinic anhydride (SA) and maleic anhydride (MA) were reported to be 

effective in introducing carboxyl groups onto cellulose nanomaterials via a ring open reaction.270–

272 However, most of those previous works focused on producing individual carboxylated CNC or 

CNF whiskers using acid anhydrides without studying the effect of crosslinking. Herein, we 

selected MA as a model acid anhydride to study their dual functions. In contrast to previous reports 

that used solvents, such as DMF or DMSO, we directly mixed molten MA and CNF cryogel beads 

since MA has a moderate melting point (52.8 ℃). The advantages of this method are: (1) toxic 

solvents are not needed; (2) no catalyst is needed as anhydride is very reactive; (3) the integrity of 
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CNF cryogel beads can be maintained in molten MA due to the higher interfacial tension between 

beads and MA compared to DMF or DMSO; (4) the residual MA solvent can be recycled. In 

addition, we propose two types of reaction occurring during the ring open reaction at high 

temperature (120 ℃): (1) one end of MA graft onto CNF via esterification with hydroxyl groups 

while the other end remained as carboxyl groups; (2) both ends of MA grafted onto CNF via 

esterification produced ester crosslinked CNF fibers, where the chemical structure of CNF-MA 

beads is shown in Figure 6.1.  

 

Figure 6.1 Schematic illustration of the preparation process and proposed chemical structure of the 

CNF-MA beads 

6.3.1 Characterization 

To verify the formation of ester and carboxyl groups, we performed FTIR to confirm the 

characteristic peaks. In Figure 6.2 A, an intense new peak at 1726 cm-1 appeared in CNF-MA 1.0 % 

assigned to C=O stretching vibration when compared to pristine CNF. In addition, the presence of 

=CH bending vibration of MA at 821 cm-1 and the absence of anhydride peak at 1780 cm-1 

indicated no free MA molecules existed in CNF-MA 1 % and MA was successfully grafted onto 

CNF. However, it was difficult to identify the ester bond (-COO-) and carboxylic acid (-COOH) 

peaks as they overlapped at 1726 cm-1. To separate the peaks, we further treated the CNF-MA 1% 
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beads with 0.01 M NaOH to convert the -COOH to -COONa groups, 273 which produced a peak at 

1570 cm-1 as shown in Figure 6.2 A, and the remained peak at 1726 cm-1 was attributed to ester 

bond. These results suggested that MA was successfully grafted onto CNF via esterification, 

simultaneously producing ester linkage and carboxylic groups. 

Carboxyl content is an important parameter for Cu (II) ions adsorption. Conductometric-

potentiometric titration was conducted to measure the carboxyl content of the beads, and the results 

are shown in Figure 6.2 B to 6.2 D. Pristine CNF possessed negligible carboxyl content of 0.16 

mmol/g (see Figure 6.2 B), while CNF-MA 1 % and CNF-MA 2 % possessed a carboxyl content 

of 2.45 mmol/g and 2.78 mmol/g respectively (see Figure 6.2 C and 6.2 D). To verify the presence 

of ester crosslinking, we treated the CNF-MA 2 % beads with 0.5 M NaOH to cleave the ester 

linkages, releasing the di-carboxylic maleic acid (Na form), which was then titrated with 0.5 M 

HCl to determine the total carbonyl content (TCC). As shown in Figure 6.3, the TCC of CNF-MA 

2 % was approximately 11.11 mmol/g, which was much higher than the TCC prior to cleavage 

(5.56 mmol/g), suggesting the existence of ester crosslinking in the beads. The significantly higher 

degree of substitution indicated that both primary and secondary hydroxyl groups at the C3 and C2 

positions have also participated in the esterification reaction, and similar phenomenon was also 

reported by Sehaqui et al when they used succinic anhydride to prepare carboxylated CNF.271 
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Figure 6.2 FTIR patterns of pristine CNF, CNF-MA 1 % and 0.01 M NaOH treated CNF-MA 1 % 

(A), and conductometric- potentiometric titration curve of 86 mg pristine CNF (B), 9.8 mg CNF-

MA 1 % (C) and 10 mg CNF-MA 2 % (D). 
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Figure 6.3 Conductometric- potentiometric titration curve of 8.1 mg 0.5 M NaOH treated CNF-

MA 2% beads 

The morphologies of these cryogel beads were visualized by SEM, and the results indicated that 

all the cryogel beads displayed randomly oriented three-dimensional porous structure as shown in 

Figure 6.4 and Figure 6.5. The surface of pristine CNF cryogel beads comprised of fibril and fiber 

sheet structure, where the fibril structure was dominant. The network was more compact at higher 

CNF content (Figure 6.4 B and Figure 6.5 C, C’), which was consistent with previous reported 

studies. 227,274 It is worthy to note that fiber length has an impact on the network density as cryogel 

beads prepared by shorter CNF fibers (~ several micrometers) usually possessed more porous 

morphologies due to the inadequate entanglement.92,269 After modification with MA, the cryogel 

bead surfaces consisted of more CNF bundles as highlighted in the magnified image (Figure 6.4 

B’) and fiber sheet structure, which is attributed to the crosslinking effect of MA. This 

phenomenon was more pronounced in CNF-MA 2 % as large number of fiber bundles and fiber 

sheets are observed in Figure 6.5D and Figure 6.5D’ due to the higher CNF concentration. In 

addition, the interior of the beads possessed the same fiber organization as the bead surface (see 

Figure 6.5 B”, C” and D”), indicating the fibril and fiber sheet structure were uniformly distributed 

in the network. 
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The pores morphologies of these cryogel beads were also investigated. As evident from Figure 6.4 

and Figure 6.5, all the pores were comprised of fibrillar and columnar structure in both the surface 

and the interior of the beads, where the fibrillar structure dominated. Generally, most of the 

reported CNF cryogels possessed a combination of fibrillar, columnar or honeycomb pore structure, 

depending on their freezing methods.83,275,276 It should be noted here, the morphologies of the pores 

in our beads were identical throughout the beads due to its spherical shape. 

Besides, the elemental composition of the beads before and after modification were investigated 

by EDS elemental analysis. From Figure 6.4 C, Figure 6.4 A”, Figure 6.4 B”, all samples only 

contained C and O elements, suggesting no other elements, such as Cu2+ were introduced to the 

samples. 

 

Figure 6.4 SEM images of the cryogel beads surface. CNF 1 % and CNF-MA 1 % (A and A’), 

CNF 2 % and CNF-MA 2 % (B and B’). EDS elemental analysis of pristine CNF 1% (C), CNF-

MA 1 % (A”) and CNF-MA 2 % (B”).   
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Figure 6.5 SEM images of cryogel beads surfaces at different magnifications: CNF 1 % (A and 

A’), CNF-MA 1 % (B and B’), CNF 2 % (C and C’) and CNF-MA 2 % (D and D’), and the cross 

sections CNF-MA 1 % (B”), CNF 2 % (C”) and CNF-MA 2 % (D”). 

Table 6.1 A summary of the density and porosity of cryogel beads with different CNF 

concentrations 

 Density (g/cm3) Porosity (%) 

CNF-MA 0.5 % 0.0187 98.75 

CNF-MA 1.0 % 0.0343 97.71 

CNF-MA 1.5 % 0.0657 95.62 

CNF-MA 2.0 % 0.0778 94.81 
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Mechanical characteristic, especially the wet strength, is very critical for the cryogel absorbents in 

terms of their recyclability.217 Therefore, compressive strain (Ɛ)- stress (σ) measurements were 

performed to evaluate the mechanical properties of the cryogel beads. It should be noted that 

pristine CNF cryogel bead could not be measured as it broke when placed in water. In contrast, 

CNF-MA beads possessed excellent wet stability and their structural integrity was preserved even 

after vigorously mixed in water (see Figure 6.6 I). The strain (Ɛ)- stress (σ) curves at different 

strain (Ɛ: 30%, 40%, 50% and 60%) of CNF-MA X are shown in Figure 6.6 A and Figure 6.6 B. 

Generally, the compressive stress increased with CNF concentration, where CNF-MA 1.5 % and 

CNF-MA 2.0 % possessed similar strength, and they were much higher than CNF-MA 1.0 % and 

CNF-MA 0.5 %. Higher CNF concentration contributed to a more compact network as evident by 

the increased density shown in Table 6.1, which greatly improved the cryogel mechanical strength. 

The beads shrunk significantly when 0.5 % and 1.0 % CNF were used as seen in Figure 6.6 I. In 

addition, the plastic deformations of each sample under given compressive strain are summarized 

in Figure 6.6 C, where we can see the CNF content dominated the beads shape recovery property. 

For example, at 60 % strain, CNF-MA 0.5 % displayed a plastic deformation of 32.16 %, while 

that of CNF-MA 1.0%, CNF-MA 1.5 % and CNF-MA 2.0 % was 23.03 %, 20.06 % and 17.78 %, 

respectively. 

In addition, the compressive curves possessed three distinct regions: In the first region, the 

compressive stress increased linearly with strain, suggesting that the beads were elastic at the  

compressive strain below 5 % for CNF-MA 0.5 %, 8 % for CNF-MA 1.0 %, 15 % for CNF-MA 

1.5 % and CNF-MA 2.0 %; In the second region, the curves displayed a plateau region as the stress 

increased slightly with compressive strain, which was associated with the gradual collapsed of the 

pores in the cryogels; When the strain exceeded 50 %, the stress for all beads increased 

dramatically as the beads undergo a densification stage where the pores completely collapsed. 

239,241 

The cyclic test results at fixed stain of 60 % of all the beads are shown in Figure 6.6 D and Figure 

6.6 E, and the corresponding plastic deformations, max stresses and energy loss coefficients during 

10 cycles were calculated and presented in Figure 6.6 F, Figure 6.6 G and Figure 6.6 H. All the 

samples exhibited a slightly increased plastic deformation in the beginning and then approached a 

plateau. Among them, CNF-MA 0.5% displayed the largest deformation ratio of 37.34% after 10 
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cycles due to its lower density and higher porosity (Table 6.1), while that of CNF-MA 2.0% 

maintained a value of 17.99%. The better shape recovery property of CNF-MA 2 % was due to its 

denser network compared to others, which also yielded the largest stress of around 2800 Pa after 

10 compression cycles. The energy loss coefficient is another factor that provides information on 

the cryogel elasticity and mechanical compressibility.237,238 In Figure 6.6 H, the energy loss 

coefficient of CNF-MA 0.5 % beads was much larger than other beads, revealing its inherent 

viscoelasticity and further explaining its poor shape recovery property. For CNF-MA 1.5 % and 

CNF-MA 2.0 % beads, their energy loss coefficients were identical compared to CNF-MA 1.0 % 

(all decreased from around 0.61 to 0.56 in 10 cycles), as their networks dissipated energy during 

the compression due to the frictions between the denser fibers. Nevertheless, their energy losses 

were relatively lower than CNF-MA 0.5 % beads, suggesting the better compressibility of these 

beads. 

All the results supported the conclusion that crosslinking with MA and increasing CNF 

concentration were effective to not only increase the carboxyl content but also to improve the wet 

mechanical strength and shape recovery property of the beads. 
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Figure 6.6 Mechanical compression tests of the cryogel beads. Strain- stress curve of (A) CNF-

MA 0.5 % and 1.5 % and (B) CNF-MA 1.0 % and 2.0 % with different strain (Ɛ: 30 %, 40 %, 50 % 

and 60 %,); (C) plastic deformation of all beads with different strain; Cyclic test of (D) CNF-MA 

0.5 % and 1.5 % and (E) CNF-MA 1.0 % and 2.0 % at strain of 60 %; Plastic deformation (F), 

max stress (G) and energy loss coefficient (H) of all beads at different cycles with a strain of 60 %. 

(I) Photos of CNF-MA X beads (top) and 2 % CNF beads & CNF-MA X beads after vigorously 

shaking in water (bottom). 

6.3.2 Copper adsorption experiments 

6.3.2.1 Effect of pH 

The initial pH of the copper solution greatly affects the absorbents adsorption performance as it 

determines the form of copper species as well as the electrostatic interaction strength between the 

absorbents and Cu (II) ions.217 Generally, Cu (II) ions start to transform to Cu (OH)2 at pH above 

6.0, thus we set the initial pH between 3 to 6.2 for studying the corresponding beads adsorption 

capacity. As shown in Figure 6.7A, distinct adsorption capacities were observed at different initial 
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pH. The adsorption capacity at equilibrium increased when the initial pH value was increased from 

3.0 to 5.6, due to the deprotonation carboxylic groups at higher pH. At 6.2, the adsorption capacity 

decreased slightly and this was due to the formation of Cu (OH)2. Therefore, a pH of 5.6 was set 

as the optimized initial pH for conducting the adsorption studies. As seen in Figure 6.7B, the Cu 

(II) concentration decreased continuously during the adsorption, with the bead color changing from 

white to light blue (insert in Figure 6.7B).  

 

Figure 6.7(A) Effect of initial pH on the adsorption capacity (100 mg CNF-MA 1 % beads, 100 

ppm Cu2+), (B) concentration of Cu (II) ions during adsorption at initial pH 5.6 (100 mg CNF-MA 

2 % beads), (C) pH and conductivity of the mixture during adsorption (initial pH of 5.6), (D) pH 

values at adsorption equilibrium at different initial pH (100 mg CNF-MA 1 % beads). 

In addition to Cu (II) ions concentration, we also monitored the pH and conductivity of the solution 

mixture during adsorption as shown in Figure 6.7C, and the conductivity increased while the pH 

decreased, in contrast to the removal of Cu (II) ions. The continuous decrease of pH indicated the 

adsorption was dominated by ion-exchange between H+ and Cu2+. One possible reason for the 

higher conductivity is the released of H+ ions driven the Cu (II) hydrolysis, which produced more 

mobile Cu (II) ions that contributed to conductivity. We also monitored the pH before and after 
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adsorption at different initial pH conditions (Figure 6.7D), where the pH at equilibrium were in 

the range of 2.8- 3.7.  

6.3.2.2 Isothermal Adsorption  

Isothermal adsorption analysis was conducted to examine the adsorption capacity of the beads and 

interactive behavior between the adsorbents and Cu (II) ions at different carboxyl content. In 

Figure 6.8, the qe of CNF-MA 1 % and CNF-MA 2 % beads increased rapidly at low Cu (II) ion 

concentration then slowly increased to plateau. The adsorption data were further fitted to the 

Langmuir and Freundlich model as shown in Figure 6.8A and Figure 6.8B. Apparently, The 

Langmuir model fitted better to the data, indicating the adsorption sites were homogeneously 

distributed in the cryogels and the adsorption was monolayer. The parameters for both fittings are 

summarized in Table 6.2(A). The maximum adsorption capacities of the cryogel beads determined 

from the Langmuir model were 60.92 mg/g and 84.12 mg/g for CNF-MA 1 % and CNF-MA 2 %, 

respectively. The larger adsorption capacity of CNF-MA 2 % beads was ascribed to its higher 

carboxyl content as well as its denser network that could retain more Cu (II) ions. Our maximum 

adsorption capacities are higher than many reported carboxylated CNF based absorbents as 

summarized in Table 6.2(B), highlighting the advantage of high carboxyl contents as well as 

crosslinked porous networks.  

 

Figure 6.8 (A) Adsorption isothermal of CNF-MA 1 % and CNF-MA 2 % beads fitted with the 

Langmuir model and (B) fitted with the Freundlich model. 
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Table 6.2 (A): Langmuir and Freundlich constants of CNF-MA 1% and CNF-MA 2% beads for Cu (II) 

ion adsorption 

Samples 
Langmuir isotherm Freundlich isotherm 

KL qm (mg/g)       R2 KF n R2 

CNF-MA 1 % 

CNF-MA 2 % 

0.03 

0.01 

60.92 

84.12 

0.91 

0.94 

14.97 

11.87 

0.25 

0.34 

0.81 

0.81 

Table 6.2 (B): Comparison of the maximum Cu (II) adsorption capacities from various reported 

carboxylate cellulose absorbents with this study 

Material 
Carboxylic content 

(mmol/g) 
pH qmax (mg/g) References 

TEMPO-CNF fibers 1.40 5.0  102.90 (Li et al., 2019) 

Carboxymethylated 

cellulose fiber 
1.05 6.0  23.48 

(Wang, Liu, Duan, 

Sun, & Xu, 2019) 

Carboxylate CNC 2.20 /  51.10 260 

Carboxymethylated CNF 2.70 5.0  115.30 252 

TEMPO-CNF/GO 

membrane 
/ 5.7  63.50 278 

Carboxylate CNF 1.18 / 45.05 (Wang et al., 2018) 

CNF-MA 1% beads 2.45 5.6 60.92 this study 

CNF-MA 2% beads 2.78 5.6  84.12 this study 

Table 6.2 (C): Parameters of pseudo- first- order, pseudo- second- order and intra-particle diffusion for 

CNF-MA 2% beads adsorption kinetics 

Sample 
Pseudo-first- order Pseudo-second- order Intra-particle diffusion 

K1 R2 qe K2 R2 qe Kid,1 Kid,2 Kid,3 

CNF-MA 

2% 
12.154 0.1580 59.19 0.0005 0.9603 66.83 9.1808 0.7366 0.2648 

 

6.3.2.3 Adsorption kinetics 

CNF-MA 2 % beads were used to study the adsorption kinetics. In Figure 6.9A, the beads 

displayed a rapid adsorption rate in the first 120 min that slowly approached an equilibrium within 

500 min. The fast adsorption rate was due to: (1) the small beads possessing larger surface area 

that greatly increased the contact area towards Cu (II) ions; (2) the small beads with carboxyl 

groups could efficiently capture Cu (II); (3) the small beads greatly reduced the Cu (II) ions 

diffusion path length that in turn saturated the beads quickly.268 To evaluate the Cu (II) adsorption 

behavior of these cryogel beads, the adsorption data was further fitted to pseudo- first order and 

pseudo-second order models as shown in Figure 6.9A, and the fitting parameters are summarized 
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in Table 6.2(C). The results suggested the data could be described better by the pseudo-second 

order model, indicating that the adsorption process was chemical adsorption.  

To further examine whether the pore diffusion alters the Cu (II) ion adsorption process, intra-

particle diffusion model was used to analyze the adsorption data.247 As shown in Figure 6.9B, the 

plots of qt versus t0.5 yielded three linear regions, which corresponded to the three stage diffusion 

of Cu (II) ions: (1) external diffusion from bulk solution to the surface of the beads, (2) diffusion 

from the surface to the inner of the beads through pores, (3) slow diffusion to reach the equilibrium. 

The slopes of the three stages corresponding to the diffusion rate were calculated from the 

intraparticle diffusion model and summarized in Table 6.2(C). We noted that Kid,1> Kid,2>Kid,3, 

suggesting the adsorption rate at first stage was very fast, compared to the second and third stage. 

The results suggested that the pore diffusion also controlled the adsorption process, which agreed 

with most of cryogel absorbents.254,279 

 

Figure 6.9 (A) Adsorption kinetics of 100 mg CNF-MA 2 % beads in 50 mL 200 ppm Cu (II) 

solution fitted to pseudo- first- order and pseudo- second order models and (B) the data fitted to 

intraparticle diffusion model. 

6.3.2.4 Elemental composition of beads after adsorption 

To verify the presence of Cu ions in the beads, the elemental composition of the bead cross sections 

after Cu adsorption were examined by EDS mapping as shown in Figure 6.10. Clearly, the Cu 

signals were observed in both beads, yielding a value of 1.15 wt% and 4.59 wt% for CNF-MA 1 % 

and CNF-MA 2 % respectively, while no Cu signals were detected before the adsorption as shown 
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in Figure 6.4A” and Figure 6.4B”. The higher Cu content in CNF-MA 2 % further confirmed its 

higher adsorption capacity. In addition, the EDS mapping indicated that the Cu ions were 

uniformly distributed in the network and exhibited consistent shapes with the networks, suggesting 

the homogenous distribution of adsorption sites in the beads. 

 

Figure 6.10 EDS mapping and the element composition of the cross section of CNF-MA 1 % (A 

and A’) and CNF-MA 2 % (B and B’) beads after Cu adsorption, and FTIR of CNF-MA 1 % 

before and after Cu adsorption (C). 

6.3.2.5 Adsorption mechanism  

As discussed earlier, the continuous reduction in the pH during the adsorption shown in Figure 6.7 

(C) is associated to the ion-exchange between H+ of protonated carboxylic groups and Cu2+. Such 

interaction dominates the adsorption due to the higher ionic strength of Cu2+. For the deprotonated 

carboxylic groups, electrostatic attraction between the negative charged -COO- groups and positive 

charged Cu2+ ions was responsible for the adsorption. In addition, the FTIR of the CNF-MA 1 % 

beads before and after Cu adsorption were also investigated to elucidate the adsorption mechanism. 

In Figure 6.10 C, the intensity of C=O stretching vibration peak at 1726 cm-1 was significantly 

reduced after adsorption, while the -OH bending vibration peak at 1385 cm-1 was greatly enhanced. 
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The results indicated that the Cu2+ ions were simultaneously captured by the carboxyl and hydroxyl 

groups via ionic complexation. 

3.3 Recovery study 

An excellent absorbent should not only possess high adsorption capacity, but also good 

recyclability considering the sustainability and economic factors. EDTA- Na2 was selected as the 

desorption agent due to its strong chelation effect towards Cu2+ compared to the electrostatic 

interaction of the carboxylic groups. The recoverable characteristics of CNF-MA 2 % beads was 

evaluated and shown in Figure 6.11, where we observed that the equilibrium adsorption capacity 

decreased from 68 mg/g to around 45 mg/g after 4 cycles. The reduced adsorption capacity might 

be caused by the lower carboxyl content. As discussed earlier, the pH of the system decreased to 

around 3.5 during the adsorption, resulting in the slow cleavage of the ester bonds and the beads 

disintegrated into some small pieces as observed in the four cycles recovery study. These small 

pieces could not be recovered by the mesh, resulting in the observed reduction of the carboxyl 

contents. Our results indicated that the CNF-MA cryogel beads possessed excellent recyclability 

characteristics when compared to other carboxylated CNF absorbents listed in Table 6.2 (B). 
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Figure 6.11 Four cycles of recovery study of CNF-MA 2 % beads (100 mg absorbents, 50 mL 200 

ppm copper solution, at R.T. and pH 5.6) 
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6.4 Conclusions 

In this study, robust carboxylated cellulose nanofibril (CNF) cryogel beads were prepared in one 

step via a ring open reaction of maleic anhydride (MA). The method used molten MA as solvent 

and reactant, which simultaneously crosslinked the CNF cryogel beads and imparted carboxyl 

groups onto the cryogels. The method is efficient and environmentally friendly as no organic 

solvents or catalysts are needed and the MA could be recycled. The CNF-MA cryogel beads 

possessed a carboxyl content of up to 2.78 mmol/g, yielding a high Cu (II) adsorption of 82.17 

mg/g. In addition, the cryogel beads displayed excellent mechanical strength in water as a result 

of the ester crosslinking, yielding a maximum stress of 2800 Pa under 60 % strain. The Cu (II) 

adsorption was a chemisorption process, where both carboxyl and hydroxyl groups participated in 

the complexation. The intra-particle model revealed that the adsorption process was also affected 

by pore diffusion. Overall, the prepared CNF-MA cryogel beads are promising absorbents for 

heavy metals removal due to its fast removal rate, robust mechanical strength as well as excellent 

recyclability. In addition, organic solvent and catalyst were not required. 
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Chapter 7* Ambient amphiphilic and underwater super-oleophobic 

carboxylated cellulose aerogel for multiple applications 

 

Abstract 

 

Developing filters for both oil-in-water and water-in oil emulsion separation is challenging as dual 

wettability of the filter is required. In this study, ambient amphiphilic cellulose aerogels were 

prepared by crosslinking cellulose nanofibrils (CNF) with dicarboxylated-PEGs of different 

molecular weights. The aerogels at dry state displayed excellent uptake capacity for various 

solvents of different polarities (from 0.1 to 10.2), and then released the absorbed oils in water. The 

results show that crosslinkers with smaller molecular weight possessed higher crosslinking activity 

capacity. Both crosslinking degree and network density contributed to the mechanical strength of 

the aerogel. These aerogels could effectively remove both emulsified oil and water droplets from 

water and oil, respectively. The aerogel displayed better separation efficiency for SDS and CNC 

stabilized oil-in-water emulsions than CTAB and Tween 80. It was found that the size of the 

emulsion droplet and its interaction with the aerogel determined the water permeation flux and 

separation efficiency. For water-in-oil emulsions, the viscosity of the oil had a significant effect 

on the permeate flux. A separation efficiency of more than 97% was achieved for all studied water-

in-oil emulsions.  

 

 

 

  

 
* This chapter is adapted from a paper: Chunxia Tang, Xinmei Yan, Hua Fan, Vivek Maheshwari and Kam Chiu Tam 

“Ambient amphiphilic and underwater super- oleophobic cellulose aerogel for multiple emulsions separation” 

Manuscript under preparation. 
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Application 1: Emulsion separation 

7.1 Introduction 

The discharge of oily wastewater containing emulsions and oil spills during marine transportation 

have been one of the major sources of water pollution for decades. Removal of emulsions from 

oily wastewater is a global challenge especially for surfactant stabilized emulsions due to their 

good stabilities and micro- or nano-droplet sizes.11 In recent years, emulsions stabilized by solid 

particles, namely Pickering emulsions, have attracted much attention from researchers as they 

exhibit better stability over surfactants.59 Pickering emulsions could be a new source of pollutants 

to water streams in the future that need to be considered. In another aspect, water will also be a 

pollutant when it exists in oils particularly in fuels regardless of whether they are free, solubilized, 

or emulsified. It causes microbial growth and corrosion that could further damage vehicle engine 

system.127,128 Therefore, the removal of emulsified oil and water droplets is of great significance 

for environmental management as well as oil purification industries.  

Traditional methods, such as centrifugation, oil skimming, and floatation for oil/water mixture 

separation are not suitable for separating emulsions.12 Since the first report of artificial 

superhydrophobic and superhydrophilic mesh by Jiang et al. in 2004 and 2011,280,281 respectively, 

filters with super-wettability and defined pore size were constructed for emulsion separation by 

either blocking oil or water droplets permeate through the filter.11 In the scenario of oil-in-water 

emulsion separation, superhydrophilic filters possess intrinsic advantages over superhydrophobic 

filters due to their low oil adhesion and high water affinity properties. On the other hand, 

superhydrophobic filters are widely adopted for oil spill cleanup and water-in-oil emulsion 

separation.130 Hydrophilic compounds and fluoride based hydrophobic materials were commonly 

used to produce these superwetting filters.11 In recent years, smart filters with dual emulsion 

separation functions have drawn extensive interests. Stimuli-responsive compounds, such as 

PDMAEMA, PNIPAM, TiO2, ZnO, were adopted to fabricate such smart surfaces. A wettability 

transition was achieved when the filters were subjected to external stimuli, for example pH, 

temperature, gas, and light.140  

Compared with 3D porous filters (e.g., foams, sponges, or aerogels) that possess large surface 

areas, 2D filters (e.g., polymeric membranes and filter papers) exhibit lower water or oil 

absorbency, smaller pore size and shorter filtration channels. They can be easily fouled and 
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blocked by water or oil droplets and surfactants, comprising its long term separation flux and 

efficiency performance.12 Two strategies are generally used to prepare superwetting 3D porous 

filters: (1) assemble hydrophilic/hydrophobic skeleton materials to porous network using a bottom 

up approach. For example, Xiao et al. prepared superhydrophilic aerogel by coating polydopamine 

(PDA) and polyethyleneimine (PEI) on freeze dried graphene/ cellulose acetate nanofibers 

aerogel.282 (2) Modify commercial sponges with hydrophilic or hydrophobic components, e.g., Lv 

et al. constructed a 3D multiscale superhydrophilic sponge by coating PDA, PEI and layered 

double hydroxide (LDH) nano- scrolls on a commercial poly(melamine formaldehyde) sponge.12 

Various materials have been reported to prepare the aerogel skeleton, e.g., polyurethane, melamine 

resin, polydimethylsiloxane, polyacrylamide (PAM), poly (acrylic acid) (PAA), graphene, 

chitosan, alginate, and cellulose, etc.222  Among them, cellulose consisting of repeating glucose 

units is the most abundant natural resource on earth.103 The benefits are biodegradable, abundant, 

flexible, and intrinsic hydrophilic properties, cellulose fibers are popular as skeletons to prepare 

porous membranes, papers, aerogels, and hydrogels for wastewater treatment applications.120  

However, cellulose fiber-based 3D porous filters are less reported for oily wastewater treatment 

compared to their applications in oil spill cleanup according to a literature survey by Web of 

science. In summary, 18 journal papers reported superhydrophilic cellulose 

filter/membrane/sponge/aerogel/foam from 2015 to the present, while the number of their 

superhydrophobic counterpart was 64 as shown in Figure 7.1. Among these superhydrophilic 

cellulose aerogels, only 3 were applied for oil-in-water emulsion separation.132,140,283 For these 

reported superhydrophobic cellulose aerogels, the majority of them were used for oil spill cleanup 

as well as for water-in-oil emulsions separation. However, a large amounts of energies, chemicals, 

solvents are consumed, and complicated processes are required to transform the intrinsic 

hydrophilic cellulose to superhydrophobic. In addition, superhydrophobic filters are not efficient 

for oil-in-water emulsion separation due to the high interfacial tension between water and 

superhydrophobic surface. In conclusion, there are no reported study on the use of cellulose aerogel 

for both oil-in-water and water-in-oil emulsion separation without external stimuli. 

Therefore, it is meaningful to take advantage of the intrinsic hydrophilic property of cellulose and 

exploit its potentials in multiple applications including oil-in-water emulsion separation, water-in-

oil emulsion separation, and oil spill cleanup. Firstly, chemical crosslinking treatment is required 
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to prepare a mechanically robust cellulose aerogel, to prevent the disintegration of aerogel induced 

by the hydrogen bonding between cellulose fibers and water molecules. In this study, 

dicarboxylated-PEGs were synthesized and further used as crosslinkers to prepare robust ambient 

amphiphilic and underwater superoleophobic cellulose aerogels for various types of solvents 

absorption as well as emulsion separation. Besides, the effects of crosslinker length on the 

mechanical strength of the aerogel and underwater oil droplet adhesion force, emulsifier type on 

oil-in-water emulsion separation flux and efficiency, and oil type on water-in-oil emulsion 

separation flux and efficiency were investigated.  

 

Figure 7.1 Number of publications with the topic of “Super hydrophobic” or “Superhydrophilic” 

and topic “cellulose filter” or “cellulose membrane” or “cellulose sponge” or “cellulose aerogel” 

from 2015 to present by a literature search using Web of science.  

7.2 Experimental section 

7.2.1 Materials 

Cellulose nanofibrils (CNF) slurry was purchased from the Process Development Center of 

University of Maine, and the production process was reported previously.201 Cellulose 

nanocrystals powder was provided by Celluforce Inc. Poly(ethylene glycol) (average Mn = 600, 

1500, 3350, 8000), maleic anhydride (MA, 99%), sodium hydroxide pellets (NaOH, anhydrous), 

Nile red, 4-(Dimethylamino)pyridine (DMAP, ReagentPlus®, ≥99%), 

hexadecyltrimethylammonium bromide (CTAB, ≥ 98%), sodium dodecyl sulfate (SDS, ACS 

agent, ≥ 99%), TWEEN® 80, dichloromethane (CH2Cl2, anhydrous, ≥99.8%), diethyl ether, 

acetone (ACS agent, ≥ 99.5%), hexane (anhydrous, 95%), toluene (ACS reagent, ≥99.5%), and 

chloroform-d (99.8 atom % D) were purchased from Sigma Aldrich. Ultrapure water (conductivity 

of 15 μs/cm) was used to prepare the aqueous dispersions.  
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7.2.2 Preparation of dicarboxylated-PEGs 

To prepare dicarboxylated-PEG, PEGs (average Mn = 600, 1500, 3350, 8000 Da) were dissolved 

in CH2Cl2, followed by the addition of excessive amount of maleic anhydride at a molar ratio of 

MA : PEG = 4 : 1. The reaction was performed at room temperature for 3 days in the presence of 

DMAP catalyst. Then, the dicarboxylated-PEGs were precipitated from CH2Cl2 using cold diethyl 

ether as anti-solvent. After 3 cycles of precipitation and washing, the purified products were dried 

in a vacuum oven at 40 ℃. Notably, the dicarboxylated- PEGs were denoted as PM 600, PM 1500, 

PM 3350, PM 8000, according to the molecular weight of PEG used in the reaction. 

7.2.3 Preparation of crosslinked cellulose aerogels  

Pristine CNF aerogel monolith with a dry mass of 75 mg was prepared as template before 

crosslinked with dicarboxylated-PEGs. Briefly, 5 g CNF slurry was transferred into a scintillation 

vial with a diameter of 23 mm, and immersed in liquid nitrogen and consequently it was freeze 

dried at -45 ℃. To prepare crosslinked cellulose aerogel, dicarboxylated-PEG was dissolved in 

acetone, which was then added to the dried CNF aerogel monolith of a molar ratio of crosslinker: 

glucose unit = 1 : 8. The chemical crosslinking reaction was conducted at 120 ℃ for 3 hours. Then, 

the aerogel was washed with acetone 5 times and soaked in acetone overnight to remove the 

unreacted crosslinkers. Finally, the aerogel was dried in a vacuum oven at 60 ℃, and the final 

products were denoted as CPM 600, CPM 1500, CPM 3350, CPM 8000, depending on the choice 

of the crosslinker. In addition, a higher reaction ratio (1 : 1) was performed between PM 600 and 

CNF followed the same procedure as described, and the produced aerogel was named as CPM 600 

H.  

7.2.4 Physical properties measurement 

The crosslinker weight fraction (CL%) of the aerogel was determined by calculating the weight 

difference of the aerogel before and after the crosslinking reaction. Water uptake capacity was 

measured by immersing the aerogels in water, and the weight at equilibrium was determined. The 

aerogel bulk density was calculated based on its dry mass and volume. Also, the porosity can be 

estimated by Eq. (7.1) according to Buchtová & Budtova et al.266 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 % = (1 −
𝜌𝑎𝑒𝑟𝑜𝑔𝑒𝑙

𝜌𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
) × 100  (7.1) 

where ρcellulose is 1.5 g/cm3. 
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7.2.5 Oil absorption and recovery  

To study the oil absorption capacity of the aerogels, the pre-weighted aerogels in dry state were 

fully immersed in CH2Cl2, toluene or hexane for 5 min. Then, the increase in the weight was 

measured, and the oil absorption capacity was determined by Eq. (7.2): 

𝑂𝑖𝑙 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑔/𝑔)  = (𝑤1 − 𝑤0) 𝑤0⁄   (7.2) 

where w0 and w1 are the aerogel weight before and after oil absorption.  

The absorbed oil was released into the water by placing the aerogel in a scintillation vial (diameter 

of 23 mm) containing 10 mL water. After 10 mins, the recovered oil volume was determined by 

the height of oil layer and the base area of the vial. Then, the recovered oil ratio (%) was determined 

by Eq. (7.3): 

Recovered oil ratio (%) = (𝑣𝜌 (𝑤1⁄ − 𝑤0)) × 100% (7.3) 

where v and 𝜌 is the volume and density of the released oil, respectively. 

7.2.6 Preparation of emulsions 

Toluene in water emulsions stabilized by different surfactants (CTAB, or SDS, or Tween 80) were 

prepared by mixing 1 mL toluene (dyed with Nile red) with 100 mL MilliQ water containing 30 

mg surfactant by a IKA high speed homogenizer for 2 min, then sonicated by a probe sonicator for 

1 min to produce uniform and stable oil-in-water emulsions. Similarly, CNC stabilized toluene in 

water Pickering emulsions were prepared by mixing 1 mL toluene with 100 mL MilliQ water 

containing 50 mg, 100 mg, or 200 mg CNC. Water-in-oil emulsions were prepared by mixing 1 

mL water with 100 g oil (vegetable oil, diesel oil or hexane) containing 30 mg Span 80. 

7.2.7 Emulsion separation experiment 

To evaluate the emulsion separation performance of an aerogel, the aerogel was loaded in a 30 mL 

AIR-TITE luer slip syringe with an inner diameter of 22.6 mm. Then, 10 mL emulsions were 

poured into the syringe. The aerogels were pre-soaked in water before loading into the syringe for 

oil-in-water emulsion separation, while the aerogels were used in dry state for water-in-oil 

emulsion separation. All the separation processes were gravity driven. The permeate flux (L/(m2·h)) 

was calculated using Eq. (7.4): 

𝐹𝑙𝑢𝑥 =
𝑉

𝐴𝑡
  (7.4) 
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where V (L) is the emulsion volume permeated through the aerogel at the testing time, A is the 

effective filtration area of the aerogel (m2), and t is the testing time (h). Herein, we calculated the 

initial flux at the 1st min and overall flux when the filtration completed to evaluate the 

comprehensive performance of the aerogel. Consequently, the separation efficiencies for toluene-

in-water emulsions were determined by monitoring toluene concentration before and after 

filtration by a UV–vis spectroscopy (Lambda 950, US) at 261 nm. For water-in-oil emulsions, the 

separation efficiencies were evaluated by measuring the water content before and after filtration 

using a C20 Karl FisherTM auto-titrator. Then, the emulsion separation efficiency (R (%)) was 

calculated by using Eq. (7.5): 

𝑅 (%) = (1 −
𝐶𝑃

𝐶0
) × 100% (7.5) 

where C0 and Cp are the toluene or water content in the original emulsion and in the filtrate, 

respectively.  

7.2.8 Characterization 

1H Nuclear magnetic resonance (NMR) was conducted to confirm the presence of MA on PEG 

skeleton. Samples were dissolved in chloroform-d, and the spectra were recorded on a Bruker 

Advance 300 MHz spectrometer. The grafting ratios or modification degrees of MA on PEGs were 

determined by measuring their carboxyl contents, which was achieved by using a conductometric- 

potentiometric titrator (Metrohm 809 Titrando auto-titrator (Switzerland)). The cyclic compressive 

strengths at 50 % strain of the aerogels in wet state were evaluated using a Universal Mechanical 

Tester (CETR). Scanning electron microscopy (SEM) was used to examine the morphologies of 

the aerogels. The aerogels were sputtered with gold and the cross sections were visualized in a 

Zeiss Ultraplus field- emission SEM instrument with an acceleration voltage of 5 keV. BET 

Surface areas of the aerogels were measured by a surface area analyzer (Gemini VII 2390) with 

N2 adsorption under a series of relative pressures. Underwater oil adhesion forces of the aerogels 

were measured by DCAT 11 (Data Physics). A drop of CH2Cl2 (5 μL) was suspended on a RG 2 

Du Noüy ring as probe, which was controlled to contact the aerogel surface with a relative speed 

of 0.005 mm/s. Contact angle measurements were performed using an optical tensiometer. 

Underwater oil contact angle of aerogels was measured by injection of 5 μL CH2Cl2 or toluene or 

hexane on the surface of aerogel that was immersed in water. The morphologies of all the 
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emulsions were visualized by optical microscope (Nikon Elipse Ti–S) at 400 X magnification 

without dilution. Oil-in-water emulsion droplet size was measured by a particle size analyzer 

(Anton Paar).  

7.3 Results and discussion 

7.3.1 Synthesis of crosslinkers with different lengths 

The modification process of PEGs is illustrated in Figure 7.2 (A). As reported previously, maleic 

anhydride (MA) could react with hydroxyl groups via the ring open reaction, simultaneously 

producing an ester linkage and a free carboxyl group.119 Here, MA was grafted on the PEG skeleton 

by reacting with the two hydroxyl groups on both ends of the PEG chains, yielding dicarboxylated- 

PEGs that could further crosslink with cellulose nanofibrils (CNF) via the esterification reaction. 

The presence of MA on PEG skeleton and modification degree was confirmed by 1H NMR and 

conductometric-potentiometric titration, respectively. From Figure 7.2 (B), characteristic peaks 

belong to carboxyl groups and CH=CH skeleton of MA were observed at the chemical shift of 

8.133 to 8.157 ppm and 6.166 to 6.383 ppm for all modified PEGs,284 while no such peaks were 

observed in pristine PEGs as shown in Figure 7.3. In addition, the characteristic peak of the formed 

ester linkage from 4.315 to 4.344 ppm provided a clear evidence of the successful modification. 

Carboxyl content of the modified PEGs were measured to evaluate their modification degrees. 

Shown in Figure 7.2 (C), the experimental carboxyl content of PM 600, PM 1500, PM 3350, and 

PM 8000 was 2.53, 1.44, 0.59, and 0.25 mmol/g, respectively, which are very close to their 

theoretical content. Details of the titration curve for each crosslinker can be found in Figure 7.4 

(A). The results suggest that the modification degrees for the four PEGs were 100 %, indicating 

that all the hydroxyl groups on the end of PEGs were completely replaced by carboxyl groups.   
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Figure 7.2 (A) Reaction scheme of grafting MA on PEG with different molecule weight, (B) 1H 

NMR spectrums of modified PEGs of different lengths, (C) Carboxyl contents of MA modified 

PEGs from theoretical and experimental calculations. 

 

Figure 7.3 1H NMR spectrums of pristine PEGs of different molecule weight 
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Figure 7.4 Conductometric-potentiometric titration curves for crosslinkers (A) PM 600 (a), PM 

1500 (b), PM 3350 (c), PM 8000 (d), and (B) CPM 600 H (b). 

7.3.2 Synthesis of crosslinked cellulose aerogels 

It’s known that physically crosslinked CNF aerogel is easily disintegrated under water due to the 

hydrogen bonding attraction between cellulose fibers and water molecules.120 Thus, chemical 

crosslinking treatment was necessary to produce a mechanically robust cellulose aerogel for 

emulsion separation. Herein, pristine CNF aerogel was crosslinked with dicarboxylated-PEGs via 

esterification reaction between the hydroxyl groups on CNF and carboxyl groups on PMs at 120 ℃ 

as illustrated in Figure 7.5 (A) and 7.5 (B). 10 cycles compressive test at 50 % strain of crosslinked 

aerogels shown in Figure 7.5 (C) demonstrated their excellent mechanical property under wet state. 

All aerogels could recover to over 85 % of its original height after 10 compression cycles. 

To investigate the effect of crosslinker length on the aerogel strength, we synthesized crosslinked 

aerogel solely by maleic anhydride using the same reaction ratio with PMs (1:8) for comparison. 

As evident from Figure 7.5 (C), all the aerogels crosslinked with PMs exhibited higher 

compressive strength ((b) to (e)) compared to MA ((a)), and their maximum strengths at 50 % 

strain are listed in Table 7.1. However, the max strength did not improve much when we increased 

the PM crosslinker length by tuning PEG Mn from 600 to 8000 Da, which indicated that the 
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mechanical strength was not dominated by crosslinker length. We further analyzed the crosslinker 

weight fraction (CL %) in the crosslinked aerogels by calculating the increase in weight after 

purification, and the results are summarized in Table 7.1. With the increasing in the PM length, 

the number of PMs in the aerogel decreased after considering the MW of the PMs. Longer 

crosslinkers experienced lower crosslinking reaction due to steric hindrance compared to 

crosslinkers of smaller MW, thus producing a looser crosslinked network. The number of 

crosslinkers in the CM aerogel was similar with CPM 600, but much higher than CPM 1500, 3350 

and 8000. The stronger network of CPM 600 over CM was due to the higher network density 

contributed by PEG chains, the same results were observed for CPM 1500, 3350, and 8000.  

 

Figure 7.5 (A) Schematic of the synthesis process PMs crosslinked CNF aerogel by esterification 

reaction, (B) an illustration of crosslinking reaction between CNF fibers and dicarboxylated- PEGs, 

(C) cyclic compressive test of aerogels crosslinked by (a) MA, (b) PM 600, (c) PM 1500, (d) PM 

3350, (e) PM 8000, and (f) higher molar ratio of PM 600, at 50% strain in wet state.  

In conclusion, both crosslinking degree and network density contributed to the mechanical strength 

of the aerogel. To produce a much stronger network, we increased the reaction molar ratio of PM 

600 to CNF from 1:8 to 1:1. The resulting CPM 600 H exhibited a higher density and CL % than 
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CPM 600, consequently a much higher mechanical strength around 4984.87 pa at 50 % strain as 

seen from Table 7.1. 

Table 7.1 A summary of physical properties of crosslinked aerogels 

Aerogel  
Bulk density 

(mg/cm3) 
Porosity (%) CL (%) 

Water uptake 

(g/g) 

Surface area 

(m2/g) 

Max strength 

(Pa) 

CM  20.16 98.66 0.92 58.10 14.68 2517.59 

CPM 600  22.10 98.57 11.45 54.93 17.43 3268.54 

CPM 1500 23.06 98.33 11.66 52.77 24.68 3263.73 

CPM 3350 23.31 98.57 9.71 50.98 12.15 3403.33 

CPM 8000 24.22 98.34 20.47 56.13 4.81 3335.90 

CPM 600 H  24.60 98.38 20.47 44.27 11.10 4984.87 

 

7.3.3 Morphologies of the crosslinked aerogels 

Pristine CNF aerogel was produced by sublimation of ice crystal templates using the freeze dry 

technique that yielded a porous network consisting of fibril and fiber sheet structure as seen in 

Figure 7.6 (A). Subsequently, it was used as template for the synthesis of crosslinked aerogels. 

After chemical crosslinking, the porous structures were preserved for all the CPM aerogels as 

evident from Figure 7.6 (A) to 7.6 (G). A porosity greater than 98% was achieved for all the CPM 

aerogels, which are summarized in Table 7.1. Notably, the networks were denser than that of 

pristine CNF aerogel due to the presence of crosslinkers as observed from the SEM images. 

However, one cannot tell the pore size of these aerogels from these images as the pores were 

formed by randomly entangled fibers. It is evident that the macropores dominated the porous 

structure in all the aerogels as shown by the magnified images in Figure 7.6 (a) to 7.6 (g). 

Meanwhile, mesopores were also evident from the fiber sheets, and an example from CPM 600 H 

is shown in Figure 7.6 (g’). 
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Figure 7.6 SEM images of aerogels at low magnification and a closer view of pristine CNF aerogel 

(A and a), CM aerogel (B and b), CPM 600 aerogel (C and c), CPM 1500 aerogel (D and d), CPM 

3350 aerogel (E and e), CPM 8000 aerogel (F and f), CPM 600 H aerogel (G and g) and a view at 

high magnification (g’). 

7.3.4 Characterization of aerogel wettability  

The wettability of the PM crosslinked aerogels was tested in dry and wet state. At dry state, the 

porous aerogels displayed excellent uptake capacity towards different solvents including water (δ= 

10.2), dichloromethane (δ= 3.1), toluene (δ= 2.4), and hexane (δ= 0.1) as summarized in Table 7.1 

and (1) in Figure 7.7 (A). These solvents were selected to represent a broad class of solvent types 

spanning a wide range of polarities (δ). Generally, aerogels with lower crosslinking degree and 

network density exhibited higher solvent uptake capacity regardless of the solvent polarity. The 

results suggest that the aerogels were amphiphilic at dry state that could be wetted by both water 

and oils, where the absorbed toluene and hexane oils were 100 % released immediately from all 

CPM aerogels when they were immersed in water ((2) in Figure 7.7 (A)). The phenomenon 

suggested the aerogels possessed underwater oleophobic property ((3) in Figure 7.7 (A)), which 
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further shows the ambient amphiphilic and underwater oleophobic property of the CPM aerogels. 

As evident from left to right, the aerogel in dry state could absorb toluene oil (stained with Nile 

red), then released the absorbed toluene oil by absorbing water once the aerogel was contacted 

with water. Furthermore, no oil trace was left on the aerogel when it was retrieved from the water 

phase to air and re-immersed into the oil/water mixture. Similar phenomenon was also observed 

by Wang et al. with the cellulose sponge.132 Such characteristics make the CPM aerogels very 

promising as absorbents for oil spill cleanup and oil recovery, and very promising in self-cleaning 

applications. 

Interestingly, the CH2Cl2 recovery ratio varied among the CPM aerogels. Seen from  Figure 7.7 

(A), (2)), CPM 8000 did not release any CH2Cl2, while other CPM aerogels released most of the 

absorbed CH2Cl2, which was lower than for toluene and hexane. This could be due to the higher 

density of CH2Cl2 (1.33 g/cm3) compared to water, which retarded the water replacement process 

compared to toluene (0.867 g/cm3) and hexane (0.655 g/cm3), which has a much lower density 

than CH2Cl2. For aerogel with denser networks such as CPM 600 H, it needed a longer time to 

replace the trapped CH2Cl2. Therefore, less CH2Cl2 were released compared to the other CPM 

aerogels within the same time period. However, there may exist other reasons to account for the 

0 % CH2Cl2 release behavior of CPM 8000 during our 3 days observation. It is known that PEG 

chain is composed of alternative hydrophobic ethylene units and hydrophilic oxygen atoms, which 

is responsible for its amphoteric character.285 The fraction of hydrophobic domains increased with 

MW, resulting in a reduced water solubility of PEG with higher MW. Hence, PM 8000 (with 

higher MW) could trap CH2Cl2 within the network since CPM 8000 contained 20.47 wt% of PM 

8000. 

To confirm the underwater oleophobic property of CPM aerogels, underwater oil contact angles 

(OCA) of these aerogels were measured using CH2Cl2, toluene and hexane. As shown in Figure 

7.7 (B), all the CPM aerogels displayed OCA greater than 150° for CH2Cl2, indicating these 

aerogels possessed underwater super-oleophobic property. The superhydrophilicity could be 

attributed to the rough surface and hydrophilic PEG and CNF components in the aerogel. In 

addition, the OCAs slightly decreased for the CPM aerogel with higher crosslinker length, 

probably due to the increased fraction of hydrophobic domains in the aerogel. A higher 

crosslinking degree would increase the fraction of hydrophobic domains as more ester groups were 
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formed. Therefore, a lower underwater CH2Cl2 contact angle of CPM 600 H compared to CPM 

600 was observed. Furthermore, CPM 600 H and CPM 8000 were taken as representatives to 

evaluate the underwater toluene and hexane contact angle of CPM aerogels. Clearly, they 

possessed OCAs greater than 165° for both oils, which could be attributed to the lower polarity of 

the two oils as well as the decreased affinity of PMs for both oils. In summary, the underwater oil 

contact angle measurements support the conclusion that the CPM aerogels possessed underwater 

super-oleophobic characteristics. 

More interestingly, it was found that the CH2Cl2 droplet pinned on CPM 8000 regardless of 

whether it was placed at a 90° angle or pulled by a needle tip during the underwater oil contact 

angle measurements as shown in Figure 7.7 (C). In contrast, the oil droplet could roll easily using 

the needle tip for other CPM aerogels. The oil adhesive force between the oil droplet and CPM 

aerogel surface was measured using a high-sensitivity microelectromechanical balance system. 

From Figure 7.7 (B), CPM 8000 exhibited a very high CH2Cl2 droplet adhesion force (126.03 μN), 

followed by CPM 600 H (73.50 μN), while all the other aerogels possessed adhesion force lower 

than 1 μN. The high underwater oil adhesion property of CPM 8000 could be used for underwater 

oil droplet manipulation.286 As demonstrated in Figure 7.7 (D), the CPM 8000 aerogel could uptake 

a CH2Cl2 droplet from the vial bottom without rolling off. 

The different adhesive force among CPM aerogels was caused by the crosslinkers as CPM aerogels 

were prepared by the crosslinking of pristine CNF aerogel with different crosslinker length. As 

discussed earlier, the hydrophobic domain fraction increased with PEG length and ester content, 

which enhanced the affinity of aerogel towards CH2Cl2. As seen from Figure 7.8 (A) and 7.8 (B), 

the aerogels crosslinked with shorter crosslinkers (CPM 600 and CPM 1500) possessed strong 

affinity to water, thus resulting in an ultralow oil adhesion (both were 0.29 μN). For CPM 3350, it 

showed a slightly lower oil contact angle than CPM 600 and 1500, yet it still possessed very strong 

affinity for water and low oil adhesion (0.69 μN). Such low adhesion superwetting state is called 

the Cassie state. When the crosslinker length was increased further increased, alternative 

hydrophobic and hydrophilic regimes were formed on the CPM 8000 surface. The hydrophobic 

domains could be wetted by oil, while the hydrophilic fractions still possessed strong water affinity 

that could not be wetted by oil as illustrated in Figure 7.8 (D). Such state is called the transitional 

state between Cassie state and Wenzel state.287  
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Figure 7.7 (A) Oil absorption capacity 1) and oil release property 2) of CPM aerogels for CH2Cl2, 

toluene and hexane, and 3) a demonstration of ambient amphiphilic and underwater oleophobic 

property using CPM 600 H aerogel and toluene (dyed with Nile red) / water mixture.  (B) 

Underwater oil contact angle and oil adhesion force measurement of CPM aerogels using CH2Cl2 

(left), and underwater toluene and hexane contact angle of CPM 600 H and CPM 8000 (right). (C) 

A demonstration of high underwater CH2Cl2 adhesive property of CPM 8000 at different sliding 

angles and pulling directions. (D) A demonstration of a potential application of CPM 8000 for 

underwater oil droplet manipulation. 
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Figure 7.8 Schematic illustration of underwater oil adhesion property of CPM aerogels with 

different crosslinker length. 

7.3.5 Oil-in-water emulsions separation 

7.3.5.1 Surfactant stabilized oil-in-water emulsions separation  

The potential of amphiphilic and porous CPM aerogels for emulsions separation was investigated. 

Toluene-in-water emulsions stabilized by cationic surfactant CTAB (CTAB SE), anionic 

surfactant SDS (SDS SE) and nonionic surfactant Tween 80 (Tween 80 SE) as shown in Figure 

7.9 (A) were used to evaluate the CPM aerogels emulsion separation efficiency. An average droplet 

size of 4.50 µm, 6.20 µm, and 1.88 µm was achieved for 0.03 wt% CTAB SE, 0.03 wt% SDS SE 

and 0.03 wt% Tween 80 SE respectively (Figure 7.9 (B)). To eliminate the effect of electrostatic 

interaction between emulsion droplet and aerogel, Tween 80 SE was used to investigate the 

separation performance among these CPM aerogels. Notably, all the emulsion separation 

experiments were driven by gravity. From Figure 7.9 (C), we observed that all CPM aerogels 

exhibited a higher initial water flux than their overall flux. The decline could be caused by the 

continuing reduction in the height of the emulsion as well as pore blocking caused by oil droplets 

accumulation during filtration. As the separation of oil droplets is based on the size sieving effect 
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of the filter,287 therefore, medium and tiny oil droplets could be trapped within the network or 

permeated through the aerogel with the water, while larger oil droplets were excluded and retained 

on the top of the filter as illustrated in Figure 7.9 (D). Among the tested CPM aerogels, CPM 600 

H possessed the highest rejection efficiency of 77.38%, closely followed by CPM 8000 of 75.21 %. 

CPM 1500 exhibited the lowest rejection efficiency of 39.54 %, whereas the highest initial water 

flux of 1155.30 L/(m2·h) and overall flux of 1050.60 L/(m2·h). Such inverse relation between oil 

rejection efficiency and water permeation flux was observed in all the CPM aerogels. The better 

emulsion rejection performance of CPM 600 H and CPM 8000 compared to the others were 

attributed to their denser network that could trap more oil droplets within the aerogel network. 

One could imagine that the emulsion separation efficiency is not only associated with the inherent 

property of the filter, but it is also highly correlated with the emulsion droplet size and surfactant 

type. The 77.38% filtration efficiency of CPM aerogels for Tween 80 SE stabilized emulsion was 

probably due to the small oil droplet size. Therefore, CPM 600 H was selected to study the effect 

of surfactant types on its separation performance. CTAB SE and SDS SE were used for the study. 

Similarly, higher initial fluxes than overall fluxes were observed from Figure 7.9 (E) for all types 

of emulsions. Compared with Tween 80 SE, CPM 600 H exhibited a much higher emulsion 

rejection efficiency for both CTAB and SDS SEs. The larger average droplet size of the two 

emulsions compared to Tween 80 SE could contribute to the separation efficiency according to the 

size sieving theory. Electrostatic interaction between oil droplets and the aerogel is another factor 

that affects the separation performance. As the CPM aerogels were synthesized by crosslinking of 

dicarboxylated PEGs (PMs) with CNF, some PMs would only have one end grafted on the CNF 

while the other end remained as free carboxyl groups as illustrated in Figure 7.5 (A). Therefore, 

all CPM aerogels with carboxyl groups might affect their emulsion separation performances when 

an ionic surfactant was used as the emulsifier.  

CPM 600 H possesses a carboxylic content of 0.532 mmol/g according to the conductometric- 

potentiometric titration result shown in Figure 7.4 (B). As illustrated in Figure 7.9 (F), the 

negatively charged aerogel could attract CTAB stabilized emulsions via electrostatic attraction, 

trapping the tiny droplets within the aerogel to yield an emulsion rejection efficiency of 89.5%. 

On the other hand, the aerogel would repel the SDS stabilized emulsions via electrostatic repulsion, 

yielding a higher separation efficiency of 92.03%. Nile red was dissolved in toluene during the 
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emulsion preparation step to facilitate the visualization of the oil droplets. The top, bottom, and 

side views of CPM 600 H after filtration were examined to further confirm its separation 

performance. The aerogel exhibited a pink top and side face as well as partially clean bottom after 

CTAB SE filtration, a pink top and a slight pink side face, while fully clean bottom after SDS SE 

filtration, complete pink surfaces after Tween 80 SE filtration. The results suggested that the 

majority of CTAB SE was retained in the aerogel network, while the majority of SDS SE were 

excluded outside the aerogel, and Tween 80 SE permeated through the aerogel. The lower overall 

water flux of CTAB SE filtration (412.61 L/(m2·h)) compared to SDS SE and Tween 80 SE was 

probably caused by the trapped oil droplets. Besides, the transparent CTAB and SDS SE filtrates 

were subjected to optical microscopy assessment, where no oil droplets were observed under 400 

X magnification (see Figure 7.10), which confirmed that the permeated oil droplets were very 

small (nano-size). However, micron- sized oil droplets (around 4 µm) were observed for the Tween 

80 SE filtrate. This further demonstrates that the charge interaction between surfactant and aerogel 

could enhance emulsion separation efficiency of the aerogel. 

In addition, the recyclability of the aerogel was investigated after the filtration tests. The recovery 

was performed by rinsing the aerogel with acetone for 1 min, followed by rinsing with water for 1 

min, and it was then subjected for CTAB SE filtration.  The process was repeated for 5 cycles, and 

the flux for each cycle is shown in Figure 7.11. A decreased flux was observed with cycle times, 

which was ascribe to the accumulated CTAB surfactants in aerogel network that blocked the pores.   
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Figure 7.9 (A) A photo of 0.03 wt% CTAB, 0.03 wt% SDS, 0.03 wt% Tween 80 stabilized toluene-

in-water emulsions and their corresponding optical microscopic images (scale bar 10 µm). (B) 

Emulsion droplet size distribution of the three emulsions. (C) Filtration flux and oil separation 

efficiency of all CPM aerogels toward 0.03 wt% Tween 80 SE. (D) Schematic illustration of 

emulsion separation process using CPM aerogel. (E) Filtration flux and emulsion separation 

efficiency of CPM 600 H aerogel toward 0.03 wt% CTAB, SDS and Tween 80 SEs. (F) Schematic 

illustration of the interaction between negatively charged aerogel and CTAB SE, SDS SE and 

tween 80 SE. (G) The top, bottom, and side views of CPM 600 H aerogel after CTAB SE, SDS 

SE and tween 80 SE filtration.  
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Figure 7. 10 A photo of 0.03 wt% CTAB, 0.03 wt% SDS, 0.03 wt% Tween 80 stabilized toluene-

in-water emulsions and their corresponding optical microscope images after filtrated by CPM 600 

H aerogel (scale bar 10 µm). Note: the microscope was contaminated, and the background 

contained stain marks. Repeat experiment is being performed. 

 

Figure 7.11 Recyclability tests of CPM 600 H aerogel for CTAB SE filtration 
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Figure 7.12 (A) TEM image of CNC nanoparticle (inserted picture is CNC dispersion with 

different concentration), (B) A photo of 0.05 wt%, 0.1 wt%, 0.2 wt% CNC stabilized toluene in 

water emulsions and their corresponding optical microscope images after filtrated by CPM 600 H 

aerogel (scale bar 10 µm). Note: the microscope was contaminated, and the background contained 

stain marks. Repeat experiment is being performed. 

7.3.5.2 CNC stabilized oil-in-water emulsions separation  

Cellulose nanocrystal (CNC) is a rod like nanoparticle that possesses an average length of 200 nm 

and width around 10 nm as observed by TEM (Figure 7.12). It is widely used as emulsifier for 

Pickering emulsion preparation in recent years.201 Herein, we used CNC stabilized toluene-in-

water emulsions (CNC SE) as a model to evaluate the Pickering emulsion separation performance 

of CPM 600 H aerogel. Toluene-in-water Pickering emulsions stabilized by 0.05, 0.1 and 0.2 wt% 

CNC were prepared, and their corresponding morphologies were observed by optical microscope 

as shown in Figure 7.13 (A). The mean droplet size of the three emulsions was 9.09 µm, 8.25 µm 

and 7.38 µm as shown in Figure 7.13 (B). Compared with surfactants SE, CNC SEs possessed 

larger mean droplet sizes, yielding a higher emulsion separation efficiency (> 92%). A clear 

reduction in the water flux was observed when the CNC concentration was increased from 0.05 to 

0.1 wt%, which decreased slightly when it further increased to 0.2 wt%. As the emulsion droplet 

did not change much, the reduced water flux was probably caused by the retained CNC 

nanoparticles within the aerogel. Similarly, the top, bottom, and side face of the aerogel after 

filtration were examined to track the emulsion droplets. Figure 7.13 (D) shows an example from 

0.2% CNC SE filtration, where a clean bottom and partially clean side face were observed. It 

further confirmed majority of emulsion droplets were retained in the aerogel. However, the filtrate 
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was turbid compared with filtrates from 0.05% CNC SE and 0.1% CNC SE (Figure 7.12). The 

filtrate was further analyzed by optical microscope, and no oil droplets were observed (Figure 

7.12). Therefore, the turbidity was probably caused by the tiny droplets or CNC nanoparticles. 

 

Figure 7.13 (A) Pictures of 0.05 wt% CNC SE, 0.1 wt% CNC SE, 0.2 wt% CNC SE and their 

corresponding optical microscope images (scale bar 10 µm). (B) Emulsion droplet size distribution 

of the three emulsions. (C) Filtration flux and oil separation efficiency of CPM 600 H aerogels 

toward the CNC SEs. (D) A demonstration of CPM 600 H aerogel for 0.2% CNC SE filtration, 

and the top, bottom, side views of CPM 600 H aerogel after filtration. 

7.3.6 Water-in-oil emulsions separation 

As the aerogel possessed ambient amphiphilic and underwater super-oleophobic property, it could 

be used to remove water droplets from oil. Water-in-oil emulsions prepared using vegetable oil, 

diesel, and hexane as well as their morphologies before filtration are shown in Figure 7.14 (A). As 

the continuous phase, oil could wet and permeate through the dry aerogel, while water droplets 
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were trapped in the network during filtration due to size sieving effect. A white layer was formed 

on the top surface of CPM 600 H aerogel during the filtration, which further confirmed the trapped 

water droplets (Figure 7.14 (C)). After filtration, clean oils were obtained for all three emulsions 

as seen from Figure 7.14 (A). The original emulsions and their filtrates were further analyzed by 

optical microscope. All the emulsions showed the presence of water droplets before filtration 

(Figure 7.14 (B)), while no water droplets were found in the filtrates (Figure 7.15). Furthermore, 

the separation efficiencies were calculated by measuring the water content before and after 

filtration, where greater than 97% removal efficiency was achieved for all emulsions (Figure 7.14 

(D)).  

The oil permeation flux was also evaluated during the filtration (Figure 7.14 (D)). Among the three 

oils, hexane exhibited the highest overall permeation flux of 1371.90 L/(m2·h)), followed by diesel 

fuel of 496.48 L/(m2·h)) and soybean oil 5.80 L/(m2·h)). According to Hagen-Poiseuille equation 

(Flux = pπr2ΔP/8µL), flux is correlated to the porosity (p), pore radius (r), and thickness (L) of a 

filter, and pressure drop (ΔP) as well as liquid viscosity (µ).12 For a given aerogel, p, r and L are 

fixed parameters. ΔP is determined by the oil density for the same volume of emulsions. The 

density of hexane, diesel and soybean oil is 0.655 g/cm3, 0.85 g/cm3, and 0.917 g/cm3, respectively. 

µ is liquid viscosity, which is 0.30 mPa·s for hexane at 25 ℃, 3.35 mPa·s for diesel fuel at 25 ℃ 

and 40.6 mPa·s for soybean oil at 30 ℃. Therefore, the significant higher flux of oil-in-hexane 

emulsions was associated with its lower viscosity. 
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Figure 7.14 (A) Picture of water-in-vegetable oil, water-in-diesel, water-in-hexane emulsions 

before and after filtration, and (B) their corresponding optical microscopic images before filtration 

(scale bar 10 µm). (C) A demonstration of CPM 600 H aerogel for water-in-vegetable oil emulsion 

filtration. (D) Filtration flux and oil separation efficiency of CPM 600 H aerogels toward the water-

in-oil emulsions. 
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Figure 7.15 (A) Optical microscopic images water-in-vegetable oil, water-in-diesel, water-in-

hexane emulsions after filtration through CPM 600 H aerogel (scale bar 10 µm). Note: the 

microscope was contaminated, and the background contained stain marks. Repeat experiment is 

being performed. 

7.4 Conclusions 

In this study, we have successfully synthesized a series of crosslinkers of different length by 

grafting maleic anhydride on PEGs (MW = 600, 1500, 3350, 8000 Da). These dicarboxylated- 

PEGs were further used as crosslinkers for cellulose nanofibrils (CNF) to prepare mechanically 

robust cellulose aerogels through an esterification reaction. The results showed that the 

crosslinking activity decreased with increasing crosslinker length. Both crosslinking degree and 

network density contributed to the mechanical strength of an aerogel. The as prepared aerogels 

possessed amphiphilic property that could uptake solvents with a wide range of polarities (from 

0.1 to 10.2). They also exhibited underwater super-oleophobic property, which allowed the 

aerogels to release the absorbed oils in water. Ultralow underwater oil adhesion force was achieved 

for aerogels with shorter crosslinker length and lower crosslinking degree, while CPM 8000 

aerogel showed high underwater oil adhesion force. Such amphiphilic aerogels were effective for 

both oil-in-water and water-in-oil emulsions separation. The separation efficiency for oil-in-water 

emulsions is a combination effect of size sieving and electrostatic interaction between oil droplets 

and the negatively charged aerogel. The aerogel also demonstrated excellent separation 

performance for cellulose nanocrystal stabilized oil-in-water Pickering emulsions. For water-in-

oil emulsions, the viscosity of oil showed a significant effect on the permeate flux. Overall, the 

aerogels are very promising for oil spill cleanup and recovery, for self- cleaning, and for multiple 

emulsion separation applications. 
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Application 2: Plant growth  

7.5 Introduction 

According to the discussion in Chapter 1, it was stated that 187 million metric tons of fertilizer, 

nearly four million tonnes of pesticides, 2.7 trillion cubic meters of water (about 70% of all 

freshwater consumptive use globally) are needed to produce three billion metric tons of crops per 

year.8 In addition to the large consumption of agrochemicals, water consumption is another critical 

issue that needs attention, especially with the associated changes arising from climate change.9 

Research into advanced water retention systems have been conducted to enhance crop production 

yield.7 Superabsorbent hydrogel (SAH) as soil conditioner and nutrients carrier have attracted 

increasing attention due to their super water adsorption and retention property. It can reduce water 

irrigation frequency, which is favorable in arid regions. SAH is 3D matrix composed of synthetic 

or natural hydrophilic polymers, such as polyacrylamide (PAM), polyacrylic acid (PAA), chitosan, 

gelatin, cellulose, etc., by physical or chemical crosslinking. However, synthetic polymers like 

PAM and PAA are non-biodegradable in soil although they possess excellent property to prepare 

SAH.  

Incorporating natural degradable polymers in the synthesis of SAH can reduce soil contamination. 

Polysaccharides, such as cellulose, alginate, chitosan, and lignin are very promising materials to 

fabricate SAH due to their hydrophilicity, degradability, and reactivity. For example, Calcagnile 

et al. fabricated a SAH based on 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(WSC) crosslinked CMC and HEC,288 where the SAH could enhance the soil water retention 

efficiency, which further promoted the growth of tomatoes. Senna et al. prepared amphoteric 

biodegradable hydrogel (HEDTA) by crosslinking cellulose acetate with 

ethylenediaminetetraacetic dianhydride (EDTAD).289 The water retention and slow release 

capability of HEDTA was tested in the planting of eucalyptus during the dry season. The average 

height and stem diameter of eucalyptus seedlings suggested the effectiveness of the resulting 

HEDTA hydrogel. 

In this study, the CPM aerogels have demonstrated excellent water absorption capacity according 

to the results shown in Table 7.1. It also has carboxyl groups that could capture nutrient ions and 

reduce the loss of nutrients when the land is being irrigated. Therefore, its potential as water and 

nutrients retention platform is being explored. 
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7.6 Methods 

7.6.1 Water absorption capacity measurement 

Water uptake capacity of CPM 600 H aerogel, cotton, paper towel, and soil were measured by 

immersing the samples in water, and the gained weight at equilibrium was calculated by Eq. (7.6).  

𝑊𝑎𝑡𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑔/𝑔)  = (𝑤1 − 𝑤0) 𝑤0⁄    (7.6) 

where w0 and w1 are the sample weight before and after water absorption.  

7.6.2 Plant growth experiment 

Pea seeds were disinfected by soaking the seeds into 0.1% NaClO solution for 10 minutes, 

followed by rinsing with DI water prior to use. The seeds were transferred onto a constant wetted 

filter paper and incubated at 24 ℃ for 24 hrs to initiate the germination of the seeds, and those 

showing white buds will be subsequently selected and planted. As illustrated in Figure 7.16 (B) 

and (C), 1000 g of soil was placed in each pot, with 500 g on the top layer mixed with 0, 15, and 

30 CPM 600 H aerogels of 23 mm.  Then, 5 pea seeds were buried 1 cm from the top, and it was 

irrigated with 200 ml Hoagland solution on the planting day. The humidity, light duration and 

density, temperature and watering details during growth period were monitored as summarized in 

Table 7.2. On the 36th day, the seedlings were harvested, and the total fresh weight, average 

shoot/root length, average diameter of seedlings from each pot were measured. 
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Figure 7.16 (A) Water adsorption capacity of CPM 600 H aerogel, cotton, paper towel, and soil. 

(B) A photo of aerogel containing pot. (C) Illustration of seeds planting in each pot. 

Table 7.2 A summary of seed growth condition  
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7.7 Results and discussion 

Figure 7.16 (A) shows that the aerogel demonstrated much higher water adsorption capacity than 

cotton, paper towel and soil, which was mainly due to its high porosity and superhydrophilicity. 

After planting, the germination rate of seeds and the morphology of seedlings in each pot were 

monitored each day. As shown in Figure 7.17 (A), on the 4th day after planting, there were 2 seeds, 

4 seeds and 5 seeds germinated in the control pot, pot with 15 aerogels and pot with 30 aerogels 

respectively. The same germination rate was maintained until harvest. The details of gemination 

rate in each pot during the first week is shown in Figure 7.17 (B). As these pots were not watered 

until the 7th day after planting (see Table 7.2), the faster germination rate in aerogel containing 

pots suggested that the aerogels could retain water and promote seed germination.  

On the 36th day after planting, the seedlings were harvested as shown in Figure 7.17 (A). The total 

fresh weight, average shoot/root length, and average diameter of seedlings from each pot were 

measured and summarized in Figure 7.17 (C). Clearly, seedlings from the pot containing 30 

aerogels possessed highest fresh weight and length compared to the others. In addition to the 

excellent water absorption capacity, the aerogels could capture the nutrient ions from the Hoagland 

solution via the carboxyl groups. Such synergetic characteristic promoted the rapid growth of 

seedlings, which is very promising as nutrients delivery and water retention platforms.  

 

Figure 7.17 (A) Morphology of seedlings in each pot during the 36 days growth period. (B) 

Germination rate of seeds in each pot in the first 6 days. (C) Fresh weight, average shoot/ root 

length, and average diameter of seedlings from each pot after harvesting.  
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7.8 Conclusions 

In this study, superhydrophilic and carboxylated CPM 600 H aerogel was used as a platform for 

water and nutrients retention to facilitate plant growth. The aerogel showed much higher water 

absorption capacity compared with soil and other types of absorbents. Plant growth experiment 

suggested the aerogel could retain water and promote seed germination. A faster germination rate 

was observed from the pot containing 30 aerogels. In addition, the aerogels could capture the 

nutrient ions from the Hoagland solution via the carboxyl groups, thereby promoting the seedling 

growth rate. After harvesting, plants from pots with 30 aerogels possessed highest fresh weight 

and length compared to the others. Such results suggested the aerogel possess potential in 

agricultural applications.  
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Chapter 8 General conclusions and perspectives for future study 

 

8.1 General conclusions and contributions 

In this thesis, the environmental pollution caused by the overuse of pesticide formulation, 

wastewater discharge and non-degradable materials are discussed in Chapter 1. From a detailed 

literature review described in Chapter 2, we concluded that cellulose nanomaterials (CNs) are 

sustainable and biodegradable biomass derived materials. They are very promising for use as 

Pickering emulsifiers, drug carriers, and skeletons for designing porous aerogels for pollutants 

adsorption and filtration. Based on these characteristics, several systems were developed as 

described in Chapter 3 to Chapter 7 to reduce environmental pollution. The major conclusions and 

contributions associated with each chapter are described below: 

In Chapter 3, an amphiphilic CNC was synthesized by grafting aminated polystyrene (PS-NH2) on 

its reducing end via reductive amination reaction. The end aldehyde content of the pristine CNC 

was confirmed by two methods. The CHC method revealed an aldehyde content on the reducing 

end of pristine CNC was 24.5 μmol/g, while the PT method gave a value of 31.08 μmol/g. After 

modification at room temperature, the aldehyde content decreased from 24.5 to 11.4 μmol/g, 

confirming that the reaction was successful. The results further showed that prolonging reaction 

time and increasing reaction temperature were effective ways to increase the grating ratio. PS-NH2 

with longer chain displayed lower reactivity compared with PS-NH2 with shorter chain. 

In terms of Pickering emulsion preparation, end modified CNC produced more stable toluene-in-

water emulsion when compared to pristine CNC. With increasing emulsifier concentration, a 

smaller emulsion droplet size and slower creaming rate was observed. Under the same emulsifier 

concentration, hexadecane-in-water emulsions exhibited smaller emulsion droplet size compared 

to toluene-in-water emulsions. Adding electrolytes would screen the charges on the CNC surface, 

yielding emulsions with much smaller size and slower creaming rate. All the results suggested that 

the end modified CNCs are effective emulsifiers to prepare stable oil-in-water emulsions for 

various types of oils. It also showed excellent encapsulation capability for a model hydrophobic 

compound (Nile red) without coalescence over a period of more than 4 months, hence such a 

system is very promising for preparing emulsified concentrate formulations for pesticide 

encapsulation. 
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The major contributions of this chapter include: (1) a new approach for end-modification of CNC, 

which expanded its potential applications; (2) the content of end aldehyde group was precisely 

measured, providing more information for understanding the basic property of CNC; (3) the 

application of end modified CNC as Pickering emulsifier was investigated, which has not been 

reported; 4) sustainable material, such as CNC was used as emulsifier to replace petroleum derived 

surfactants, which is promising for preparing novel pesticide emulsions. 

In Chapter 4, a scalable and novel solution to prepare organic solvent- and surfactant- free pesticide 

nano-dispersion using cellulose nanocrystals as carriers is described. Two model water-insoluble 

pesticides (Deltamethrin and Permethrin) were used in this study. The optimum loading mass ratio 

between deltamethrin and CNC was 1:100 as determined by DLS and ITC. FTIR and ITC studies 

suggested that the attraction between hydrophobic pesticide molecules and CNC was dominated 

by hydrophobic interaction. CNC acted as carrier and dispersing agent during the preparation, 

leading to the formation of nano-sized pesticide particles. Besides, the small particle size and high 

zeta potential value of pesticide@CNC are very important properties to yield a stable dispersion 

that can be stored over an extended period. 

In laboratory tests, the nano-dispersion possessed excellent pest control efficacy on both 

mealworms and waxworms, which was comparable to commercial formulations. The efficacy of 

the prepared nano-dispersion was also investigated in a field trial, where comparable performance 

with a commercial formulation Deltamethrin 2.5 EC for the control of Diamond back moth 

caterpillar (DBM) in cabbage was observed. In summary, the nano-dispersion is very promising 

to replace the conventional pesticide formulations due to its simple preparation process, 

environmentally friendly material, odorless ingredients, and excellent pest control efficacy.  

The major contributions of this chapter include: (1) this is the first reported study on the loading 

capacity of pristine CNC for water insoluble compound; (2) the interaction between CNC and 

water insoluble compound was investigated; 3) a novel, universal, and cost-effective technique 

was developed to fabricate pesticide nano-dispersion using biobased CNC; 4) the current 

formulation is organic solvent- and surfactant-free, which greatly reduces environmental 

pollutions. 

In Chapter 5, aminated cellulose aerogel beads were prepared by the injection of polyethylenimine 

(PEI) and 3-glycidyloxypropyl) trimethoxysilane (GPTMS) crosslinked CNF dispersion into 

liquid nitrogen, followed by freeze drying. Robust cellulose aerogel beads (CGP, diameter of 3~4 
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mm) with high amine content were produced for heavy metal ions (i.e., Cu2+) removal. Both the 

amine content and mechanical strength were significantly increased when the mass ratio of PEI 

and GPTMS was between 1:1 to 3:1. The high amine content (5.74 mmol/g) of CGP3 beads 

displayed several desirable characteristics, such as large maximum Cu (II) adsorption capacity 

(163.40 mg/g), very fast adsorption rate (< 10 h to reach equilibrium), high shape recovery (2.00 % 

plastic deformation at 50% strain), robust mechanical strength (stress around 10.5 KPa at 50% 

strain ), and they could be regenerated and reused.  

The Cu (II) adsorption kinetic is driven by chemisorption, and both the amine and oxygen 

containing groups were involved in the chelation process. The intra-particle model revealed that 

the adsorption process is pore diffusion controlled. Thermodynamic study showed that the 

adsorption was more favorable at room temperature than at higher temperature. In addition, the 

pH of the mixture was altered during the adsorption in the PEI based absorbents, hence maintaining 

a constant pH is important to improve the adsorption capacity. Moreover, the resulting aerogel 

beads possessed excellent adsorption performance even in the presence of natural organic matter, 

which is very promising for wastewater treatment. 

The major contributions of this chapter include: (1) a simple and scalable preparation method was 

developed to prepare cellulose aerogel with high amine content and high mechanical strength; (2) 

a new approach to prepare cellulose aerogel beads was developed; 3) the mechanical strength of 

small cellulose aerogel bead was precisely measured, and to our knowledge, this is the first 

reported study; (4) the adsorption performance between aerogel beads and monolith was compared, 

providing insights for the improvement of the adsorption rate. 

In Chapter 6, a one-step protocol to prepare highly carboxylated and chemically crosslinked 

cellulose nanofibril (CNF) cryogel beads using maleic anhydride (MA) was developed. 

Conductometric-potentiometric titration results confirmed that 2.78 mmol/g carboxyl groups were 

present in the cryogel. A maximum compressive stress of 2800 Pa at 60% strain was observed 

when 2 wt% CNF was used to prepare the cryogel. The cryogel beads possessed Cu (II) adsorption 

of 82.17 mg/g at the optimized adsorption condition. The Cu (II) adsorption was a chemisorption 

process, where both carboxyl and hydroxyl groups participated in the complexation. The intra-

particle model revealed that the adsorption process was also affected by pore diffusion. Overall, 

the prepared CNF-MA cryogel beads are promising absorbents for heavy metals removal due to 
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its fast removal rate, robust mechanical strength as well as excellent recyclability. In addition, 

organic solvent and catalyst were not required. 

The major contributions of this chapter include: (1) a straightforward one-step reaction was 

developed for preparing chemically crosslinked carboxylated cellulose aerogel beads; (2) no toxic 

organic solvent and catalyst (e.g., DMF, DMSO and Pyridine) were used in the reaction; (3) 

Instead of using week acid solutions (e.g., citric acid, oxalic acid, maleic acid, etc.) to prepare 

carboxylated CNF, we used molten acid anhydride as the solvent and at higher temperature (120 ℃) 

to improve the esterification efficiency and to avoid further hydrolysis as minimal water was 

present in the reaction mixture;  

In Chapter 7, ambient amphiphilic cellulose aerogels were prepared by crosslinking cellulose 

nanofibrils (CNF) with dicarboxylated-PEGs of different lengths. The crosslinking activity 

decreased with increasing crosslinker length due to steric hindrance. Both crosslinking degree and 

network density contributed to the mechanical strength of the aerogel. The as prepared aerogels 

possessed amphiphilic property that could uptake solvents of a wide range of polarities (from 0.1 

to 10.2). They also exhibited underwater super-oleophobic property, which allowed the aerogels 

to release the absorbed oils into water. Such amphiphilic aerogels were effective for both oil-in-

water and water-in-oil emulsion separation. The separation efficiency for oil-in-water emulsions 

is a combination effect of size sieving and electrostatic interaction between oil droplets and the 

negatively charged aerogel. For water-in-oil emulsions, the viscosity of the oil had a significant 

effect on the permeate flux. Overall, the aerogels are very promising for oil spill cleanup and 

recovery, for self-cleaning, and for multiple emulsion separation applications.  

In another application, the water absorption capacity of CPM 600 H aerogel was compared with 

soil and other types of absorbents. The aerogel could promote seed germination and seedling 

growth by retaining water and nutrients in its network during irrigation.  

The major contributions of this chapter include: (1) the effect of crosslinker length on its 

crosslinking capacity and the mechanical strength of the resulted aerogel was investigated, which 

has not been reported for cellulose based aerogel; (2) a new type of ambient super amphiphilic 

cellulose aerogel was developed for both emulsified oil-in-water and water-in-oil emulsion 

separation, which has not been reported for cellulose aerogels; (3) the as prepared aerogel showed 

potential for oily waste water, oil purification, oil spill cleanup, and self-cleaning applications; (4) 



173 

 

the application of cellulose aerogel as water and nutrients retention platform for promoting seed 

germination and seedling growth was first reported. 

8.2 Recommendations for future studies 

In summary, the thesis focused on reducing environmental pollution firstly by the development of 

novel pesticide formulation using sustainable cellulose nanomaterials, and cellulose nanomaterial-

based absorbent and filters for wastewater treatment. Beyond a better understanding of the 

property and application of CNs, the results obtained in the research work also inspire us to explore 

this subject further in future. The recommendations are suggested below: 

In Chapter 3, the packing behavior of end-modified CNC on oil/ water interface, i.e., standing 

upright or along with its backbone axis or in between, could be investigated and discussed. Besides, 

a comparison between the stability as well as the pest control efficacy of the resulting Pickering 

emulsions and a diluted commercial emulsified concentrate could be performed. To formulate a 

more stable and non-creaming Pickering emulsion, the addition of salts or other commercial 

thickeners could be effective strategies. 

In Chapter 4, the loading capacity of CNC for more types of pesticides can be examined, along 

with a conclusion describing its relationship with the intrinsic property of the pesticides. The 

stability of the nano-dispersion, on whether the pesticide can be released from CNC during storage, 

should be investigated. It could provide a better understanding on the overall performance of the 

nano-dispersion. A powder form product can be considered for long term storage. Furthermore, an 

environmentally-responsive system that responds to temperature, UV, etc. can be designed by 

decorating responsive moieties such as poly(N-isopropylacrylamide) (PNIPAAm), azobenzene, 

on the CNC before or after loading the pesticides. 

In Chapter 5 and 6 that describe the preparation of aerogel beads, a microfluidic device can be 

adopted for large scale production of uniform beads. A comparative study of the size effect on the 

adsorption capacity should be performed. In terms of applications, these beads can also be loaded 

in a column to conduct filtration studies, where the adsorption performance of the aerogel beads 

in wastewater can also be studied.  

There are some inspirations from Chapter 7: cellulose aerogels could recover nutrients (e.g., Cu2+, 

PO4
3-, NH4

+) from wastewater, and further applied as water retention absorbent and fertilizers 

delivery platform for promoting plant growth.  
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The challenges that still exist in water treatment despite the fact that many absorbents have been 

developed. Some of the challenges are listed below: 

1) Complexity of wastewater. In research papers, usually one type or two types of pollutants 

were studied. However, various types of pollutants may coexist in the wastewater, which 

could impact the performance of the absorbents. 

2) Poor stability of absorbents. The wastewater could be in acidic or alkaline condition, 

leading to the breakdown of the absorbents that have poor mechanical strength. 

3) Poor efficiency. In research papers, adsorption study is widely used to evaluate the 

performance of absorbents, which could take more than 10 hours to reach the equilibrium. 

In practice, such method is not efficient to treat large volume of wastewater. Therefore, 

future research may focus more on absorbents that can be used in filtration. 

4) Secondary contamination. In many studies, the post- treatment for absorbents/ adsorbents 

contain pollutants was not mentioned. This corresponds to moving the pollutants from one 

place to another, causing secondary contamination. More advanced systems are desired to 

collect and degrade pollutants in a single process. 
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