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RESUMO 

 

Este trabalho de doutorado teve como objetivo estudar o potencial de uso de 

nanoceluloses obtidas a partir de resíduos agroindustriais na elaboração de hidrogéis 

nanocompósitos. Na primeira parte do trabalho, nanocristais de celulose (CNC) foram 

obtidos a partir de fibras de linter de algodão. Em seguida, foram preparados hidrogéis 

de gelatina e alginato-gelatina reforçados com CNC. Os hidrogéis de gelatina 

reforçados com 5% de CNC apresentaram um aumento da capacidade de 

armazenamento de fertilizantes e do módulo de compressão de 155% e 288% em 

relação ao hidrogel puro, respectivamente. Os hidrogéis de gelatina-alginato 

apresentaram um maior controle durante a liberação dos fertilizantes e melhor 

capacidade de retenção de água. Na segunda parte do trabalho, nanofibras de 

celulose (CNF) foram obtidas a partir de fibras da casca do coco verde. CNF de alta 

pureza e lignina foram isoladas a partir das fibras de coco através de um processo de 

tratamento de várias etapas que combinou explosão a vapor-organossolv, 

branqueamento e oxidação mediada por (2,2,6,6-tetrametilpiperidi-1-nil)oxil (TEMPO). 

O pré-tratamento prévio da explosão a vapor aumentou o teor de lignina obtida de 

45% para 73%. Em seguida, a CNF foi usada para preparar hidrogéis 

nanocompósitos. Foi utilizado poli(N,N-dimetilacrilamida) (PDMA) como matriz 

polimérica para a obtenção dos hidrogéis nanocompósitos reforçados com CNF a 

partir de uma síntese fácil. O módulo de armazenamento dos hidrogéis 

nanocompósitos foi significativamente maior que o dos hidrogéis puros de PDMA. Os 

estudos de retenção de água e liberação de NPK indicaram que a adição de CNF 

melhorou consideravelmente sua capacidade de retenção de água, mas reduziu a 

capacidade de armazenamento e liberação dos nutrientes. Todos os hidrogéis 

preparados mostraram um desempenho mecânico significativamente melhorado. 

Nosso estudo fornece rotas fáceis e “verdes” para produzir hidrogéis nanocompósitos 

com propriedades ajustáveis para potenciais aplicações na agrícultura. 

 

Palavras-chave: Fibras de linter de algodão. Fibras da casca do coco verde. 

Nanocristais de celulose. Nanofibras de celulose. Nanocompósitos.   



ABSTRACT 

 

This thesis aimed to study the potential use of the nanocellulose obtained from 

agroindustrial wastes to develop nanocomposite hydrogels. In the first part of the work, 

cellulose nanocrystals (CNC) were obtained from cotton linter fibers. Next, gelatin 

single-membrane and gelatin-alginate double-membrane hydrogels reinforced with 

CNC were prepared. Compared to the neat gelatin single-membrane, the compressive 

modulus of the nanocomposite with 5 wt.% CNC was enhanced by 288% and, 

meanwhile, the nutrient loading capacity was increased by 155%. Compared with 

gelatin-based hydrogels reinforced with nanocellulose, the double-membrane 

hydrogels showed a slow-release property and better water retention capacity. In the 

second part of the work, cellulose nanofibrils (CNF) were obtained from coconut husk 

fibers. High-purity CNF and lignin were isolated from coconut fibers through a multi-

step treatment process that combined steam explosion, organosolv pretreatment, 

bleaching, and TEMPO-mediated oxidation. The previous steam explosion 

pretreatment increased the lignin recovery from 45% to 73%. Next, CNF isolated from 

steam-exploded coconut fibers were used to prepare nanocomposite hydrogels. 

Poly(N,N-dimethylacrylamide) (PDMA) was used as a matrix material for fabricating 

novel nanocomposite hydrogels reinforced with CNF by a facile synthesis method. The 

compression modulus of the nanocomposite hydrogels was significantly higher than 

those of the pure PDMA hydrogels. The water-retention and NPK release studies 

indicated that the addition of CNF considerably improved its water-retention capacity 

but reduced the nutrient loading capacity of the hydrogel. All the prepared hydrogels 

showed a significantly improved mechanical performance. Our study provides facile 

and green routes to produce nanocomposite hydrogels with tunable properties for 

potential agriculture applications. 

 
Keywords: Cotton linter fibers. Coconut husk fibers. Cellulose nanocrystals. Cellulose 

nanofibrils. Nanocomposites.  
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1 GENERAL INTRODUCTION 

The increasing concerns over the environmental issues of some commonly used 

materials have led researchers to identify and assess more environmentally-friendly 

alternatives.1 Lignocellulosic biomass is the most abundant polymer resources in 

nature and has attracted special attention nowadays for being widely used in textile, 

composites, packaging and medical industries. Among the lignocellulosic components, 

cellulose is often considered as one the most widely available and can be converted 

into nanoscale building blocks for the elaboration of innovative materials.2 These 

nanoparticles, also called nanocellulose, has received much attention over the last two 

decades due to its renewable nature and unusual properties. These include high 

elastic modulus, high specific surface area, low density, non-abrasive nature, easy 

surface functionalization, biodegradability, and biocompatibility. Nanocellulose can be 

generally classified into three types: cellulose nanocrystal (CNC), cellulose nanofibril 

(CNF), and bacterial nanocellulose (BNC). The term nanomaterial is used to describe 

materials with at least one dimension in scale ranging from one-billionth of a meter (10-

9 m) to one-millionth of a meter (10-6 m) and which have properties not observed when 

organized at large scale. 

The discovery of the excellent ability of mechanical reinforcement by Favier et al.4 

initiated a wave of promising applications of CNC for composites,5 packaging,6 

catalysis,7 nanoelectronics,8 sensors and energy storage,9 and biomedicine.10,11 Many 

of these applications explore the high moisture absorption and wettability with 

hydrophilic polymers of nanocellulose to get hydrogels with good mechanical 

properties, biocompatibility, and biodegradability.  

Since the first work with poly(2-hydroxyethyl methacrylate) and ethylene glycol 

dimethacrylate for contact lens applications in the 1960s,12 notable progress has been 

achieved in the synthesis, characterization, and application of hydrogels. Hydrogels 

can be formed using natural, synthetic polymers or a combination of both, denominated 

as semi-synthetic. Hydrogels present a hydrophilic three-dimensional (3D) structure 

with great capacity to absorb and retain water without dissolving.13 The water 

absorption of hydrogels is affected by capillarity, osmotic force, hydration capacity, and 

the elastic retractive force of the polymer network. The solubility depends on the cross-

linking density and entanglement of the polymer chains. Some hydrogels may exhibit 

responsive behavior to external stimuli, such as: (1) pH; (2) temperature; (3) ionic 

strength, (4) light; (5) electric field, (6) magnetic field; and (7) solvent composition.14 
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The incorporation of nanostructures can improve the properties of the hydrogels. In 

this context, nanocellulose has been used to get nanocomposite hydrogels with new 

properties and functions. 

Nanocellulose has high dispersion in aqueous media and it can be prone to surface 

chemical modifications that can be exploited in the manufacture of hydrogels. As 

previously reported, nanocellulose is a good reinforcing agent, has good interaction 

with hydrophilic polymers, is biodegradable, biocompatible, renewable, and generally 

regarded as an eco-friendly material. Recent advances in the large-scale production 

of nanocellulose,15–17 the understanding of its physical and chemical properties18–21 

and its wide range of applications have driven interest in the production of 

nanocomposites based on nanocellulose. In this sense, the popularity of nanocellulose 

as a component in the formulation of hydrogels tends to grow even more in the coming 

years. In our project, we have decided to focus on agriculture applications. 

The Empresa Brasileira de Pesquisa Agropecuária (Embrapa), in special the 

“Laboratório de Tecnologia da Biomassa” (LTB), has proposed a project to overcome 

these issues with the support of “Coordenação de Aperfeiçoamento de Pessoal de 

Nível Superior (CAPES)” and partially support by the “Programa de Apoio a Núcleos 

de Excelência (PRONEX-MCT)” 

Through LTB, my thesis has benefited from interesting collaborations with different 

laboratories like:  

(i) LGP2 (France): a research laboratory expert in nanocellulose. 

(ii) LabPol (UFC-Brazil): a fundamental research laboratory expert in 

biomaterials and polymer science. 

(iii) LPT (UFC-Brazil): a research laboratory expert in organic chemistry and 

lignin science. 

The main objectives of this thesis were to: (i) isolate CNC and CNF from agro-

wastes (cotton linter and coconut fibers, respectively); (ii) create nanocellulose-

containing hydrogels with a natural and synthetic polymer; and (iii) investigate the 

effect of nanocellulose on the strength and nutrient release behavior. 

In order to achieve these goals, the thesis has been divided into four chapters. In 

chapter I, an extensive literature review focusing on the use of nanocellulose as a 

building block for developments of nanocomposite hydrogels is provided. The next 

chapter focuses on single and double-membrane gels (gelatins and gelatin/alginate, 

respectively) reinforced with CNC (cotton linter fibers) and MFC (eucalyptus pulp) for 
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use as soil conditioners and nutrient release systems (chapter II). In chapter III, the 

chemical isolation of CNF from coconut was investigated and CNF was used to 

produce a nanocomposite gel (poly N,N-dimethylacrylamide) with varying mechanical 

properties. Finally, chapter IV present the manuscript ends with general conclusions 

and perspectives. The main innovations proposed in this thesis were: the use of 

unconventional sources of cellulose and the development of new hydrogels using non-

toxic crosslinkers and reinforced with different types of nanocelluloses. 

 



24 
 

2 LITERATURE REVIEW 

2.1 Cellulose 

Cellulose is the most abundant natural polymer on the planet, with an annual 

production estimated at 1012 tons.22 Cellulose is found in plants, with approximately 

15-30% of the dry mass in the primary cell wall and more than 40% in the secondary 

cell wall.23 The formation of the primary cell wall occurs in the early stages of cellulose 

biosynthesis near the middle lamella. The secondary cell wall is the thickest layer and 

the most important for the mechanical properties of the plant. 

The secondary wall layers differ in chemical composition, orientation of cellulose 

microfibrils (MFC) and thickness. In the S2 layer, the cellulose chains are nearly 

parallel to the longitudinal axis of the cell, whereas, in S1 and S3 layers, the chains are 

nearly perpendicular to the longitudinal axis.24 The junction of 18 cellulose chains gives 

rise to aggregates called microfibrils.25 The MFC are embedded in a matrix composed 

of hemicellulose and lignin to form a natural composite. 

Cellulose consists of β-D-gluco-hexapyranosyl-(1→4)-β-D-gluco-hexapyranose 

(cellobiose) units, formed by the β (1→4) glycosidic bond between two molecules of 

β-D-gluco-pyranose (C6H12O6) in 4C1 chair conformation with the second unit rotated 

180° around the molecular axis (Figure 1).  

 

 

The degree of polymerization (DP) is in the range of about 10,000 units of β-D-

glucopyranose.26 In general, the DP depends on the source and the method of isolation 

used to separate the cellulose from the cell wall.                                                                                           

Cellulose is synthesized at the plasma membrane-cell wall interface by synthase 

proteins (CesA). These proteins form a hexameric rosette structure called the cellulose 

Figure 1 - Chemical structure of cellulose. Inter- (a) and intramolecular hydrogen bonds (b). 

Source: The Author. 
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synthase complex (CSC).27 During the natural synthesis of cellulose, each CSC 

produces 18 cellulose chains that crystallize forming crystals with 3-5 nm in diameter, 

composing the microfibrils.28 This structure is a result of the strong tendency of the 

hydroxyl groups (-OH) to form intra (O6...H-O2’ and O3-H...O5’) and intermolecular 

(O3...H-O6) hydrogen bonds. The most common crystalline form of cellulose is native 

cellulose or cellulose I, which presents unitary triclinic and monoclinic cells, called 

cellulose Iα and Iβ, respectively.22 

Besides the formation of crystalline domains, intramolecular and intermolecular 

hydrogen bonds govern the solubility and the mechanical properties of cellulose. 

Cellulose chains separation minimizes the hydrogen bonds influence, favoring the 

dissolution of cellulose. As an example, the addition of charges in the cellulose chains 

increases their solubility due to microfibril swelling.29 The leverage effect on the O3-

H...O5’ bond governs the high axial elastic modulus of cellulose.30 During stretching, 

the alignment of the zig-zag conformation occurs around the C-O-C glycosidic bond. A 

detachment occurs in the hydrogen bond between the O3-H...O5’, while the distance 

between the hydrogen bond O6...H-O2’ does not change. Thus, a slight deformation of 

the glycosidic bond prevents the compression of the O6...H-O2’ bond, and amplifies 

the O3-H...O5’ bond effect on cellulose stiffness.  

 

2.2 Hemicellulose 

Hemicellulose is a mixture of heterogeneous, highly branched group of 

polysaccharides made up of furanoses (five-carbon saccharide units) and pyranoses 

sugar units (six-carbon saccharide units), including xylose, mannose, arabinose, 

glucose, and galacturonic acid (Figure 2). Different compositions, structure, and 

amounts could be obtained from different sources of biomass. 

In the plant cell wall, hemicellulose is capable to form highly resistant network with 

cellulose through hydrogen bonds and Van der Waal’s interactions.31 Hemicellulose is 

thought to adhere to lignin through covalent feruloyl ester-ether bridges, resulting in 

the formation of lignin-carbohydrate complex (LCC). Unlike cellulose, hemicellulose is 

easily hydrolyzed by dilute acid or base.32 Although less attention has been paid to 

hemicellulose relative to the cellulose, hemicellulose can be applied in a variety of 

areas such as food,33 medicine,34 energy,35 chemical industry36 and polymeric 

materials37 shows many excellent properties, including biodegradability, 

biocompability, bioactivity. 
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2.3 Lignin 

Lignin is the second most abundant renewable component of lignocellulosic 

biomass after cellulose and the arguably most important renewable source of aromatic 

compounds.38,39 Native lignin plays an important role in the structural properties of 

plants, control of fluid flow, and protecting the plant against biochemical attacks.40 

Lignin is an heterogeneous group of complex, amorphous, three-dimensional polymers 

that have in common a methoxylated phenyl-propane structure. These aromatic units 

are derived from the monolignols coniferyl (G-type), sinapyl (S-type) and p-coumaryl 

alcohols (H-type) connected by a series of characteristic linkages (β-O-4, β-5, β-β, 5-

5’, etc.) (Figure 3).  

Chemically, native lignin structure can not be accurately determined since its 

formation involve a random series of polymerization-termination reactions that vary 

according to the nature of the biomass and the environment in which it is inserted.41 

Therefore, lignin is rather seen as a random polymer with distribution of chains of 

various lenghts. 

Unlike cellulose, lignin is a waste material in the pulp and paper industry that serves 

mainly as fuel.42 Only a small part is used commercially in the dispersants or binding 

sectors.43 This may be due to its complex nature and undefined chemical structure. 

Recently, though, lignin has been considered the most suitable renewable feedstock 

to substitute petro-aromatics.44 The variety of aromatic building blocks provides 

Source: The Author. 

Figure 2 - Structure of hemicellulose monosaccharides. 
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different possibilities of chemical modification, allowing lignin to act as a chemical input, 

mainly in the formation of commercial polymer products (e.g. adhesives, resins, 

plastics) and synthetic intermediates.42 

 

 

2.4 Nanocellulose 

2.4.1 Nanoscale nature of cellulose 

The science of cellulose started in 1837 with the discovery by Anselme Payen of the 

existence of a fibrous substance present in all plants. In 1839, the French academy 

attributed the name of cellulose to this substance.45 Almost a century later, it was 

Source: The Author. 

Figure 3 - The three main monomer building blocks of lignin (a) and schematic representation of 
lignin chemical bonds (b). 
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discovered that certain bacteria can produce an identical substance to the cellulose of 

plants.46 Since its discovery, it was believed that cellulose was an aggregate of some 

glucose or cellobiose molecules like micelles. Only between the 1920s and 1940s, the 

idea that cellulose is a polymer formed by molecules of glucose bounded by covalent 

bonds gained strength.  

The interest in the polymeric nature of cellulose boosted many studies about its 

supramolecular organization. For example, Wuhrmann et al.47 observed the presence 

of nanofibers 6-7 nm in diameter attached to ramie, hemp, and cotton fibers after 

ultrasonic treatment. In 1950, Ranby and Ribi48 reported the first transmission electron 

microscope images of micellar cellulose particles produced by hydrolysis with dilute 

sulfuric acid (H2SO4). Today, we know that the observed particles were CNC.  

The description of the method for obtaining a suspension of CNF occurred only in 

1983 by Turbak et al.49 and Herrick et al.50 The liquid-crystalline property of CNC 

dispersed in water was first studied by Marchessault et al.51 in 1959, but the formation 

mechanism of chiral nematic liquid-crystalline phase in CNC films was only reported in 

1992.3 

Years later, in 1995, Favier et al.4 reported the first attempt to reinforce a polymer 

with CNC. Since then, nanocellulose materials have been mixed or dispersed in a 

variety of polymer matrices and used for different applications. Thus, the discovery of 

nanocellulose has enabled a revolution in different fields of research and enters the 

long history of cellulose as a nanomaterial of great modern industrial interest. 

 

2.4.2 Fundamentals of nanocellulose 

Nanocellulose is obtained from renewable sources using theoretical-experimental 

approaches called top-down and bottom-up. The top-down method produces 

nanometer scale blocks by shattering from bulk cellulose, whereas the bottom-up 

method uses individual molecules or atoms to construct nanometer scale blocks. Acid 

hydrolysis and disk milling are examples of the top-down method, while production by 

bacteria is an example of a bottom-up method. Figure 4 shows a representation of 

CNC and CNF from the cell wall. CNC are rod-like crystalline fragments of cellulose 

obtained by the selective removal of the amorphous regions. CNF are filamentous 

fragments with a cross-section in the order of a few nanometers containing both 

amorphous and crystalline domains.  
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Nanocellulose has been used to improve the performance of products as well as 

helping to create new products and develop materials with unique characteristics 

(Figure 5). It can be used as a mechanical reinforcing agent, thickening agent and 

rheological modifier, emulsion stabilizer, low-calorie food additive, hydrogel, aerogel, 

liquid crystal, paints, coatings, adhesives, emulsions, special paper, cosmetics, 

support for catalysis and immobilization of enzymes, scaffolds, carrier vehicles for 

systems controlled release, biosensor and bioimaging agent, pharmaceutical binder, 

etc.18,52–55 The global market outlook for nanocellulose is expected to grow up to $800 

million dollars by 2022.56 Actually, a broad range of potential applications have been 

explored by researchers from various scientific fields.57 However, the most promising 

application of nanocellulose still is as reinforcement agent for the polymeric matrix. 

Despite this, there is still much space for using nanocellulose in the future. 

Nanocellulose displays good dispersal ability in water, and for this reason, 

nanocomposites with nanocellulose were initially prepared by mixing this aqueous 

dispersion with aqueous solutions of water-soluble polymers or aqueous dispersions 

of polymers (latexes). Upon drying, the intercalation of polymer chains between well-

dispersed nanocellulose prevents its aggregation and promotes the formation of a 

homogeneous mixture between the nanoparticle and the matrix. 

The high aspect ratio and stiffness of nanocellulose contribute to the formation of 

nanocomposites with improved mechanical properties compared to the neat matrix. 

Another advantage is its ability to increase the tortuosity (or pathway) in the diffusion 

of gases and water vapour molecules through the polymer matrix, improving the 

Source: The Author. 

Figure 4 - Schematic representation of nanocellulose obtained from plants. 
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polymer barrier property. Both properties depend on the degree of dispersion of 

nanocellulose in the polymer matrix and the nature of interfacial interactions.  

 

 

Nanocellulose is an attractive substrate for several reactions due to its simple 

structure and high surface area. The addition of specific functional groups on cellulose 

changes its reactivity, solubility, and dispersibility in hydrophobic media or polymer 

matrices.58 These changes increase the range of applications for nanocellulose. 

Modification is generally achieved through derivatization reactions such as acetylation, 

silanization, cationization, carbamation, amidation, oxidation, grafting from, grafting 

onto, Diels-Alder, thiol-ene, and Huisgen cycloaddition (Figure 6). 

Source: Images adapted from ref.50-53 

Figure 5 - The key application of nanocellulose in various fields. 
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Industrial nanomaterials have recently caused many concerns about the risks that 

these particles can cause to environment and human health. The question of nano-

toxicology and safety issues are also asked about nanocellulose materials. The toxicity 

of CNC and CNF was the object of several studies pointing to a good perspective for 

the clinical use of these nanostructures.59,60 Since 2012, nanocellulose materials were 

added to Canada’s domestic substances list with no suspicion of toxicity.61 This list is 

an inventory of substances that may be manufactured and imported without restrictions 

in Canada. When taking into account all characteristics, properties, and applications, 

nanocellulose is at the forefront of new and attractive materials that combine technical 

and environmental aspects.62 

 

Source: The Author. 

Figure 6 - Possible chemical modifications that can be conducted to cellulose. 
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2.4.3 Cellulose nanocrystals 

The Technical Association of the Pulp and Paper Industry (TAPPI) has proposed a 

new TAPPI standard (WI 3021) to describe nanocellulose materials. As per the 

proposed, CNC presents pure crystalline structure and dimensions of 3-10 nm in width 

and aspect ratio (ratio of the largest to the smallest dimension) greater than 5 and 

usually less than 50.  

The preparation of CNC was first reported by Rånby in 1949.48,63,64 The main 

material used for the production of CNC is wood. But, they can also be produced from 

non-wood plants, tunicates, certain species of bacteria, and algae. The length (L) and 

diameter (D) of CNC depend on cellulose source and extraction conditions. In general, 

CNC extracted from plants, such as cotton linters, coconuts, palm oil, sugarcane 

bagasse, sisal, etc., have lower length than CNC isolated from tunicates. Some 

examples of experimental conditions are reported in Table 1. 

 

Table 1 - Different acid hydrolysis procedures based on various sources of cellulose nanocrystals. 

Source Process Ref. 

Bacterial cellulose H2SO4 hydrolysis Grunert and Winter74 

Bacterial cellulose HCl/H2SO4 hydrolysis Vasconcelos et al.75 

Banana fiber H2SO4 hydrolysis Pereira et al.76 

Banana fiber C2H4O2 hydrolysis Cherian et al.77 

Coconut husk fiber H2SO4 hydrolysis Rosa et al.78; Nascimento et al.79,80  

Cotton fiber H2SO4 hydrolysis Lu and Hsieh81 

Cotton fiber  HCl hydrolysis Spagnol et al.82;Taipina et al.83 

Cotton fiber Ionic liquid hydrolysis Lazko et al.73 

Eucalyptus pulp Microbial hydrolysis Bondancia et al.67 

Kenaf fiber HCl hydrolysis Zaini et al.84 

Kenaf fiber H2SO4 hydrolysis Shi et al.85 

Sugarcane fiber H2SO4 hydrolysis Teixeira et al.86 

Sugarcane fiber C2H4O2/HNO3 hydrolysis Sun et al.87 

Microcrystalline cellulose Subcritical water process Novo et al.88 

Microcrystalline cellulose Ultrasound process Li, Yue and Liu69 

Paper H3PO4 hydrolysis Espinosa et al.89 

Oil palm fiber H2SO4 hydrolysis Souza et al.90 

Rice husk fiber H2SO4 hydrolysis Johar, Ahmad and Dufresne91 

Sisal fiber H2SO4 hydrolysis Morán et al.92 

Wood pulp TEMPO/HCl hydrolysis Salajková, Berglund and Zhou93 

Source: The Author. 
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The acid hydrolysis of glycosidic bonds is the most popular method for CNC 

extraction. This process causes the separation of the crystalline domains and the 

degradation of amorphous regions. The parameters involved for obtaining CNC can 

change their geometry, crystallinity index (χ), and aspect ratio. Figure 7 presents a 

schematic illustration of the CNC isolation procedure via H2SO4 hydrolysis. 

 

The most commonly used acids are: sulfuric, hydrochloric, phosphoric, and 

hydrobromic acids or a mixture of inorganic and organic acids.26 However, H2SO4 has 

been and continues to be the most used acid to extract CNC from the biomass. This 

choice stems from the formation of crystals with good dispersibility ability in aqueous 

medium. The CNC suspension is stabilized by electrostatic repulsion interaction 

between anionic groups (-SO3
-) on the surface of the crystals.  

Despite these advantages, H2SO4 can result in handling risks and high costs with 

the acid residue treatment.65 To avoid these problems, many researchers have studied 

alternative processes to obtain CNC. Among them, we can highlight: enzymatic 

hydrolysis,66,67 enzymatic hydrolysis followed by acid hydrolysis,68 ultrasonically 

assisted hydrolysis without69 and with weak organic acids,70 hydrolysis with oxidizing 

agents,71 hydrolysis in subcritical water72 and hydrolysis mediated by ionic liquids.73  

 

Source: The Author. 

Figure 7 - Representation of the mechanism for the acid hydrolysis reaction. 
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2.4.4 Cellulose micro and nanofibrillated 

According to TAPPI WI3021, CNF present both crystalline and amorphous regions, 

with dimensions of 5-30 nm in width and aspect ratio (L/D) usually greater than 50. A 

list of sources used for production of cellulose micro and nanofibrillated are reported 

in Table 2. 

The first work related to cellulose defibrillation was reported in 1983 by Turbak et 

al.49 and Herrick et al.50, both researchers at the ITT Rayonier Eastern Researchers 

Division Laboratory in Whippany, New Jersey, USA. These researchers produced CNF 

by passing a 2 wt% refined cellulose suspension through a Manton-Gaulin 

homogenizer. But, as pointed out by Eriksen et al.94 the main disadvantage of this 

process is its high energy consumption. This negative energy balance limited the 

commercial use of this material after its discovery.  

Two decades later, Taniguchi and Okamura95 innovated the pulp production 

process using a Supermasscolloider (Masuko Sangyo Co. Ltd., Japan). The pulp was 

passed between one static disk and one rotating disk in parallel, defibrillating the 

cellulose by high shearing forces.  

 

Table 2 - Different isolation methods based on various sources of cellulose nanofibers. 

Source Process Ref. 

Bamboo fiber Homogenizer Wang et al.100  

Eucalyptus pulp Ultrafine grinder and twin screw extruder Rol et al.101 

Jute fiber TEMPO-mediated oxidation and homogenizer Chaker et al.102 

Pineapple leaf 

fiber 
Steam explosion process Cherian et al.77 

Rice straw fiber Blender-type homogenization Jiang and Hsieh103 

Sugarcane fiber Ultrafine grinder and homogenizer Hassan et al.104  

Sugarcane fiber 
Ultrafine grinder, enzymatic pretreatment and high-

intensity sonication 
Santucci et al.105  

Wheat straw fiber  Cryocrushing, disintegration and homogenization  Alemdar and Sain106 

Wood pulp Periodate oxidation and microfluidization 
Larsson, Berglund and 

Wagberg107 

Wood pulp Carboxymethylation and microfluidization Naderi and Lindstrom108 

Wood pulp 
TEMPO-mediated oxidation and blender-type 

homogenization 

Fukuzumi, Saito and 

Isogai109 

Source: The Author. 
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The next instrumental advance occurred in 2004, when Zimmermann et al.96 

reported the disintegration of cellulose fibers to produce CNF using a microfluidizer. 

Other techniques have been explored for the production of CNF such as ultrasound,97 

high-speed industrial blending,98 and extrusion.99 However, the predominant 

techniques are still homogenization (homogenizer and microfluidizer) and grinding with 

disks.  

To reduce the energy cost for CNF production, biochemical or chemical treatments 

have been applied before the chosen shear stage. The biochemical pretreatment 

consists in using enzymes to promote the partial hydrolysis of cellulose.110,111 The 

chemical pretreatment introduces functional groups on the surface of cellulose. The 

functional groups generate repulsion points between the fibrils. For example, oxidation 

with the (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)/NaBr/NaClO system 

promotes electrostatic repulsions between the cellulose fibrils that help the shear and 

dispersion of the nanofibrils. When compared to the H2SO4 hydrolysis, TEMPO-

mediated oxidation adds negative charges to the cellulose surface without causing 

degradation of the amorphous region.112 The TEMPO-mediated oxidation consists of 

the oxidation of an aqueous cellulose suspension in the presence of NaClO and 

catalytic amounts of TEMPO and NaBr at pH 10–11 at room temperature (Figure 

8).This method converts part of the -O(6)H groups into carboxylic groups which can be 

used for the introduction of different functions.  

 

Source: The Author. 

Figure 8 - TEMPO-mediated oxidation mechanism of cellulose. 
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Saito et al.113 and Saito and Isogai114 were the pioneers in the studies using TEMPO 

oxidation for the production of CNF. The discovery of the Isogai’s group led to a 

veritable explosion of scientific work. Currently, the more commonly used chemical 

pretreatment is TEMPO-mediated oxidation. 

 

2.4.5 Bacterial nanocellulose  

BNC is formed from the conversion of glucose molecules into cellulose fibrils by 

different bacterial species, such as Acetobacter, Agrobacterium, Achromobacter, 

Aerobacter, Azotobacter, Sarcina ventriculi, Salmonella, Escherichia, Gluconobacter, 

Komagataeibacter (formerly classified as Gluconacetobacter), and Rhizobium (Figure 

9).115 The synthesis of cellulose occurs within the cells. The cellulose comes in the 

form of an interlaced ribbon with a diameter of 100 nm and a few micrometers in 

length.116 

The first description of BNC was reported in 1886 by Brown.117 Brown observed that 

some microorganisms produced a gelatinous membrane on the surface of beer 

samples.  

The microbial cellulose is obtained from a substrate rich in mono- and 

oligosaccharides at different pH and incubation times. Thus, the formation of cellulose 

occurs by the fermentation of the culture medium. Cellulose is isolated through a 

treatment with sodium hydroxide.116 Its production follows a bottom-up model, which 

allows a standardization and control of the properties (size, crystallinity, shape, aspect 

ratio, etc.) during its production.  

The absence of lignin, hemicellulose and pectin makes this material attractive for 

applications in the medical field. 

 

Source: The Author.  

Figure 9 - Schematic image of bacterial cellulose production. 
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2.5 Hydrogels 

Since their discovery in 1960s by Wichterle and Lim,12 hydrogels have generated a 

great interest. In the following two decades, considerable attention has been directed 

towards the synthesis of hydrogels, contact lens production, and drug delivery. 

Currently, hydrogels are used in hygiene products, soil conditioners, artificial snow, 

food additives, wound healing, cell growth, among other applications.13  

Hydrogels are heterogeneous mixtures of two (or more) phases. The dispersed 

phase is water and the solid phase is a solid three-dimensional network.118 They 

consist of a 3D polymer network filled by water. Water retention occurs due to the 

formation of hydrogen bonds between hydrophilic groups. The hydration process leads 

to the deformation of the polymer chains to compensate the stress created inside their 

structure. Water absorption ends when these opposing forces reach equilibrium. The 

absorption process, also called swelling, may still be dependent on the cross-linking 

density, flexibility and presence of polymer chain charges, changes in pH, ionic 

strength, and temperature.  

The interactions that govern the formation of hydrogels can be: 1) electrostatic 

interactions, 2) ionic gelification, 3) host-guest interactions, 4) hydrogen bonds, 5) van 

der Waals forces, 6) hydrophobic interactions, 7) interlacing of the chains and 8) 

covalent bonds between a cross-linking agent (multifunctional monomer) and the 

polymer chains.119  

The electrostatic Interactions method consists in the attraction between oppositely 

charged groups on different polymers (Figure 10a). Ionic gelification is promoted by 

the chelate formation due to the interaction of functional groups present in the polymer 

chain with metal ions (Figure 10b).  

Hydrogel formation can still be governed only by local self-assembly. This hydrogel 

is the result of multiple weak interactions, including host-guest interactions, hydrogen 

bonds, van der Waals forces, hydrophobic interactions, etc. In this system, the 

association between the molecules could not be maintained only by individual 

interactions (Figure 10c). For example, recently it has been demonstrated that 

methylcellulose (MC) polymer chains in water are capable of forming nanostructured 

fibrils (14 nm in diameters) under heating.120,121 The MC chains adopt a ring-like 

conformation at higher temperature, and then these ring structures can self-assemble 

into fibrils. The collapse is driven by the strong intermolecular interaction from MC 
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monomers.122 These nanoscale fibrils then form networks owing to hydrophobic 

attraction, forming the fibrillar gel. 

 

 

Physical hydrogels are not permanent and may dissolve when the interactions 

between the polymers collapse. Chemical hydrogels are formed by permanent 

structures in which the atoms are bonded by covalent bonds in a continuous network 

extending throughout the material (Figure 10d). Some examples of approaches used 

for the formation of chemical hydrogels are radical polymerization, Schiff base 

formation reactions, addition and condensation reactions, UV irradiation and enzymatic 

action.123 

The formation of an elastic network immersed in a liquid has been described by 

Derjaguin-Landau-Verweyand-Overbeekassume (DLVO),124 fractal125 or bound 

percolation theories.126 The DLVO theory considers that the stability of a colloidal 

Source: The Author. 

Figure 10 - Electrostatic interaction (a), Ionic gelation (b), Molecular self-assembly (c) and chemical 
cross-linking (d). 
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dispersion is determined by the balance of attractive van der Walls forces and the 

electrical double layer forces. Thus, in solutions with a high concentration of 

counterions or near the isoelectric point, the thickness of the double layer is very thin 

and the van der Waals forces of attractive character predominate. Polymerization or 

cross-linking reactions are aggregation processes similar to those used for forming 

colloidal gels.127 The fractal model assumes that the hydrogel structure is formed by 

fractal aggregates. The initial step for gel formation is the aggregation of some particles 

to form fractal aggregates. These aggregates grow until they occupy the total volume 

of the liquid. As a consequence, the viscosity tends to infinite and the system behaves 

like a gel. The formation of the fractal structure suggests that in any volumetric fraction 

the properties of the hydrogel will be the same.125 

The percolation theory is a nonlinear probabilistic model used to describe statistical 

processes. The model assumes the existence of an abrupt phase transition between 

two well-defined states.128 According to this theory, the gel point is interpreted as an 

infinite and continuous sequence of interactions joining the individual aggregates until 

reaching the percolation threshold. The percolation threshold is a critical point where 

above this point the percolation occurs and below it does not occur. Near this point, 

even a small change in one parameter produces an abrupt change in another. Thus, 

the percolation model allows deriving power-law for the evolution of parameters such 

as viscosity and elastic modulus. 

Hydrogels can be synthesized from synthetic polymers, such as polyacrylamide, 

polyacrylic acid, among others, or from natural polymers such as cellulose, chitosan, 

and starch. This last class has been the subject of many investigations due to their 

renewable and biodegradable properties.129  

The mechanical properties of hydrogels are a topic of great interest for industry. 

Many applications need that the hydrogel maintains its shape for long periods of time 

or deforms without the occurrence of fractures. For example, when using a hydrogel 

for the replacement of an articular cartilage, it is necessary that the material presents 

high stiffness (Young’s modulus of 1 MPa), high toughness (1000 J m-2) and high water 

content (60-80%).130 However, conventional hydrogels obtained by the chemical 

reaction of a mixture of monomers and cross-linkers have a low stiffness (<10 kPa),131 

low tensile strength (<100 kPa),131 and low toughness (<100 J m-2).119 In general, 

chemical cross-linking promotes the formation of a in-homogeneous polymer 

network.132 This network possesses defects, like loops, dangling ends, and 
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heterogeneity in cross-link density (Figure 11). Thus, the failure crack propagates 

preferably along these irregularities. 

  

 

Recent studies have mostly focused on new strategies for the formation of hydrogels 

with enhanced mechanical properties. Okumura and Ito133 reported the incorporation 

of a polymer chain into a cyclic cross-linker that can move throughout the length of the 

straight chain. Under stress, the energy is dissipated by sliding the cross-linker through 

the polymer matrix. Gong et al.134 have developed a new class of hydrogels with two 

polymer networks linked by many cross-linking mechanisms (double-network). During 

mechanical stretching, the polymer network bundles dissipate some of the energy, 

while the other network remains intact. Sakai et al.135 reported a polymer network 

obtained by the coupling of polyethyleneglycol-tetra-amino and polyethineloglycol-

tetra-N-hydroxysuccinamide glutarate of the same size. This strategy consists in the 

formation of a homogeneous polymer network that can be more resistant to fracture. 

Haraguchi and Takeshita136 have developed a new class of hydrogels reinforced with 

nanoparticles. Nanocomposite hydrogels are nanomaterial-filled hydrogels that exhibit 

higher elasticity and strength compared to traditional hydrogels. When the polymer 

network is stretched, the filler-polymer interaction is switched-off, and the hydrogel can 

swell several times its mass. Thus, the energy dissipation generated during elastic 

deformation is caused by the energetically favorable synergy between chain entropy 

and polymer-filler interaction enthalpy. 

 

Source: The Author. 

Figure 11 - Hydrogel network defects. 
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2.6 Nanocellulose-reinforced hydrogels 

Biodegradable polymers or polymers obtained from renewable resources have 

gained much attention in the last decades due to the increase of public pressure on 

environmental issues. To make these polymers more competitive against the usual 

(non-renewable) polymers, the incorporation of reinforcing agents has been studied as 

one way to improve their properties. In this context, many researchers have focused 

on the use of nanocellulose as an alternative to inorganic reinforcing agents for the 

production of fully "green" composites.62 Hydrogels entirely made of biopolymers and 

reinforced with nanocellulose can be classified as "green" nanocomposite materials 

because of their renewable and biodegradable design. The production of these "green" 

materials combines and creates new and attractive properties that can be explored in 

the fields of biomedicine, food, agriculture, etc. 

The incorporation of nanocellulose into the hydrogel formulation promotes 

improvements in properties and a significant expansion in the range of applications. 

For example, the mechanical properties are improved as a function of the particle-

particle and particle-polymer interactions. The interactions between adjacent 

nanoparticles can be classified as "on" or "off". In the "on" state, the formation of a 

percolation network occurs, promoting an increase in the particle-polymer interactions. 

In the "off" state, the percolation network is not formed due to the weakening of the 

particle-particle interactions, which also hampers the particle-polymer interactions. 

Thus, when a load is applied in the "on" state, a reversible rearrangement occurs 

between the reinforcement and the matrix. For this reason, the energy is dissipated 

and the fracture resistance increases. On the other hand, a high concentration of the 

reinforcement may cause an increase in the viscosity of the system and a reduction in 

the mobility of the polymer chains, favoring the formation of a non-homogeneous 

polymer network during cross-linking. 

In general, the nanocellulose-hydrogel interactions may be physical, chemical or a 

combination of both. Nanocellulose may be the major component or only be dispersed 

within the hydrogel structure. The synthesis of the hydrogel may involve only a single 

step, as simultaneous polymerization and cross-linking, or several steps, as chemical 

modification of nanocellulose followed by cross-linking. In the following sections, we 

will review the main strategies used for the construction of "green" nanocomposite 

hydrogels with natural polymers and synthetic biodegradable polymers containing 

nanocellulose. 
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2.6.1 Nanocellulose hydrogels based on natural polymers 

Natural polymers have gained wide use in several applications, including food 

packaging and pharmaceutical industry. Natural polymers include alginate, cellulose, 

collagen, gelatin, hyaluronic acid, chitosan, and etc. Natural hydrogels from renewable 

resources have advantageous environmental and safety characteristics compared to 

synthetic hydrogels. Currently, a variety of natural hydrogels composite materials have 

been developed using nanocellulose. 

Sodium alginate or alginic acid is an anionic polysaccharide found naturally in the 

cell wall of algae, and it is formed by (1-4)-linked β-D-mannuronic and α-L-guluronic 

acids. Alginate forms hydrogels in the presence of divalent cations such as Ca2+. The 

interaction between guluronic residues and divalent ions promotes the ionic gelation of 

alginate in the form of egg-box structures. 

Due to this property, alginate is commonly used to produce beads and physical 

polymer networks. For example, Mohammed et al.137,138 fabricated alginate/CNC 

beads with calcium chloride. The spherical hydrogels showed an increase in the 

absorption of the methylene blue dye with the increase of the CNC concentration. Park 

et al.139 used the same strategy to prepare beads with BNC oxidized via TEMPO and 

alginate. They observed an increased compressive strength, chemical stability and cell 

proliferation when compared to pure alginate beads. Lauren et al.140 coated suture 

lines with CNF and alginate cross-linked with CaCl2 and BaCl2. The results showed 

cell viability around 100% over the two-week incubation period.  

Lin et al.141 reported the synthesis of double layer beads with an inner layer formed 

by cationic alginate/CNC and an outer layer containing neat alginate cross-linked with 

CaCl2. The hydrogel presented a complex controlled release mechanism involving two 

distinct release rates for each hydrogel layer. 

Recently, 3D printing technology has been exploited for the production of alginate 

nanocomposite hydrogels containing nanocellulose142–144. For example, Markstedt et 

al.144 reported the printing of different pieces using a viscous CNF/alginate dispersion. 

After printing, the molds were immersed in a solution of CaCl2. Complex three-

dimensional structures with high storage modulus, shear modulus and compressive 

strength were printed using a mixture of 80% CNF and 20% alginate as printable bioink 

(Figure 12). 
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Ávila et al.145 developed double layer BNC/alginate hydrogels with a macroporous 

layer of BNC/alginate on the top of a dense layer of regenerated BNC. The dense layer 

promoted good mechanical stability, while the macroporous layer favored chondrocyte 

adhesion and proliferation. 

Aarstad et al.146 prepared CaCO3/D-glucono-δ-lactone modified alginate hydrogels 

containing CNF and cross-linked with CaCl2 that showed a high elastic modulus value. 

Naseri et al.147 developed double-network hydrogels with alginate and gelatin also 

containing 50% CNC. The hydrogel presented an elastic modulus value of 0.5 GPa, 

mechanical strength of 14.4 MPa and deformation of 15.2%. Anirudhan et al.148 

reported the synthesis of a hydrogel containing TEMPO oxidized CNC and chitosan 

cross-linked with N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) and N-

hydroxysuccinimide (NHS), alginate coated and then grafted with 2-hydroxyethyl 

methacrylate-co-methacrylicacid via radical polymerization. The second coating with 

the copolymer added responsive pH behavior to the hydrogel and allowed two different 

Source: Adapted from ref.144 

Figure 12 - 3D printed small grids with CNF/alginate after cross-linking (a). The shape of the grid 
deforms while squeezing (b), and it is restored after squeezing (c). 3D printed human ear (d) and sheep 

meniscus (e and f). Side view (e) and top view (f) of meniscus. 
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drugs to be incorporated into the controlled release system. The release of the first 

drug was pH dependent, while the release of the second drug was controlled by the 

combined effect of the polymer degradation with the hydrogel swelling. Yue et al.149 

reported the production of a hydrogel with a core containing CNF/poly(vinyl alcohol) 

(PVA)/glutaraldehyde (GA) and a shell formed by alginate/calcium sulfate/sodium 

hydrogen phosphate. The hydrogel had 3.2 times greater compressive strength than 

the hydrogel without the incorporation of CNF. 

Cellulose and its derivatives, such as carboxymethylcellulose (CMC), 

hydroxyethylcellulose (HEC) and MC have been used in many industrial applications 

(particularly in food and pharmaceutical industries) as foam and emulsion stabilizers, 

thickeners, binding agents, etc., due to their biodegradability and non-toxicity. 

Moreover, their low price makes them popular in the market. However, the mechanical 

properties of swollen hydrogels are inadequate for more demanding applications.  

Dai and Kadla150 were pioneers in the study of hydrogels reinforced with 

nanocellulose. The authors used TEMPO-oxidized CNC as a reinforcing agent for 

CMC/HEC hydrogels cross-linked with divinyl sufone. The incorporation of CNC 

increased the compression modulus of the pure hydrogel when compared with 

hydrogels reinforced with Cloisite Na+ nanoclay. Araki et al.151 found similar results 

using CNC as reinforcing agent for CMC/HEC hydrogels. McKee et al.152 reported the 

formation of a hydrogel after dissolution of MC at 60°C in the presence of CNC with a 

storage modulus of 900 Pa. According to the authors, due to the structural similarity, 

MC has strong interaction with CNC, forming cross-links and, hence, the gels (Figure 

13).  

Another strategy that has been explored is obtaining "all-cellulose nanocomposites", 

when the composites are prepared using cellulose as both matrix and 

reinforcement.153–155 In general, this method consists in mixing nanocellulose with a 

pre-dissolved cellulose solution in a specific solvent to induce the formation of the 

hydrogel and eliminate chemical incompatibilities between the matrix and the 

reinforcement.153  
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Lourdin et al.155 added a mixture of type I CNC and lyophilized type II cellulose in a 

solution of microcrystalline cellulose dissolved in 1-butyl-3-methylimidazolium chloride 

and dimethylsulfoxide. The type I CNC acted as a rigid structure and promoted the co-

crystallization of type II CNC in the regenerated cellulose matrix. This effect favored 

the production of more rigid hydrogels due to the formation of a percolation network 

capable of avoiding the conversion of type I CNC into type II. 

Collagen is the most abundant protein in the human body and is widely used in in 

vitro and in vivo tissue engineering applications. Li et al.156 reported the production of 

a porous collagen/CNC scaffold with gelatin microspheres containing basic fibroblast 

growth factor (bFGF) as a platform for release and formation of blood vessels 

(angiogenesis). For compositions with up to 5% CNC, the authors observed an 

increase in the degree of swelling. In vitro and in vivo results indicate that the scaffold 

was biocompatible, biodegradable and significantly increased the formation of new 

blood vessels.  

Zhu et al.157 and Guo et al.158 used a similar strategy for controlled release of 

gentamicin sulfate and curcumin, respectively. In vitro tests indicated that the scaffold 

for release of gentamicin sulfate was biocompatible with NIH-3T3 cells and showed 

antimicrobial activity against E. coli and S. aureus. In vivo tests in rats indicated that 

Source: Adapted from ref.152 

Figure 13 - Schematic representation of the nanocomposite hydrogel. The suggested adsorption of MC 
on CNC is indicated by red arrows. 
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the scaffold for curcumin release had anti-inflammatory activity and accelerated the 

regeneration of the dermis.  

Saska et al.159 prepared BNC based nanocomposite hydrogels esterified with 

glycine and cross-linked via EDC/NHS cross-linking. The hydrogels exhibited lower 

degree of swelling, stability and mechanical resistance when compared to control gels 

containing only BNC. The formation of a Schiff base between BNC with aldehyde 

groups and collagen was explored by Wen et al.160 for the release of collagen peptides. 

The hydrogel showed good cell adhesion and proliferation of Westar rat fibroblast cells 

cultured in vitro. 

Gelatin is a protein produced from the denaturation of collagen and it is widely used 

in the development of systems for controlled release and artificial organic tissues. 

Wang et al.161 explored the hydrogel properties of CNF-enhanced gelatin. The authors 

observed that the CNF percolation limit was reached after the addition of 10% of 

reinforcement.  

Dash et al.162 investigated the influence of the amount of aldehyde groups of the 

IO4
- oxidized CNC in the manufacture of gelatin hydrogels. When increasing the 

proportion of aldehyde groups from 0.062 to 0.230 mmol.g-1, the degree of swelling of 

the hydrogel decreased from 92.5% to about 87.5%. For the hydrogel with a degree of 

swelling of 90% (CNC, 0.114 mmol.g-1), the authors observed that the storage modulus 

of the hydrogel was 150% larger than for pure hydrogel. In addition, the storage 

modulus (G') remained stable even above the melting temperature of gelatin. 

Zheng et al.163 used the same strategy for preparing gelatin hydrogels with CNF. 

The compressive strength improved with the increasing amount of CNF containing 

0.015 mmol.g-1 of aldehyde groups and with the amount of aldehyde groups (0.008-

0.017 mmol.g-1) for a given concentration of CNF. The compressive strength of the 

nanocomposite hydrogel was 41 and 38 times higher than for pure gelatin hydrogel 

and the gelatin hydrogel with non-oxidized CNF, respectively. The degree of swelling 

was significantly higher when compared to the gelatin hydrogel and gelatin/non-

oxidized CNF. 

Yang et al.164 explored the electro-fenton oxidative electrochemical process to 

oxidize BNC and prepare hydrogels of gelatin/oxidized BNC and hydroxyapatite. 

During the electro-fenton process, the hydroxyl radical (OH •) is generated in situ by 

the cathodic reduction of hydrogen peroxide in a three-electrode cell. The in situ 

formation of the radical avoids hazards associated with its storage and handling. The 
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tensile strength decreased from 0.72 to 0.30 MPa when compared to the pure BNC 

hydrogel. The gelatin/oxidized BNC and hydroxyapatite hydrogels were completely 

degraded in 90 days. 

Ooi et al.165,166 prepared gelatin and CNC hydrogels cross-linked with GA to release 

Theophylline. They found that after 4 h the hydrogel containing 25% CNC released 

only 40% of the drug at pH 1.2. Release of the drug after 4 h from the CNC-free 

hydrogel was approximately 70%. The drug release behavior was attributed to the 

lower degree of swelling of the hydrogels containing CNC. 

Chen et al.167 used a culture medium containing gelatin molecules for the production 

of physical BNC/gelatin hydrogels. Chemical cross-linking was promoted by immersing 

the hydrogel in a solution of GA at different concentrations. Increasing the degree of 

cross-linking decreased the crystallinity, the degree of swelling and the tensile 

strength, and increased the compressive strength and tensile strength, as expected. 

Ran et al.168 prepared double-network hydrogels with BNC and gelatin by immersing 

the hydroxyapatite-coated BNC in a solution of gelatin at 45 °C for 7 days (Figure 14). 

The hydrogel showed an elastic modulus value of 0.27 MPa in the swelling equilibrium 

state and 177 MPa in the dry state. The hydrogel also showed higher adhesion, 

proliferation and differentiation of mesenchymal stem cells derived from the bone 

marrow of rats (rBMSCs) cultured in vitro than the control hydrogel without 

hydroxyapatite. 

Recently, Gárcia-Astrain et al.169 prepared hydrogels containing CNC, gelatin and 

chondroitin sulfate A. The hydrogel was doubly cross-linked by the Diels-Alder reaction 

between CNC functionalized with maleimide groups and gelatin functionalized with 

furan groups, and by the reaction with EDC/NHS between gelatin and chondroitin 

sulfate A. The formation of the gelatin/CNC network decreased the swelling of the 

hydrogel from 3220% to approximately 2200% when compared to the CNC-containing 

gelatin hydrogel cross-linked with chondroitin sulfate; while the presence of CNC 

increased the degree of swelling when compared to the gelatin hydrogel cross-linked 

with chondroitin sulfate (2463%). The storage modulus (G') increased progressively 

with the increase of chemical cross-links. The results indicated that the formation of 

cross-links between gelatin and CNC blocked the effect of the hydrophilic nature of the 

CNC on the water absorption of the hydrogel.  
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Shin et al.170 investigated the use of CNF as a viscosity modifier and mechanical 

reinforcement in biotins of gelatin modified with methacrylamide groups containing 

fibroblast cells. The mixture was subjected to radical polymerization with ammonium 

persulfate and tetramethylethylenediamine. The addition of CNF increased the 

viscosity of the modified gelatin solution. The mechanical properties increased with 

increasing CNF concentration and the in vitro tests showed that the hydrogels were 

biocompatible and had high cell viability. 

 

2.6.2 Nanocellulose hydrogels based on synthetic polymers 

There has been an increasing interest in synthetic polymer-based hydrogels, due to 

their widely variable and easily tuned properties.171 The structure of the synthetic 

Source: Adapted from ref.168 

Figure 14 - Photographs of the BC and BC/gelatin/hydroxyapatite composites in wet and dry states 
(a); Schematic diagrams of the self-assembly of hydroxyapatite into the BC network and the 

preparation process of the double-network hydrogel (b). 

(a) 

(b) 
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hydrogels can be controlled by varying the chemical composition and preparation 

methods. The synthesis can easily be scaled up and standardized using commercial 

reagents.172 In recent years, various synthetic polymers reinforced with nanocellulose 

have been studied in hydrogel researches.173,174 These studies are motivated by the 

demand for unique and enhanced properties, and green and competitive products. 

PVA is a water-soluble polymer that has been extensively investigated because of 

its good biocompatibility and mechanical properties. PVA solutions can form rigid 

hydrogels through freeze-thaw cycles. During freezing, the PVA chains interact with 

each other to form crystallites which act as physical cross-links, maintaining the 

insolubility of the material in water.  

Abitbol et al.175 prepared PVA hydrogels containing CNC by direct dispersion of the 

CNC in an aqueous PVA solution. The PVA/CNC suspension was subjected to freeze-

thaw cycles at -20 °C. The decrease in the crystallinity of CNC reinforced PVA was 

compensated by the strong interaction and miscibility between the components. The 

strength of the gels increased on the order of 1.5 wt%> 0.75 wt% ~ 3.0 wt%> pure 

PVA. The authors suggest that the CNC reinforcing effect was superimposed by the 

increase of failures in hydrogel containing 3.0 wt% CNC.  

On the other hand, Gonzalez et al.176 and Lam et al.177 observed an increase in 

tensile strength and compression modulus, respectively, with the CNC concentration 

for PVA hydrogels subjected to the freeze-thaw cycles. Butylina et al.178 reported that 

increasing the number of freeze/heating cycles from 3 to 5 did not show significant 

differences in the properties of the CNC-containing PVA hydrogel. 

Millon and Wan179 produced a PVA hydrogel reinforced with BNC with mechanical 

properties similar to cardiovascular tissues. Tang et al.180 produced BNC hydrogels 

impregnated with PVA in the form of tubes for the replacement of veins and arteries. 

BNC was obtained by static culture and then immersed in a solution of PVA. Castro et 

al. 181 percolated BNC with PVA in situ using static culture medium containing PVA 

molecules. The BNC-PVA systems were subjected to freeze-thaw technique to 

promote the physical cross-linking of PVA. Recently, Li et al.182 investigated the effect 

of the amount of freezable bound water on the compression module of double-network 

hydrogels of BNC and physically cross-linked PVA. The authors observed a significant 

increase in the amount of freezable bound water in hydrogels with more than 20% 

PVA. In this state, the water molecules were more strongly attached to the hydrogel, 

which hindered the loss of water and crack formation under compression.  
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Tanpichai and Oskman183 used CNC as a reinforcement in GA cross-linked PVA 

hydrogels. The incorporation of 1% CNC increased the compressive strength from 17.5 

to 53 kPa, an increase of 303%. The presence of CNC did not appear to affect the 

thermal properties and the degree of swelling of the hydrogel. Chen et al.184 

manufactured PVA/BNC hydrogels containing a small amount of PEG (0.5%) and 

cross-linked with GA. The thermal stability and the degree of swelling increased with 

the BNC concentration. The hydrogel showed modulus of elasticity of 933.3 MPa, 

mechanical strength of 123.8 MPa and deformation of 22.6%. The modulus of elasticity 

of the hydrogel was 19 times greater than for the pure PVA hydrogel. The hydrogel 

presented higher biocompatibility than pure BNC. 

Han et al.185 studied the mechanical and optical properties for borax cross-linked 

PVA hydrogels containing 1% of CNC with I and II crystalline allomorphs as well as 

cellulose I nanofibers (CNF I). The type of nanocellulose affected the compressive 

strength in the order of CNF I> CNC I> CNC II> pure PVA. The compressive strength 

of CNF I reinforced PVA-borax was 21 times greater than for pure PVA hydrogel. The 

mechanical properties increased with increasing the aspect ratio of the reinforcement. 

The transparency of the gels increased in reverse order. Spoljaric et al.186 have shown 

that borax-cross-linked PVA hydrogels reinforced with different amounts of CNF have 

self-healing properties. Recently, Lu et al.187 reported a simple and intermediate 

reagent-free strategy for the synthesis of the borax cross-linked and CNF-reinforced 

PVA nanocomposite hydrogel (Figure 15). The authors explored a one-pot tandem-

type methodology, which consisted of a combination of different processes, 

simultaneous or sequential, in just one operation. The bamboo pulp solution was 

sheared in a ball mill and immediately dispersed in a solution containing borax and 

PVA at 90°C. The obtained hydrogels showed a pH-responsive behavior, self-healing 

and good mechanical properties. The high costs of production and the yield loss due 

to insulation and purification can be avoided using this methodology.  

Mckee et al.188 synthesized a PVA/CNC hydrogel via host-guest interaction with 

cucurbit[8]uril. CNC were functionalized by surface-initiated atom transfer radical 

polymerization (ATRP) to yield a dense set of methacrylate polymer brushes bearing 

naphthyl units. The complexation reaction between functionalized CNC and PVA 

containing pending viologens units and cucurbit[8]uril resulted in a material with 85% 

water, high storage modulus (G'> 10 kPa), rapid sol-gel transition (< 6s) and self-
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healing property. In addition, its viscoelastic properties have been completely restored 

even keeping their pieces separated for many months.  

 

 

Poly(ethylene glycol) (PEG), a neutral, water-soluble and non-toxic polymer, has 

been widely used in biomedical applications. PEG has been approved by the Food and 

Drug Administration (FDA) for domestic consumption in a variety of personal care 

products, cosmetics, food and pharmaceuticals. 

Nair et al.129 made CNF-containing hydrogels cross-linked with poly(methyl-vinyl-

ether-co-maleic acid) and poly(ethylene glycol) with good thermal stability, tear 

resistance and elastic modulus. The degree of swelling decreased with increasing the 

CNF concentration, while the thermal stability, elastic modulus, fracture toughness and 

strength increased when compared to the hydrogel containing only the two synthetic 

polymers. 

Yang et al.189,190 investigated the mechanical properties of CNC-containing 

polyethylene glycol and pluronic F127 diacrylates. The hydrogels were formed from 

solutions irradiated by UV light at 365 nm. The results indicated an increase in elastic 

modulus, fracture strength and resistance to deformation with increasing CNC 

concentration. Recently, Yin and Yang191 reported the formation of a hydrogel involving 

Source: Adapted from ref.187 

Figure 15 - Schematic illustration of PVA/borax/CNF network (a) and Demonstration of the self-healing 
ability for PVA/borax/CNF under room temperature (b). 

(a) 

(b) 
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double cross-linking via electrostatic interactions between CNF oxidized via TEMPO 

and poly(ethylene glycol) with terminal amine groups and radical polymerization with 

polyethylene glycol diacrylates. In an acidic environment, the formation of the 

coordination structure did not occur and chemical cross-linking predominated. In 

alkaline environment, two types of cross-linking occurred, namely covalent and non-

covalent. 

Shao et al.192 reported the synthesis of self-healing nanocomposite hydrogels 

formed from the Diels-Alder click reaction between CNC modified with furan groups 

and maleimide-functionalized PEG (Figure 16).  

 

The lower the degree of substitution of the CNC functionalized with the furan group 

and the ratio between the furan and maleimide groups, the higher the degree of 

swelling at equilibrium (Qe). The inverse tendency was observed for the mechanical 

Source: Adapted from ref.192 

Figure 16 - Synthesis route to self-healing CNC-PEG Nanocomposite Hydrogels. (i) CNC were 
modified with furfural by applying a well-known acetalization reaction in the presence of a solid acid 

catalyst. (ii) Reversible Diels-Alder reaction between individual furyl and maleimide groups. 
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properties. The increased occurrence of furan groups on the CNC surface increased 

the cross-link density, limiting the expansion of the polymer chains during the swelling 

process and increasing the resistance to fracture of the hydrogel. The authors reported 

a degree of swelling of up to 50 g.g-1, and tensile and compression strength of 160 kPa 

and 300 kPa, respectively. Due to the reversible nature of the covalent bond formed 

by the Diels-Alder reaction, the nanocomposite hydrogels exhibited a stable and cyclic 

stress-strain behavior, characterized by the formation of coincident hysteresis loops. 

Lin and Dufresne193 synthesized hydrogels via host-guest interaction between CNC 

functionalized with β-cyclodextrin and pluronic for controlled release of doxorubicin. 

The results demonstrated that the presence of CNC extended drug release due to the 

synergy between tortuosity and the formation of a percolation network that hinder the 

diffusion of the drug through the hydrogel. Thus, CNC extended the doxorubicin 

release effect over 96 h. 

Polyvinyl-based hydrogels are formed with one or more vinyl monomers. Polyvinyl-

based hydrogels have been widely used for preparation of agricultural hydrogel 

products.194 The chemical structures of some commonly used vinyl monomers are 

shown in Figure 17.  

 

 

Yang et al.195 reported the production of nanocomposite hydrogels based on silane-

modified CNC and poly(acrylic acid) (PAA) by in situ free radical polymerization into a 

aqueous medium. The flexibility of the PAA chains was attributed to favorable 

interactions between CNC-polymer matrix, which leads to formation of CNC/PAA 

clusters through physical interactions to form a macroscopic percolated network 

Source: The Author. 

Figure 17 - Examples of commonly used monomers containing vinyl group(s): acrylic acid (a), 
methacrylic acid (b), acrylamide (c), methacrylamide (d), N-Isopropylacrylamide (e), N,N’-

Dimethylacrylamide (f), and glycidil methaacrylate (g). 
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aqueous solution. The authors concluded that the excellent mechanical properties 

were caused by percolating gelation process. In other work, Yang et al.196 showed that 

the aspect ratio of CNC has a close relation on PAA nanocomposite hydrogel 

mechanical properties. Thus, a high aspect ratio provides high reinforcement effect, 

whereas a low aspect ratio provides low reinforcement effect. 

In the study of Kelly et al.197, photonic hydrogels with chiral nematic structures, 

containing CNC and acrylamide, were synthesized via photo-polymerization. The 

hydrogels show changes in iridescence in response to external stimuli such as solvent, 

pH, or temperature. These hydrogels can be used as photonic sensors and 

optoelectronic material design. Zhou et al.198 created nanocomposite hydrogels based 

on partially hydrolyzed polyacrylamide and CNC by a simple thermal treatment. The 

hydrogel showed higher swelling capacity and absorption of methylene blue dye. Yang, 

Xu and Han reported the production of nanocomposite hydrogel of NFC and 

acrylamide by photo-polymerization followed of immersion in aqueous solutions of the 

cations (Ca2+, Zn2+, Al3+, and Ce3+, 0.1 mol/L) to form a double cross-linking (covalent 

followed by ionic) gels. The results show that the hydrogel strength increases with 

increasing charge number of the added cations. 

Aouada et al.199 have investigated a novel CNC/MC/polyacrylamide (PAM) 

nanocomposite hydrogel with excellent mechanical properties. MC/PAM 

nanocomposite was fabricated by free-radical polymerization and then immersed in a 

CNC aqueous solution at pH ≈7.1 (0.55 wt%) for 72 h. Results revealed that the as-

prepared MC/PAM hydrogel displayed a compressive stress of 2.1 kPa, whereas 

compressive stress of CNC/MC/PAM hydrogel was 4.4 kPa. Besides, the thermal and 

hydrophilic properties of the nanocomposite were not changed by incorporation of 

CNC. Zhou et al.200 fabricated nanocomposite hydrogels based on CMC-g-poly(acrylic 

acid-co-acrylamide) and carboxylate NFC. The resulting hydrogel showed 

superabsorbent properties and excellent salt and temperature resistance properties. 

Larsson et al.201 incorporated CNC into thermoresponsive cryogels. The acrylate-

functional CNC and unmodified CNC were cross-linked with poly(N-

isopropylacrylamide) (PNIPAM) particles by cryo-polymerization. The PNIPAM chains 

had a stronger interaction with CNC modified compared to the unmodified CNC 

polymer, which induced a lower percolation threshold of CNC modified in a PNIPAM 

aqueous solution. Syverud et al.202 synthesized cryo-structured gels via cryogelation 

of NFC at -12 °C in the presence of allylamine, N-isopropylacrylamide, and N,N’-
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methylenebisacrylamide (MBA). Wei et al.203 proposed a thermoresponsive gel system 

based on TEMPO-oxidized NFC physically bound with PNIPAM. The cryo-structured 

nanocomposite showed increasing swelling and good mechanical properties as 

compared with the pure PNIPAM. 

Yang et al.204 prepared a poly(N,N’-Dimethylacrylamide) (PDMA) hydrogel by using 

silane-modified CNC as chemical cross‐linker. The hidrogel networks system exhibits 

high stretchability and toughness. Wang et al.205 have developed a simple approach 

for generating hydrogels with mechanical gradients via direct filament writing. The 

viscoelastic CNF/poly[(ethyleneglycol methyl ether methacrylate)-co-N,N-

dimethylacrylamide]-based inks can be printed into 3D structures with programmable 

reinforcement along prescribed directions that exhibit tailored responses to the applied 

mechanical load. These features can be explored to construct soft actuators that 

transform their shape upon external stimuli. 

 

2.7 Applications 

As previously mentioned, nanocomposite hydrogels containing nanocellulose can 

be produced by different methods with the following improved properties: high 

mechanical strength, thermal stability, electrical conductivity, high dye absorption 

capacity, controlled release, biocompatibility and biodegradability. Thus, these 

hydrogels can be exploited in a range of applications, as will be discussed below.  

 

2.7.1 Biomedicine 

Hydrogels have been used extensively in many clinical applications, including skin, 

cartilage and bone regeneration, as wound dressings and for drug carrier systems. In 

particular, nanocomposite hydrogels containing nanocellulose can have great 

importance for the current medicine due to the mechanical properties, biocompatibility 

and biodegradability of nanocellulose. Particularly for wound healing materials, some 

other requirements are addressed by nanocellulose-containing nanocomposites which 

are also important for providing suitable environment to accelerate the healing process, 

such as high water holding capacity and moderate moisture permeability preventing 

fluid accumulation in exudating wounds206 while keeping a moist environment around 

the wound, oxygen permeability to provide good cellular proliferation and to prevent 

growth of anaerobic bacteria,207 and also high degree of adherence to several kinds of 

tissues.208 
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Ruiz-Palomero et al.209 prepared a laccase fluorescent biosensor formed by the 

non-covalent interaction between CNF and quantum dots of graphene. The hydrogel 

was used as a support for the immobilization and monitoring of laccase with good 

sensitivity and specificity. The authors concluded that the hydrogel can be used as a 

low cost and environmentally friendly biosensor to detect, stabilize, store and recycle 

enzymes.  

Gonzalez et al.176 showed that PVA hydrogels containing 3% CNC have high tensile 

strength, elastic modulus and transparency, as well as good barrier properties against 

the penetration of different microorganisms. Gelatin microspheres containing bFGF 

were fabricated and incorporated into a porous scaffold of collagen and CNC.156 The 

cytotoxicity assay indicated that the hydrogel was non-toxic to human fibroblast cells 

and showed good antibacterial activity. In addition, the tests indicated that the curative 

nanocomposite significantly increased the number of newly formed and mature blood 

vessels in acute wounds of Sprague-Dawley rats. Wu et al.210 prepared BNC hydrogels 

containing silver nanoparticles by immersing BNC in a silver ammonium solution. In 

vivo results in rats indicated that the dressing decreased inflammation and promoted 

wound healing.  

Recently, Mertaniemi et al.211 reported the construction of mechanically robust 

threads from GA cross-linked CNF extruded hydrogel for the delivery of human adipose 

mesenchymal stem cells (hASC) in injured areas. The mechanical strength of the 

threads was preserved in different tissues (muscle, fat and skin) even after exposing 

the threads to moist cell culture conditions for more than one week. In addition, the 

threads showed good adherence, rate of proliferation and permanence of hASC in an 

ex vivo suture assay. These results open possibilities for a new generation of 

functionalized nanobiomaterials to accelerate the healing of wounds. However, the gap 

in understanding how these nanoparticles behave in vivo should be mitigated in order 

for those materials to be safely applied. In this sense, there is a need to develop a 

robust methodology to standardize information that can meet regulatory concerns. 

2.7.2 Food 

BNC gel is a multifunctional food ingredient to control the properties of food or 

beverage as a thickener and stabilizer.212 It is “generally recognized as safe” (GRAS) 

since 1992 by the USA Food and Drug Administration (FDA).213 Since cellulose is 

indigestible by human enzymes, BNC is categorized into dietary fiber, which has a 

variety of health benefits, including the promotion of the feeling of satiety, as well as 
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slowing the rate of small carbohydrates uptake and reducing reabsorption of bile salts, 

thus helping to control plasma glucose and cholesterol levels and to reduce the risk of 

a series of chronic diseases such as diabetes and cardiovascular diseases212.  

Shi et al.212 have mentioned some advantages of BNC when compared to other 

dietary fibers. One of them is the variety of shapes that may be produced, such as 

films, filaments, spheres etc. Another advantage is the possibility of obtaining products 

with different flavors and colors by using different culture media such as fruit syrups. 

One of the most common products from BNC (which is a natural hydrogel itself) is a 

dessert hydrogel called nata, originating from the Philippines. There are different kinds 

of nata, including nata de coco (the most common, with coconut flavor) and nata de 

pina (with pineapple flavor), the culture medium defining their flavor.211 

Hydrogels have been also exploited for a variety of other food applications. One of 

them involves the delivery of nutrients or bioactive compounds. Such systems may 

protect the bioactive compounds during processing and storage while controlling their 

release into the gastrointestinal tract, which is an adapted pharmacological 

approach.214 Those systems are especially useful when the nutrients or bioactive 

compounds are sensitive to processing or storage conditions or to the gastric pH, and 

when they have undesirable flavors. ‘Smart’ food and food packaging systems have 

been developed from hydrogels due to their chemical properties of their functional 

groups. Such systems may be able to respond to specific external stimuli such as pH, 

temperature, and concentration of a compound, which act as triggers for controlling 

their degree of swelling and consequent release rates of active compounds loaded in 

them.215 

Another application of hydrogels in food is texture modification, which is a very 

useful strategy for healthier replacement of some food components. Gelatin/pectin 

hydrogel microspheres have been studied to mimic the texture produced by swollen 

starch granules, which also presented rheological properties similar to those of starch 

pastes.216 BNC gels also have been studied as texture modifier212 for the production of 

low-calorie food products. Since the product retains its original structure and has good 

mechanical properties, BNC has been regarded as an acceptable fat-replacement in 

this category of food.217 

Several food packaging applications have also been studied for hydrogels to extend 

food stability and protect food during transportation and storage.218 Hydrogel films have 

been particularly studied as packaging materials for respiring agricultural products 
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such as fresh fruits and vegetables.219 Because of the high-water affinity and water 

holding capacity of hydrogels, their water content promotes a high free volume, which 

increases their permeability. Their high water vapour permeability (WVP) makes the 

water produced by respiration to permeate through the film, preventing its 

condensation on the product surface, which might promote microbial growth and 

spoilage.220 Moreover, their moderate permeability to gases allows a reduced 

respiration rate of the product (extending its shelf life), but not to the point of creating 

conditions for anaerobic spoilage. On the other hand, swelling resulting from the high 

water absorbing capacity of hydrogels may compromise the mechanical properties of 

the material, eventually leading to its disintegration and dissolution.215 To overcome 

this issue, films are generally subjected to physical, chemical, enzymatic or mixed 

treatments with hydrophobic additives and/or nanofillers.219 Obviously, any additive to 

be included in films intended for food packaging must be safe, since migration onto the 

food might occur.  

Nanocellulose can be used to modify the mechanical, barrier, swelling, hydrogel and 

slow release properties of bioactive compounds. For example, Tummala et al.221 

reported the synthesis of a hyperelastic hydrogel consisting of PVA and CNC oxidized 

via TEMPO containing 93% water and with 383% rupture deformation. Azzam et al.222 

developed layer-by-layer films obtained from CNF and poly (allylamine) hydrochloride 

with swelling, porosity and optical properties sensitive to changes in the ionic strength 

of the medium. Huq et al.223 observed an increase in tensile strength and water vapour 

permeability as well as a decrease in the degree of swelling of hydrogels films 

consisting of CNC-reinforced alginate. Sirvio et al.224 prepared CNF-reinforced alginate 

films with good tensile strength and low water vapour permeability when compared to 

the neat alginate film. Chaichi et al.225 reported the production of CNC/pectin edible 

films with mechanical properties and water vapour permeability better than the pectin-

only film. However, the knowledge of the type and effect of the interactions between 

nanoparticles and food is still insufficient.226 Thus, part of the studies about the 

properties of nanocellulose should be directed to questions of this nature, seeking to 

avoid future problems with the regulation of these materials as food packaging. Despite 

this gap, in comparison with other nanocarbons, nanocellulose remains a good 

candidate for the development of resistant, biodegradable and renewable food 

packaging. 
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2.7.3 Agriculture 

Irrigation problems increase the incidence of disease and can lead to death of 

seedlings. Thus, the development of systems with the capacity to retain and gradually 

release water can be used in agriculture to improve the management of resources and 

the quality of the food produced.227 In particular, hydrogels can be used to increase 

water retention capacity, change plant quality and growth rate, and also as a controlled 

release vehicle for agrochemicals.228 For example, Elbarbary et al.229 showed that 

polyacrylamide/sodium alginate superabsorbent hydrogels, capable of absorbing 

about 200 times their mass, increased corn grain yield by 50% in sandy soil. Santo et 

Silva230 analyzed the survival and growth of Jatropha curcas L. when using commercial 

hydrogel (Terracottem®) and observed a positive effect on biomass and leaf area 

production. The authors indicate that hydrogel application can reduce water volume by 

50% without affecting the plant growth.  

Recently, Bortolin et al.231 developed superabsorbent nanocomposites using 

hydrolyzed polyacrylamide and methylcellulose reinforced with montmorillonite for the 

loading and slow release of agricultural nutrients. The hydrogel showed a capacity to 

retain about 2,000 times its mass and simultaneous slow release of urea 

(macronutrient) and sodium octaborate (micronutrient). 

Irrigation and the application of herbicides, insecticides, fungicides, fertilizers, 

pheromones and growth regulators only in affected areas of the crop are of great 

importance for precision agriculture. Moreover, the loss of agrochemicals or other 

active ingredients by leaching affects their availability for plants, resulting in the need 

of applying new dosages.228 Hence, when compared to the dose-release system, 

controlled release of pesticides minimizes the exposure during the handling of toxic 

substances and the operational costs due to the use of a single dosage over a long 

period of time. Nevertheless, the fast release of inputs (burst effect) may damage the 

plant or result in an undesirable release gradient for plant growth. Furthermore, some 

materials used for the production of hydrogels are non-degradable, soil toxic and can 

dramatically alter the soil pH.232 In this context, nanocellulose can promote high water 

absorption capacity, biodegradability and slow release of inputs due to the "obstruction 

effect" and imprisonment of the input in the percolation network or “locking effect”.193 

At the same time, the high cost of nanocellulose is still an obstacle to applications in 

agriculture. Despite that, the recent literature has achieved encouraging results related 

to the production of fully biodegradable, biocompatible, and highly swellable hydrogels. 
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For example, Zhang et al.233 have shown that hydrogels obtained from the dissolution 

of CNF and cross-linked with epichlorohydrin can regulate seed growth (Figure 18). 

 

 

Araki and Yamanaka151 prepared carboxymethylcellulose and CNC hydrogels with 

an absorption capacity of about 150 times their dry weight. Zhou et al.200 showed that 

carboxymethylcellulose hydrogels grafted with poly (acrylate-co-acrylamide) 

containing CNF oxidized via TEMPO have a degree of swelling higher than the 

nanocellulose-free hydrogel. Zhou et al.198 reported the production of partially 

hydrolyzed polyacrylamide/CNC nanocomposite capable of absorbing about 600 times 

their mass in water and adsorbing more than 90% methylene blue. In addition to the 

function of soil conditioner, these hydrogels can be used to treat effluents containing 

toxic metals and other agricultural wastes. Thus, with the advance of the large-scale 

production of nanocellulose, its price is expected to decrease, and this material can 

incorporate low cost as one of its exceptional characteristics.   

Source: Adapted from ref.232 

Figure 18 - Mechanism of seed germination and seedling growth. 
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3 Synthesis and characterization of multi-membrane hydrogels reinforced with 

different nanocelluloses for controlled fertilizer system 

3.1 Introduction 

Fertilizers are an essential factor in agricultural production.234 However, overuse of 

these materials causes serious environmental pollution as well as several human and 

animal diseases.235 Most of the conventional fertilizers are water-soluble salts and may 

be lost by leaching and run-off, which leads to high dosage requirements and increase 

in the costs. Another limiting factor is water deficiency. Considering these issues, 

efforts for finding a slow-release formulation with high effectiveness is one of the 

modern science challenge.236 

One method that has been considered as a solution for these problems involves the 

use of hydrogels which provide water and fertilizer in a slower mode compare to the 

traditional process. Hydrogels are polymers that can absorb a large amount of water 

and chemical species solutions due to the presence of hydrophilic functional groups in 

their three-dimensional network structure.237 Hydrogels may play an important role in 

the reduction of irrigation of water and in the frequency of fertilization, thereby 

minimizing costs and reducing environmental pollution.228 Therefore, development of 

new hydrogels approaches to control the release of fertilizers has attracted 

tremendous attention in the last two decades.238 Special attention has been paid to the 

natural polymers. Hydrogels of natural polymers, especially, gelatin, sodium alginate, 

and cellulose, are in general non-toxic, biocompatible, and biodegradable.  

Gelatin is a mixture of protein obtained by hydrolysis of collagen extracted from the 

skin and bones of animals. Gelatin has been used to produce hydrogels owing to its 

advantages such as non-toxicity, high water absorption, biodegradability, and 

biocompatibility and great capacity for modification at the level of amino acids.239 These 

features make gelatin an excellent candidate for drug delivery vehicles. Recently, 

chemical gelatin hydrogel was developed by Michael-type reaction of gelatin with 

MBA.240 This hydrogel is obtained under mild conditions, thus avoiding high 

temperatures, organic solvents and the use of complex compounds which can release 

potentially toxic residues. However, the low mechanical strength and the burst effect 

in controlled release limit their use in agriculture. To enhance the mechanical 

properties and increase the sustained release characteristics, other natural polymers 

as nanocellulose and sodium alginate can be used.  
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In the past few years, nanocellulose has attracted enormous research interests due 

to its unique structure, high surface area and versatility in terms of chemical 

modification, mechanical, optical and rheological properties desired for many 

applications.57,173,174 Nanocellulose is a water-dispersible derivative of cellulose 

extracted via acid hydrolysis or mechanical treatment. From the acid hydrolysis, it is 

possible to extract highly crystalline and rigid structures, denominated CNC. From the 

mechanical treatment, it is possible to extract MFC filaments made of crystalline and 

amorphous cellulose domains. In one other hand, the presence of different oxygen 

functional groups on the surface of nanocellulose makes it a unique and easily 

accessible substrate for efficient loading of molecules.241 Since 2011, after one of the 

earliest reports by Jackson et al.242 showing the use of CNC as an efficient nanocarrier 

for drug delivery, enormous number of studies have been carried out to explore and 

apply nanocellulose carriers for widespread biomedical applications.243,244 The exciting 

achievements obtained on biomedical applications of nanocellulose make these 

materials very attractive for the development of a novel class of slow-release fertilizers. 

Currently used fertilizers generally have an initial large release, which may cause 

considerable loss in fertilizer efficiency and an increase in the cost of the crop 

production. Alginate, an ionic polysaccharide derived from brown seaweed, is linearly 

arranged by homopolymeric blocks of (1–4)-linked β-D-mannuronate (M) and its C-5 

epimer α-L-guluronate (G) residues. By the addition of divalent cations such as calcium 

and barium, alginate can form ionically cross-linked hydrogels. Lin et al.141 have 

recently developed double-membrane hydrogels with an alginate/CNC for slow drug 

release. The introduction of an additional barrier to the drug release process may be a 

possibility to control the release by reducing the burst effect. This leads to a gain in 

drug efficiency and lifetime. 

In this work, we present a new concept to address these limitations and demonstrate 

the use of nanocellulose as a reinforcement agent in new hydrogels. Herein we 

describe, the synthesis of gelatin hydrogels reinforced with CNC or MFC with high 

mechanical strength. Here, we also present a system of double-membrane alginate 

that is used to control the release and to reduce the burst effect. The goal of this study 

is to explore the performance of these hydrogels as new carriers for large capacity 

loading of plant fertilizer and their application for advanced fertilizers with a sustained 

and slow release.  
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3.2 Experimental methodology 

3.2.1 Materials 

The following materials were used: cotton linter fiber supplied by Embrapa Algodão; 

microfibrillated cellulose pulp from eucalyptus supplied by Suzano®; gelatin from 

bovine skin supplied by Gelita®; CaCl2 (Dinâmica®), H2SO4 (Dinâmica®), MBA 

(Sigma-Aldricht®), sodium alginate (Sigma-Aldricht®), sodium chlorite (Sigma-

Aldricht®), triethylamine (Sigma-Aldricht®), glacial acetic acid (Synth®), HCl (Synth®), 

and NaOH (Vetec®). 

 

3.2.2 Biomass treatment 

Alkali treatment: Alkali pretreatment was performed with 2 wt% aqueous NaOH 

solution (50 g of raw cotton linter fibers for 2 L of solution) for 2 h at 80 °C. After this, 

the suspension was filtered and washed with distilled water until neutral pH.  

Bleaching: Bleaching process was carried out by adding equal parts of acetate buffer 

(27 g NaOH and 75 mL glacial acetic acid per 1 L of solution) and 1.7 wt% aqueous 

sodium chlorite (30 g of alkali treated fibers for 1 L of solution) for 2 h at 80 °C. After 

this, the suspension was filtered and washed with distilled water until neutral pH.  

 

3.2.3 Preparation of CNC 

Acid hydrolysis was performed at 45 °C with 60 wt% aqueous concentrated H2SO4, 

for 60 min under mechanical stirring (10 g fibers for 200 mL solution). After this, the 

suspension was diluted 10-fold with cold deionized water to stop the reaction and 

washed until neutrality by three successive centrifugations at 10,000 rpm for 10 min 

and dialyzed against distilled water for 5 days. At the end, the resulting dialyzed 

suspension was ultrasonicated for 10 min in an ultrasonic output power of 300 W 

(Unique/Disruptor DES500) and stored in a refrigerator. 

 

3.2.4 Synthesis of gelatin/nanocellulose hydrogels 

Gelatin/CNC nanocomposite hydrogels were prepared by Michael-type reaction in 

an aqueous suspension of CNC. In a typical experiment, 10.0 g of gelatin was 

dissolved at 60 °C for 2 h under magnetic stirring in 0.5 wt% CNC aqueous suspension 

(100 mL). Thereafter, 0.1 mL of triethylamine was then added under stirring. Then, 0.5 

g of MBA was added after 30 min. To eliminate the air bubbles, a vacuum was applied 

to the homogeneous solutions for 15 min. The gelatin/CNC mixture was poured into 
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plastic Petri dishes and cooled at 6-10ºC for 12 h. Afterward, the resulting hydrogel, 

designated as GCNC5wt%, was taken out from the mold and cut with a round die punch 

(13 mm). In this work, nanocomposite hydrogels were named as GCNCx and GMFCx, 

where x denotes wt% respect to dry gelatin mass. The obtained hydrogels were 

prepared with 0.5, 1.0, and 1.5% of CNC or MFC. 

 

3.2.5 Synthesis of double-membrane hydrogels from gelatin and alginate 

reinforced with nanocellulose 

The double-membrane hydrogel was prepared by hydrogel core immersion in the 

0.2 mol L-1 aqueous CaCl2 solution during 24 h, then washed in deionized water, 

followed by immersion in the alginate solution (1.5 wt%) for various durations (30, 60, 

90, 180 min and 24 h) and a final wash in deionized water. Concentrations used were 

5% CNC and 1% MFC. The preparation routine of double-membrane hydrogels is 

shown in Figure 19. 

 

 

3.2.6 Chemical composition 

The characterization of the fibers was based on TAPPI T412 om-93 (TAPPI, 1993b) 

and TAPPI T421 om-02 (TAPPI, 2002b) for determination of the lignin, and alpha-

cellulose, respectively. The contents of holocellulose and hemicellulose were 

determined by the procedure described by Yokoyama et al. (2002). 

 

3.2.7 Scanning Electron Microscopy and Atomic Force Microscopy 

Scanning Electron Microscopy (SEM) images were obtained on a TESCAN Vega III 

scanning electron microscopy with an accelerating voltage of 15 kV. The cotton linter 

Source: The Author.  

Figure 19 - Schematic representation of the dipping procedure to obtain double-membrane 
hydrogels. 
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fibers were fixed onto aluminum stubs using carbon tape and then coated with a gold 

layer. The hydrogels were longitudinally cut, followed by frozen in liquid nitrogen. 

Afterward, the hydrogels were lyophilized and coated with a gold layer. All the prepared 

samples were kept in a desiccator until the time of analysis. 

Atomic Force Microscopy (AFM) images were obtained on a Nanoscope IIIa 

microscope from Veeco Instruments. Drops of a 0.001 wt% CNC suspensions were 

loaded on a mica substrate and imaged in tapping mode using silica coated cantilever. 

The nanocrystal dimensions were estimated from 50 measurements analyzed using 

Gwyddion software. 

 

3.2.8 Fourier-transform infrared spectroscopy (FTIR) 

Infrared spectra were recorded on an FTIR Perkin-Elmer Spectrum 1000. Samples 

were analyzed using a spectral width ranging from 600 to 4000 cm-1 with a 4 cm-1 

resolution and an accumulation of 32 scans. All analyses were carried out in the ATR 

mode. 

 

3.2.9 Zeta potential 

The particle size distribution and zeta potentials (ζ) for the CNC suspensions at 0.1 

wt% (pH = 7) were measured on a Zetasizer Nano ZS. The measurements were 

conducted in triplicate for each sample, and each sample was scanned 5 times and 

results were averaged for each measurement. 

 

3.2.10 X-ray diffraction 

The analysis by X-ray powder diffraction was carried out in a Panalytical 

diffractometer, model Xpert Pro MPD with a Co tube, operating at 40 kV and 40 mA. A 

crystallinity index (χ) was calculated after peak deconvolution of the diffraction profiles 

(Park et al., 2010). The peak fitting was carried out using pseudo-Voigt functions. χ 

was calculated using equation 1: 

 

𝑪𝑰 = 𝟏𝟎𝟎 × (
𝑨𝒄

𝑨𝑪 + 𝑨𝒂
)                                                        (1) 

 

where Ac and Aa are the areas under the crystalline peaks and the amorphous halo, 

respectively, determined by deconvolution between 2θ = 10 and 30°. 
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3.2.11 Thermogravimetric analysis  

Analyses were carried out on a PerkinElmer STA 6000 simultaneous thermal 

analyzer. Data were collected after placing about 10 mg of a vacuum-dried sample in 

a clean platinum pan and heating from ambient temperature to 700 °C under nitrogen 

atmosphere (heating rate of 20 °C/min and flow rate of 40 mL/min).  

 

3.2.12 Differential scanning calorimetry 

Analyses were carried out on a TA Instruments Q20 differential scanning calorimeter 

analyzer. Data were collected after placing about 4 mg of a vacuum-dried sample in a 

closed aluminum pan with a pinhole lid and heating from −40 °C to 250 °C under 

nitrogen atmosphere (heating rate of 5 °C/min and flow rate of 50 mL/min). 

 

3.2.13 Swelling behavior 

Dry hydrogels were weighed (Wdry) and then immersed in deionized water at room 

temperature (~25°C) during different contact times. The weights of the swollen 

hydrogels (Wwet) were measured at targeted intervals. Three replicates were 

performed for each composition, and the average value was reported. The swelling 

ratio (Q) was calculated using the following equation 2: 

 

𝑸 =
𝑾𝒘𝒆𝒕−𝑾𝒅𝒓𝒚

𝑾𝒅𝒓𝒚
                                                        (2) 

 

3.2.14 Water retention studies 

To evaluate the accurate water loss of the hydrogels, measurements of the kinetics 

of water evaporation of the swollen gel (Wwet) were made. For this, dry hydrogels (1.0 

g) were weighed and then immersed in deionized water until equilibrium state. The 

weights of the hydrogel in a dehydrated or deswollen state (Wwater loss) were measured 

under ambient pressure at room temperature (~25°C). The values of water retention 

were obtained by following equation 3: 

 

𝒘𝒂𝒕𝒆𝒓 𝒓𝒆𝒕𝒆𝒏𝒕𝒊𝒐𝒏 =
𝑾𝒘𝒆𝒕−𝑾𝒘𝒂𝒕𝒆𝒓 𝒍𝒐𝒔𝒔

𝑾𝒘𝒆𝒕
                                                        (3) 
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3.2.15 Controlled release of potassium, phosphate and ammonia 

The fertilizer NPK 10‐10‐10 (NH4NO3, P2O5, and K2O) was dissolved in deionized 

water, resulting in solution of 10 g/L. Dried hydrogels were swollen in 100 mL of NPK 

aqueous solution (10 g/L) until equilibrium state. Dried hydrogels containing adsorbed 

nutrients were introduced into 150-mL Erlenmeyer flasks containing 40.0 mL of water 

for 24 h. The quantity of released fertilizer was obtained by solution conductivity 

measurements using calibration curves. The linear calibration curve was plotted for 

conductivity versus concentrations of 1, 2, 5, 7 and10 g/l NPK solutions. The 

conductivities were measured with a Hanna HI 2550 apparatus. Since conductivity 

varies linearly with concentration in the range used, it is possible to determine the 

amount of fertilizer released based on the conductivity using a calibration curve as 

shown in Figure 20. 

 

 

The nutrient fraction released from gel was calculated according to equation 4: 

 

𝑭𝒓𝒂𝒄𝒕𝒊𝒐𝒏 𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅 =
𝒂𝒎𝒐𝒖𝒏𝒕 𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅

𝒂𝒎𝒐𝒖𝒏𝒕 𝒂𝒅𝒔𝒐𝒓𝒃𝒆𝒅
                                                        (4) 

 

3.2.16 Compression test 

The stress-strain curves of hydrogels were examined by using a universal testing 

machine EMIC DL 10000 at a constant strain rate of 1 mm.min-1 and a load cell of 100 
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Figure 20 - Calibration curve correlating conductivity (µS) of fertilizer solution. 
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N. The compressive strength at a compressive strain of 30% was calculated. At least 

three specimens of each sample at the as-prepared state in distilled water were tested, 

and the average values were reported.   
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3.3 Results 

3.3.1 Extraction of CNC from cotton linter 

The physical aspects of the untreated (LRAW), alkali treated (LNaOH), and bleached 

(LBleached) cotton linter fibers are showed in Figure 21. Visually, the change in color in 

bleached cotton linter (to white) suggest the removal of most of the initial non-cellulosic 

components. The extraction yield and chemical composition of the fibers from linter are 

reported in Table 3. There are gradual reductions in the dry weight of the sample during 

the treatments due to the removal of impurities.  

 

 
Table 3 - Extraction yield and chemical composition of LRAW, LNaOH, and LBleached. 

Sample Klason lignin % Hemicellulose % α-cellulose % Yield (%) 

LRaw 4.5±1.2 4.9±0.5 80.6±0.2 --- 

LNaOH 3.2±0.3 6.2±0.6 87.6±0.6 85.4±0.3 

LBleached 0.2±0.1 1.1±0.1 97.7±1.0 93.8±0.3 

Source: The Author. 

 

The LRAW consist of 80.6% cellulose, 4.9% hemicellulose, and 4.5% lignin. For the 

LNaOH, the percentage of α-cellulose and hemicellulose were increased by up to 7.0% 

and 1.3%, respectively, while the lignin was reduced by 1.3%. For LBleached, the contents 

of α-cellulose were increased by up to 10.1% while the hemicellulose and lignin were 

reduced by 5.1% and 3.0%, respectively. The percentage contents of lignin and 

hemicellulose were substantially reduced after chemical treatment. The removal of 

lignin is a major obstacle for nanocellulose production from non-wood fiber sources.245 

Lignin act as an impermeable layer for fiber surface, thus, the chemical treatments are 

performed to remove this layer in order to increase the accessibility of cellulose 

towards acid attack.56  

Figure 21 - Photograph of LRAW (left), LNaOH (middle), and LBleached (right). 

Source: The Author. 
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The SEM images in Figure 22 show the morphological differences between the 

untreated and treated cotton linter fibers. Figure 22a indicates the LRAW fiber surface is 

composed of impurities and other encrusting substances including cellulose, 

hemicellulose, and lignin. The alkali treatments show no significant differences with the 

observed in LRAW fiber surface (Figure 22b). However, the bleached treatment led to 

obvious differences in the morphology (Figure 22c,d). The bleaching process helped 

to remove most impurities around the fibers, leading to further splitting the fibers into 

smaller sizes. 

 

 

The CNC yield based on the initial α-cellulose content was 53.2 wt% and calculated 

with respect to the initial amount of cotton linter was 42.9 wt%. The CNC (Figure 23) 

presented average diameter of 3.8 ± 0.9 nm and length of 133 nm ± 34.2 nm, resulting 

in an aspect ratio (L/D) of about 35. Morais et al.246 have successfully produced CNC 

from untreated cotton linter via chemical route. The mean values of the diameter and 

Figure 22 - SEM images of LRAW (a), LNaOH (b), and LBleached (c-d). 

Source: The Author. 



71 
 

length of the isolated CNC were 12 nm and 177 nm, respectively, giving an aspect 

ratio (L/D) of 19. Similar dimensions have been reported by Li et al.247 The shift in the 

aspect ration (L/D) can be attributed to the difference in the isolation method. In this 

work, the cotton linter was successfully transformed into CNC via chemical route with 

the aid of conventional pulping treatment. The CNC obtained exhibit the typical 

characteristic cluster of rod-like particles. The ζ, which represents the degree of 

dispersion of particles, was measured as −38.8 ± 2.0 mV. The anionic sulfate ester 

groups on the CNC surface promote electrostatically stabilize colloidal CNC 

dispersions in water by repulsive forces.248  

 

 

Figure 24 shows the Tyndall effect of CNC in aqueous suspensions (0.1 wt%). CNC 

are smaller enough to interact with visible photons. When a laser beam of light is shown 

through a colloid, the light will scatter and the beam will be visible in the mixture.249 

The formation of birefringent domains induced by shear alignment of CNC in aqueous 

suspensions (0.2 wt%) under agitation is also showed in Figure 24. This effect is a 

result of the interaction of light with the surface of the nanoparticles and optical 

anisotropy of rod-like CNC.250 The air-dried CNC also showed iridescent appearance 

(Figure 24). This iridescence is associated with the interference between light and 

chiral structure from CNC.251  

 

Source: The Author. 

Figure 23 - AFM images for cellulose nanocrystals from cotton linter fiber. 
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Figure 25 shows the FTIR spectra of untreated, treated and CNC from cotton linter 

fibers. Table 4 is a list of possible compounds that may be responsible for the typical 

functional groups shown by the FTIR spectra.  

 

 

 

 

Figure 24 - CNC in aqueous suspension under the laser beam (left), birefringent domains induced by 
shear alignments viewed between crossed polarizes (middle), and iridescent dried CNC film (right). 

Source: The Author. 

Source: The Author. 

Figure 25 - FTIR spectra of cotton linter materials: LRAW (a); LNaOH (b), LBleached (c); and CNC (d). 
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Table 4 - Position and assignment of IR bands measured by FTIR.78,246 

Band position Assignment 

LRAW LNaOH LBleached CNC  

3342 3338 3334 3336 –OH stretching  

2915 2913 2910 2915 Unsymmetrical stretching vibration of –CH3  

2857 2859 2859 2861 Symmetrical stretching vibration of –CH2  

1627 1629 1639 1637 
Carbonyl stretching conjugated with aromatic rings; 
Vibration of absorbed water  

1602 1594   Aromatic skeletal vibration; Conjugated C–O  

1365 1363 1365 1365 C–H deformation  

1320 1319 1319 1322 
CH2 wagging; Syringyl ring breathing with C–O stretching 
(lignin); O–H in-plane bend  

1157 1157 1157 1159 Anti-symmetric bridge C–O–C stretching  

1051 1051 1051  C-O-C pyranose ring skeletal vibration. 

900 898 898 900 β-glycosidic linkage 

Source: The Author. 

 

The bands at 3336, 2914, 2852, 1423, 1365, 1315, 1159, 1106, 1052, and 897 cm−1 

are associated with cellulose. The band at 3336 cm−1 is attributed to O-H stretching. 

The absorption at 2914 cm−1 is attributed to C-H stretching. 2852 cm−1 is due 

symmetrical stretching vibration of C–H in CH2 groups. The band at 1423 cm−1 is 

associated with CH2 symmetric bending. 1365 cm−1 is associated with C-H bending. 

1315 cm−1 is associated with CH2 bending of carbohydrates. The band at 1159 cm−1 is 

attributed to C-O anti-symmetric stretching. A band at 1106 cm−1 is related to C-OH 

skeletal vibration. A band at 1052 cm−1 is due to the C-O-C pyranose ring skeletal 

vibration. The band at 897 cm−1 corresponds to the glycosidic C1-H deformation with 

ring vibration contribution, which is a characteristic of β-glycosidic linkages between 

glucose molecules in cellulose. The absorbance intensity of the 1600 cm−1 band 

characteristic of lignin and attributed to the aromatic skeletal vibration and stretching 

of conjugated C–O, obviously decreased after bleaching, and almost completely 

disappeared in the CNC spectrum.78 

XRD analysis was conducted to examine the structure of untreated, alkali treated, 

bleached and CNC (Figure 26). All samples exhibited three main reflection peaks at 

2θ = 17.4° (110), 16.5° (1-10) and 26.5 (200) relative to the cellulose I crystalline 

structure pattern (CoKα). These XRD patterns show that the structure of cellulose is 

not modified during the chemical treatment and sulphuric acid attack. As expected, 

untreated cotton linter present a large amorphous portion due to their non-cellulosic 

amorphous materials such as waxy and other impurities. As a result of bleaching 
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treatment that removed the lignin fraction of the fibers, narrower and more intense 

crystalline peaks were observed for bleached fiber. Significant increases in relative 

intensity of the cellulose crystalline structure were also observed for CNC. The indices 

of crystallinity calculated for untreated, alkali treated, bleached fiber and CNC were 

68%, 81%, 87%, and 94%, respectively. 

 

 

Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves are shown 

in Figure 27. The starting decomposition temperature of the untreated cotton linter 

occurred at 321 °C, and the maximum degradation rate appeared at around 358 °C. 

For alkali treated and bleached cotton linter, the starting decomposition temperature 

occurred at 334 and 357 °C, and the maximum degradation rate appeared at around 

369 and 380 °C, respectively. The temperature increase was due to the removal of 

hemicellulose, lignin and other easily degradable constituents by chemical treatments. 

In CNC, the starting decomposition temperature was reduced to 260 °C and the 

maximum degradation rate was reduced to 287 °C. There are also one new weight 

Source: The Author. 

Figure 26 - X-ray diffraction patterns of: LRAW, LNaOH, LBleached, and CNC. 

2θ 
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losses with the starting decomposition temperature occurred at 333 °C and the 

maximum degradation rate appeared at around 377 °C. The high surface area and 

introduction of some sulfate groups at the nanocrystal surface seems to accelerate the 

depolymerization of cellulose with the temperature increase.2 However, the presence 

of sulfate groups on the surface of nanocrystals does not significantly influence on their 

reinforcing properties. 

 

 

3.3.2 Preparation and characterization of gelatin-nanocellulose hydrogels 

CNC from cotton linter bleached and microfibrillated cellulose (MFC) from 

eucalyptus (Suzano Pulp and Paper) were used as a source for the hydrogels 

production. The CNC suspensions (2 wt%) had a blue liquid appearance while MFC (2 

wt%) show a creamy or paste-like consistency (Figure 28). The dimensions, as well as 

aspect ratio (L/D), ζ, χ, starting decomposition temperature and maximum degradation 

rate temperature of the CNC and MFC samples, are given in Table 5. 

 

 

Source: The Author. 

Figure 27 - TG (a) and DTG (b) graphs of LRAW, LNaOH, LBleached, and CNC. 

(a) (b) 

Source: The Author. 

Figure 28 - CNC (a) and MFC (b) aqueous suspensions. 

(a) (b) 
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Table 5 - Properties of CNC and MFC. 

Properties CNC MFC 

Dimensions 
Length (nm) 133±34 1100±500 

Diameter (nm) 3.8±0.9 17±4 

Aspect ratios (L/D) 35.6±6.1 96±56 

Zeta potential (mV) -38.8±2.8 -30.0±6.2 

Crystallinity index (%) 93.9 74.7 

Starting decomposition temperature (°C)  260 308 

Maximum degradation rate temperature (°C) 287 346 

Source: The Author. 

 

In the present study, we formulated a strategy of cross-linking gelatin with MBA in 

the presence of nanocellulose. The cross-linked is obtained by a Michael-type addition 

reaction process via the nucleophilic addition of free amino group in gelatin and the 

α,β-unsaturated carbonyl groups of the MBA.240 Schematic representation of the 

cross-linking reactions between gelatin and MBA as well as the interaction between 

gelatin and nanocellulose are shown in Figure 29a. Figure 29b illustrates the absorbent 

nature of cross-linked gelatin gels (GCNC5%). In the air-dried form, the bulk hydrogel 

contracted and the surface became opaque. The transparency increase with an 

increase in water content. When nanocellulose content increase the bulk dried gel 

became white (Figure 29c). The opacity of samples content nanocellulose can be 

attributed to the establishment of interactions between gelatin and cellulose that 

suggests an effective incorporation of filler in the gelatin core. However, the turbidity of 

the swollen form did not change when nanocellulose content increase. 

 

Source: The Author.  

Figure 29 - Schematic diagram of cross-linking mechanism of hydrogel (a), photographs 
demonstrating the properties of swollen (b), and (c) GCNC20%. 
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The FTIR spectra of gelatin powder and cross-linked hydrogels with CNC and MFC 

is shown in Figure 30. The characteristic absorption band around 1632 cm−1 

corresponds to the C=O stretching vibration. The band around 1521 cm−1 corresponds 

to the N-H deformation coupled to stretching C–N vibrations. The 1404 cm−1 band was 

for C-N stretching and 1234 cm−1 for N-H bending. No obvious differences were found 

between the spectra. However, the intensity at 1525 cm−1 of cross-linked gelatin is 

slightly less intense than in the non-cross-linked gelatin (powder). This indicates the 

reduction of the number of primary amine groups due to the Michael reaction between 

the amino groups of the gelatin and α,β-unsaturated carbonyl groups of the MBA.252,253  

 

 

The surface morphology of the lyophilized gel with different nanocellulose 

concentrations was observed by SEM and shown in Figure 31. As shown, the cross-

linked network formed an exfoliated three-dimensional porous and the pores became 

smaller as nanocellulose content increased. It also was seen that the hydrogels had a 

heterogeneous pore distribution with an irregular distribution of micrometer scale 

pores. Freeze-dried pure hydrogel showed large pores with higher pore inter-

connectivity. Hydrogels reinforced with MFC (Figure 31d) presents a few microfibers 

seen inside the cavities of the pores, while hydrogels reinforced with CNC (31b) 

showed relatively flat and densely smooth pore surface. Smaller pores could be 

observed with the increase of the nanocellulose concentration, implying that hydrogels 

reinforced with nanocellulose form denser hydrogels. It is seen that the pore size and 

pore structure of the nanocomposite hydrogels could be regulated by nanocellulose 

content. Similar findings were reported by Ooi et al.166 and Aouada et al.199 The addition 

Source: The Author. 

Figure 30 - FTIR spectra of gelatin powder, neat hydrogels and with different 
nanocellulose contents. CNC (a) and MFC (b). 

(a) (b) 
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of nanocellulose increased the intermolecular interactions forming more number of 

junction points, which in turn affects the pore structure, size and its distribution. The 

porous structure provides a large accessible surface area for mass transfer which can 

be favorable for fertilizer release.  

 

 

Source: The Author. 

Figure 31 - SEM images of hydrogels with different nanocellulose concentrations. a: neat hydrogel. 
b–c: hydrogels reinforced with CNC. d–e: hydrogels reinforced with MFC. Nanocellulose 

concentrations 1% (b,d) and 20% (c, e). 
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The XRD patterns of gelatin hydrogels and gelatin hydrogels reinforced with 

nanocellulose are shown in Figure 32. The diffraction patterns of cross-linked gelatin 

exhibit a diffuse background pattern with a diffraction halos implies the amorphous 

state of the gelatin polymer. By examining the diffractogram of gelatin hydrogels 

reinforced with nanocellulose, the characteristic diffraction peaks of cellulose appeared 

at diffraction angles 2 theta of 17.4°, 16.5°, and 26.5°. These peaks indicated that the 

addition of nanocellulose had successfully increased the overall crystallinity of the 

resulting hydrogels. The increase in the overall crystallinity was expected to improve 

the mechanical properties of the hydrogel by forming a stiffer and more rigid hydrogel 

structure.199 

 

 

To study the influence of nanocellulose on the glass transition temperature (Tg) of 

the gelatin matrix, DSC measurements were performed for cross-linked gelatin and 

nanocellulose/gelatin nanocomposites. Figure 33 presents the DSC thermograms 

corresponding to the heating scans of the samples. In DSC curve of cross-linked 

gelatin, a Tg at about 133.2 ˚C is observed. After the addition of CNC and MFC, 

however, the Tg decreased to about 129.9 ˚C and 123.0 ˚C, respectively. Theoretically, 

the enhancement in the Tg of the nanocomposites is expected due to nanofillers block 

the polymer chain movement when the heat is introduced.254 On the other hand, the 

Figure 32 - XRD patterns of neat hydrogel and hydrogels reinforced with 20 wt% CNC and MFC. 

Source: The Author. 

2θ 
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lower Tg occurred because, as the percent of nanocellulose increased, more hydrogen 

bond between cellulose and matrix are formed. This may act as an internal 

plasticization which causes the shifting in Tg value to a lower temperature.255 

 

 

The thermal stability of neat gelatin and gelatin/nanocellulose nanocomposites with 

various CNC or MFC loadings was studied by TGA. The TGA curves of the samples 

demonstrating the weight loss versus temperature are presented in Figure 34. The 

starting decomposition temperature (Tonset) and maximum degradation rate 

temperature (Tmax) of neat gelatin and composites determined from the TGA curves 

are listed in Table 6. The curve of gelatin hydrogel and gelatin reinforced with 1 wt% 

of nanocellulose showed only two zones of weight loss. All of the other samples 

followed almost the same thermal degradation behavior, exhibited three main stages 

of weight loss. The first stage of weight loss is associated with the degradation or 

decomposition of low molecular weight protein fraction as well as structural bound 

water. The second and third stages of weight loss are associated with the degradation 

or decomposition of larger size or higher interacted protein fractions. In general, gelatin 

reinforced with nanocellulose showed a significant improvement of the thermal 

resistance than the neat gelatin. It could be possibly ascribed to hydrogen bonding 

forces between nanocellulose -OH groups with the polar groups of gelatin. As a 

consequence, the thermal stability of the nanocomposite hydrogel could be efficiently 

enhanced. However, when the MFC content was higher than 15 wt%, the thermal 

Source: The Author. 

Figure 33 - The second heating scans from DSC thermograms of near hydrogel and hydrogels 
reinforced with 20 wt% CNC and MFC. 
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stability decreased. This decrease in the thermal resistance may be due to the bad 

dispersion and poor interactions between gelatin and cellulose microfibrils. 

 

Table 6 - TG parameters of hydrogels without and with different nanocellulose concentrations. 

Samples 

1 st Event 2 nd Event 3 th Event 

Weght lossa 

(%) 

Tmax
b 

(°C) 

Tonset
c
 

(°C) 

Weght lossa 

(%) 

Tmax
b 

(°C) 

Tonset
c
 

(°C) 

Weght lossa 

(%) 

Tmax
b 

(°C) 

Gelatin 

hydrogels 
10.3 122.8 225.8 67.1 342.3 - - - 

CNC         

1 wt% 11.3 129.9 230.7 68.8 340.1 - - - 

5 wt% 11.3 134.7 232.4 11.5 285.1 298.1 54.2 347.7 

10 wt% 10.9 155.1 229.0 11.7 273.9 292.3 54.8 346.4 

15 wt% 10.5 155.4 232.0 10.7 274.1 296.3 55.9 355.5 

20 wt% 8.8 160.2 231.1 11.8 273.3 296.5 57.5 357.5 

MFC         

1 wt% 14.7 159.9 232.6 66.6 345.0 - - - 

5 wt% 12.7 161.8 230.5 11.3 277.0 298.1 52.8 348.6 

10 wt% 10.6 167.1 230.3 12.5 269.0 292.3 54.5 349.6 

15 wt% 10.8 186.8 231.4 11.2 264.4 296.3 55.1 355.5 

20 wt% 10.3 160.0 225.9 12.9 269.0 296.5 54.8 349.8 

a Weight loss obtained from the TG curve 
b Maximum peak temperature calculated from the DTG curve 
c Onset value obtained from the TG curve 

Source: The Author. 

 

 

One of the most important characteristics of a hydrogel is its ability to hydrate in 

water. This property depends on the pore size, morphology and hydrophilic functional 

Source: The Author. 

Figure 34 - TG and DTG graphs of hydrogel reinforced with CNC (a) and MFC (b). 

(a) (b) 
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groups attached to its polymeric backbone.256 Figure 35 shows the swelling ratio (Q) 

by the hydrogels as a function of time. The highest degree of swelling was observed 

in hydrogels without nanocellulose. The results of this investigation are closely linked 

with those of the SEM analysis. Hydrogels with large pores have strong interaction with 

water. As a consequence, the water-absorption capability of the hydrogels increase 

significantly. When the hydrogels network becomes more compact, the penetration of 

water molecules into the hydrogel becomes increasingly difficult, resulting in a low 

hydrophilicity.166 This result also can be attributed to the repulsion between ionized 

carboxyl groups in hydrogel structure, resulting in a large amount of water 

accommodated in network. After incorporation of nanocellulose, the mobility of the 

polymer chains is reduced due to the formation of hydrogen bonds between the 

nanocellulose surfaces and the gelatin. These interactions may be related to an 

increase of the cross-linking density of hydrogels and consequently, a decrease in the 

swelling ratio.257  

 

Source: The Author. 

Figure 35 - Swelling degree (Q) for gelatin hydrogels with CNC (a) and MFC (b). 

(a) 

(b) 
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CNC-containing hydrogels showed the higher swelling ratio than MFC-containing 

hydrogels. After 24 h, the swelling ratio of hydrogels without CNC was 79.0 ± 2.4 g.g-

1, while swelling of nanocellulose-reinforced hydrogels was at most 76.7 ± 2.3 g.g-1 for 

GCNC1% and 40.6 ± 1.0 g.g-1 for GMGC1%. These results indicated that the MFC-

containing hydrogels have a less swelling ratio compared to CNC-containing 

hydrogels. The reduction in swelling may be due to the formation of more 

entanglements between cellulose and polymer chains. All nanocellulose hydrogels 

obtained in this study shows higher Q than those produced from gelatin hydrogels 

cross-linked with glutaraldehyde and reinforced with CNC from rice husks,166 and 

sodium alginate and gelatin reinforced with CNC from wood.147 

In order to evaluate the humidity control of the hydrogels, the water evaporation 

kinetics in 1.0 g of hydrated samples was performed, and the weight was measured 

through time at room temperature (~25°C). Figure 36 displays the water loss in 

percentage through time for the studied samples.  

 

Figure 36 - Kinetics of evaporation of pure water and water contained in gelatin hydrogels. 

Source: The Author.  

(a) 

(b) 
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From this figure, the time for the water loss in cross-linked gelatin gels was observed 

to be 150% larger when compared to pure water, the time for pure water was 48 h and 

for gels 72 h. This means that pure water completely evaporates in about 60% time 

when compared to the cross-linked gelatin gels. It is also possible to observe that the 

time for the water loss in hydrogels reinforced with CNC (120 h) is higher than the 

hydrogels reinforced with MFC (96 h). According to the results obtained, CNC-

containing hydrogels was found to have higher retention time compared to MFC-

containing hydrogels. These results are attributed to the fact that CNC has high surface 

area and more hydrophilic character than MFC.258 In a hydrogel, water molecules 

bonded to polymer molecules have to break the hydrogen bonds to evaporate, while 

free water molecules evaporate naturally. The higher number of hydrophilic groups in 

a unit volume in hydrogels means stronger bond strength between the polymer-water 

molecules, resulting in more difficulty of water molecules evaporation or, in other 

words, better water retention capacity. 

To evaluate the use of hydrogels in chemical controlled-release systems, they were 

tested with commercial fertilizers NPK. The fertilizer release was evaluated after the 

dry sample was immersed in water, and the conductivity was measured over time. 

Figure 37 exhibit milligrams of fertilizer released per gram of hydrogel used over time. 

As can be seen in figure 37, the maximum release happens at about 24 h after the 

hydrogels come in contact with water. After this time, the fertilizer concentration in the 

solution remains practically constant, indicating the end of the release. All 

nanocellulose-containing hydrogels shows more release than neat hydrogel. The 

presence of nanocellulose enhanced the capacities of loading nutrient solutions. Due 

to the higher surface area, electrostatic interactions and high amount of binding sites 

available for adsorption on the surface of nanocellulose, high nutrient loading capacity 

may be obtained.137,259 Furthermore, the release of the nutrient from the hydrogels was 

composition dependent. A small increase in the nanocellulose proportion within the 

hydrogels showed an increase in the fertilizer release. The result can be correlated 

with the swelling study which showed that the increase in the nanocellulose proportion 

resulted in the decrease in the water absorption. Due to this reason, the concentration 

of the fertilizer in solution form (within the hydrogels) was much higher when the 

nanocellulose proportion was increased. This resulted in the higher concentration 

gradient and was responsible for the release of the nutrient in higher amounts when 

the nanocellulose proportion increased in hydrogels.  
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The 5 wt% CNC blend showed the highest fertilizer release (258 mg), followed by 

the 1 wt% MFC blend (223 mg). When the nanocellulose content increased beyond 

these values, the fertilizer release per gram of hydrogels gradually decreased. The 

lower release occurred because, as the percent of cellulose increased, more space 

within the hydrogel network was filled up by cellulose. This space resulted in the 

formation of a tortuous pathway that difficult the diffusion of the fertilizer into the 

hydrogel. Furthermore, the NPK is more soluble in distilled water than in soil water. 

Thus, in a real situation, the release in sand (soil) should be slower than in water. 

The mechanical properties are among the most important parameters used to 

evaluate nanocomposites. Thus, this study investigated the mechanical properties of 

nanocellulose-gelatin nanocomposite hydrogels with different CNC or MFC contents 

intended for agriculture application. The compression test of hydrogels having different 

content of nanocellulose are illustrated in Figure 38. The compressive modulus of 

samples are evaluated from the linear part of the stress-strain curves.  

Source: The Author. 

Figure 37 - Release of NPK fertilizer in water by gelatin hydrogels with CNC (a) and MFC (b). 

(a) 

(b) 
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These results showed that compressive modulus have been increased by the 

addition of nanocellulose. The highest compressive modulus was observed for 

hydrogel with 5 wt% of CNC, being significantly higher compared with the neat gelatin 

hydrogel (288% increase compared with neat hydrogel). The addition of 10 wt% of 

MFC has been significantly improved the compressive modulus of hydrogels (217% 

increase compared with neat hydrogel). Due to the physical interactions between the 

gelatin molecules and nanocellulose, the load from polymer chain can be transferred 

to nanocellulose and stop the growing of cracks.260 The compressive modulus from the 

CNC-containing hydrogels was greater than that from the MFC-containing hydrogels. 

These results may be related with a better dispersibility of CNC in the network which 

in turn increase the mechanical properties of the nanocomposite.261 However, the 

Source: The Author. 

Figure 38 - Compressive stress-strain curves of gelatin hydrogels. CNC-containing hydrogels (a) and 
MFC-containing hydrogels (b). 

(a) 

(b) 
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addition of higher amounts of nanocellulose (above 5 wt% for CNC-containing 

hydrogels and above 10 wt% for MFC-containing hydrogels) leaded to a decrease in 

the compressive modulus. These results may be associated with the polymer-nanofiller 

interactions. The flexibility of the gelatin chains had a stronger interaction with CNC 

compared to the MFC, which induced a lower percolation threshold of CNC in a gelatin 

aqueous solution. Furthermore, with the increasing nanocellulose content, 

agglomeration of the nanoparticles within the matrix is expected96 as well as the micro-

phase separation of the components.262 Thus, an increase in the concentration of 

nanocellulose could cause cracks which lead to a weakening of the structural 

properties. 

The resulting gels are physically stable and with remarkably enhanced their 

capacities of loading nutrient solutions. Although the neat hydrogel showed the highest 

swelling ratio, it would not be suitable for use in a delivery system because the rate of 

fertilizer release was too lower (150 mg). The 5 wt% CNC and 1 wt% MFC were thus 

considered the best candidates for a nutrient delivery system because it showed the 

best outcome, reaching 258 mg and 223 mg of nutrient released per gram of hydrogel.  

 

3.3.3 Structure and properties of double-membrane hydrogels 

We have described before the use of cellulose nanocrystal and microfibrillated 

cellulose for the preparation of nanocomposites hydrogels. We have also shown the 

use MBA as functional cross-linker to gelatin. Here we use two different hydrogels for 

the preparation of double-membrane hydrogels using a core-shell approach. The 

hydrogel composition was chosen for each of the systems so that the nutrient loading 

capacity of the hydrogel is the maximum for each sample (GCNC5%, and GMFC1%).  

Schematic illustration of the double-membrane formation is shown in Figure 39a. 

Unlike single-membrane structure hydrogels, three-dimensional multi-membrane 

hydrogels are formed by layer-by-layer (LbL) methods.263 When the gel-core 

(nanocellulose/gelatin hydrogel) holding free Ca2+ within the network is transferred into 

the sodium alginate solution, a transparent shell (neat alginate membrane) will be 

formed around the gel-core due to diffusion of Ca2+ into the solution. This process 

continues until the gelation is interrupted by pulling the core-shell structure out of the 

solution. So gelation process of this system possessed a multi-membrane 

organization. The multi-membrane hydrogels exhibited significant potential for drug 

delivery applications, especially involving slow release and co-delivery.264 Figure 39b-
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c showed the longitudinal section of the double-membrane hydrogels. The core region 

was separated from the shell layer and the membrane thickness was measured by 

means of using a micrometer. The thickness variation for each of the systems are 

summarized in Table 7. The thickness of the wall in the shell layer increased from 

about 1.6 mm to 5.7 mm (wet status) as enhancing the immersion time in alginate 

solution from 30 min to 24 h (Figure 39d-e). Lin et al.141 have testified that the thickness 

of the second membrane could be controlled by the soaking time in Ca2+ solution. The 

authors also observed that the immersion time of 1 h could lead to the formation of 

regions with low density of crosslinking with Ca2 +. Since the time of preparation of the 

samples could be a crucial factor in the cost of production of these hydrogels, the 

immersion in the solution of alginate was controlled as 1 h for all the double-membrane 

hydrogels. 

 

 

Source: The Author. 

Figure 39 - Schematic illustration of the double membrane formation (a), Photographs of the 
longitudinal section of core and shell after immersion in alginate solution for 1 h (b-c), and double-

membrane hydrogels before and after longitudinal section (d-e). 
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Table 7 - Thickness of the external layer for the double membrane hydrogel. 

Samples 
Thickness (mm)  

0.5 h 1 h 1.5 h 3 h 24 h 

DC5% 2.3±0.2 3.4±0.4 3.9±0.5 4.5±0.7 5.7±0.5 

DM1% 1.6±0.3 2.3±0.4 2.7±0.2 3.5±0.2 4.6±0.3 

Source: The Author. 

The surface morphology of the core-shell hydrogels were evaluated by SEM. A 

compact structure was observed in the core-shell hydrogels (Figure 40). The second 

layer structure of the hydrogels isn’t obvious. These results may be related to the 

shrinking of the alginate layer during drying. These two samples showed a totally in-

homogeneous surface morphology without any regular patterns of folding. Due to the 

ability of the gelatin chains to rearrange, the electrostatic interactions between Ca2+ 

and the carboxyl groups of the network likely disturbed the entanglement of chains, 

thus resulting in a collapse of the porous structures.239 DM1% showed comparatively 

higher layer spacing with a tendency to form sheet-like structure, while that the DC5% 

was more rough and compact. The difference in the interlayer spacing can be 

understood by considering that the diffusion of the loaded Ca2+ from the gel-core to the 

alginate solution was less for GMFC1% than for GCNC5%. When the cross-linker loaded 

gel-core was immersed in alginate solution, the cross-linker diffused out and reacted 

with the neighboring alginate, which were cross-linked to form a layer of alginate 

around the gel-core. During this process, the amount of cross-linker loaded onto the 

core influences the formation and spacing of layer.265 

 

 
Source: The Author. 

Figure 40 - SEM images of CNC (a) and MFC (b) double-membrane hydrogel prepared by cross-
linking gelatin with MBA and alginate with Ca2+. 

(a) (b) 
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Regarding the swelling test, the double-membrane hydrogels presented lower 

swelling ratio compared with the single membrane hydrogels (Figure 41). The lower 

swelling ratio occurred due to the alginate layer to limit the gel-core volume during the 

absorption of water by the hydrogel. The lower swelling of the DM1% was attributed to 

the lower swelling of the sample before the formation of the double layer (CaCl2 

immersion step). It can be observed that the saline effect (Ca2+) displays a strong 

influence on the Qe stage. However, there is an increase in swelling ratio for both 

materials after the core-shell formation process when compared to the swelling ratio in 

calcium solution. Probably, the spaces before occupied by Ca2+ molecules in the gel-

core are now occupied by the water molecules, increasing the water absorption.  

 

 

Figure 42 displays the water loss in percentage through time for the double-

membrane samples. From this figure, the time for the water loss in all double-

membrane gels was observed to be 300% larger when compared to pure water, and 

200% large when compared to the neat hydrogel. The lower water evaporation 

occurred due to the water-absorbing capacity of the alginate membrane and the 

formation of a more tortuous pathway, resulting in more difficulty of water molecules 

evaporation or, in other words, better water retention capacity. Besides the positive 

effects that the increased water retention in soils could have on plant water status, the 

addition of hybrid hydrogels to a poor water holding capacity is a possible procedure 

Source: The Author. 

Figure 41 - Swelling ratio of the core hydrogel in water, core hydrogel in CaCl2 solution and core-shell 
hydrogel in water. 
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that could prevent water loss in soils due to drainage.266 This is highly relevant in 

particular for reduction of contamination due to percolation phenomena of fertilizer 

solutions in areas of intense agricultural activity.267,268 

 

 

Figures 43 exhibit milligrams of fertilizer released per gram of hydrogel used over 

time. As can be seen in this figure, even after the nanocellulose/gelatin to reach the 

equilibrium (around 24 h), the nanocellulose-gelatin/alginate hydrogels sustained 

release, achieving the equilibrium around 72 h. The cumulative NPK release results 

showed that almost 100% of the incorporated NPK was released in the nanocellulose-

gelatin hydrogels within 24 h. In the first 24h, about 77% and 79% of the incorporated 

NPK was released from DC5% and DM1%, respectively. After 72 h, this group released 

nearly the total amount of the incorporated NPK. The profile release results showed 

that the double-membrane hydrogels presented much slower NPK release profiles as 

compared with gel-core. These release kinetic curves indicated that nutrient release 

occurred with a relatively small burst effect, suggesting that the ionic membranes 

worked as barriers for fertilizer. With the addition of membranes, slower release can 

be expected due to a longer diffusion pathway.269 However, the amount of nutrient 

loading from double-membrane hydrogels was smaller than single gel. This might be 

attributed to the fact that the alginate network also limits the inner network expansion 

and, consequently, the diffusion of fertilizer into the core zone. Veronovski et al.264 

investigated the efficiency of the controlled drug release as a function of the number 

of alginate membranes around the alginate gel-core. The authors observed that when 

Source: The Author. 

Figure 42 - Kinetics of evaporation of water contained in double-membrane gelatin hydrogels. 
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increasing the number of the membranes the drug release kinetics for ionic drugs was 

successfully prolonged. Lin et al.141 showed that the presence of CNC in the gel-core 

can provide the sustained drug release ascribed to the “nano-obstruction effect” and 

“nano-locking effect”. The authors observed that the hydrogel showed different release 

behaviors to the outer membrane and inner core. 

 

 

 

 
 
 
  

Source: The Author. 

Figure 43 - Controlled release per gram of hydrogel of NPK for the nanocellulose/gelatin hydrogels 
and double-membrane hydrogels. 
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3.4 Conclusion 

In this work, a novel approach to prepare nanocellulose-containing hydrogels and a 

systematic comparison between CNC and MFC as nanofiller are presented. 

Nanocomposite hydrogels of gelatin reinforced with nanocellulose were prepared by 

Michael addition reaction. The mixtures of the gelatin/nanocellulose were cross-linked 

with MBA (cross-linking agent). The results show that only a small amount of CNC (5 

wt%) or MFC (10 wt%) are needed to reinforce the gelatin-based hydrogels. The 

nanocomposites not only show significantly enhanced mechanical properties at low 

nanocellulose loading but are also highly effective as fertilizer carriers. Double-

membrane hydrogels were prepared from gelatin/nanocellulose and alginate based on 

inverse ionotropic gelation. SEM images indicate the formation of more entanglements 

and a denser network. Besides, the change in the morphology structure also influenced 

the swelling behavior of hydrogels, showing relatively decreased water absorbability 

properties. Compared with gelatin-based hydrogels reinforced with nanocellulose, the 

double-membrane hydrogels have a slow-release property and good water retention 

capacity. In summary, these gelatin/CNC/alginate hydrogels have excellent release 

property, and good water absorption and retention capacity, which can reduce the loss 

of fertilizer and improve the soil water-holding capacity. 
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4 Preparation of a novel N,N-Dimethylacrylamide nanocomposite reinforced with 

cellulose nanofibrils isolated from coconut husk 

4.1 Introduction 

Like other modern industries, agriculture is in continuously changing. It’s becoming 

more scientific and efficient, demanding higher standards of quality and in food 

production, leading to higher usage of water and fertilizers. Water and fertilizer are 

essential inputs for agricultural production.238,279 The current level of fertilizer use to 

increase food production not only causes large economic and resource losses but also 

creates serious environmental pollution.271  

Considering these issues, efforts to find efficient fertilizer release systems can 

provide solutions to prevent the loss of chemicals during irrigation and mitigate their 

degradation by microbial decomposition, photolysis, and hydrolysis. One method that 

has been considered as a solution for these issues involves the use of hydrogels.228,231 

Hydrogels are three-dimensional networks polymers that are able to hold large 

amounts of water due to their hydrophilic structure.174 These polymers are suitable for 

agricultural applications as a water reservoir system and fertilizer carrier.228 Hydrogels 

are able to retain molecules of interest and in contact with water the spacing between 

the polymers chains increase, releasing the molecules to the environment. Therefore, 

these systems can be used to deliver nutrient locally and with time-release capability. 

This benefit can reduce fertilizer dosages and costs, increasing the presence of the 

latter in the soil and avoiding saturation.  

Polyacrylamide hydrogels have been most widely used in agriculture due to its low 

cost and large capacity for water absorption.272,273 However, several groups have 

found that acrylamide can be released from polyacrylamide hydrogels after exposure 

to chemical, mechanical, thermal, photolytic, and biological processes.274 Acrylamide 

is a deadly neurotoxin and potential carcinogen.275 So, it is necessary to replace the 

acrylamide for non-toxic monomers and/or renewable monomers. N,N’-

dimethylacrylamide (DMA) is a typical non-ionic water-soluble monomer that has 

received attention because it is hydrophilic and biocompatible nature.276 Like 

acrylamide, it has both a C=C bond and an amide group and shows the ability to form 

hydrogels. Polydimethylacrylamide hydrogels could be used to improve the moisture 

absorbency and in drug delivery.277 However, the low mechanical strength limited their 

use in agriculture.  
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In order to enhance the mechanical properties of the hydrogels, CNF can be used 

as reinforcement.278,279 Addition of CNF increase the mechanical properties due to 

interacting between the hydroxyl groups of the cellulose and functional groups of 

hydrogel components which results in the formation of additional physical cross-linking 

points within the hydrogel network.174 CNF has a combination of unique 

physicochemical properties and environmental appeal.62 Agriculture wastes have been 

studied as a resource in the production of CNF.56 In special, the use of coconut fibers 

as a natural source for the production of CNF has not been explored yet. Unripe 

coconut husks are rich in lignin and cellulose, which could be a wonderful source for 

new materials. According to the statistical database of the Food and Agriculture 

Organization (FAO) the total production of coconut in the whole world was 59 million 

tonnes in 2016. About 80% of the coconut fruit is considered a waste and is discarded 

in landfills, which could cause serious environmental problems.65,80 Therefore, the use 

of coconut as a source for producing CNF is a greener solution because that it is 

environmentally friendly, inexpensive, readily available and renewable. 

The aim of this study was to develop a novel environmentally-friendly slow release 

NPK fertilizer formulation based on DMA nanocomposite reinforced with CNF from 

coconut. The extraction procedure and the consequent properties of CNF are 

discussed. Futhermore, we determined the structural and thermal characteristics of the 

lignins extracted by the base-catalyzed ethanol organosolv pretreatment. DMA 

monomer, due to the great water absorption capability, non-toxicity, and ability of self-

cross-linking was adopted as a synthetic acrylamide-based monomer. Also, the effect 

of CNF on the mechanical properties, water retention, and slow release property of the 

prepared hydrogel was studied.   
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4.2 Experimental methodology 

4.2.1 Materials 

The following materials were used: coconut husk fiber supplied by Embrapa 

Agroindústria Tropical; DMA (Sigma-Aldricht®), N,N,N’,N’’-

Tetramethylethylenediamine (TEMED) (Sigma-Aldricht®), Sodium bromide (NaBr) 

(Sigma-Aldricht®), Sodium chlorite (Sigma-Aldricht®), TEMPO (Sigma-Aldricht®), 

Sodium hypochlorite (NaClO) (Dinâmica®), hydrochloric acid (Synth®), H2SO4 

(Synth®), Ethanol (Synth®), glacial acetic acid (Synth®), NaOH (Vetec®) and 

potassium persulfate (KPS) (Vetec®). 

 

4.2.2 Biomass treatments 

The experimental plan showing all steps involved in the production of steam 

explosion (SE)-organosolv and organosolv biomass is presented in Figure 44. Different 

routes were used to produce high-cellulose biomass. On the first route (1), the coconut 

was pretreated with an auto-catalyzed steam explosion (SE). Thereafter, the 

pretreated fiber was submitted to base-catalyzed ethanol organosolv pretreatment. 

The delignification was run with sodium chlorite. On the second route (2) cellulose fiber 

was produced without SE pretreatment of the biomass. Sodium chlorite bleaching was 

also performed under the same conditions of route 1. 

 

 

Steam explosion: Steam explosion pretreatment was conducted in a 12-L pressurized 

vessel of a pilot-scale steam explosion reactor located in the Laboratório de Tecnologia 

da Biomassa at Embrapa Agoindústria Tropical (Ceará, Brazil). The coconut fiber was 

treated with saturated steam for 4 min. At the end of the steam treatment, the biomass 

Figure 44 - Scheme of experimental setup used for coconut pretreatment. 

Source: The Author. 
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was exploded/discharged into the blow tank. The biomass slurry recovered from the 

blow tank was filtered and the biomass filter cake was used as the feedstock for 

organosolv treatment. The pretreatment severity (R0) was defined as equation 5: 

 

𝑹𝟎 = 𝒕 ∙ 𝐞𝐱𝐩 (
𝑻−𝟏𝟎𝟎

𝟏𝟒.𝟕𝟓
)                                                        (5) 

 

where t is the pretreatment time in minutes and T the pretreatment temperature in 

degrees Celsius.280 

 

Ethanol organosolv pretreatment: Organosolv pretreatment was performed in a mini 

high-pressure reactors (Berghof high reactor BR-300), with 20.0 g coconut fiber (dry 

basis) and 200 mL of aqueous ethanol solution (40 v%) at 180 °C [Several experiments 

were conducted with varying the delignification time (t) and NaOH concentration (C) 

(Table 8)]. At the end of the reactions, the reactor was cooled down for 15 min. The 

biomass slurry was filtered and washed with ethanol solution (40 v%) to avoid lignin 

re-deposition. The liquid recovered was led to pH 2 with HCl (37 wt%) to precipitate 

the dissolved lignin. A response surface methodology (RSM), based on the central 

composite design (CCD), was used to determine the effects of the organosolv 

pretreatment on lignin removal from coconut. Lignin removal refers to the percentage 

of original lignin released to aqueous phase (Equation 6). This parameter presents the 

effectiveness of delignification by pretreatment. 

 

𝑳𝒊𝒈𝒏𝒊𝒏 𝒓𝒆𝒎𝒐𝒗𝒂𝒍 (%) = 𝟏𝟎𝟎 −  
𝑾𝑹𝒆

𝑾𝑳
∙ 𝟏𝟎𝟎                                                        (6) 

 

where WRe refers to the dry weight of remaining lignin after composition analysis of 

solid residues and WL represents the weight of lignin in the original loaded biomass. 

 

Table 8 - Two-level factorial design for the extraction of lignin. 

Factors 
Levels 

-α -1 0 +1 +α 

C (%) 1 1,88 4 6,12 7 

t (min) 48 60 90 120 132 

Source: The Author. 
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Bleaching: Bleaching process was carried out by adding equal parts of acetate buffer 

(solution of 27 g NaOH and 75 mL glacial acetic acid per 1 L of solution) and 1.7 wt% 

aqueous chlorite to the treated fibers for 2 h at 80 °C. After this, the suspension was 

filtered and washed with distilled water until neutral pH.  

 

4.2.3 Preparation of CNF 

TEMPO mediated oxidation of cellulose was performed using a previously described 

procedure in the literature.109 10.0 g of bleached fiber were dispersed by an ultrasonic 

probe treatment in 800 mL deionized water. TEMPO (163.3 mg, 1.02 mmol) and NaBr 

(1.105 mg, 10.69 mmol) were dissolved in 200 mL of deionized water and slowly added 

to the bleached fiber suspension. The TEMPO-mediated oxidation in the 

TEMPO/NaBr/NaClO system was started by adding a 12 wt% NaClO solution (31 g, 

49.97 mmol) at room temperature (~25°C), and a pH of 10-10.5 was maintained with 

the addition of 3 mol L-1 NaOH solution while stirring the suspension for 3 h. At the end 

of the reaction, the TEMPO-oxidized bleached coconut was washed and re-dispersed 

with deionized water. The suspension (1 wt%) was then agitated for 15 min using a 

high-speed blender (with an ABS-BU motor, Vita Mix and a CAC90B X-TREME 2 

Lbottle, WARING) at a stirring speed of 37,000 rpm (maximum speed of the blender). 

 

4.2.4 Synthesis of PDMA/CNF hydrogels 

DMA/CNF nanocomposite hydrogels were prepared by free-radical polymerization 

of DMA in an aqueous suspension of CNF using KPS and TEMED as a redox initiator. 

For all the syntheses, the molar ratio DMA/KPS/TEMED was set equal to 100/0.4/1.281 

In a typical experiment, 16.5 g of DMA was dissolved in 0.25 wt% CNF aqueous 

suspension (33.5 g). Nitrogen (N2) gas was bubbled into this solution for 30 min under 

magnetic stirring. Then, 176 mg of KPS and 200 µL of TEMED were rapidly added. 

The mixture was then transferred under nitrogen atmosphere into a mold, made with 

two glass plates (~10 x 10 cm) with a rubber spacer. The polymerization was left to 

proceed during 24 h at room temperature (~25°C). Afterward, the resulting hydrogel, 

designated as PDMA1.5wt%, was taken out from mold and cut with a round die punch 

(13 mm). In this work, PDMAx was used to abbreviate the PDMA/CNF nanocomposite 

hydrogels. The x represent the proportion of the amount of CNF to the total mass of 

hydrogel. The obtained hydrogels were prepared with 0.5, 1, and 1.5% of CNF. 
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4.2.5 Chemical composition 

The characterization of the fibers was based on TAPPI T412 om-93 (TAPPI, 1993b) 

and TAPPI T421 om-02 (TAPPI, 2002b) for determination of the lignin, and alpha-

cellulose, respectively. The contents of holocellulose and hemicellulose were 

determined by the procedure described by Yokoyama et al. 

The extraction yield was determined by the ratio between the weight of treated and 

untreated coconut fiber. The recovery of lignin from organosolv liquors was 

determinate by the ratio between the weight of organosolv lignin and the weight of 

lignin in the original loaded biomass. 

 

4.2.6 Thermoporometry 

The wet porosities of the samples were determined following the thermoporometric 

method developed by Driemeier et al.282 using differential scanning calorimetry (DSC). 

Thermoporometry by differential scanning calorimetry (TP-DSC) was performed in a 

TA DSC Q-200 instrument (TA Instruments) with an RCS90 cooling unit, using 1–3 mg 

of coconut fiber saturated with deionized water. The water saturated fibers were 

inserted into aluminum Tzero® pans later sealed with hermetic lids. The samples were 

cooled to −40 °C and then heated stepwise for observation. TP-DSC measure heat 

transfer during the phase change of water in the pores. The amount of unfrozen water 

at a specific temperature is directly related to the pore volume of a defined size. The 

melting temperature depression (ΔT) is related to pore size through the Gibbs-

Thompson equation, d = -2 Kc/ΔT, with Kc = 19.8 nm/K. The pore size distribution gives 

information about the incremental volume of the pores at a particular pore diameter. 

 

4.2.7 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) images were obtained on a TESCAN Vega III 

scanning electron microscopy with an accelerating voltage of 15 kV. The coconut fibers 

were fixed onto aluminum stubs using carbon tape and then coated with a gold layer. 

All the prepared samples were kept in a desiccator until the time of analysis.  

A drop of a 0.001 wt% diluted CNF suspension was loaded on electron microscope 

grids (300 mesh copper, formvar-carbon). After 3 minutes, the liquid in excess was 

carefully removed with filter paper, and prior to drying, a drop of 0.1 wt% of 

phosphotungstic acid was deposited on the specimen. Then, after 3 minutes, the 

solution in excess was carefully removed and the grid was dried under room 
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temperature (~25°C). The sampling was observed using a TESCAN Vega III scanning 

electron microscopy equipped with transmitted electron detector (STEM). 

 

4.2.8 Fourier-transform infrared spectroscopy (FTIR) 

Infrared spectra were recorded on an FTIR Perkin-Elmer Spectrum 1000. Samples 

were analyzed using a spectral width ranging from 600 to 4000 cm-1 with a 4 cm-1 

resolution and an accumulation of 32 scans. All analyses were carried out in the ATR 

mode. 

 

4.2.9 Heteronuclear Single Quantum Coherence (HSQC) 

The heteronuclear single quantum coherence (HSQC) experiments were performed 

in a Bruker Avance DPX 300 operating at 300 and 75 MHz for 1H and 13C nucleus, 

respectively. Lignin (100 mg) was dissolved in 1.0 mL of deuterated dimethyl sulfoxide 

(DMSO-d6), and solvent peak was used as internal reference (DMSO δH/δC 2.49/39.5) 

 

4.2.10 Gel permeation Chromatography (GPC) 

GPC analyses were performed using a Shimadzu LC-20AD at 40 °C using a 

Phenogel column 100 Å, a flow rate of 1.0 mL/min, a sample concentration of 1 mg 

mL-1, and tetrahydrofuran as eluent. The samples were monitored by UV-Vis detector 

(Shimadzu SPD-M20A) at 280 nm. Standard calibration was performed with 

polystyrene Phenomenex ALO-2761. 

 

4.2.11 Zeta potential 

The particle size distribution and zeta potentials (ζ) for the CNC suspensions at 0.1 

wt% (pH = 7) were measured on a Zetasizer Nano ZS. The measurements were 

conducted in triplicate for each sample, and each sample was scanned 5 times and 

results were averaged for each measurement. 

 

4.2.12 X-ray diffraction 

The analysis by X-ray powder diffraction was carried out in a Panalytical 

diffractometer, model Xpert Pro MPD with a Co tube, operating at 40 kV and 40 mA. A 

crystallinity index (χ) was calculated after peak deconvolution of the diffraction profiles. 

The peak fitting was carried out using pseudo-Voigt functions. χ was calculated using 

equation 1: 
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𝝌 = 𝟏𝟎𝟎 × (
𝑨𝒄

𝑨𝑪 + 𝑨𝒂
)                                                        (1) 

 

where Ac and Aa are the areas under the crystalline peaks and the amorphous halo, 

respectively, determined by deconvolution between 2θ = 10 and 30°. 

 

4.2.13 Thermogravimetric analysis  

Analyses were carried out on a PerkinElmer STA 6000 simultaneous thermal 

analyzer. Data were collected after placing about 10 mg of a vacuum-dried sample in 

a clean platinum pan and heating from ambient temperature to 700 °C under nitrogen 

atmosphere (heating rate of 20 °C min−1 and flow rate of 40 mL.min-1).  

 

4.2.14 Differential scanning calorimetry 

Analyses were carried out on a TA Instruments Q20 differential scanning calorimeter 

analyzer. Data were collected after placing about 4 mg of a vacuum-dried sample in a 

closed aluminum pan with a pinhole lid and heating from −40 °C to 250 °C under 

nitrogen atmosphere (heating rate of 5 °C min−1 and flow rate of 50 mL.min-1). DSC 

curves of organosolv and steam exploded/organosolv lignins were obtained according 

to a method previously reported.26 Samples were heated from ambient temperature to 

90 °C and annealed to 10 min, then cooled from 0 °C (3 min), and heated to 200 °C, 

under a nitrogen atmosphere (50 mL.min-1) at a scanning rate of 10 °C min-1.283 

 

4.2.15 Swelling behavior 

Dry hydrogels were weighed (Wdry) and then immersed in deionized water for 

different contact times. The weights of the swollen hydrogels (Wwet) were measured at 

targeted intervals. Three replicates were performed for each composition, and the 

average value was reported. The swelling ratio (Q) was calculated using the following 

equation 2: 

 

𝑸 =
𝑾𝒘𝒆𝒕−𝑾𝒅𝒓𝒚

𝑾𝒅𝒓𝒚
                                                        (2) 
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4.2.16 Water retention studies 

To evaluate the accurate water loss of the hydrogels, measurements of the kinetics 

of water evaporation of the swollen gel (Wwet) were made. For this, dry hydrogels (1.0 

g) were weighed and then immersed in deionized water until equilibrium state. The 

weights of the hydrogel in a dehydrated or deswollen state (Wwater loss) were measured 

under ambient pressure at room temperature (~25°C). The values of water retention 

were obtained by following equation 3:  

 

𝒘𝒂𝒕𝒆𝒓 𝒓𝒆𝒕𝒆𝒏𝒕𝒊𝒐𝒏 =
𝑾𝒘𝒆𝒕−𝑾𝒘𝒂𝒕𝒆𝒓 𝒍𝒐𝒔𝒔

𝑾𝒘𝒆𝒕
                                                        (3) 

 

4.2.17 Controlled release of potassium, phosphate and ammonia 

The fertilizer NPK 10‐10‐10 (NH4NO3, P2O5, and K2O) was dissolved in deionized 

water, resulting in solution of 10 g/L. Dried hydrogels were swollen in 100 mL of NPK 

aqueous solution (10 g/L) until equilibrium state. Dried hydrogels containing adsorbed 

nutrients were introduced into 150-mL Erlenmeyer flasks containing 40.0 mL of water. 

The quantity of released fertilizer was obtained by solution conductivity measurements 

using calibration curves. The linear calibration curve was plotted for conductivity versus 

concentrations of 1, 2, 5, 7 and10 g/l NPK solutions. The conductivities were measured 

with a Hanna HI 2550 apparatus. Since conductivity varies linearly with concentration 

in the range used, it is possible to determine the amount of fertilizer released based on 

the conductivity using a calibration curve as shown in Figure 20 (section 2.2.15). The 

nutrient fraction released from gel was calculated according to equation 4: 

 

𝑭𝒓𝒂𝒄𝒕𝒊𝒐𝒏 𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅 =
𝒂𝒎𝒐𝒖𝒏𝒕 𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅

𝒂𝒎𝒐𝒖𝒏𝒕 𝒂𝒅𝒔𝒐𝒓𝒃𝒆𝒅
                                                        (4) 

 

4.2.18 Compression test 

The stress-strain curves of hydrogels were examined by using a universal testing 

machine EMIC DL 10000 at a constant strain rate of 1 mm.min-1 and a load cell of 100 

N. The compressive strength at a compressive strain of 30% was calculated. At least 

three specimens of each sample at the as-prepared state in distilled water were tested, 

and the average values are reported.  

  



103 
 

4.3 Results 

4.3.1 Extraction of TEMPO-Oxidized cellulose nanofibrils 

One key challenge limiting effective utilization of lignin-rich biomass resides is the 

resistance to degradation imparted by the higher order structure of plant cell walls.282 

The steam explosion pretreatment can contribute to the reduction of biomass 

recalcitrance by altering cell wall structural features so that the lignin can become more 

susceptible to organosolv pretreatment. In this context, the creation of pores by 

removal of lignocellulosic components was investigated as a measure of the structural 

integrity of the cell wall ultrastructure. 

Nanoscale porosity of the untreated and exploded coconut fiber in aqueous 

conditions were determined using TP-DSC (Figure 45). From these results, there are 

clear differences in porosity between untreated and steam exploded fibers. Cumulative 

pore size distributions in the steam exploded fibers showed increases pore volumes 

compared to untreated fiber. With the increase of severity of 2.96 to 3.84, a 

considerably higher overall porosity was observed. The steam explosion pretreatment 

led to significant reductions in non-cellulosic content, increasing porous regions.284 

However, a decrease in pore volumes was observed for pretreatment with severity 

4.72. It may be that high severity induce rearrangement that leads to the collapse of 

the pores, resulting in cell wall aggregation.285 Therefore, the working conditions 

chosen was steam explosion at 210 °C for 4 min (severity of 3.84).  

 

Figure 45 - Cumulative pore size distribution of untreated and steam exploded fiber. Pore proportions 
are expressed as a cumulative percentage of the overall samples’ porosity. 

Source: The Author. 



104 
 

The untreated and exploded fiber were submitted to ethanol organosolv 

pretreatment. The effectiveness of the pretreatment of biomass was then determined 

based on the degree of delignification for each system. The resulting experimental 

matrix, lignin removal (%) and wt% yields from untreated and exploded fibers are 

summarized in Table 9. Lignin removal of the raw coconut ranged between 44.0 and 

92.2 wt%. The highest amount of removed lignin was observed in run 2, performed at 

high NaOH concentration (6.12%) and short time (60 min). However, several other 

runs (runs 5, 6, 7 and 11) resulted in more than 90% lignin removal. Lignin removal of 

the exploded coconut ranged between 42.9 and 91.4 wt%. The highest amount of 

removed lignin was observed also in run 2. However, only run 5 resulted in more than 

90% lignin removal. Delignification is high due to the solubility of lignin in basic 

medium.286  

 

Table 9 - Effects of various conditions during NaOH-catalyzed ethanol organosolv pretreatment of 
untreated and exploded coconut on the degree of lignin removal. 

Run 

NaOH (%) Time (min) Lignin 
untreated 
removal 

(%)a 

Lignin 
exploded 
removal 

(%)a 

Insoluble 
solid 

untreated 
yield (%)b 

Insoluble 
solid 

exploded 
yield (%)b 

Real 
value 

Code 
value 

Real 
value 

Code 
value 

1 1.88 -1 60.00 -1 47.6 ± 0.5 45.4 ± 0.3 63.1 53.8 

2 6.12 +1 60.00 -1 92.2 ± 0.1 91.4 ± 1.4 35.6 28.3 

3 1.88 -1 120.00 +1 59.3 ± 2.6 56.3 ± 2.0 59.2 48.2 

4 6.12 +1 120.00 +1 82.8 ± 2.5 87.9 ± 1.8 29.2 21.0 

5 4.00 0 90.00 0 91.3 ± 0.4 91.1 ± 2.1 41.8 34.6 

6 4.00 0 90.00 0 91.9 ± 0.1 88.2 ± 2.7 37.5 44.7 

7 4.00 0 90.00 0 92.0 ± 0.5 89.7 ± 0.1 38.1 40.6 

8 1.00 -α 90.00 0 44.0 ± 0.5 42.9 ± 0.1 68.0 56.1 

9 7.00 +α 90.00 0 81.8 ± 0.2 89.8 ± 0.4 34.6 34.1 

10 4.00 0 48.00 -α 68.8 ± 0.1 71.3 ± 4.2 41.1 45.2 

11 4.00 0 132.00 +α 91.7 ± 3.3 81.7 ± 0.5 34.8 42.6 

OCc
 - - - - 92.2 ± 1.1 92.9 ± 0.6 27.4 30.7 

OC48
d
 - - - - 93.8 ± 2.3 93.7 ± 1.9 28.7 34.4 

a The percent delignification was calculated based on the lignin concentrations before and after the organosolv process as determined using the 
TAPPI test method (method T222 os-76).  
b On dry biomass.  
c Optimum conditions.  
d Optimum conditions for 48 min. 

Source: The Author. 1 
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The results of the statistical analysis are summarized in the Pareto diagram (Figure 

46), which shows the estimated effects according to their significance order for the 

model that represents lignin extraction yield from the coconut fiber. Results showed 

the factor with the greatest effect was NaOH concentration (p<0.05). It was observed 

that, under the studied conditions, the variable NaOH had a significant positive and 

linear effect on lignin extration. In contrast, the quadratic effect of the variable T was 

negative, which indicates that the efficiency initially increases with increasing NaOH 

concentration, following which it plateaus, and subsequently decreases. This decrease 

can be related to the lignin condensation reactions that form carbon-carbon bonds 

between lignin subunits, thereby limiting its removal.283 The correlation coefficient 

obtained in the regression analysis was relatively high (R2 = 0.95 for coconut raw and 

0,99 for exploded coconut). 

 

 

Figure 47 represent the contour plots for the experimental responses.In order to 

optimize the extraction, the Response Optimizer function of Minitab was used to define 

the conditions which produced a maximum lignin removal. The results of the analysis 

revealed that the optimal conditions (OC) are 180 °C, 94 min, and NaOH concentration 

of 5.0 wt% for raw coconut, while to exploded coconut are defined 180 °C, 90 min, and 

NaOH concentration of 5.6 wt%. The suitability of the models to predict the responses 

was tested by performing the lignin extraction under the selected optimum conditions. 

The experimental values (92.2% for raw coconut and 92.9% for exploded coconut) 

were found to be in agreement with the predicted ones (95.7% for raw coconut and 

96.5% for exploded coconut). A new assay, using a shorter reaction time while 

maintaining the NaOH concentration, was carried out, and the results confirmed that 

lignin removal was barely affected by the change in reaction time (Table 9). The 

Figure 46 - Pareto diagram of the lignin extraction assays, showing effects of NaOH and time on 
extraction yield. raw (a) and exploded (b) coconut. 

Source: The Author. 

(a) (b) 
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experimental values (92.2% for raw coconut and 92.9% for exploded coconut) were 

found to be in agreement with the predicted ones (95.7% for raw coconut and 96.5% 

for exploded coconut). Therefore, the optimal condition (OC48) for lignin removal was 

180 °C, 48 min, and NaOH concentration of 5.0 wt% for raw coconut, while to exploded 

coconut are defined 180 °C, 48 min, and NaOH concentration of 5.6 wt%. 

 

 

The physical aspects of the untreated, non-exploded organosolv (CO48), non-

exploded organosolv bleached (Cbleached), exploded, steam-exploded organosolv 

(EO48), steam-exploded organosolv bleached fibers (EO48), non-exploded organosolv 

lignin (Clig48) and exploded organosolv lignin (Elig48) are showed in Figure 48. The 

darkest fibers were obtained after steam explosion and organosolv pretreatment. The 

change in color may be due to a combination of factors, such as the formation of 

oxidative products from the degradation of hemicellulose and the migration of lignin 

molecules toward the fiber surface during the heating process at temperatures above 

the lignin glass transition temperature.287,288 As expected, after the bleaching treatment 

was observed an increase of the fiber whiteness due to lignin removal. 

During this work, ethanol organosolv pretreatment, with and without a previous 

steam explosion pretreatment were employed in order to generate an accessible 

feedstock for nanofibrillated cellulose production. The chemical composition analysis 

of untreated and treated coconut are presented in Table 10. Coconut is mainly 

composed by 30.3 % of cellulose, 25.1% of hemicellulose and 32.2% of lignin and its 

composition was similar to the ones previously reported by other authors.78,289,290 In 

Source: The Author. 

Figure 47 - Contour graph fot Lignin extraction: raw (a) and exploded (b) coconut. 

(a) (b) 
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the exploded coconut, the α-cellulose, hemicellulose, and Klason lignin contents were 

29.5%, 15.5%, and 33.2%, respectively. 

 

 

Table 10 - Extraction yield and chemical composition of CRAW, CO48, CBleached, exploded, EO48, EBleached, 
Clig48 and Elig48. 

Sample Klason lignin % Hemicellulose % α-cellulose % Yield (%) 

Craw 32.2±0.3 23.9±0.1 27.9±1.5 -- 

CO48 7.0±0.5 31.7±0.6 51.7±0.2 28.7±0.2 

CBleached 0.9±0.4 27.1±1.0 64.5±0.9 77.0 ±0.6 

Exploded 33.2±1.5 15.5±0.1 29.55±1.3 -- 

EO48 6.0±0.3 28.2±1.0 53.8±0.9 34.4 ±0.4 

EBleached 1.3±0.6 29.2±1.9 68.0±0.5 81.8 ±0.1 

Clig48 83.4 ±2.3   45.5 ±0.1 

Elig48 83.0 ±1.8   73.0 ±2.1 

Source: The Author. 

 

As expected, the steam explosion pretreatment induced some degradation of 

hemicellulose. After the ethanol organosolv pretreatment, it was observed that there 

was a significant decrease in the lignin content. Base-catalyzed ethanol pretreatment 

promote the cell wall swelling, reducing the interaction lignin-carbohydrates and 

favoring the cleavage of the α-aryl ether and β-aryl ether linkages in the lignin.291,292 

Additionally, the ethanol improve the extraction of lignin due to the good solubility of 

the lignin fragments in the alkaline ethanol aqueous solution.293 Li et al.294 applied 

microwave/base-catalyzed ethanol pretreatment on bamboo [75 v% (ethanol/water); 

180 °C; 40 min; 1.6 % (w/v) of NaOH and solvent-to-solid ratio of 6.25] and found 

Source: The Author. 

Figure 48 - The physical aspects of the CRAW (a), CO48 (b), CBleached (c) CLig48 (d), exploded (e), EO48 (f),   

 EBleached (g), and ELig48 (h). 
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significant improvement in the lignin (67.9%) and hemicellulose removal (30.6%). Park 

et al.295 performed a comparative analysis on effects of three different types of catalysts 

(H2SO4, NaOH, and MgSO4) during the organosolv pretreatment of the pitch pine. In 

terms of lignin removal, NaOH was found to be the most effective catalyst (55%).  

Table 10 also showed that the ethanol organosolv pretreatment did not cause 

considerable degradation of hemicellulose. In order to remove the lignin residues with 

less or no impact on hemicellulose, one bleaching step using NaClO2 was applied. The 

hemicellulose content play a key role in the efficiency of the nanofibrillation process.296 

During bleaching, the hemicellulose acts as a physical barrier surrounding the 

microfibrils. It can be assumed that hemicellulose will prevent the formation of larger 

microfibrils aggregates through hydrogen bonding since they are located between the 

cellulose microfibrils. In this sense, the applied chemical process was effective and the 

chemical composition of both pretreatment fibers became suitable for the extraction of 

nanofibrillated cellulose. 

With respect to lignin, Table 10 shows that the combination of SE and organosolv 

pretreatment displays significant influence on lignin yield, but not so much in the lignin 

purity. This result is similar to that reported for other biomass treated with SE followed 

by a lignin extraction method.297–299 Lignin yield is from 45.5% for untreated to 73% for 

steam exploded coconut with severity 3.84 (Table 10). These values include potential 

“pseudo-lignin” which could be formed by polymerization of polysaccharides 

degradation products.300 The increase of the nanoscale porosity by SE seems to be 

effective approach to increase of lignin yield. 

2D–HSQC NMR technique was used to provide insights into lignin’s fragmentation 

and recondensation. The main cross-signals in the 2D-HSQC spectra were assigned 

according to the literature301,302 and are listed in Tables 11. The HSQC spectra of both 

lignins presented similar composition, in which the monomeric units S and G were their 

main constituents (Figure 49).  

The Clig48 is composed primarily of G and S units with lower amounts of 

phenylcoumaran substructures β-5. This lignin can be used to produce a range of 

value-added chemicals such as ethyl benzene, guaiacol, vanilin, and carbon 

materials.303 After SE pretreatment, the correlation of the β-5 linkages completely 

disappeared and part of the signals corresponding to the G units and carbohydrates 

(X5, X2, X3, X4, X31) disappeared. The relative proportion of monomers (RPM) was 

calculated as the ratio between the cross-peak area of the individual monomers and 
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the sum of the cross-peaks areas of all monomers (Table 12). We addressed this effect 

to the extraction of low molecular weight fractions (carbohydrates) and the formation 

of recondensation reactions between C5 position in the G units and sugar-degradation 

products. An analogous result has also been reported by Aarum et al.304  

 

 

 

 

 

 

Source: The Author.  

Figure 49 - HSQC spectra of Clig48 (a) and Elig48 (b). 
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Table 11 - Assignment of main 13C-1H cross-signals in the HSQC spectra. 

Label δC/δH Assignment 

Lignin structure 

-OCH3 56.2/3.71 C-H in methoxyls 

Cγ 62.5/3.63 Cγ-Hγ in phenylcoumaran substructures (C) 

S2,6 104.1/6.64 C2,6-H2,6 in etherified syringyl units (S) 

G2 110.3/6.99 C2-H2 in guaiacyl units (G) 

G5/G6  115.4/6.69  C5-H5 and C6-H6 in guaiacyl units (G) 

Associated carbohydrates 

X5 62.6/3.4 C5-H5 in β-D-xylopyranoside 

X2 73.1/3.1 C2-H2 in β-D-xylopyranoside 

X3 74/3.3 C3-H3 in β-D-xylopyranoside 

X4 75.7/3.5 C4-H4 in β-D-xylopyranoside 

X31 102/4.20 C1-H1 in 3-O-acetyl-β-D-xylopyranoside 

Source: The Author. 

 

GPC was used to determine the effect of SE pretreatment on the weight average 

molecular weight (Mw), number average molecular weight (Mn), and polydispersity 

(Mw/Mn) of lignin samples. As shown in Figure 49 and Table 12, the organosolv lignin 

contained Mn of 627 g mol-1, Mw of 1013 g mol-1 with Mw/Mn of 1.6, while the steam-

exploded organosolv lignin exhibited Mn of 659 g mol-1, Mw of 1131 g mol-1 with Mw/ Mn 

of 1.7. An obvious shift toward the left was observed in Figure 50 when SE 

pretreatment was applied, suggesting that the combination of SE and organosolv 

pretreatment incurred more drastic changes in the lignin with low Mw than using 

organosolv alone. SE produces an explosive decompression in biomass, which 

generates organic acids from hemicellulose that can be further converted to pseudo-

lignin through condensation reactions between lignin aromatic rings and sugar 

degradation products.300  

According to DSC results, both lignins, Clig48 and Elig48, display thermoplastic 

behavior with a Tg of 129.0 ºC and 121.6 ºC respectively, as shown in Figure 51 and 

Table 12. The difference in Tg values is attributed to the chemical structure, which can 

be correlated to the degree of cross-linking, and the associated differences in 

molecular entanglements between the polymer chains of each kind of lignin. Sun et 

al.305 reported that lignin samples with a high S and low G units content would exhibit 
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low Tg. Additionally, the steam explosion pretreatment at high severity can possibly 

reduce the Tg.306,307  

 

 

Table 12 - S/G ratio, Mw, Mn, Mw/Mn and Tg. 

Samples S/G Mw (g.mol-1) Mn (g.mol-1) Mw/Mn Tg (°C) 

Clig48 14.5 1013 627 1.6 129.0 

Elig48 17.9 1131 659 1.7 121.6 

Source: The Author. 

 

SEM analysis was used to investigate the effect of different treatments on the 

surface morphology of coconut before and after treatment (Figure 52). Figure 52a 

shows that the untreated coconut fiber is formed by rugged surfaces covered by 

suberin and other impurities. The SEM image of CO48 show a rugged surface with pores 

and a slight defibrillation (Figure 52b). During organosolv pretreatment, part of the 

Source: The Author. 

Figure 50 - Molecular weight distribution of lignin. 

Figure 51 - The second heating scans from DSC of lignin samples. 

Source: The Author. 
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lignin and hemicellulose are solubilized and degraded, leading to increase of the 

surface area and exposure of cellulose fibers.308 The morphology of the CBleached is 

shown in Figure 52c. After the bleaching process, numerous cracks appeared on the 

surface, and this is probably attributable to the dissolution of the cementing materials 

(such as lignin and hemicellulose) from the fibers (as shown in Table 10).  

 

 

The SEM of the exploded coconut fiber show numerous pits and the absence of 

impurities on the fiber surface (Figure 52d). Figure 52e show the SEM image of EO48. 

After organosolv pretreatment, a strong defibrillation was observed, consisting of the 

separation of individual fibers and an enlarging of the reactive area. By the combination 

of SE and organosolv pretreatments, more pronounced structural changes in the 

surface morphology of coconut fibers were seen, probably due to an increase of the 

internal porosity (as shown in Figure 45). This phenomenon may be attributed to the 

loosening the fiber-bundles, resulting in an increase in chemical accessibility to 

peripheral portions and cementing materials from the fibers. SEM analysis showed that 

organosolv fibers experienced similar morphological changes to other types of 

lignocellulosic biomass after steam explosion pretreatment.298,309,310 Figure 52f show 

the SEM image of EBleached. Comparing the CBleached surface (Figure 52c) with EBleached 

surface (Figure 52f), it is possible to observe an increase in defibrillation and opening 

of fiber-bundles. 

Figure 52 - SEM images of CRAW (a), CO48 (b), CBleached (c), exploded (d), EO48 (e), and EBleached (f). 

Source: The Author. 
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Two samples of CNF were produced using the same TEMPO-mediated oxidation 

followed by a mechanical treatment in a blender but with different bleached coconut 

fibers (CBleached and EBleached). The appearance of the CNF gels can be seen in Figure 

53.  

 

 

The gels were both translucent with creamy-like consistency. This suggests that 

cellulose nanofibrils from non-exploded (CNFnon-exp) and exploded fibers (CNFexp) 

contain diameter smaller than the visible light wavelength.311 The yield of nanofibrils 

production, as well as ζ, carboxylate content, and transmittance of the CNFnon-exp and 

CNFexp samples are given in Table 13. The CNF yield based on the initial α-cellulose 

content were 89.9 wt% and 90.1 wt% for CNFnon-exp and CNFexp, respectively. The ζ, 

which represents the degree of dispersion of particles, were measured as −48.4 mV 

and -54.1 mV for CNFnon-exp and CNFexp, respectively. The negative value are ascribed 

the carboxylate groups on the surface of nanofibrils generated during the oxidative 

pretreatment with NaClO/NaBr/TEMPO.312 As expected, the carboxylate content of the 

CNFexp (0.83 mmol/g) was higher that CNFnon-exp (0.77 mmol/g), in agreement with the 

ζ. The transmittance at 600 nm of the two CNC suspensions (95% and 97%, for 

CNFnon-exp and CNFexp, respectively) are both high, and of similar magnitude.  

 

Table 13 - Results on the production of cellulose nanofibrils by TEMPO-mediated oxidation. 

Sample Yield (%) 
Zeta potential 

(mV) 

Carboxylate 
content 

(mmol/g)  

Transmittance 
(600 nm, %)a 

CNFnon-exp 89.9. .-48.4 0.77 95 

CNFexp 90.1 -54.1 0.83 97 
a 0.1% suspensions of CNF. 

Source: The Author. 

Source: The Author. 

Figure 53 - NFCnon-exp (a) and NFCexp (b) aqueous suspension. 

(a) (b) 
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Figure 54 shows the STEM images of the CNFnon-exp and CNFexp. The STEM images 

revealed that the diameter of separate nanofibrils of 5-40 nm, and their length is up to 

several micrometers. Size measurements on STEM images show an average diameter 

of 22 ± 10 nm and 16 ± 8 nm for CNFnon-exp and CNFexp, respectively. This reduction 

may be explained in terms of the DLVO theory. In general, the carboxyl groups 

introduced on the cellulose surfaces can generate electrostatic repulsion between 

cellulose fibers.310 These repulsive forces weaken the hydrogen bonding and van der 

Waals interactions (adhesive forces) between cellulose fibrils, which prevents the 

formation of strong interfibrillar bonds (high cohesive energy density), resulting in the 

observed size reduction.311 Thus, an increase in the carboxylate content on the 

surfaces of cellulose fibrils results in a diameter decrease. 

 

 

Figure 55 shows the FTIR spectra of Craw, CO48, CBleached, CNFnon-exp, EO48, EBleached, 

and CNFexp. Table 14 is a list of possible compounds that may be responsible for the 

typical functional groups shown the FTIR spectra. The FTIR spectra showed two main 

absorption regions, one in a low wavelength region (800-1800 cm-1), and the other in 

a higher wavelength region (2700-3800 cm-1). The bands at 3397, 2921, 2854, 1435, 

1369, 1315, 1154, 1106, 1031, and 897 cm−1 are associated with cellulose.287 The 

band at 3397 cm−1 is attributed to O-H stretching. The absorption at 2921 cm−1 is 

attributed to C-H stretching. 2854 cm−1 is due symmetrical stretching vibration of C–H 

Figure 54 - STEM images of NFCnon-exp (a) and NFCexp (b). 

Source: The Author. 

(a) (b) 
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in CH2 groups. The band at 1435 cm−1 is associated with CH2 symmetric bending. 1369 

cm−1 is associated with C-H bending. 1315 cm−1 is associated with CH2 bending of 

carbohydrates. The band at 1154 cm−1 is attributed to C-O anti-symmetric stretching. 

A band at 1106 cm−1 is related to C-OH skeletal vibration. A band at 1031 cm−1 is due 

to the C-O-C pyranose ring skeletal vibration. The band at 897 cm−1 corresponds to 

the glycosidic C1-H deformation with ring vibration contribution, which is a 

characteristic of β-glycosidic linkages between glucose molecules in cellulose. These 

bands have considerably increased due to the removal of lignin during the chemical 

treatment. The bands at 1725 and 1243 cm−1 are assigned to C=O vibrations from 

acetyl, feruloyl and p-coumaryl groups in lignin.312 The bands at 1613 and 1530 cm−1 

are associated to the aromatic skeletal vibration and stretching of conjugated C-O and 

C=C groups present in the lignin. As seen from Figure 54, bands at 1613 and 1530 

cm-1 were virtually absent from the spectra of fibers subjected to bleaching. The 

absence of these bands indicated the nearly complete removal of lignin. Additionally, 

the spectra of the both CNF showed a high absorption band at 1741 cm-1. This band 

is characteristic to the presence of carboxylic acid group formed during the TEMPO 

oxidation reaction. 

 

Table 14 - Position and assignment of IR bands measured by FTIR. 

Band position Assignment 

3351 –OH stretching  

2921 Unsymmetrical stretching vibration of –CH3  

2854 Symmetrical stretching vibration of –CH2  

1741-1725 C=O stretching vibration 

1640 Vibration of absorbed water  

1613 Aromatic skeletal vibration; Conjugated C–O  

1530 C=C aromatic vibration 

1435 Symmetrical bending vibration of –CH2 

1369 C–H deformation  

1315 
CH2 wagging; Syringyl ring breathing with C–O stretching (lignin); O–H in-plane 
bend  

1243 Aromatic stretching vibration of C=O 

1154 Anti-symmetric bridge C–O–C stretching  

1106 C-OH skeletal vibration 

1031 C-O-C pyranose ring skeletal vibration. 

897 β-glycosidic linkage 

Source: The Author. 
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XRD spectra curves of the samples are shown in Figure 56. As can be seen from 

Figure 56, all the samples showed the same cellulose I crystalline peaks at 2θ = 17.4° 

(110), 16.5° (1-10) and 26.5 (200). This result implied that crystal structures of 

cellulosic is not modified during the chemical treatment and TEMPO oxidation. The χ 

calculated for Craw, CO48, CBleached, EO48, and EBleached were 59.9%, 67.4%, 81.2%, 

71.9%, and 86.1%, respectively. As expected, Craw present a large amorphous portion 

due to their non-cellulosic amorphous materials such as waxy and other impurities. 

The chemical treatment removed a significant amount of amorphous materials of the 

fibers, remaining the ordered cellulose, as can be seen from the χ values. After the 

TEMPO-mediated oxidation process, the χ for CNFnon-exp and CNFexp were 82.1% and 

Figure 55 - FTIR spectra of coconut fibers and nanofibers. 

Source: The Author. 
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88.0%, respectively. This increase of crystallinity is probably due to the removal of 

lignin and hemicellulose during the TEMPO-oxidation.313 Higher χ of the CNFexp 

compared to CNFnon-exp ones was due to higher initial χ of the bleached fibers. 

 

 

TG and DTG curves are shown in Figure 57. The Tonset and Tmax are reported in 

Table 15. A small weight drop was observed between 50-150 ºC in all TG curves due 

to water evaporation. The Craw exhibited three main stages of weight loss. The first 

stage of weight loss is associated with loss of water adsorbed to the fiber. The second 

stage is mainly attributed to thermal depolymerization of hemicellulose and lignin 

degradation. The third stage of weight loss is associated with the cleavage of glycosidic 

linkages of cellulose. The starting decomposition temperature of the Craw occurred at 

212.3 °C, and the maximum degradation rate appeared at around 283.6 °C. The 

treated fibers present two main weight loss regions. The first stage of weight loss is 

due to the evaporation of moisture and the second stage is mainly due to thermal 

decomposition of the cellulose. For CO48 and CBleached, the starting decomposition 

temperature occurred at 287.2 °C and 318.6 °C, and the maximum degradation rate 

appeared at around 353.9 °C and 363.5 °C, respectively. For EO48 and EBleached, the 

starting decomposition temperature occurred at 304.3 °C and 313.7 °C, and the 

maximum degradation rate appeared at around 352.5 °C and 366.3 °C, respectively. 

Figure 56- XRD spectra of coconut fibers and nanofibers. 

Source: The Author. 
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The temperature increase were due to the removal of hemicellulose, lignin and other 

easily degradable constituents by chemical treatments. The starting decomposition 

temperature for both CNFnon-exp and CNFexp appeared at a temperature close to 212 

ºC. The introduction of carboxyl groups on the cellulose surfaces was responsible for 

the reduced thermal decomposition.314 These results suggest that the previous steam 

explosion treatment had little influence on the thermal behavior of the samples. 

 

 

Cellulose nanofibers were extracted from coconut through an environmentally 

friendly, multi-step process that combined steam explosion, ethanol organosolv 

pretreatment, and TEMPO-mediated oxidation process. Steam explosion is one of the 

most broadly used pretreatment methods exhibiting numerous advantages such as 

low-capital cost, low energy requirements, no chemicals requirements and low 

environmental impacts.315 Organosolv is also an attractive pretreatment method. The 

advantage of organosolv pretreatment includes the possibility of recovering and 

Figure 57 – TG and DTG graphs of coconut fibers and nanofibers. 

Source: The Author. 
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reusing organic solvents and the isolation of high-quality lignin that can be used for the 

synthesis of various products.289 The experimental results showed that the previous 

steam explosion treatment led to a slight improve on the physical and chemical 

properties of cellulose nanofibers. However, this multi-step process caused a 

significant improvement in lignin recovery from coconut fibers. Because of these 

differences, CNFexp was chosen to be used in the synthesis of hydrogels. 

 

Table 15 - TG parameters of coconut fibers and nanofibers. 

Samples 

1 st Event 2 nd Event 3 th Event 

Weght 

lossa (%) 
Tmax

b (°C) 
Tonset

c
 

(°C) 

Weght lossa 

(%) 

Tmax
b 

(°C) 

Tonset
c
 

(°C) 

Weght lossa 

(%) 

Tmax
b 

(°C) 

CRAW 9.7 81.3 212.3 19.9 283.6 311.5 36.6 339.6 

Non-

exploded 
        

CO48 6.7 68.6 287.2 73.5 353.9   - 

CBleached 6.8 77.7 318.6 77.8 363.5    

CNFnon-exp 8.3 76.8 211.2 26.5 248.6 291.9 34.7 316.7 

Exploded         

EO48 9.6 76.3 304.3 70.6 352.5    

EBleached 4.1 65.6 313.7 79.6 366.3    

CNFnon-exp 4.4 63.9 212.3 30.6 248.6 295.0 38.6 318.2 

a Weight loss obtained from the TG curve 
b Maximum peak temperature calculated from the DTG curve 
c Onset value obtained from the TG curve 

Source: The Author. 

 

 

4.3.2 Characterization of DMAA/CNF nanocomposites 

In the present study, we formulated a strategy of self-cross-linking DMA in the 

presence of nanocellulose. DMA is a non-ionic, hydrophilic monomer and its 

homopolymers can be synthesized without adding any cross-linking agent.316 Since no 

chemical cross-linker was added, the network formation occurred by the self-cross-

linking of PDMA chains. Gao and Frisken317 reported that self-cross-linking process 

can lead to a more uniform distribution of cross-linking points than can be obtained 

using chemical cross-linkers. Schematic representation of the self-cross-linking 

reaction, as well as the interaction between DMA and CNF, are shown in Figure 58. 

First, the primary radicals issued from the TEMED/persulfate system can react with 

DMA via radical attack on the vinyl group or abstract a hydrogen from the methyl 

groups, resulting in ethylene and methylene radicals, respectively. The new free radical 
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can react with other monomer or polymer to form oligomer or macromolecular free 

radicals. These transfer reactions will give rise to the formation of branched and cross-

linked polymers.  

 

 

The PDMA gels in swollen state are robust enough had it can still be held in one’s 

hands (Figure 59). In terms of mechanical properties, synthetic hydrogels cross-linked 

with a cross-linking agent are very soft liquid in their swollen state and, consequently, 

difficult to handle.318 The low strength has been attributed to the in-homogeneously 

distributed segment lengths (molecular weights) between cross-links in the network, 

and network imperfections, such as chain loops and dangling ends in polymer 

chains.12,319 When the gel is exposed to a certain stress state, regions where the 

network is less connected tend to get deformed much more than regions where the 

network is more connected, which creates zones more prone to break under stress. 

Figure 59 illustrate the absorbent nature of PDMA gels. In the air-dried form, the bulk 

hydrogel contracted and the surface became opaque. However, the transparency 

increase with an increase of water content.  

 

Source: The Author. 

Figure 58 - Schematic diagram of cross-linking mechanism of hydrogel. 
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In this work, PDMA/CNF hydrogels with 0.5 wt%, 1.0 wt%, and 1.5 wt% of CNF were 

successfully prepared. The morphologies of PDMA and PDMA1.5% were observed by 

SEM, as shown in Figure 60. No porous structure was observed in PDMA hydrogel 

(Figure 60a). Huang et al.320 have suggested that this may be related to the pore 

collapse and structure shrinkage at the stage of lyophilization. However, compared to 

pure PDMA hydrogel, the PDMA1.5% hydrogel showed a porous structure (Figure 60b). 

CNF can form a physically entangled network with DMA polymer chains which limits 

the movement of polymer chains during the lyophilization process. This process results 

in a more porous structure with voids originating from water-rich areas. No obvious 

agglomeration is found even at 1.5 wt% content of CNF. Thus, it can be seen that the 

CNF have been successfully introduced into the gel network. 

 

Figure 59 - Photograph of the dried and swollen (at equilibrium) state of PDMA hydrogel. 

Source: The Author. 

Figure 60 - SEM pictures of freeze-dried pure hydrogel (a) and PDMA1.5%(b). 

Source: The Author 
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Figure 61 shows the FTIR spectra of PDMA and PDMA/CNF. For PDMA hydrogels, 

the band at 1614 cm−1 is attributed to C=O of a tertiary amide. The absorption bands 

at 1498 and 1402 cm-1 are attributed to the characteristic vibration of the C–N bonds. 

The bands at 1358 and 1255 cm-1 are ascribed to the CH3 and aliphatic CH2 

deformation vibration, respectively. The spectra of pure PDMA and PDMA/CNF were 

almost identical, which can be attributed to the high amount of polymer relative to CNF. 

However, the band at 1744 cm-1 indicates the stretching of free COOH groups of CNF 

in PDMA1.5%. In examining the FTIR spectra shown in Figure 61, it will be noted that 

the change for N-C=O was insignificant, indicating that there was no chemical reaction 

between CNF and DMA. This result confirms that the CNF was just physically 

dispersed in the hydrogel. 

 

 

The XRD patterns of PDMA hydrogels are shown in Figure 62. The diffraction 

pattern of PDMA gel exhibit a diffuse background pattern, with an only broad peak at 

Figure 61 - FTIR spectra of pure PDMA and PDMA/CNF nanocomposite hydrogels. 

Source: The Author 
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29.0° reflecting a partial crystalline nature. The PDMA1.5% shows a broad peak 

centered at 26.6°, corresponding to the (200) plane of CNF.  

 

 

Figure 63 presents the DSC thermograms corresponding to the heating scans of the 

samples. The Tg values of PDMA, PDMA0.5%, PDMA1.0%, and PDMA1.5%, were 98.0 ºC, 

99.3 ºC, 135.8 ºC and 144.1 ºC, respectively. These results indicate the Tg value of 

PDMA increased with the content of CNF. The Tg is related to the mobility of polymeric 

chains at a given temperature, water, and other components entrapped in the matrix.321 

The increment in Tg can be attributed to hydrogen bonds between hydroxyl and 

carboxylate groups on the CNF surface and the oxygen from DMA. Hence, the CNF 

act as physical cross-linkers in the PDMA/CNF gels. Furthermore, the increase in Tg 

value with the increase in CNF content has suggested a reduction in the flexibility of 

polymer chains due to supramolecular hydrogen bonding interactions.322 

 

Source: The Author. 

Figure 62 - XRD patterns of PDMA and PDMA1.5%.  
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TGA and DTG curves of PDMA, PDMA0.5%, PDMA1.0%, and PDMA1.5% are shown in 

Figure 64, respectively. The Tonset and Tmax and percentage weight losses at different 

temperature intervals for hydrogel samples are listed in Table 16. It is seen that all 

studied hydrogels degrade in two main stages. The first stage occurred between 50 

and 130 ºC, which was attributed to the evaporation of water associated with the 

hydrogel. The second decomposition stage for PDMA gel started at 412.6 ºC with the 

maximum decomposition rate around 448.7 ºC. This degradation stage is ascribed to 

the depolymerization of the main chain.323 The corresponding temperatures for the 

initial decomposition of PDMA0.5%, PDMA1.0%, and PDMA1.5% were 422.6 ºC , 417.7 ºC, 

and 417.7 ºC, respectively. The temperature of maximum degradation of PDMA0.5%, 

PDMA1.0%, and PDMA1.5% were 450.8 ºC , 451.3 ºC, and 453.3 ºC, respectively. The 

results demonstrated that the thermal stability of PDMA gels was slightly increased 

due to added CNF. This thermal stability is mainly attributed to hydrogen bonding 

between the amide carbonyl group of DMA and hydroxyl and carboxylate groups 

existing in the CNF. 

 

Source: The Author  

Figure 63 - DSC thermograms of neat PDMA and PDMA /CNF hydrogels. 
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Table 16 - TG parameters of neat PDMA and PDMA/CNF. 

Samples 
1 st Event 2 nd Event 

Weght lossa (%) Tmax
b (°C) Tonset

c
 (°C) Weght lossa (%) Tmax

b (°C) 

PDMA 10.3 76.5.8 412.6 84.6 448.7 

PDMA0.5% 8.2 66.6 422.6 85.9 450.8 

PDMA1.0% 10.5 74.3 417.7 86.3 451.3 

PDMA1.5% 9.4 73.0 417.7 86.8 453.3 

a Weight loss obtained from the TG curve 
b Maximum peak temperature calculated from the DTG curve 
c Onset value obtained from the TG curve 

Source: The Author. 

 

 

The ability to swell in water is one of the most important and studied properties of 

hydrogel polymers.317 Figure 65 shows the swelling ratio of PDMA, PDMA0.5%, 

PDMA1.0%, and PDMA1.5% hydrogels. After 6 days immersion, the swelling ratio at the 

equilibrium (Qe) of PDMA, PDMA0.5%, PDMA1.0%, and PDMA1.5% gels were 40.6 ± 0.6, 

46.8 ± 0.5, 49.8 ± 0.7 and 50.7 ± 0.5, respectively. It can be seen that the Qe values of 

the PDMA/CNF hydrogels was significantly higher than that for the pure PDMA 

hydrogel, and it increased with increasing the CNF content in the hydrogels. These 

results can be explained due to the hydrophilic nature of CNF. When CNF was added, 

after interactions of PDMA and CNF, there were still large amounts of free hydroxyl 

and carboxyl groups on CNF surfaces, which were able to interact with water 

molecules.200 It was also shown by Zhou et al. 200 that the presence of CNF (2.5 wt%) 

in the CMC-g-poly(AA-co-AM) increased the Qe by approximately 178%. This result 

Figure 64 - TG and DTG graphs of neat PDMA and PDMA/CNF. 

Source: The Author  
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was attributed to the large osmotic pressure difference due to electrostatic repulsion in 

the hydrogel network between the carboxyl (carboxylate) on the surface of CNF and 

network. Amin et al.324 and Spagnol et al.82 have shown similar behavior with bacterial 

cellulose/acrylic acid and Chitosan-g-poly(AA)/CNF hydrogels, respectively. The effect 

of swelling of poly(AA-co-AM)/CNF gels was studied by Mahfoudhi and Boufi.325 It was 

shown that nanocomposite gels had a lower degree of swelling and that this decrease 

can be explained by tendency of cellulose nanofibrils to form physically entangled 

networks at low concentrations (3 wt%). This entanglement results in the decrease of 

expansion of the hydrogel network during the swelling process.  

 

 

The use of hydrogels in agriculture, soil improvement, and plant growth has gained 

interest in recent years.326 Hydrogels are capable of absorbing water, improve the 

water-holding capacity of the soil and promote optimal plant growth in drought 

conditions.327 In this context, the synthesized hydrogels have been investigated to 

study their water retention capacity. The water evaporation ratio was calculated and 

the results are shown in Figure 66. From this figure, the time for the water loss in pure 

Figure 65 - Swelling behaviour of pure PDMA and PDMA/CNF hydrogels.  

Source: The Author. 
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PDMA and PDMA1.5% gels were observed to be 550% larger when compared to pure 

water, the time for pure water was 2 days and for gels 11 days. This means that pure 

water completely evaporates in about 18% time when compared to the PDMA and 

PDMA1.5% gels. It is also possible to observe that the time for the water loss in 

PDMA0.5% and PDMA1.0% gels are slightly lower than PDMA and PDMA1.5% gels. This 

result can be attributed to more compact structure of the PDMA gels, which hinder the 

diffusion of the water molecules out of the polymer network. On the other hand, the 

PDMA1.5% gel has an excess of carboxyl, which are responsible for high water retention 

of hydrogel.  

 

 

To evaluate the use of hydrogels in chemical controlled-release systems, they were 

tested with commercial fertilizers NPK. The release profile of NPK from the PDMA 

hydrogels have been shown in Figure 67. As can be seen in this figure, the maximum 

release happens at about 6 days after the hydrogels come in contact with water. After 

Source: The Author. 

Figure 66 - Kinetics of evaporation of pure water and water contained in PDMA hydrogels. 
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this time, the fertilizer concentration in the solution remains practically constant, 

indicating the end of the release. The release kinetic curves indicated that fertilizer 

imbibed in the hydrogel diffused rapidly during the initial swelling stage of the hydrogel. 

Likely, in this stage, the nutrient release was present on the surface of the hydrogel. 

After, the nutrient release becomes slower, and this remaining sustained until the end 

of the study. The fertilizer release were 247.8 ± 11.6, 193.8 ± 4.9, 181.9 ± 5.1 and 

148.5 ± 10.6 mg.g-1 for PDMA, PDMA0.5%, PDMA1.0%, and PDMA1.5%, respectively. The 

release of fertilizer entrapped in the network is associated with the swelling and 

solubility of fertilizer. During the water-uptake process, the fertilizer is solubilized and 

diffused out of the gel. The incorporation of NPK fertilizers in hydrogel was obtained 

by dissolving 10 g of NPK into 1 L of water. The resulting solutions had a pH of 4.2. At 

lower pH values, repulsion among carboxylic groups is low, thus swelling decreases 

and minimizes the fertilizer release. 

 

 

The compression test of hydrogels having different content of CNF are illustrated in 

Figure 68. The compressive modulus of samples are evaluated from the linear part of 

Source: The Author 

Figure 67 - Release of NPK fertilizer in water by PDMA and PDMA /CNF. 
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the stress-strain curves. It is apparent from Figure 68 that tensile strength value of 

prepared hydrogels was significantly increased with the addition of CNF. For example, 

the compressive modulus value of PDMA was only 2.7 ± 0.9 kPa, whereas that of 

PDMA0.5%, PDMA1.0%, and PDMA1.5%, hydrogels was 5.4 ± 0.7, 7.5 ± 0.6, and 8.8 ± 0.3 

kPa, respectively. These results can be explained by the formation of physical cross-

linking network between polymer chains. Cross-linking hinders the flexibility of the 

polymer chain which forms a rigid structure; hence, mechanical properties of hydrogel 

is increased. Also, the PAM gels reinforced with CNF showed the same behavior, with 

increasing CNF contents (from 1 to 5 wt%).326 At low concentration of CNF, the 

compressive modulus of the hydrogels were improved due to the well-dispersed CNF 

in the PAM matrix. Wei et al.203 reported large increases in compression modulus for 

PNIPAM/CNF hydrogels, which also were attributed to the excellent dispersion of CNF 

in the matrix. 

 

 

Figure 68 - Compressive stress-strain curves of PDMA and PDMA /CNF. 

Source: The Author 
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4.4 Conclusion 

In the present study, we have investigated the effects of the SE associated with the 

ethanol organosolv process to produce CNF from coconut. The untreated and treated 

fibers were analyzed to better understand the effect of each treatment step and to 

evaluate the potential applications of the processed nanofibers in nanocomposite 

hydrogels. Chemical analysis showed that the previous SE treatment led to an increase 

in α-cellulose content as compared to the “organosolv-only” process. These results 

were validated by the increased χ and changes in the FTIR spectra. SEM revealed the 

loosening the fiber-bundles after the SE pretreatment. STEM images revealed an 

entangled network of cellulose nanofibers with diameters of 10-40 nm. Ethanol 

organosolv lignins are characterized by their high purity (>80%), low Tg and low Mw, 

showing a great potential to be used as radical scavenger (antioxidant), matrix material 

in bio-based composites, carbon fibers, phenolic resins, and polyurethane foams. The 

cellulose nanofibrils produced had a cellulose I structure and negative ζ being related 

to the carboxyl groups on the surface created by TEMPO-mediated oxidation 

treatment. The new process route developed can be adopted easily by biorefineries to 

produce CNF and lignin.  

We then verified the effectiveness of the use of this CNF as a reinforcement agent 

in the PDMA gels through in situ free radical polymerization in the absence of the multi-

functional monomer. CNF participated in the formation of hydrogel networks, led to 

their homogeneous dispersion in the polymer matrix, and significantly improved the 

mechanical strength of the hydrogel networks. Additionally, the presence of CNF into 

the neat hydrogel influenced the water uptake capacity. The water-retention and NPK 

release studies indicated that the addition of CNF considerably improved its water-

retention capacity but reduced the nutrient loading capacity of the hydrogel. In 

conclusion, we have synthesized and characterized mechanically tunable PDMA/CNF 

hydrogels with good water retention capability and controlled release. These 

characteristics can reduce loss of fertilizer and improve the utilization of water in 

agricultural and horticultural applications. 
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5 CONCLUSIONS AND PERSPECTIVES 

The main objective of this thesis project was the realization of nanocomposite 

hydrogels using nanocellulose as building blocks for potential agriculture applications. 

This study focused on agro-industrial wastes mainly because they are inexpensive, 

abundant, and provides a renewable source of cellulose that could be used for the 

large-scale production of nanocellulose. The current work elaborated CNC from cotton 

linter fibers by acid hydrolysis with H2SO4. Additionally, CNF were successfully 

extracted from coconut fibers by TEMPO-mediated oxidation and a simple 

disintegration step using a high-speed blender. The effects of each treatment on the 

morphology, structure, and properties of both CNC and CNF were examined. The 

studies conducted in the previous sections evaluate the usability of both CNC and CNF 

to improve the mechanical properties and nutrient release performance in hydrogels. 

Single and double-membrane hydrogels were synthesized with CNC and MFC. The 

single-membrane gels synthetized with CNC and MFC displayed lower swelling 

capacities. However, they showed high mechanical properties and nutrient loading 

capacities. The double-membrane gels exhibit high water-retention capacities and a 

slow release behavior compared to single-membrane gels.  

PDMA hydrogels with various CNF contents were prepared. Mechanical testing 

showed that CNF increased the compressive modulus in all PDMA hydrogels. Swelling 

ratio testing indicated that CNF improved the water absorption performance of the 

PDMA hydrogels. However, the nutrient loading capacities were reduced with the 

increase of the CNF content in hydrogels.  

As a conclusion, this work provides interesting results for the development of 

nanocellulose-containing hydrogels as a NPK release systems. At the beginning of this 

project, very few studies have reported the use of nanocellulose as building blocks in 

hydrogels based on natural and synthetic polymers. In respect with the initial idea of 

create nanocellulose-containing hydrogels, positive results have been obtained. The 

release behavior understanding of these hydrogels opens doors for promising potential 

in agriculture applications. In future, work will be focused on plant growth and forest 

productivity by use of these hydrogels. Recyclability and biodegradability should also 

be assessed, combined with a life cycle analysis, in order to show the sustainability 

and efficiency of these solutions. 
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