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Chapter 1 

General Introduction 

 

 

1.1 Background of cellulose 

 

1.1.1 Brief history 

Cellulose, the most ubiquitous and abundant polymers on the planet, has been used in the 

form of wood, cotton, and other plant fibers as an energy source, building materials, and 

clothing for thousands of years.
1
 However, until 1838 it was first discovered by the French 

scientist Anselme Payen.
2–4

 He got a resistant fibrous substance that remained after treatment 

of various plant (wood, cotton and others) tissues with acids and ammonia, following by 

subsequent extractions with water, alcohol, and ether. His analysis revealed the chemical 

formula of the substance to be C6H10O5. In 1839 he first used the name “cellulose” for this 

substance in a report of the French academy on his work.
5
  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Anselme Payen who first discovered cellulose.12 
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After that, the source, structure, chemical and physical properties of cellulose have been 

exhaustively studied by the researches all over the world. The first industrial scale cellulose 

product, i.e. celluloid, was created from nitrocellulose and camphor by the Hyatt 

Manufacturing Company in 1870, which is the first thermoplastic polymer material.
6
 The 

polymeric structure of cellulose was elucidated by Hermann Staudinger in 1920
7
 and the 

research on cellulose had a huge influence on the development of polymer chemistry.
8,9

 

Actually the structural features of macromolecules were mainly revealed with cellulose and 

this achievement led to the Nobel Prize for Hermann Staudinger in 1953, presumably the first 

Nobel Prize for a polymer chemist.
10

 In 1996 cellulose was synthesized for the first time in a 

purely chemical manner (no enzymatic catalyst).
11

 Although synthetic polymers were rapidly 

developed in the 20th Century and widely used until now, the 1970s energy crisis make 

cellulose attract renewed interest for materials and energy applications owing to its 

renewability.
8
 Moreover, most of the synthetic polymers are not biodegradable or carbon 

neutral, thus causing environmental pollution. Therefore, development and utilization of 

renewable, biodegradable, and biocompatible cellulose materials have become significant 

requirements for a sustainable society of the 21th Century. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Hierarchical structure of wood cellulose.15 
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1.1.2 Structure 

Cellulose is mainly produced by plants (wood, cotton, hemp, and others) in nature and 

also by certain bacteria, algae, tunicates, and fungi.
13,14

 Figure 1.2 shows the hierarchical 

structure of wood cellulose
15

 and Figure 1.3 shows the molecular structure of cellulose. 

 

 

 

 

 

 

Figure 1.3. Molecular structure of cellulose (n=DP, degree of polymerization).  

 

 

 

Cellulose is a polysaccharide generated from repeating β-D-glucopyranose molecules that 

are covalently linked through glycoside bonds between the equatorial OH group of C4 and the 

C1 carbon atom (β-1, 4-glucan).
1,16

 Therefore, cellulose is an extended and linear-chain 

polymer with a large number of hydroxyl groups present in the thermodynamically preferred 

4
C1 conformation.

17
 To accommodate the preferred bond angles of the acetal oxygen bridges, 

every second anhydroglucose (AGU) ring is rotated 180° in the plane.
1
 In this manner, two 

adjacent structural units define the disaccharide cellobiose. The chain length of cellulose 

expressed in the number of constituent AGUs (degree of polymerization, DP) varies with the 

origin and treatment of the raw material.
1
 One end of the cellulose chain is terminated with a 

D-glucose unit with an original C4-OH group (the non-reducing end); the other end is 

terminated with an original C1-OH group, which is in equilibrium with the aldehyde structure 

(the reducing end).
1
 The molecular structure imparts cellulose with its characteristic 

properties: hydrophilicity, chirality, degradability, and broad chemical variability initiated by 

the high donor reactivity of the OH groups.
1
 It is also the basis for extensive hydrogen bond 

networks, which make cellulose as highly crystalline microfibrils with width of 3–4 nm 

consisting of uniaxially aligned cellulose molecules in biological structures (Figure 1.2).
15
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The properties of cellulose are therefore determined by a defined hierarchical order in 

supramolecular structure
1
, which result in one approach to prepare cellulose materials by 

dissolution of cellulose molecules followed by its regeneration and the other by extraction of 

individual cellulose nanofibrils from native cellulose followed by preparation of the nanofibril 

materials. 

Furthermore, it should be noted that cellulose molecule is amphiphilic.
18

 Figure 1.4 is a 

schematic representation of cellulose molecules with their hydrophilic and hydrophobic 

parts.
18,19

 The equatorial direction of the glucopyranose ring is hydrophilic because all three 

hydroxyl groups on the ring are located on the equatorial positions of the ring. In contrast, the 

axial direction of the ring is hydrophobic because hydrogen atoms of C–H bonds are located 

on the axial positions of the ring. Thus, cellulose molecules are intrinsically amphiphilic 

structure. Moreover, such structure may play an important role in the research and utilization 

of cellulosic materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Hydrophobic and hydrophilic parts of cellulose molecule.18,19 

Reproduction from ref. 19 with permission from Nature Publishing Group (© Nature 

Publishing Group 2006). 



―― Chapter 1  General Introduction ―― 

 -5- 

1.2 Solvents of cellulose 

 

Cellulose is considered to be an almost inexhaustible source of raw material for the 

increasing demand for biodegradable and biocompatible products.
20,21

 However, cellulose is 

hard to dissolve in aqueous solutions and many organic solvents, which has been mainly 

explained in terms of the presence of strong inter- and intra-molecular hydrogen bonds of 

cellulose molecules. Most recently, Lindman et al. asserted that hydrogen bonding mechanism 

alone cannot explain the low solubility of cellulose in aqueous solvents, and the solubility or 

insolubility characteristics of cellulose are significantly dependent upon its amphiphilic and 

hydrophobic molecular interactions, which is named Lindman hypothesis.
22,23

 After debating 

the Lindman hypothesis by many cellulose chemists, both the hydrogen bonds and 

hydrophobic interactions of cellulose molecules are thought to be important for the 

dissolution of cellulose.
23

 The efficient dissolution of cellulose by a “green” method and the 

relevant dissolution mechanism is still long-standing goal in the cellulose field until now.
22–24

 

The non-derivatizing solvents of cellulose mainly include aqueous inorganic complexes 

(cuoxam, cadoxen, and cuen),
25–27

 8~10 wt % NaOH aqueous solution,
28–31

 NH3/NH4SCN 

aqueous solution,
32,33

 Ca(SCN)2 and NaSCN aqueous solution,
34,35

 ZnCl2 aqueous 

solution,
36,37

 N,N-dimethylacetamide (DMAc)/LiCl,
38,39

 dimethyl sulfoxide 

(DMSO)/LiCl,
40,41

 1,3-dimethyl-2-imidazolinone (DMI)/LiCl,
42,43

 N-methylmorpholine-N-

oxide (NMMO),
44,45

 ionic liquids,
24,46,47

 and alkali/urea or thiourea (NaOH/urea, 

NaOH/thiourea and LiOH/urea) aqueous systems,
48–54

 whereas the derivatizing solvents 

mainly are N,N-dimethlylformamide (DMF)/N2O4,
55,56

 DMSO/paraformaldehyde
57

 and 

NaOH/CS2 (viscose route)
58

. The traditional viscose route still dominates production methods. 

However, it inevitably generates hazardous byproducts (H2S and CS2) during manufacture 

and in post-treatment processes, resulting in serious pollution.
1,59

 Among the new cellulose 

solvents, NMMO, ionic liquids, and alkali/urea solutions are the most promising alternative 

cellulose solvent systems. 

 

1.2.1 N-methylmorpholine-N-oxide hydrate (NMMO) 

In 1969 Johnson described a cellulose solvent system using cyclic amine oxides, 
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particularly N-methylmorpholine-N-oxide (NMMO), and speculated about their potential 

application as dialysis membranes, food casings (sausage skins), fibers, films, paper coatings, 

and nonwoven binders.
60,61

 NMMO can be produced by oxidation of N-methylmorpholine 

with hydrogen peroxide, and is emerged as the best amine-oxide.
62

 Pure NMMO has a 

melting point of 170 °C. Hydration with one water molecule per NMMO molecule leads to 

the NMMO monohydrate with 13.3 wt % water content and it has a melting point of about 

74 °C and improved dissolution strength for cellulose owing to its strong N-O dipole.
44

 

McCorsley and Varga developed a method to produce solutions of up to 23% cellulose by 

treating cellulose with NMMO/water mixtures and subsequently removing the water with 

vacuum until the dissolution was achieved.
63

 Neither a cellulose derivatization nor a 

complexation takes place with NMMO.
64

 NMMO could form hydrogen bonds between the 

oxygen of the strong N-O dipoles in NMMO and hydroxyl groups of cellulose, which disrupt 

the cellulose hydrogen bond system, resulting the dissolution of cellulose.
65,66

 The 

NMMO/water system has been applied in large scale after overcoming the difficulties in high 

investment costs and recovery of the expensive solvent.
59

 Now there are some commercial 

textile fibers from this system, such as Lyocell (Lenzing), Tencel (Courtaulds), Alceru (TITK 

Rudolstadt), and Newcell (Akzo Nobel). However, two problems are still present in the 

NMMO process, namely the instability of the solvent and the tendency of the Lyocell fiber 

towards fibrillation.
59

 The instability of NMMO may cause a safety risk due to its possible 

spontaneous decomposition
67

 and side reactions may cause consumption of the expensive 

solvent and can lead to undesired staining of the cellulose regenerated.
68

 Additives such as 

propargyl gallate
69

 as antioxidant, phosphates,
70

 bases,
71

 sterically hindered phenols
72

 or mild 

reductants
73

 were suggested to stabilize the solvent. Furthermore, the unique, highly 

crystalline structure of Lyocell, and weaker lateral links between the crystallites make the 

fibers undergo localized separation of fibrous elements at the surface, namely fibrillation, 

mainly under conditions of wet abrasion, which restricts the applications of Lyocell.
74

 

Suitable approaches to diminish fibrillation include treatments with NaOH,
75

 use of cross-

linking agents or reactive dyes such as divinyl sulphone, 4,6-(p-beta-sulphatoethylsulphonyl)-

anilino-1,3,5-triazin-2(1H)-one and the commercial Cibatex AE4425, enzymes and a 

combination of these methods.
76
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1.2.2 Ionic liquids (ILs) 

The first work on dissolution of cellulose in ionic liquids (ILs) was reported by Charles 

Graenacher in 1934 by applying N-alkylpyridinium salts to dissolve cellulose and as media 

for homogeneous chemical reactions.
77

 However, the value of dissolution of cellulose with 

ionic liquids has not been evaluated until 2002, when Rogers' group published a study on the 

use of comparable salts (1-butyl-3-methylimidazolium chloride (BMIMCl)) to dissolve 

cellulose
46

. They carried out comprehensive studies on cellulose dissolution in ionic liquids 

and its regeneration, and successfully prepared cellulose fibers, films and cellulose beads.
78

 

Therefore, Rogers won the 2005 US Presidential Green Chemistry Challenge Awards owing 

to the great contribution in the cellulose field. Furthermore, Zhang and his coworkers have 

also conducted extensive research in this field and they found 1-alkyl-3-methylimidazolium 

chloride (AMIMCl) is also a good ionic liquid to dissolve cellulose.
79 

Ionic liquids are a group 

of new organic salts that exist as liquids at a relatively low temperature (below 100 °C), 

which have many attractive properties, such as chemical and thermal stability, non-

flammability and immeasurably low vapor pressure.
24

 The very low vapor pressure of them 

reduces the risk of exposure that is a clear advantage over the use of the classical volatile 

solvents.
80

 Thus, they are called ‘‘green’’ solvents and have been widely used.
81

 Cellulose 

solubility and the solution properties can be controlled by selection of the ionic liquid 

constitutes.
24

 Microwave heating can significantly accelerate its dissolution. Solutions 

containing up to 25 wt % cellulose can be prepared in BMIMCl under microwave heating.
24

 

The high chloride concentration and activity in BMIMCl, which is assumed highly effective 

in breaking the extensive hydrogen-bonding network present in cellulose, plays an important 

role in its dissolution. The presence of water in BMIMCl greatly decreases the solubility of 

cellulose through competitively hydrogen-bonding.
46

 Cellulose in its BMIMCl solution can be 

easily precipitated by addition of water, ethanol or acetone.
24

 By changing regeneration 

processes, the regenerated cellulose can be in a range of structural forms, such as powder, 

tube, bead, fiber and film.
24

 The regenerated cellulose has almost the same degree of 

polymerization and polydispersity as the initial one, but its morphology is significantly 

changed and its microfibrils are fused into a relatively homogeneous macrostructure.
24
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1.3 Aqueous alkali/urea solvent system 

 

1.3.1 Dissolution of cellulose in aqueous alkali/urea system 

In recent years, aqueous alkali/urea systems including NaOH/urea and LiOH/urea 

aqueous solutions pre-cooled to −12 °C to dissolve cellulose have been developed by Zhang’s 

group.
48−53 

Cellulose with weight-average molecular weight (Mw) smaller than 1.2×10
5
 could 

be dissolved in the NaOH/urea aqueous solution within 2 min on a typical laboratory scale 

and within 5 min even in a dissolution tank of 1000 L capacity (Jiangsu Long-Ma Green 

Fibers Co. Ltd.).
82

 In fact, several seconds may be required because of the appearance of the 

Weissenberg phenomenon within a 30-sec time period. It represents the most rapid 

dissolution of native cellulose, not to mention the speed of the dissolution process.
82

 Usually, 

the dissolution of normal polymers includes a slow diffusion based on the interchangeability 

of solvent and polymer, and needs a long time (the heating may accelerate the process).
82

 

Moreover, this process is still relatively low-cost and non-polluting because the by-products 

(mainly urea and Na2SO4) can be easily separated and recycled to be reutilized.
83,84

 Compared 

with the solvents mentioned above, the components of this solvent (NaOH, urea and water) 

are more common and cheaper.  

Zhang et al. demonstrated that NaOH “hydrates” can be easily attracted to cellulose 

chains through the formation of new hydrogen-bonded networks at low temperatures, while 

the urea hydrates cannot associate directly with cellulose, but can self-assemble at the surface 

of the NaOH hydrogen-bonded cellulose to form a worm-like inclusion complex (IC), leading 

to good dispersion of cellulose. The cellulose dissolution at low temperature arises as a result 

of a fast dynamic self-assembly process among solvent small molecules (NaOH, urea and 

water) and the cellulose macromolecules.
85,86

 The solubility of cellulose in LiOH/urea 

aqueous solution is stronger than that of cellulose in NaOH/urea aqueous solution, in terms of 

dissolution of celluloses with higher molecular weights and preparation of cellulose solutions 

with higher cellulose concentrations. The dissolution mechanism and solution properties of 

cellulose in LiOH/urea system are similar to that in NaOH/urea aqueous system. In 

LiOH/urea system, a channel IC hosted by urea encages the cellulose macromolecule bonded 

with LiOH hydrated. The solvent containing Li
+
 having relatively small ionic radius and high 
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charge density more easily penetrates into cellulose than Na
+
 ions to be imbibed on the 

cellulose chain, leading to the relatively stable IC and higher dissolubility of cellulose.
51,82  

Furthermore, the solubility of cellulose in NaOH/urea solution was improved 

significantly by the introduction of a small amount of ZnO (0.5 wt %), which existed as 

Zn(OH)4
2−

 in the alkali system.
86

 Zn(OH)4
2−

 can probably form stronger (or more stable) 

hydrogen bonds with cellulose than hydrated NaOH, leading to improvement of the 

dissolution power of cellulose. Moreover, celluloses with higher molecular weight such as 

1.7×10
5
 became soluble in the ZnO/NaOH/urea systems, while those are not completely 

soluble in the NaOH/urea systems without ZnO.
86,87

 

 

1.3.2 Fibers from aqueous cellulose/alkali/urea system 

From the cellulose dope in NaOH/urea system, high-quality cellulose multi-filament 

fibers were successfully prepared via a pilot machine, and the cellulose fibers had a circular 

cross-sectional shape (similar to Lyocell) and a smooth surface as well as good mechanical 

properties.
49

 The novel filaments possessed relatively high tensile strength (~330 MPa), with 

the mechanical properties being close to the commercial viscose rayon.
49,88

 Moreover, the 

mechanical properties of the novel cellulose filaments can be improved significantly after 

further optimization of the spinning process with the design and the conditions for the multi-

stage draw. It is worth noting that the sulfate content in the novel multifilament fibers is 

essentially zero, whereas viscose rayon contains about 8 mg/100 g multifilaments.
82

 Thus, the 

new cellulose fibers can be used to make nonwoven fabrics and greaseproof paper, which are 

used to wrap snack foods, cookies, candy bars, and tea bags. Furthermore, magnetic 

nanocomposite fibers by introducing in situ synthesized iron oxide (Fe2O3) nanoparticles into 

the porous structure in the wet cellulose fibers were also prepared.
89

 The magnetic fibers 

containing Fe2O3 with a mean diameter of 18 nm exhibited high mechanical strength, strong 

capability to absorb UV ray and superparamagnetic properties. Moreover, fiber-like Fe2O3 

macroporous nanomaterials were obtained by calcinations of Fe2O3/cellulose nanocomposite 

fibers to remove out cellulose matrix.
90

 The 1D inorganic nanomaterials with retention of the 

macropore structure and superior electrochemical activities have potential applications in the 

functional material fields. Fiber-like TiO2 nanomaterials could also be prepared by in situ 
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synthesis of TiO2 nanoparticles in the wet NaOH/urea regenerated cellulose fibers, followed 

by calcination at 400–800 °C.
91

 The mean diameter of the fiberlike TiO2 nanomaterials 

consisting of TiO2 nanoparticles with a mean size from 21 to 37 nm was 7–8 μm.
91

 The TiO2 

nanomaterials exhibited different crystallinity phases from anatase to rutile, depending on the 

calcinating temperature. The photocatalytic activity for the degradation of methyl orange of 

the anatase fibers calcined at 400 °C was the highest, compared with that at 600 and 800 °C.
91

 

It provided a simple and “green” pathway for the preparation of inorganic nanomaterials with 

different crystal structures by using porous regenerated cellulose fiber as the matrix. 

 

1.3.3 Films from aqueous cellulose/alkali/urea system 

Novel transparent, flexible regenerated cellulose films were prepared from aqueous 

NaOH/urea or LiOH/urea solution.
92–94,83

 After kept in soil at 30 °C for 20 days, the cellulose 

film almost completely decomposed, indicating its good biodegradation caused by the 

microorganisms.
83

 Moreover, these cellulose films are safe and stable, therefore, they are 

promising as the packaging materials.
82

 Furthermore, fluorescent and long after-glow 

photoluminescent cellulose films were prepared by treating the regenerated cellulose films 

with fluorescent dyes and blending with photoluminescent (PL) pigments, respectively.
83

 The 

photoluminescent cellulose films could absorb light for several minutes and then emits a 

visible light for more than 10 h in the dark. All-cellulose composite films were prepared from 

native cellulose nanowhiskers and cellulose matrix regenerated from aqueous NaOH/urea 

solvent system on the basis of their temperature-dependent solubility.
95

 The cellulose 

whiskers retained their needlelike morphology with mean length and diameter of 300 nm and 

21 nm as well as native crystallinity when added to the latter solution at ambient temperature. 

The tensile strength of the nanocomposite films could reach 157 MPa through a simple 

drawing process, with the calculated Hermans’ orientation parameter of 0.30. All-cellulose 

composite films reinforced with ramie fibers were also prepared using the aqueous 

NaOH/urea solvent system.
96

 These composite films exhibited high tensile strength, optical 

transmittance, and thermal stability. They have potential applications as packaging materials 

because of the ‘‘green” production process. Cellulose/corn protein composite films were 

prepared from NaOH/urea aqueous solutions.
97

 These films exhibited high mechanical 
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properties (tensile strength of 91 MPa) and high thermal stability (decomposition temperature 

of 283 °C), when compared with the pure corn protein materials (tensile strength of 10 MPa, 

decomposition temperature of 179 °C). The results indicated that strong interactions such as 

multiple hydrogen bonds were formed and existed between cellulose and corn protein 

molecules in the composite films. In addition, the results of cell culture experiments revealed 

that the cellulose/corn protein composite films had high performance in cell adhesion and 

proliferation. Therefore, the cellulose/corn protein films had potential application to such cell 

scaffold materials. 

 

1.3.4 Spheres from aqueous cellulose/alkali/urea system 

Regenerated cellulose microspheres (RCS) with different diameter were fabricated from 

cellulose solution in NaOH/urea aqueous solvent by sol–gel transition method.
98

 Moreover, 

novel magnetic cellulose microspheres (MRCS) were also created by in situ synthesize of 

Fe3O4 nanoparticles into the cellulose pore as a reaction micro-chamber.
98

 The Fe3O4 

nanoparticles with diameter about 20 nm were synthesized from FeCl3/FeCl2 aqueous solution 

by in situ co-precipitation in the cellulose pores. The MRCS microspheres exhibit sensitively 

magnet induced transference, extremely small hysteresis loop, as well as good adsorption and 

release capabilities for bovine serum albumin (BSA). The Fe3O4 nanoparticles were dispersed 

uniformly and immobilized in the cellulose matrix, as a result of a strong electrostatic 

interaction between Fe3O4 and the cellulose. The Fe3O4 nanoparticles in the cellulose 

microspheres played important roles in both the creation of the magnetic-induced transference 

and the improvement of the targeting protein delivery and release.
98

 By blending cellulose 

with the γ-Fe2O3 nanoparticles and activated carbon (AC) in the NaOH/urea aqueous solvent, 

millimeter-scale magnetic cellulose beads, coded as MCB-AC, were fabricated via an optimal 

dropping technology.
99

 The cellulose composite beads containing Fe2O3 nanoparticles 

displayed sensitive magnetic response. The MCB-AC sorbent has good adsorption capacity to 

the dye particles through physical interaction, and the used sorbents can be removed out and 

recovered easily through a magnetic field. 

 

1.3.5 Hydrogels from aqueous cellulose/alkali/urea system 
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Transparent cellulose hydrogels were prepared from cellulose/NaOH/urea aqueous 

solutions by using epichlorohydrin (ECH) as crosslinker.
100

 Cellulose hydrogels prepared by 

heating displayed better light transmittance, higher equilibrium swelling ratios, higher water 

uptakes and relatively weaker mechanical strength. However, cellulose hydrogels prepared by 

freezing method had faster swelling rate and higher mechanical strength. To improve the 

mechanical properties of the cellulose hydrogels, cellulose/polyvinyl alcohol hydrogels were 

prepared by freezing/throwing method which had dense structure and exhibited high strength 

and storage modulus.
101

 Macroporous hydrogels fabricated from cellulose and sodium 

alginate (SA) in NaOH/urea aqueous system by chemical crosslinking had high swelling 

ratio.
102

 In the hydrogels, SA played an important role on increasing pore size and swelling 

ratio, whereas cellulose contributed to support the pore wall. Furthermore, novel 

superabsorbent hydrogels were fabricated by using cellulose as support and 

carboxymethylcellulose sodium as high hydrophilic polymer, which had superabsorbent 

capability and high swelling ratio (more than 1000).
103

 The hydrogels were sensitive to 

inorganic aqueous solution, physical saline water and synthetic urine, showing smart swelling 

and shrinking behaviors, as well as controlled release of BSA. Strong fluorescent hydrogels 

were prepared from cellulose and the CdSe/ZnS quantum dots (QDs) in NaOH/urea aqueous 

system via a mild chemical cross-linking process.
104

 The relatively hydrophobic CdSe/ZnS 

core-shell nanoparticles were dispersed well and embedded firmly in the cellulose matrices 

through electrostatic attraction and hydrophobic interactions. The cellulose-QDs hydrogels 

emitted strong fluorescence with different colors of green, greenish-yellow, yellow and red, 

depending on the size of the CdSe/ZnS nanoparticles, and exhibited relatively high PL 

quantum yields as well as good transparence and mechanical strength. 

 

1.3.6 Aerogels from aqueous cellulose/alkali/urea system 

Highly porous and strong cellulose aerogels were prepared by gelation of cellulose from 

aqueous alkali/urea solution, followed by drying with supercritical CO2.
52

 By using 

supercritical CO2 drying, the network structure in the hydrogel was well preserved in the 

aerogel and the aerogels had pore sizes ranging from 10 nm to 40 nm. The cellulose aerogels 

had large surface areas (400–500 m
2
g

–1
). Furthermore, these cellulose aerogels could be used 
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as supporting medium for metal nanoparticles.
53

 Silver, gold, and platinum nanoparticles were 

synthesized in the gel by hydrothermal reduction by cellulose or by added reductant. Both 

methods gave nanoparticles embedded with high dispersion in cellulose gels. Supercritical 

CO2 drying of the metal-carrying gel gave corresponding aerogels with high transmittance, 

porosity, surface area, moderate thermal stability, and good mechanical strength. The 

cellulose gels were also used as template for the in situ preparation of cellulose–silica 

composite aerogels by a sol–gel process from tetraethyl orthosilicate (TEOS), followed by 

drying with supercritical CO2.
50

 The resulting composite aerogels retained the mechanical 

strength and flexibility, large surface area, semi-transparency, and low thermal conductivity 

of the cellulose aerogels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Schematic illustration of novel cellulose materials from 

cellulose/alkali/urea solution.82 Reproduction from ref. 82 with permission from 

Elsevier (© Elsevier 2013). 
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Figure 1.5 shows schematic illustration of novel cellulose materials from 

cellulose/alkali/urea solution.
82

 They are promising in the fields of textile, packaging, 

separation technology, biomedicine, etc.  

 

 

1.4 Objective of this study 

 

Cellulose is the most abundant natural polymer on earth and the alkali/urea solvents have 

been developed to dissolve cellulose and produce regenerated cellulose materials. Compared 

to other newly developed cellulose solvents like ionic liquids and NMMO, this new technique 

shows great economic advantages. Moreover, it is an environmentally friendly processing 

without toxic gas emission. It is meaningful to expand potential applications of alkali/urea 

systems and to deepen related fundamental studies. Recently, high-performance gas barrier 

materials with high optical transparency, flexibility, mechanical strength, thermal stability, 

and biodegradability have become a prominent research area of high-tech materials such as 

flexible organic light-emitting diode (OLED) displays, encapsulation of electronic devices, 

and high performance packaging materials for food, medicine, etc. Most gas barrier polymer 

materials are petroleum-derived synthetic polymers that are non-biodegradable and give 

environmental problems. Therefore, the objective of this work is to do fundamental and 

applied studies to develop new high-performance cellulose functional materials (cellulose and 

cellulose-based nano-composites) with good gas barrier properties, hydrophobicity, thermal 

stability, mechanical strength, and optical transparency from alkali/urea solutions. It is a new 

route of an advance “green” cellulose technology focusing on its application to produce 

cellulose functional materials as novel bio-based, fully-degradable, environmentally-friendly, 

high-performance packaging and optoelectronic display materials. The research and 

application of the new high-performance cellulose functional materials are very important for 

a sustainable society. The commercialization of these cellulose products will benefit our 

future life. 
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Chapter 2 

High Gas Barrier Cellulose Films Fabricated from 

Aqueous Alkali/Urea Solutions 

 

 

2.1 Introduction 

 

High-performance films with high flexibility, optical transparency, thermal stability, 

mechanical strength, biodegradability, and gas barrier properties are in great demand for a 

wide range of applications.
1–5

 The gas barrier properties are particularly important because 

ingress of even very small amounts of oxygen causes most products to deteriorate.
6–9

 

Petroleum-derived synthetic polymers such as poly(vinylidene chloride), ethylene vinyl 

alcohol copolymer, nylon, and polymers with vapor-deposited coatings have been extensively 

used as gas barrier films for food, medicine, and electronic packaging.
2,10

 Most plastic 

packaging films are discarded as burnable waste or used as landfill after use. This causes 

environmental problems because such synthetic polymers are not biodegradable or carbon 

neutral.
11

 Therefore, there is a growing demand to develop new bio-based, high-performance 

packaging materials.
12

 Various cellulose
13–17

 and hemicellulose
18–21

 films have been studied 

as bio-based oxygen barrier materials. Some of the films have quite low oxygen transmission 

rates, which are explained in terms of abundant hydrogen bonds formed in the films and 

hence small free volumes.
22

 

Commercial films of regenerated cellulose (i.e., cellophane) are transparent, durable, 

bendable, and impervious to air, grease, bacteria, and dirt.
13

 However, cellophane is prepared 

through the viscose route that inevitably generates hazardous byproducts (CS2 and H2S) 

during manufacture and in post-treatment processes, resulting in serious pollution. Thus, N-

methylmorpholine-N-oxide hydrate (NMMO),
23,24

 ionic liquids,
25–27

 and aqueous NaOH 

solutions
28

 have been developed as alternative cellulose solvent systems to prepare new 

regenerated cellulose films and fibers, and the related fundamental and application studies 

have been extensively carried out.
29
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In recent years, safe and low-cost alkali/urea solvents (AU) have been developed for 

producing regenerated cellulose materials without producing any hazardous byproducts.
30,31

 

They can readily dissolve even highly crystalline cellulose without significant degradation. 

New cellulose multifilament fibers,
32

 films,
33–38

 and porous aerogels
39

 have been prepared 

from the cellulose dopes. These cellulose materials possess a wide range of mechanical 

properties, excellent thermal stabilities, and high biodegradabilities due to the nature of 

cellulose. 

In the present chapter
40

, I found that transparent and bendable cellulose films prepared 

from aqueous alkali/urea/cellulose solutions (AUC) exhibit high oxygen barrier properties. 

The oxygen barrier properties of these AUC films are significantly superior to those of 

commercial cellophane or synthetic polymer films used as oxygen barriers such as 

poly(vinylidene chloride) and poly(vinyl alcohol). Series of these AUC films were prepared 

by varying the regeneration bath components, regeneration temperature, cellulose raw 

material, and cellulose concentration of the solutions. They were then characterized primarily 

in terms of oxygen permeability and density. 

 

 

2.2 Experimental Section 

 

2.2.1 Materials  

Filter paper pulp (FP, highly purified cotton linters, Advantec Co., Ltd., Japan), Whatman 

CF11 microcrystalline cellulose powder (Whatman International Ltd., UK), another cotton 

linters pulp (CP, Hubei Chemical Fiber Co. Ltd., China), and softwood bleached kraft pulp 

(SBKP, Nippon Paper Industries Co., Ltd.) were used as cellulose samples. Viscosity-average 

molecular weights of FP, CF11, CP, and SBKP were determined to be 8.6×10
4
, 3.6×10

4
, 

10.0×10
4
, and 19.4×10

4
 g mol

–1
, respectively.

39,41
 Commercial cellophane containing glycerol 

as a plasticizer was kindly provided by Rengo Co., Ltd., Japan. All reagents and solvents were 

laboratory grade and were purchased from Wako Pure Chemical Industries, Ltd.; they were 

used as received. 
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2.2.2 Preparation of films  

The solvent mixture, NaOH/urea/H2O with a weight ratio of 7:12:81 or LiOH/urea/H2O 

with a weight ratio of 4.6:15:80.4 was precooled at –12 °C. The desired amount of cellulose 

was dispersed in the precooled solvent and the mixture was vigorously stirred for 2 min. It 

formed a transparent and viscous solution. The cellulose solution thus obtained was 

centrifuged to degas and remove the remaining undissolved fractions, spread on a glass plate 

as a 0.5 mm thick layer, and then immersed in a coagulation bath for regeneration. The 

regeneration bath solutions and conditions varied as follows: 5 wt % H2SO4 at 0–60 °C for 5 

min, 5 wt % H2SO4 containing 5 wt % Na2SO4 at 20 °C for 5 min, EtOH at 20 °C for 30 min, 

t-BuOH at 20 °C for 30 min, and acetone at 0–20 °C for 30 min. These regeneration baths 

were selected to prepare regenerated cellulose films with different densities. The sheet-like 

hydrogel of regenerated cellulose was thoroughly washed with deionized water by soaking, 

fixed on a poly(methyl methacrylate) plate with adhesive tapes to prevent shrinkage, and air 

dried at ambient temperature.
33

 The air-dried AUC films were further dried in a desiccator 

containing phosphorus pentaoxide at room temperature and 0% relative humidity (RH) for at 

least for 3 days. 

 

2.2.3 Characterizations 

The film thickness was measured by a micrometer, and each value was expressed as an 

average of five measurements for different position. Thicknesses of the AUC films ranged 

from 30 to 60 μm, depending on the cellulose concentration in the solutions and regeneration 

conditions used. Statistical errors in thickness of each film were within ±3%. The density (ρ) 

of the dried cellulose film was determined from the area, thickness, and dry weight. The 

oxygen and water vapor permeability rates of the cellulose films were respectively determined 

at 23 °C and 37.8 °C using a Mocon Ox-Tran Model 2/21MH and a Mocon Permatran-W 

Model 1/50G (Modern Controls Inc., US) under standard conditions (ASTM 3985). Each 

measurement was continued until the O2 or water vapor permeability rate reached a stable 

value. X-ray diffraction patterns of the films were acquired in reflection mode using a Rigaku 

RINT 2000 with monochromator-filtered Cu Kα radiation (λ = 0.15418 nm) at 40 kV and 40 

mA. The crystallinities of the cellulose samples were estimated from the areas of diffraction 
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peaks obtained using the Lorentz peak separation method.
42

 The optical transmittances of the 

films were measured from 200 to 900 nm using a Shimadzu UV-1700 UV–Vis 

spectrophotometer. Tensile tests were performed using a Shimadzu EZ-TEST instrument 

equipped with a 500 N load cell. Rectangular strips 2×30 mm in size were cut from the 

cellulose films and tested with a span length of 10 mm at a rate of 1.0 mm min
–1

. Cellulose 

films were conditioned at 23 °C and 50% RH for 2 days and the moisture contents under these 

conditions were calculated from the film weights before and after heating at 105 °C for 3 h. 

 

 

2.3 Results and Discussion 

 

2.3.1 Characteristics of AUC films 

The first step involved preparing regenerated cellulose films from aqueous AU solutions 

under various conditions and characterizing the obtained films (Table 2.1). Because the FP 

cellulose gave regenerated cellulose hydrogels and films with better mechanical and optical 

properties than others, we primarily used FP as the cellulose raw material in this study. Table 

2.1 also lists the oxygen permeabilities of the AUC films at 0% RH. The oxygen 

permeabilities of the AUC films varied depending on the dissolution and regeneration 

conditions. The lowest oxygen permeability of 0.003 ml μm m
–2

 day
–1

 kPa
–1

 was achieved for 

the film prepared from a 6 wt % cellulose solution in LiOH/urea/H2O by regeneration with 

acetone at 0 °C; this oxygen permeability is one order of magnitude lower than that of 

cellophane. No plastic films have been reported to have comparable oxygen permeability to 

this AUC film. For example, high-density poly(ethylene), poly(ethylene terephthalate), nylon-

6, poly(vinylidene chloride), and poly(vinyl alcohol) have oxygen permeabilities of 

respectively 500, 8, 6, 0.4, and 0.04 ml μm m
–2

 day
–1

 kPa
–1

 at 0% RH.
43

 Moreover, the AUC 

films have high optical transparencies, reasonable bendability, and high mechanical strengths 

(Figures 2.1 and 2.2). The cellulose film prepared from a 5 wt % FP cellulose solution in 

NaOH/urea/H2O by regeneration with 5 wt % H2SO4 at 0 °C had a tensile strength of 150 

MPa, a Young’s modulus of 6 GPa, and an elongation at break of 12 %. 
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Table 2.1. Preparation conditions of AUC films and characteristics of them.a 

Reproduction from ref. 40 with permission from American Chemical Society (© 

American Chemical Society 2011). 

 

Solvent 
Cellulose 

source 

C 

(wt %) 

Regeneration 

bath 
T (°C) 

Density 

(g cm
-3

) 

Oxygen permeability 

(ml μm m
-2

 day
-1

 kPa
-1

) 

NaOH/urea FP 5 5% H2SO4  0 1.54 0.0058 

NaOH/urea FP 5 5% H2SO4  20 1.40 0.0185 

NaOH/urea FP 5 5% H2SO4  60 1.35 0.0304 

NaOH/urea FP 5 
5% H2SO4 and 

5% Na2SO4 
 20 1.45 0.0140 

       

LiOH/urea FP 3 
5% H2SO4 and 

5% Na2SO4 
 20 1.39 0.0296 

LiOH/urea FP 4 
5% H2SO4 and 

5% Na2SO4 
 20 1.43 0.0153 

LiOH/urea FP 5 
5% H2SO4 and 

5% Na2SO4 
 20 1.44 0.0137 

LiOH/urea FP 6 
5% H2SO4 and 

5% Na2SO4 
 20 1.45 0.0124 

LiOH/urea FP 6 EtOH  20 1.49 0.0109 

LiOH/urea FP 6 t-BuOH  20 1.51 0.0084 

LiOH/urea FP 6 Acetone  20 1.55 0.0045 

LiOH/urea FP 6 Acetone  0 1.55 0.0033 

LiOH/urea CF11 6 
5% H2SO4 and 

5% Na2SO4 
 20 1.38 0.0196 

LiOH/urea CP 4 
5% H2SO4 and 

5% Na2SO4 
 20 1.44 0.0149 

LiOH/urea SBKP 4 
5% H2SO4 and 

5% Na2SO4 
 20 1.45 0.0145 

       

Cellophane – – –  – 1.35 0.0481 

a
 FP: filter paper pulp, CF11: cellulose powder, CP: cotton linters pulp, SBKP: softwood 

bleached kraft pulp. C is cellulose concentration in the AU solution. T is the temperature of 

the regeneration bath. Oxygen permeabilities of the films were measured at 0% RH. 
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Figure 2.1. UV-Vis transmittance and appearance of an approximately 50 μm thick 

cellulose film prepared from 5 wt % FP cellulose solution in NaOH/urea/H2O by 

regeneration with 5 wt % H2SO4 at 0 °C. Reproduction from ref. 40 with permission 

from American Chemical Society (© American Chemical Society 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Stress-strain curve of cellulose film prepared from 5 wt % FP cellulose 

solution in NaOH/urea/H2O by regeneration with 5 wt % H2SO4 at 0 °C. Reproduction 

from ref. 40 with permission from American Chemical Society (© American Chemical 

Society 2011). 
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2.3.2 Oxygen permeabilities of AUC films 

Figure 2.3 shows the effect of regeneration bath temperature of 5 wt % H2SO4 on oxygen 

permeabilities and densities of cellulose films prepared from 5 wt % FP solution in 

NaOH/urea/H2O. The oxygen permeability decreased drastically from 0.03 to 0.006 ml μm m
–

2
 day

–1
 kPa

–1
 when the regeneration bath temperature was reduced from 60 to 0 °C. This 

reduction in the oxygen permeability is explained by the increased density of the AUC films: 

the densities increased from 1.35 to 1.54 g cm
–3

 when the regeneration bath temperature was 

reduced from 60 to 0 °C, which is inversely correlated to that of the oxygen permeability. The 

regeneration of cellulose at high temperatures is likely to form a more robust network of 

cellulose chains or a stiffer physical hydrogel,
44

 leading to the low density of the AUC film 

obtained by drying the regenerated hydrogel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Effect of temperature of regeneration bath of 5 wt % H2SO4 on oxygen 

permeabilities and densities of cellulose films prepared from 5 wt % FP cellulose 

solution in NaOH/urea/H2O. Reproduction from ref. 40 with permission from 

American Chemical Society (© American Chemical Society 2011). 
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Figure 2.4. Effects of FP cellulose concentration of LiOH/urea/H2O solutions on 

oxygen permeabilities and densities of cellulose films prepared from solutions by 

regeneration with 5 wt % H2SO4/5 wt % Na2SO4 at 20 °C. Reproduction from ref. 40 

with permission from American Chemical Society (© American Chemical Society 

2011). 

 

 

 

Figure 2.4 depicts the effect of FP cellulose concentration in LiOH/urea/H2O solutions on 
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regeneration with 5 wt % H2SO4/5 wt % Na2SO4. In this case, the regeneration temperature 

was fixed at 20 °C. The oxygen permeability of the AUC films decreased from 0.03 to 0.012 

ml μm m
–2

 day
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 kPa
–1

 when the cellulose concentration was increased from 3 to 6 wt %. 

Correspondingly, the density of the AUC films increased from 1.39 to 1.45 g cm
–3

. This is the 

same trend as that shown in Figure 2.3; the oxygen permeability of the AUC films decreases 

with increasing film density. The results of Figures 2.3 and 2.4 demonstrate that regeneration 

of cellulose at lower temperatures from higher concentration solutions produce AUC films 

with lower oxygen permeabilities. Note that it was difficult to form flat, smooth films from 

solutions with cellulose concentrations below 2 wt %. Moreover, the FP cellulose could not 

be dissolved completely, when the cellulose concentrations were higher than 6 wt %; this low 
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upper-limit of cellulose concentrations would be one of the shortcomings of AU solutions in 

practical applications. 

As shown in Table 2.1, the oxygen permeability of the AUC films could be further 

reduced by appropriate selection of the regeneration bath. When ethanol (EtOH), t-butanol (t-

BuOH), or acetone was used as the regeneration bath, the oxygen permeability of the films 

further decreased to 0.003–0.01 ml μm m
–2

 day
–1

 kPa
–1

. These films also had higher densities 

than the other films. The difference in the densities of the cellulose films prepared from the 

same AU solutions but under different regeneration conditions is probably due to different 

diffusion rates of the regeneration solvent into the cellulose solution;
45–48

 a lower diffusion 

rate or a longer regeneration time produces more homogeneous hydrogels, resulting in AUC 

films with higher densities. To be more precise, when aqueous H2SO4 or H2SO4/Na2SO4 

solutions were used as the regeneration bath, neutralization of the cellulose/alkali/urea 

solution induces more rapid regeneration of cellulose. The lower regeneration bath 

temperature probably reduces the exchange rate from the cellulose solvent components to the 

regeneration bath components in cellulose hydrogels, which may have brought about the 

higher density of the AUC films. In addition, solvent exchange from the AU solution to an 

organic solvent such as t-BuOH or acetone may have resulted in longer cellulose regeneration 

than neutralization with an aqueous H2SO4 or H2SO4/ Na2SO4 solution. 

No obvious differences in the oxygen permeabilities were observed for cellulose films 

fabricated using other solvent systems (i.e., NaOH/urea and LiOH/urea solutions). The effect 

of different cellulose raw materials on oxygen permeability of the obtained AUC films was 

also not clear, although mechanical and optical properties of AUC hydrogels and films were 

different between cellulose raw materials. Thus, the film density is the primary factor 

influencing oxygen barrier properties. 

Figure 2.5 shows the relationship between the densities of the AUC films and their 

oxygen permeabilities at 0% RH. The oxygen permeability of the AUC films is inversely 

proportional to the density, irrespective of the preparation conditions of the cellulose solutions 

or their regeneration conditions. The AUC films with higher densities have smaller spaces for 

oxygen molecules to penetrate, resulting in lower oxygen permeabilities. The oxygen 

permeability of cellophane is also plotted in Figure 2.5; it clearly deviates from the linear 
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relationship of the AUC films. This indicates that cellophane has different structures from 

those of the AUC films even at the same density and that oxygen molecules can penetrate 

cellophane more easily. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Relationship between densities and oxygen permeabilities of cellulose 

films prepared from cellulose/alkali/urea/H2O solutions under various conditions. The 

value for cellophane is also plotted for comparison. Reproduction from ref. 40 with 

permission from American Chemical Society (© American Chemical Society 2011). 

 

 

 

X-ray diffraction analysis (Figure 2.6) revealed that the AUC films and cellophane had 

the same crystal structure of cellulose II but different crystallinity indices. All AUC films had 

similar crystallinity indices of 0.50–0.52 regardless of the regeneration conditions, while they 

had clearly different densities from 1.35 to 1.55 g cm
–3

 (Table 2.1). Thus, porous structures or 

free volumes of disordered regions are probably different between the AUC films, resulting in 

the different film densities and consequently different oxygen barrier properties in Figure 2.5. 
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density of 1.35 g cm
–3

. The high crystallinities of the AUC films might have been responsible 

for their high oxygen barrier properties.
10

 In addition, the presence of plasticizer and higher 

hemicellulose content for the commercial cellophane may have resulted in its low oxygen 

barrier properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. XRD patterns of AUC films prepared from 6 wt % FP cellulose solution by 

regeneration with acetone at 20 °C (AUC film A), from 5 wt % FP cellulose solution 

by regeneration with 5 wt % H2SO4 at 60 °C (AUC film B), and that of cellophane. 

C.I.: crystallinity index; d: density. Reproduction from ref. 40 with permission from 

American Chemical Society (© American Chemical Society 2011). 
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Figure 2.7. Effects of relative humidity on oxygen permeabilities of AUC film and 

cellophane. The AUC film was prepared from 6 wt % FP cellulose solution in 

LiOH/urea/H2O by regeneration with acetone at 20 °C. Reproduction from ref. 40 with 

permission from American Chemical Society (© American Chemical Society 2011). 

 

 

 

2.3.3 Oxygen permeability of AUC films under humid conditions 

Figure 2.7 shows the oxygen permeabilities measured at various RH for cellophane and a 

cellulose film prepared from a 6 wt % FP cellulose solution in LiOH/urea/H2O by 

regeneration with acetone at 20 °C. The oxygen permeability of the AUC film was always 

approximately one order of magnitude lower than that of cellophane over the entire RH range. 

The oxygen permeabilities of the AUC film remained almost parallel with those of cellophane 

with increasing RH. Cellulosic materials generally absorb moisture because cellulose 

molecules have many hydroxyl groups. This hydrophilicity of cellulose results in greater 

amounts of moisture sorption under higher RH conditions, and thus promotes dissolution of 

more oxygen molecules in moisture sorption on cellulose films, leading to a significant 

increase in the oxygen permeability. Furthermore, the increase in free volume accompanied 

0 20 40 60 80

O
x
y
g

e
n

 p
e
rm

e
a
b

ili
ty

(m
l 

m

 m
-2

 d
a
y

-1
 k

P
a

-1
)

10-3

10-2

10-1

100

101

102

Cellulose film

Cellophane

Relative humidity (%)



―― Chapter 2  High Gas Barrier Cellulose Films Fabricated from Aqueous Alkali/Urea Solutions ―― 

 -33- 

with the increased swelling of the films may also have led to the increase in the oxygen 

permeability with increased RH. A similar increase in oxygen permeability has been observed 

for poly(vinyl alcohol) and ethylene vinyl alcohol copolymer, which are used as oxygen 

barrier films in practical applications.
49

 The AUC films were also found to have substantially 

lower water vapor permeabilities than cellophane over the entire RH range; the water vapor 

permeabilities of the AUC films remained almost parallel with those of cellophane with 

increasing RH (Figure 2.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Effects of relative humidity on water vapor permeabilities of AUC and 

cellophane. The AUC film was prepared from 6 wt % FP cellulose solution in 

LiOH/urea/H2O by regeneration with acetone at 20 °C. Reproduction from ref. 40 with 

permission from American Chemical Society (© American Chemical Society 2011). 
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regeneration conditions; the higher the density is, the lower the moisture content the AUC 

films have at the same RH. (Figure 2.9). The moisture content of cellophane is also plotted in 

Figure 2.9. This value was clearly higher than those of the AUC films at the same film density 

probably because cellophane had lower crystallinity index (Figure 2.6) and contained a 

plasticizer. It is advantageous that the cellulose films prepared from cellulose solutions in 

alkali/urea/H2O systems have lower oxygen and water vapor permeabilities than cellophane 

over the entire RH range.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Relationship between densities of AUC films in the dry state and their 

moisture contents at 23 °C and 50% RH. Reproduction from ref. 40 with permission 

from American Chemical Society (© American Chemical Society 2011). 
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have not been clarified.
16

 On the other hand, the AUC films, other regenerated cellulose films 

and also nanocellulose films have remarkably higher water vapor permeabilities than those of 

poly(ethylene) and poly(propylene) films, which is one of the typical disadvantages for 

cellulose-based films.
14,15,50

 Hence, improvement of water-vapor barrier properties of the 

AUC films is significant for future practical applications. Some studies have been carried out 

to obtain high barrier films for both water vapor and oxygen gas by compositing with 

hydrophobic polymers
14,51

 or inorganic fillers,
52

 metalizing on the film surfaces,
14

 and 

chemical modifications.
53

 These techniques may be applicable also to the AUC films to 

improve water vapor barrier properties. 

 

 

2.4 Conclusions 

 

Transparent and bendable cellulose films regenerated from cellulose solutions in aqueous 

AU systems exhibit high oxygen barrier properties. The regenerated AUC films have 

substantially lower oxygen permeabilities than practical oxygen barrier films such as 

poly(vinylidene chloride) and poly(vinyl alcohol). The oxygen permeabilities of the AUC 

films at 0% RH vary from 0.003 to 0.03 ml μm m
–2

 day
–1

 kPa
–1

 depending on their 

preparation conditions. The oxygen permeabilities of the AUC films are inversely 

proportional to their densities, and the AUC films prepared from solutions with high cellulose 

concentrations by regeneration with a solvent at low temperatures have low oxygen 

permeabilities and high densities. The lowest oxygen permeability of 0.003 ml μm m
–2

 day
–1

 

kPa
–1

 was achieved for the film prepared from a 6 wt % cellulose solution by regeneration 

with acetone at 0 °C. The transparent, bendable, high oxygen barrier cellulose films 

developed in this study are promising as high-performance packaging materials since they are 

biodegradable and environmentally compatible. However, improvement of water-vapor 

barrier properties of the AUC films is required in future work. Furthermore, recovery systems 

of Na or Li ions and urea molecules in the regeneration effluents, their reuse systems, and 

processes to increase cellulose concentrations to 7–10 wt % should be established for 

practical applications of the alkali/urea cellulose solvent systems. 
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Chapter 3 

Improvement of Mechanical and Oxygen Barrier 

Properties of Cellulose Films by Controlling Drying 

Conditions of Regenerated Cellulose Hydrogels 

 

 

3.1 Introduction 

 

There has been a growing demand to develop new bio-based materials with features of 

renewability, sustainability, biocompatibility, and biodegradability.
1–8

 Regenerated cellulose 

and nanofibrillated cellulose films have potential applications as bio-based materials with 

high thermal stability and gas barrier properties because of the highly crystalline and 

hierarchical network structures of cellulose that arise from abundant and ordered intra- and 

inter-molecular hydrogen bonds.
9–21

 

In the previous chapter, transparent and flexible regenerated cellulose films prepared 

from aqueous alkali/urea solutions under suitable regeneration conditions were found to 

exhibit high oxygen barrier properties that were superior to both conventional cellophane and 

to those of practical oxygen barrier films such as poly(vinylidene chloride) and poly(vinyl 

alcohol).
15

 Because alkali/urea cellulose solvents are categorized as green systems,
15,22–28

 they 

have potential applications in producing regenerated cellulose films and fibers at the industrial 

level. Furthermore, properties of regenerated cellulose films prepared from alkali/urea 

solutions can be widely controlled by controlling the dissolution and regeneration 

conditions.
15

 The lowest oxygen permeability of 0.003 ml μm m
–2

 day
–1

 kPa
–1

 was obtained 

for a cellulose film prepared from a 6 wt % cellulose solution by regeneration with acetone at 

0 °C.
15

 However, because regeneration of cellulose with acetone at 0 °C cannot be used in 

practical applications, alternative processes to improve mechanical and oxygen barrier 

properties of cellulose films are required. 

Native cellulose fibers such as cotton lint, cotton linters and wood pulps have critical 
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limitations in terms of their variety of formability, whereas systems for dissolution and 

regeneration of natural celluloses allow us to produce cellulose fibers with various cross-

sectional shapes and almost infinite lengths, and cellulose films with uniform thicknesses and 

large areas. However, regenerated cellulose fibers usually have lower strength than native 

cellulose fibers because they have lower cellulose II crystallinities than the cellulose I 

crystallinities of native celluloses.
29

 The mechanical properties of regenerated cellulose fibers 

depend on the process parameters,
30

 and a tensile strength of 1,300 MPa and an elastic 

modulus of 45 GPa were achieved at the laboratory scale by increasing the degree of 

orientation of cellulose chains along the fiber axis.
31

 Cellophanes can be prepared with a 

tensile strength and an elastic modulus of 125 MPa and 5.4 GPa, respectively, by controlling 

the degree of orientation of cellulose chains in the films. Regenerated cellulose films prepared 

from N-methylmorpholine-N-oxide (NMMO) solutions can have a tensile strength and an 

elastic modulus of 300 MPa and 8 GPa, respectively,
32

 cellulose films made from solutions in 

lithium chloride/N,N-dimethylacetamide can give a tensile strength and an elastic modulus of 

396 MPa and 26.4 GPa, respectively
29

 and aqueous LiOH/urea cellulose solutions can 

produce cellulose films with a tensile strength and an elastic modulus of 213 MPa and 11 GPa, 

respectively.
33

 However, these excellent mechanical properties have been achieved only when 

measuring in the direction of the highly orientated cellulose chains, while the mechanical 

properties of the films are significantly poorer when measured in other film directions. 

Recently, several drying methods for preparation of regenerated cellulose films
34

 and 

nanocellulose films,
12,17

 including oven, vacuum, hot-press, and air drying have been studied 

and the resulting mechanical properties of the films were shown to have vary accordingly. 

Moreover, nanocellulose films prepared by vacuum drying under compression (press-vacuum 

drying) resulted in higher tensile strengths and Young’s moduli, which were explained by 

higher in-plane orientations of the nanofibers and also higher film densities caused by drying 

under constrained conditions of the cellulose nanofibers.
17

 However, the effects of various 

drying conditions on the detailed properties of regenerated cellulose films have not been 

reported before now. 

In the present chapter
35

, I report the effects of various drying conditions for regenerated 

cellulose hydrogel films prepared from aqueous cellulose/alkali/urea solutions on mechanical, 
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thermal and oxygen barrier properties. It was found that these properties were remarkably 

improved solely by controlling the dying conditions, primarily through control of the 

crystallinity of cellulose II within the films. 

 

 

3.2 Experimental Section 

 

3.2.1 Materials 

A filter paper pulp (highly purified cotton linters, Advantec Co., Ltd., Japan) was used as 

the cellulose sample with a viscosity-average molecular weight of 8.6×10
4
 g mol

–1
.
15

 All 

reagents and solvents were of laboratory grade (Wako Pure Chemicals, Tokyo, Japan), and 

used as received. 

 

3.2.2 Preparation of regenerated cellulose hydrogel films 

A solvent mixture, LiOH/urea/H2O with a weight ratio of 4.6:15:80.4 was precooled at –

12 °C. A desired amount of cellulose was dispersed in the precooled solvent and the mixture 

was stirred vigorously at 1200 rpm for 2 min to form a transparent and viscous solution of a 6 

wt % cellulose concentration. The cellulose solution thus obtained (35 ml) was degassed by 

centrifugation at 10000g for 10 min, spread on a glass plate, and then immersed in an aqueous 

solution (~2.5 l) containing 5 wt % H2SO4 and 5 wt % Na2SO4 at 20 °C for regeneration. The 

film-like hydrogel of regenerated cellulose thus formed, which had ~1 mm thickness and 

~500 cm
2
 area, was repeatedly washed with an excess volume of water by soaking. 

 

3.2.3 Drying conditions of regenerated cellulose hydrogel films 

Each hydrogel film was placed on a metal plate and the periphery of the hydrogel film 

was stuck on the plate with several Scotch tape strips to avoid shrinkage of the film during 

drying. Then, the hydrogel films were dried under the following five conditions: Air drying 

(Drying-1): drying of the hydrogel film on the metal plate at 20 °C in air for 24 h, in which 

the upper side of the hydrogel film was exposed to air; vacuum drying (Drying-2): drying of 

the hydrogel film on the metal plate at various atmospheric pressures in a vacuum oven at 
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20 °C, in which the upper side of the hydrogel film was exposed to air at a reduced pressure; 

press-vacuum drying (Drying-3): the hydrogel film was sandwiched between two metal plates 

and loaded under various compressive pressures controlled with steel weights placed on the 

upper metal plate in a vacuum oven at 1 kPa and 20 °C for 11 h; pre-pressing and press-

vacuum drying (Drying-4): the hydrogel film was sandwiched between two metal plates and 

loaded at a 1.5 MPa compressive pressure using a press in air at 20 °C for 1 h, followed by the 

above press-vacuum drying at a compressive pressure of 4 kPa in a vacuum oven at 1 kPa and 

20 °C for 11 h; and pre-pressing and press-vacuum-heat drying (Drying-5): the hydrogel films 

pre-pressed under the above conditions were subsequently dried under press-vacuum 

conditions at a compressive pressure of 4 kPa in a vacuum oven at 1 kPa and 20–80 °C. All 

cellulose films were conditioned at 23 °C and 50% relative humidity (RH) for more than 2 

days before testing. In the case of measurement of oxygen transmission rates, the cellulose 

films were further dried in a desiccator containing P2O5 at room temperature and 0% RH for 

at least 3 days. 

 

3.2.4. Characterizations  

The film thickness was measured with a micrometer and each value was expressed as an 

average of five measurements. Thicknesses of the cellulose films ranged from 27 to 50 μm, 

depending on the drying conditions adopted. Statistical errors in thickness of each film were 

within ±3%. The density of the dried cellulose film was determined from the area, thickness, 

and dry weight. Oxygen transmission rates of the cellulose films were determined at 23 °C 

and 0% RH using a Mocon Ox-Tran Model 2/21MH (Modern Controls Inc., USA) under 

standard conditions (ASTM 3985). Each measurement was continued until the O2 

transmission rate reached a stable value. The oxygen permeability was determined from the 

oxygen transmission rate and the film thickness, and the standard deviations for each film 

were within ±5%. Tensile tests were performed using a Shimadzu EZ-TEST instrument 

equipped with a 500 N load cell. Rectangular strips 2×30 mm in size were cut from the 

cellulose films and tested with a span length of 10 mm at a rate of 1.0 mm min
–1

. The visible 

light transmittances of the films were measured from 400 to 800 nm using a Shimadzu UV-

1700 UV-Vis spectrophotometer. X-ray diffraction (XRD) patterns of the films were acquired 
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in reflection mode using a Rigaku RINT 2000 with monochromator-filtered Cu Kα radiation 

at 40 kV and 40 mA. The crystallinities of the cellulose films were estimated from the areas 

of diffraction peaks obtained using the Lorentz peak separation method.
36

 Crystal widths of (1 

-1 0) reflections due to cellulose II were calculated from the full widths at half heights of the 

diffraction peaks by Scherrer’s equation.
37

 The solid-state nuclear magnetic resonance (NMR) 

experiments were performed on a Bruker Avance spectrometer operating at a 
13

C frequency 

of 100 MHz using the combined technique of proton dipolar decoupling (DD), magic angle 

sample spinning (MAS), and cross-polarization (CP). The spectra were acquired at room 

temperature with a proton 90° pulse of 2.5 μs at a spinning rate of 12 kHz. The cross-

polarization transfer was achieved using ramped amplitude sequence for an optimized total 

time of 2 ms. The repetition time was 4 s, and the average number of 20000 scans was 

acquired for each spectrum. The crystallinities of the cellulose films were also calculated by 

dividing the area of the crystalline peak (integrating the peak from 86.2 to 90.2 ppm) by the 

total area assigned to the C4 peaks (integrating the region from 79.7 to 90.2 ppm).
38

 Cellulose 

films were conditioned at 23 °C and 50% RH for 2 days and the moisture contents under these 

conditions were calculated from the film weights before and after heating at 105 °C for 3 h. 

Thermal expansivity of the films, which were preheated at 120 °C for 10 min, were 

determined at 0.03 N load in a nitrogen atmosphere from 28 to 100 °C at 5 °C min
–1

 using a 

Shimadzu TMA-60 instrument. The films were frozen in liquid nitrogen and immediately 

snapped and then vacuum-dried. The fracture surfaces (cross-sections) of the films were 

coated with osmium using a Meiwafosis Neo osmium coater and observed with a Hitachi 

S4800 field-emission scanning electron microscope at 2 kV. 

 

 

3.3 Results and Discussion 

 

3.3.1 Drying conditions of regenerated cellulose hydrogel films  

The regenerated cellulose hydrogel films prepared from aqueous cellulose/alkali/urea 

solutions were dried under five different conditions described in the Experimental Section and 

the fundamental properties of the dried and conditioned films are summarized in Table 3.1. 
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The drying times listed in Table 3.1 were fixed based on the results obtained in preliminary 

experiments, in which the film weight was monitored in terms of drying time under each 

drying condition. No further loss of weight was observed in each case after the drying time 

given in Table 3.1. Vacuum drying (Drying-2) removes water from the hydrogel films in less 

time than air drying (Drying-1) by forced removal of water under reduced pressure. For the 

cases of “press-vacuum drying” (Drying-3) and “pre-pressing + press-vacuum drying” 

(Drying-4) shown in Table 3.1, longer times were required for the film to reach a constant 

weight, because water in the hydrogel film was removed only from the small area at the edge 

of the film, which was sandwiched between two metal plates, even during vacuum drying. 

 

 

Table 3.1. Characteristics of cellulose films prepared from regenerated cellulose 

hydrogels under various drying conditions. Reproduction from ref. 35 with permission 

from Springer (© Springer 2012). 

 

a
 Crystal width of the (1 -1 0) reflection peak due to cellulose II 

b
 CTE: Coefficient of thermal expansion 

c
 Air drying 

d
 Vacuum drying at air pressure of 1 kPa 

e
 Press-vacuum drying at compressive pressure of 4 kPa 

f
 Pre-pressing and press-vacuum drying 

g
 Pre-pressing and press-vacuum-heat drying 

 

 

Drying 
conditions 

Drying 
temp. 
[°C] 

Drying 
time 
[h] 

Film density 
[g cm-3] 

Crystal 
widtha 
[nm] 

Crystallinity 
from XRD 

[%] 

Crystallinity 
from NMR 

[%] 

Moisture 
content 

[%] 

CTEb 

[ppm k-1] 

Drying-1c 20 24 1.45 ± 0.01 3.47 50 36 14.1 15.5 

Drying-2d 20 3 1.51 ± 0.03 3.56 53 37 12.5 14.0 

Drying-3e 20 11 1.55 ± 0.01 3.68 58 40 11.4 11.6 

Drying-4f 20 11 1.57 ± 0.02 3.78 62 43 9.8 10.3 

Drying-5g 80 6 1.44 ± 0.02 3.40 47 35 15.8 16.1 
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3.3.2 Properties of cellulose films 

Thicknesses of the films changed according to the drying conditions and the film densities 

correspondingly varied from 1.44 to 1.57 g cm
–3

. X-ray diffraction patterns of the films are 

presented in Figure 3.1, showing that all the films had the same cellulose II crystal structures 

but different crystallinities. The diffraction intensities clearly increased with the film density 

and thus the crystallinity of cellulose II as well as the film density is controllable by 

controlling the drying conditions. In particular, because the diffraction intensity of the (1 -1 0) 

peak significantly increased with film density, the drying conditions are likely to control the 

regularity between hydrophilic interactions between cellulose chains of cellulose II, 

maintaining a similar hydrophobic chain stacking regularity.
39

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. X-ray diffraction patterns of cellulose films prepared from regenerated 

cellulose hydrogel films under different drying conditions. See Table 3.1 and the 

Experimental Section for details of the drying conditions. Reproduction from ref. 35 

with permission from Springer (© Springer 2012). 
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Figure 3.2. Solid-state CP/MAS 13C NMR spectra of cellulose films prepared from 

regenerated cellulose hydrogel films under different drying conditions. See Table 3.1 

and the Experimental Section for details of the drying conditions. 
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Solid-state CP/MAS 
13

C NMR spectra of the films are shown in Figure 3.2. The peaks 

between 90.2 and 86.2 ppm are assigned to C4 carbons in ordered cellulose structures 

(crystalline regions), and the peaks between 86.2 and 79.7 ppm are assigned to C4 carbons of 

disordered cellulose (amorphous regions).
38

 The results also show that all the films had the 

same cellulose II crystal structures but different crystallinities. Crystallinities calculated from 

XRD may be influenced by the planar orientations of films, whereas crystallinities calculated 

from NMR are not influenced by the planar orientations of films. However, crystallinities of 

the films calculated from NMR have the same trend to crystallinities calculated from XRD 

(Table 1). Both of them were controlled by drying conditions and showed clear increase with 

film densities. Therefore, only crystallinities calculated from XRD were discussed as 

crystallinities of the films in the following work.  

Drying-4 resulted in the highest film density and the highest crystallinity of cellulose II 

(Table 3.1). Probably, highly regular intra- and inter-molecular hydrogen bonds of cellulose 

chains are formed during these two water-removal processes, in which water molecules 

within the hydrogel films are somewhat forcibly removed by the pre-pressing, pressing and 

vacuum drying treatments. On the other hand, rapid removal of water from the hydrogel films 

by Drying-5 at 80 °C led to a lower film density and lower crystallinity, indicating that high 

mobility of water molecules in the hydrogel films at high temperatures may have resulted in 

less regularity in terms of intra- and inter-molecular hydrogen bond formation in the cellulose 

films. 

Moreover, as the cellulose II crystallinity of the cellulose films was increased, 

correspondingly both the moisture content at 23 °C and 50% relative humidity (RH) and the 

coefficient of thermal expansion (CTE) decreased (Table 3.1). A CTE value of 10 ppm K
–1

 

was sufficiently low under dry conditions and close to that of glass (~9 ppm K
–1

)
12

 or iron 

(~11.8 ppm K
–1

).
40

 Moreover, the CTE values of the cellulose films in Table 3.1 are much 

lower than those of most plastics (> 50 ppm K
–1

),
11

 because of the high crystallinity of the 

cellulose films. As shown in Figure 3.3, linear correlations were obtained between the film 

density and either the crystallinity, crystal width, moisture content or CTE of the films. In 

addition, good correlations between the density or crystallinity of the films and either tensile 

strength or Young’s modulus were obtained, as shown in Figure 3.4. Thus, the forced removal 
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of water from the cellulose hydrogel films by vacuum drying effectively improves the 

mechanical properties of the films by increasing the crystallinity of cellulose II (see X-ray 

diffraction patterns of the samples prepared by Drying-1 and Drying-2 in Figure 3.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Relationships between cellulose film density and either crystallinity or 

crystal width (A), and between cellulose film density and either moisture content or 

coefficient of thermal expansion (B) of regenerated cellulose films. Reproduction from 

ref. 35 with permission from Springer (© Springer 2012). 
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Figure 3.4. Relationships between film density and either tensile strength or Young’s 

modulus (A), and between crystallinity and either tensile strength or Young’s modulus 

(B) of regenerated cellulose films. Reproduction from ref. 35 with permission from 

Springer (© Springer 2012). 
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3.3.3 Effects of drying conditions on mechanical and optical properties of regenerated 

cellulose films 

Figure 3.5 shows the effects of compression of cellulose hydrogel films during press-

vacuum drying (Drying-3) at 20 °C and 1 kPa on tensile strength and Young’s modulus of the 

cellulose films. These parameters increased from 164 to 249 MPa and from 5.2 to 6.8 GPa, 

respectively, when the compressive pressure was increased from 0 to 4 kPa. Thus, 

compression applied to the cellulose hydrogel films during vacuum drying is quite effective in 

increasing the tensile strength and Young’s modulus of the cellulose films as well as the 

crystallinity of cellulose II (see X-ray diffraction patterns of the samples prepared by Drying-

2 and Drying-3 in Figure 3.1). It was reported that mechanical properties of nanocellulose 

films are improved by vacuum drying of hydrogel films under constrained conditions
17

 which 

is consistent with the results of Drying-3 used in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Effects of compression of the regenerated cellulose hydrogel films 

during vacuum drying at 1 kPa and 20 °C for 11 h (Drying-3) on tensile strength and 

Young’s modulus of dried cellulose films. Reproduction from ref. 35 with permission 

from Springer (© Springer 2012). 
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The effects of pre-pressing the cellulose hydrogel films at 1.5 MPa at 20 °C for 1 h using 

a press machine on the tensile strength and Young’s modulus of the cellulose films are 

presented in Figure 3.6. The tensile strength and Young’s modulus of the films were further 

increased by the pre-pressing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 3.6. Effects of pre-pressing of regenerated cellulose hydrogel films at 1.5 

MPa for 1 h before press-vacuum drying (See Table 3.1) on tensile strength and 

Young’s modulus of dried cellulose films. Reproduction from ref. 35 with permission 

from Springer (© Springer 2012). 
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can be reduced by Drying-5 at higher temperatures, because water is removed from the 

cellulose hydrogel films more effectively than at low temperatures. However, the rapid 

removal of water molecules from the cellulose hydrogel films by heating has a negative 

impact on the mechanical properties and reduces the increase in crystallinity (see the X-ray 

diffraction patters of the samples prepared by Drying-4 and Drying-5 in Figure 3.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Effects of temperature during press-vacuum drying (Drying-5) of the 

pre-pressed cellulose hydrogel films on tensile strength and Young’s modulus of 

dried cellulose films. Reproduction from ref. 35 with permission from Springer (© 

Springer 2012). 
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strengths and Young’s moduli are strongly influenced by crystallinity or density of the films, 

whereas elongation is primarily influenced by the properties of disordered regions in the 

cellulose films, which may be similar between the cellulose films dried under different 

conditions. 

Figure 3.9 shows the visible light transmittances of the cellulose films with a normalized 

thickness of 40 µm prepared under different drying conditions. The light transmittances of all 

the films at 600 nm were quite similar and sufficiently high, ranging from 88 to 90%, which 

are suitable for transparent packaging films and flat display panels. Thus, the light 

transmittances are not significantly influenced by film density or the crystallinity of the films, 

which depend on the drying conditions of the cellulose hydrogel films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Stress-strain curves of cellulose films prepared from regenerated 

cellulose hydrogel films under various drying conditions. See Table 3.1 and the 

Experimental section for details of the drying conditions. Reproduction from ref. 35 

with permission from Springer (© Springer 2012). 

Strain (%)

0 2 4 6 8 10 12 14

S
tr

e
s
s
 (

M
P

a
)

0

50

100

150

200

250

300

Air drying at 20°C (Drying-1)

Vacuum drying at 20°C (Drying-2)

Press-vacuum drying at 20°C (Drying-3)

Pre-pressing + press-vacuum drying at 20°C (Drying-4)

Pre-pressing + press-vacuum-heat drying at 80°C (Drying-5)



―― Chapter 3  Improvement of Mechanical and Oxygen Barrier Properties of Cellulose Films by Controlling Drying Conditions of 

Regenerated Cellulose Hydrogels ―― 

 -54- 

3.3.4 Effect of drying conditions on oxygen permeability of regenerated cellulose films  

Figure 3.10 shows the effects of air pressure during vacuum drying (Drying-2) of the 

regenerated cellulose hydrogel films at 20 °C on the oxygen permeability of the obtained 

cellulose films, normalized by the film thicknesses. The oxygen permeability markedly 

decreased from 0.0124 to 0.0078 ml µm m
–2

 day
–1

 kPa
–1

 (37% to the original value) as the air 

pressure of vacuum drying was reduced from atmospheric pressure to 1 kPa. 1 kPa was the 

lowest air pressure possible using the laboratory vacuum oven in this work. The increase in 

cellulose II crystallinity and the dense structures of the film by vacuum drying at low 

pressures may have resulted in the low oxygen permeability of the cellulose film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Visible light transmittances of cellulose films with 40 µm thickness, 

prepared from regenerated cellulose hydrogel films under various drying conditions. 

See Table 3.1 and the Experimental section for details of the drying conditions. 

Reproduction from ref. 35 with permission from Springer (© Springer 2012). 
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The effects of compression of the regenerated cellulose hydrogel films during press-

vacuum drying at 1 kPa and 20 °C (Drying-3) on oxygen permeability are shown in Figure 

3.11. The oxygen permeability was further reduced from 0.0078 to 0.0038 ml µm m
–2

 day
–1

 

kPa
–1

 (51% to the original value) as the compressive pressure was increased from 0 to 4 kPa 

in this case. This result exhibits that vacuum drying with compression pressure is quite 

effective in improving the oxygen barrier properties of the regenerated cellulose films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Effect of air pressure during vacuum drying (Driyng-2) of regenerated 

cellulose hydrogel films at 20 °C on oxygen permeability of dried cellulose films. 

Reproduction from ref. 35 with permission from Springer (© Springer 2012). 
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press-vacuum drying combined with the pre-pressing treatment (Drying-4). This oxygen 

permeability value is close to those of nanofibrillated cellulose films,
13,16

 and extremely low 

in comparison with those of other bio-based or petroleum-based polymer films. For example, 

films made of microcrystalline wax, arabinoxylan, collagen, chitosan–glycerol (4:1 by 

weight), high-density poly(ethylene), poly(ethylene terephthalate), nylon-6, poly(vinylidene 

chloride), poly(vinyl alcohol) and ethylene vinyl alcohol have oxygen permeabilities of 1540, 

2, 1.2, 0.01–0.04, 500, 8, 6, 0.4, 0.04 and 0.01–0.1 ml µm m
–2

 day
–1

 kPa
–1

 at 0% RH, 

respectively.
16,41

 Moreover, it should be noted that the oxygen transmission rate of this 

cellulose film was lower than the lowest detection limit of the instrument (less than 0.0005 

mL m
–2

 day
–1

 kPa
–1

). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Effect of compression of regenerated cellulose hydrogel films during 

vacuum drying at 1 kPa and 20 ºC for 11 h (Drying-3) on oxygen permeability of dried 

cellulose films. Reproduction from ref. 35 with permission from Springer (© Springer 

2012). 
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Figure 3.12 shows the effect of drying temperature during Drying-5 on oxygen 

permeability of the cellulose films. The drying times were set to 11, 10, 8 and 6 h at heating 

temperatures of 20, 40, 60 and 80 °C , respectively, because the higher temperatures resulted 

in shorter drying times. The oxygen permeability of the films increased from 0.0007 to 0.0154 

ml µm m
–2

 day
–1

 kPa
–1

, as the drying temperature was increased from 20 to 80 °C. Thus, the 

rapid removal of water molecules from the cellulose hydrogel films by heating at high 

temperatures had a negative impact on oxygen permeability and the increase in crystallinity of 

the films (see the X-ray diffraction patterns of the samples prepared by Drying-4 and Drying-

5 in Figure 3.1). Drying-5 at high temperatures causes lower film density, lower crystallinity 

and results in higher oxygen permeability of the films, indicating that high mobility of water 

molecules within the hydrogel films at high temperatures during the drying process may bring 

about less regularity in terms of intra- and inter-molecular hydrogen bond formation in the 

cellulose films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. Effect of temperature during press-vacuum drying (Drying-5) of the 

pre-pressed cellulose hydrogel films on oxygen permeability of dried cellulose films. 

Reproduction from ref. 35 with permission from Springer (© Springer 2012). 

 

20 40 60 80

O
x
y
g

e
n

 p
e
rm

e
a

b
ili

ty

(m
l 


m
 m

-2
 d

a
y

-1
 k

P
a

-1
)

0.000

0.005

0.010

0.015

Temperature in press-vacuum drying (°C)



―― Chapter 3  Improvement of Mechanical and Oxygen Barrier Properties of Cellulose Films by Controlling Drying Conditions of 

Regenerated Cellulose Hydrogels ―― 

 -58- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. SEM images of cross-sections of cellulose films prepared by Drying-

1 (A) and Drying-4 (B). Reproduction from ref. 35 with permission from Springer (© 

Springer 2012). 
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Figure 3.14. Relationships between either film density or crystallinity and oxygen 

permeability of regenerated cellulose films. Reproduction from ref. 35 with permission 

from Springer (© Springer 2012). 
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3.4 Conclusions 

 

The mechanical, thermal and oxygen barrier properties of cellulose films prepared by 

regeneration from aqueous cellulose/alkali/urea solutions can be significantly improved by 

controlling the drying conditions. Cellulose films prepared by Drying-4 had the highest film 

density (1.57 g cm
–3

), crystallinity (62%), tensile strength (263 MPa) and Young’s modulus 

(7.3 GPa), and the lowest moisture content (9.8%), coefficient of thermal expansion (10.3 

ppm K
–1

) and oxygen permeability (0.0007 ml µm m
–2

 day
–1

 kPa
–1

). Moreover, it should be 

noted that the oxygen transmission rates of them were lower than the lowest detection limit of 

the instrument (less than 0.0005 mL m
–2

 day
–1

 kPa
–1

). These mechanical, thermal and oxygen 

barrier properties are clearly superior to those of regenerated cellulose films without 

orientation of cellulose chains, prepared using the conventional viscose, NMMO and other 

cellulose solvent systems. Thus, aqueous alkali/urea solvent systems for cellulose have 

potential applications in producing new and environmentally friendly cellulose films with 

high performances by controlling the drying conditions of regenerated cellulose hydrogel 

films. However, because long drying times were required in laboratory-scale experiments, 

more efficient drying processes and systems should be developed for practical production of 

regenerated cellulose films. 
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Chapter 4 

Cellulose Based Nanocomposites Reinforced with 

Nanoclay 

 

 

4.1 Introduction 

 

Recently, understanding and exploiting the unique properties of polymer nanocomposites 

have received increasing attention.
1–6

 Inorganic films possess higher thermal and chemical 

resistance as well as a longer lifetime than their polymer counterparts, but they are brittle with 

poor film–forming ability.
7,8

 In polymer–inorganic nanocomposites, inorganic nanofillers are 

present in the polymer matrix at almost individual nano-element level and thus 

nanocomposites behave differently to conventional composites.
9–11

 Nanocomposites can 

exhibit a combination of the basic properties of the polymer and inorganic nanofiller, and in 

some cases offer specific advantages or synergistic properties at particular weight ratios of the 

two components, such as excellent gas barrier performance, good thermal and chemical 

resistance and adaptability to harsh environments, while maintaining similar film-forming 

ability to the original polymer.
12–15

 

Composites of polymers with nanolayered silicates or clays show improved gas barrier, 

modulus, tensile strength, and thermal stability properties than the polymer alone. The 

nanolayered platelets of clay form a “tortuous path” for gas molecules in polymer matrices, 

resembling biomimetic brick and mortar structures.
4,16–19

 The addition of nanoclays into 

polymers has been shown to enhance gas barrier properties relative to the original polymers, 

and the enhancement is related to the aspect ratio of the nanoclay.
4,20

 Individual clay 

nanoparticles that can act as gas-impermeable nanoflakes are approximately 1 nm thick, disk-

shaped, and possess aspect ratios ranging from 20 to several thousand.
21–24

 Polymer–clay 

nanocomposite materials have been extensively studied since the 1970s.
25–27

 Sufficient 

dispersibility of individual nanoclay particles in the polymer matrix is the most significant 

factor influencing the properties of the composite. However, it is generally difficult to 
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maintain sufficient dispersion of nanoclay particles in composites with high clay loadings. 

Such clay aggregates cause increased opacity and random platelet alignment that ultimately 

reduce the gas barrier properties.
28,29

 Thus, incorporation of nanoclay particles into polymeric 

matrices with high degrees of exfoliation and orientation is currently the most important 

challenge to fabricate polymer–clay nanocomposites with enhanced properties.
30

 

Petroleum–based polymers are generally used as matrices in most polymer–clay 

nanocomposites, and thus are non–biodegradable and not environmentally friendly. New 

biopolymer materials that are renewable, biocompatible, and biodegradable are in great 

demand.
31–32

 Cellulose is the most abundant biopolymer on earth.
33–35

 In the previous chapters, 

regenerated cellulose films prepared from aqueous alkali/urea solutions were found to exhibit 

good mechanical properties, optical transparency, biocompatibility, biodegradability, and 

oxygen barrier properties under dry conditions.
36–39

 However, the oxygen permeability of the 

cellulose films significantly increased at high humidity.  

In this chapter
40,41

, cellulose–based nanocomposite films fabricated from 

LiOH/urea/cellulose (LUC) solutions were reinforced with clay particles to improve their 

mechanical strength, thermal stability and gas barrier properties under humid conditions. The 

relationships between the nanostructure of clay particles in the cellulose matrix and 

mechanical, optical, gas–barrier and hydrophilic properties are studied for cellulose–clay 

nanocomposites with various weight ratios. Moreover, differences in the properties of 

nanocomposites containing synthetic saponite (SPN) and natural montmorillonite (MTM) as 

nanoclays are also investigated. These cellulose–clay nanocomposites are expected to have 

superior properties as well as being new eco–friendly materials. 

 

 

4.2 Experimental Section 

 

4.2.1 Materials  

A filter paper pulp (highly purified cotton linters, Advantec Co., Ltd., Japan) was used as 

the cellulose sample with an viscosity–average molecular weight of 8.6×10
4
 g mol

–1
.
36

 

Commercially available synthetic smectite SPN with an aspect ratio of 50 (Smecton SA, 
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Kunimine Industries Co., Ltd., Japan) and natural MTM with an aspect ratio of 300–600 

(Kunipia F, Kunimine Industries Co., Ltd., Japan) were used as nanoclay samples. The 

chemical formulae of SPN and MTM clays are Na1/3Mg3(Si11/3Al1/3)O10(OH)2, and 

Na2/3Si8(Al10/3Mg2/3)O20(OH)4, respectively. All reagents and solvents were of laboratory 

grade and used as received from Wako Pure Chemicals, Tokyo, Japan. 

 

4.2.2 Film preparation  

A solution of LiOH/urea/H2O with a weight ratio of 4.6:15:80.4 was prepared. A desired 

amount of SPN or MTM was dispersed in the above solution, which was then stirred for 2 h at 

room temperature. The clay dispersion was further agitated at 7500 rpm for 2 min using a 

homogenizer (Excel Auto ED–4, Nissei, Japan) and then with an ultrasonic homogenizer with 

a 26 mm probe tip diameter at an output power of 300 W for 6 min (US–300T, Nissei, Japan) 

at room temperature. The clay dispersion thus obtained was then cooled to –12 °C in a 

refrigerator. A desired amount of cellulose was dispersed in the cooled clay dispersion, which 

was stirred immediately at 1200 rpm for 10 min to obtain a transparent solution with cellulose 

content of 4 wt %.
34

 The blend solution was degassed by centrifugation at 5600g for 10 min, 

spread on a glass plate, and then immersed in acetone at room temperature for 30 min to allow 

regeneration.
34

 The resulting sheet–like hydrogel was thoroughly washed by soaking in water, 

fixed on a poly(methyl methacrylate) plate with adhesive tape to prevent shrinkage, and air–

dried at ambient temperature. The weight ratios of LUC and either SPN or MTM in the 

composite films investigated were 100:0, 95:5, 90:10, 85:15 and 80:20, which are denoted 

LUC, LUC–SPN5, LUC–SPN10, LUC–SPN15 and LUC–SPN20 or LUC, LUC–MTM5, 

LUC–MTM10, LUC–MTM15 and LUC–MTM20, respectively. To study the effects of 

drawing, the wet film (LUC–SPN15 or LUC–MTM15) were drawn and dried at a draw ratio 

of 1.15 for 8 h, using a tensile testing apparatus (Shimadzu EZ-TEST) at room temperature. 

The obtained drawn film is denoted here as LUC–SPN15D or LUC–MTM15D, respectively. 

In addition, a desired amount SPN or MTM was dispersed in deionized water, and the 

dispersion was stirred and agitated as described above to prepare a 2 wt % dispersion of SPN 

or MTM. The obtained clay dispersions were dried in a ventilated oven at 40 °C for 3 days to 

obtain films of SPN and MTM.  
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4.2.3 Characterizations  

X–ray diffraction (XRD) patterns of the films were acquired in reflection mode using a 

RINT 2000 diffractometer (Rigaku, Tokyo, Japan) with monochromator–filtered Cu Kα 

radiation (λ = 0.15418 nm) at 40 kV and 40 mA. Two-dimensional X-ray diffraction patterns 

(2D XRD) were obtained at room temperature using nickel-filtered Cu Kα radiation with a 

wavelength of 0.15418 nm, which was generated using a rotating anode X-ray generator 

(Rigaku RU-200BH) operating at 50 kV and 100 mA. The X-ray beam was applied to the 

film surface plane or film cross-section. The patterns were recorded on flat-plate imaging 

plates (Fuji Film BAS-IP SR 127) using an evacuated camera. Sodium fluoride (d = 0.23166 

nm) was dusted on the surface of the samples to provide a calibration. From the azimuthal 

intensity distribution graphs for the (1 −1 0) reflection of cellulose II or the (0 0 1) reflection 

of SPN, two orientation factors—the degree of orientation (Π), and Herman’s orientation 

parameter (f)—were calculated according to a previously reported method.
42

  

The films were frozen in liquid nitrogen, immediately snapped and then vacuum–dried. 

The surfaces and cross–sections (fracture surfaces) of the films were coated with osmium 

using a Meiwafosis Neo osmium coater at 10 mA for 5 s, and observed with a Hitachi S4800 

field–emission scanning electron microscope (SEM) at 2 kV. Energy–dispersive X-ray (EDX) 

analysis of SPN, MTM and their composite films was carried out using a Horiba EMAX 

Energy spectroscope attached to the SEM. In the case of SEM–EDX analysis, the acceleration 

voltage and accumulation time were set to 10 kV and 500 s, respectively. 

The optical transmittance of the films was measured from 400 to 800 nm using a JASCO 

V–670 UV–Vis spectrophotometer. Tensile tests were performed using a Shimadzu EZ–

TEST instrument equipped with a 500 N load cell. Rectangular strips 2×30 mm in size were 

cut from the films and tested with a span length of 10 mm at a rate of 1.0 mm min
–1

. At least 

10 measurements were carried out for each sample. The thermal expansion of the films 

following preheating at 120 °C for 10 min was determined under a load of 0.03 N and a 

nitrogen atmosphere from 28 to 100 °C at 5 °C min
–1

 using a Shimadzu TMA–60 

thermomechanical analyzer.  

The rates of oxygen and water vapor transmission of the films were determined at 23 and 

37.8 °C, respectively, using a Mocon Ox–Tran Model 2/21MH and Mocon Permatran–W 
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Model 1/50G (Modern Controls Inc., US) under standard conditions (ASTM 3985). Each 

measurement was continued until the rate of O2 or water vapor transmission reached a stable 

value. The gas permeability was calculated from the gas transmission rate and film thickness, 

and the standard deviations for each film were within ±5%. The films were conditioned at 

23 °C and 50% relative humidity (RH) for 2 days and the moisture contents under these 

conditions were calculated from the film weights before and after heating at 105 °C for 3 h. 

The films were immersed in deionized water at room temperature for 6 days to reach swelling 

equilibrium and water uptakes (W(water uptake)) were calculated from the film weights before and 

after heating at 105 °C for 3 h according to the following equation:  

W(water uptake) = (m(wet) – m(dry))/m(cellulose) ×100%,  

where m(wet) is the weight of the film after being immersed in water, m(dry) is the weight of the 

film after heating, and m(cellulose) is the dry weight of cellulose in the film. Contact angles of 

water droplets with a volume of 2 μL on the films were measured at 23 °C and 50% RH using 

a FAMAS DM500 instrument (Kyowa Interface Science Co. Ltd., Japan). 

 

 

4.3 Results and Discussion 

 

4.3.1 Structures of cellulose–clay nanocomposites  

Figure 4.1 shows XRD patterns of the LUC, SPN, MTM, and LUC–SPN and LUC–MTM 

composites. The d–spacings of (001) planes of SPN and MTM were both calculated to be 1.2 

nm from the diffraction peak at 2θ = 6.6° using the Bragg equation. LUC has no diffraction 

peak in the 2θ range from 2 to 10°. The d–spacing of SPN increased from 1.2 to 1.9 nm in the 

LUC–SPN composites and from 1.2 to 1.6 nm in the LUC–MTM composites as the cellulose 

content was increased from 0 to 95 wt %, revealing the formation of intercalated structures of 

SPN and MTM platelets in the cellulose matrix films. The (001) d–spacings of the LUC–

MTM composites were smaller than those of the LUC–SPN ones, indicating higher 

intercalation efficiency of SPN platelets than MTM. The d–spacing of 1.6 nm for SPN in the 

LUC–SPN20 film or MTM in the LUC–MTM5 film was 0.4 nm greater than that of the neat 

SPN or MTM film (1.2 nm), which corresponds to the presence of a single layer (ca. 0.4 nm)  
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Figure 4.1. XRD patterns of LUC, SPN, MTM, and LUC–SPN and LUC–MTM 

composite films. Reproduction from ref. 40 with permission from Elsevier (© Elsevier 

2012) and ref. 41 with permission from John Wiley and Sons (© John Wiley and Sons 

2013). 
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of cellulose molecules between the SPN or MTM platelets.
27,43

 The d–spacing of SPN in the 

LUC–SPN5 film increased to 1.9 nm, which correspond to the presence of a double layer of 

cellulose molecules between the SPN platelets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. SEM images of the surface of (a, e) LUC, (b, f) LUC–SPN5, (c, g) LUC–

SPN15, (d, h) SPN, (i, l) LUC–MTM5, (j, m) LUC–MTM15, and (k, n) MTM films. 

Reproduction from ref. 40 with permission from Elsevier (© Elsevier 2012) and ref. 41 

with permission from John Wiley and Sons (© John Wiley and Sons 2013). 
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Figure 4.3. SEM images of cross-sections of (a) LUC, (b) LUC–SPN5, (c) LUC–

SPN15 and (d) SPN films. Reproduction from ref. 41 with permission from John Wiley 

and Sons (© John Wiley and Sons 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. SEM images of cross-sections of (a) LUC, (b) LUC–MTM5, (c) LUC–

MTM15 and (d) MTM films. Reproduction from ref. 40 with permission from Elsevier 

(© Elsevier 2012). 

500 nm500 nm

a b

500 nm500 nm

c d

500 nm500 nm500 nm500 nm

a b

500 nm500 nm500 nm

c d

500 nm 500 nm

a b

500 nm500 nm

c d

500 nm500 nm 500 nm500 nm

a b

500 nm500 nm500 nm500 nm

c d



―― Chapter 4  Cellulose Based Nanocomposites Reinforced with Nanoclay ―― 

 -71- 

Figures 4.2 show SEM images of the surfaces of the films. The size of MTM platelets in 

the planar direction was ~500 nm, which was much larger than that of SPN platelets. Figures 

4.3 and 4.4 show SEM images of the cross-sections of the films. The SPN and MTM films 

displayed regularly layered platelet structures. The SPN film had thinner and more uniform 

platelets with smaller interstices than the MTM film. Nanolayered structures regularly 

appeared in the composites with an increase in SPN or MTM content, and the layered 

structures were parallel to the film surface. Meanwhile, the SPN or MTM platelets became 

thinner and displayed smaller interstices as cellulose content in the composite increased. The 

XRD and SEM results indicate the formation of intercalated nanolayered platelet structures of 

SPN and MTM in the LUC matrix to form cellulose–clay nanocomposite films.
1,2,16

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Two-dimensional XRD diagrams for LUC-SPN15 (a, a’) and LUC–

SPN15D (b, b’) films. The X-ray beam was applied perpendicular (a, b) and parallel 

(a’, b’) to the film surface plane, respectively. Reproduction from ref. 41 with 

permission from John Wiley and Sons (© John Wiley and Sons 2013). 
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Table 4.1. Degree of orientation (Π) and Herman’s orientation parameter (f) of LUC–

SPN15 and LUC–SPN15D films. Reproduction from ref. 41 with permission from 

John Wiley and Sons (© John Wiley and Sons 2013). 

 

Sample Crystal plane 
Degree of 

orientation, Π (%) 

Herman’s orientation 

parameter, f 

LUC–SPN15 (1-10) of cellulose 82.2 0.84 

LUC–SPN15D (1-10) of cellulose 84.2 0.88 

LUC–SPN15 (001) of SPN 82.6 0.86 

LUC–SPN15D (001) of SPN 87.0 0.89 

 

 

 

The orientation behavior of the clay platelets and cellulose II crystallites in the LUC–

SPN15 and LUC–SPN15D composite films was studied using 2D XRD (Figure 4.5). Ring 

diffractions indicate the random orientation of crystallites, whereas arc diffractions are 

characteristic of their preferred orientations. The cellulose II crystallites and the SPN platelets 

were randomly oriented in the film plane in both the LUC–SPN15 and LUC–SPN15D 

composite films. In contrast, clear diffraction arcs were observed for both SPN and cellulose 

II when X-ray irradiation was applied to the film cross-sections. Thus, the longitudinal 

directions of both the SPN platelets and the cellulose II crystallites were highly oriented 

parallel to the film surface. Degree of orientation (Π) and Herman’s orientation parameter (f) 

values were calculated for the cellulose II crystallites and SPN platelets in the LUC–SPN15 

and LUC–SPN15D films from the 2D XRD patterns, and are listed in Table 4.1. Both the 

SPN platelets and the cellulose II crystallites showed a high degree of orientation parallel to 

the film surface in the composite films, forming layered structures. Both SPN and cellulose II 

showed a higher degree of orientation in the drawn film LUC–SPN15D than in the undrawn 

film LUC–SPN15. These nano-layered clay platelet structures had a positive influence on the 

mechanical, gas barrier, and thermal properties, as discussed later.
6
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Figure 4.6. SEM–EDX patterns of SPN, MTM, LUC–SPN20 and LUC–MTM20 films. 

Reproduction from ref. 40 with permission from Elsevier (© Elsevier 2012) and ref. 41 

with permission from John Wiley and Sons (© John Wiley and Sons 2013). 
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ions in the composites. Figure 4.6 shows SEM–EDX patterns of SPN, MTM, LUC–SPN20 

and LUC–MTM20 composite films. As expected, most of the Na ions originally present in 

SPN or MTM were absent from the LUC–SPN20 and LUC–MTM20 films. Even though the 

presence of Li in the composite films could not be directly detected by SEM–EDX analysis 

because of analytical limitation, it is likely that almost all of the Na ions in the original SPN 

and MTM were substituted for Li ions in the composites. Moreover, such ion-exchange in 
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SPN and MTM platelets may enhance the formation of nanolayered structures in LUC–SPN 

and LUC–MTM composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Visible light transmittance of (A) LUC and LUC–SPN, and (B) LUC and 

LUC–MTM nanocomposite films. Insets in (A) and (B) show photographs of LUC–

SPN15 and LUC–MTM15 films, respectively, with a thickness of 30 µm. Reproduction 

from ref. 40 with permission from Elsevier (© Elsevier 2012) and ref. 41 with 

permission from John Wiley and Sons (© John Wiley and Sons 2013). 
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4.3.2 Optical and mechanical properties of cellulose–clay nanocomposites  

In general, optical transparency is a useful criterion for the compatibility of composite 

elements.
44

 Figure 4.7 shows the optical transmittance of the LUC, LUC–SPN and LUC–

MTM nanocomposite films, as well as photographs of LUC–SPN15 and LUC–MTM15 films. 

The photographs show the high optical transparency and flexibility of the nanocomposite 

films. The optical transmittance of the LUC film at 600 nm was 90%, and this value 

decreased slightly to 86–88% for SPN contents of 5–15 wt %. The optical transmittance of the 

LUC–SPN20 film was 78%, which is lower than those of the other nanocomposites, 

indicating some aggregation of SPN platelets in the composite film was caused by a high 

loading of SPN. The optical transmittance of the LUC–MTM nanocomposite films decreased 

as the content of MTM was increased, and it was lower than that of the equivalent LUC–SPN 

film with the same clay content, probably because of the larger size and less uniform 

morphology of the MTM platelets compared with SPN ones. It is likely many interfaces are 

present in the LUC–MTM nanocomposite films, which cause optical scattering and refraction 

when the content of clay is high. 

 

Table 4.2. Mechanical properties of LUC, LUC–SPN and LUC–MTM nanocomposite 

films. 

Sample 
Clay content 

(wt %) 

Tensile 

strength (MPa) 

Young’s 

modulus (GPa) 

Elongation at 

break (%) 

Work of fracture 

(MJ/m
3
) 

LUC 0 116±21 3.4±0.4 37±9 35.0±2.5 

LUC–SPN5 5 132±9 3.6±0.3 32±6 33.5±1.6 

LUC–SPN10 10 147±17 4.2±0.5 27±9 31.6±2.8 

LUC–SPN15 15 161±9 5.2±0.3 18±6 22.6±1.2 

LUC–SPN20 20 157±13 5.5±0.6 12±2 14.4±0.8 

LUC–MTM5 5 160±18 4.7±0.7 29±8 36.9±2.6 

LUC–MTM10 10 169±14 5.4±0.9 20±7 26.7±1.5 

LUC–MTM15 15 187±11 6.1±0.8 17±6 25.7±2.4 

LUC–MTM20 20 161±10 5.1±0.4 14±3 16.9±1.1 

LUC–SPN15D 15 241±10 7.7±0.5 17±3 31.1±0.9 

LUC–MTM15D 15 287±12 9.3±0.6 16±5 34.9±1.8 
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Figure 4.8. Stress–strain curves of (A) LUC and LUC–SPN, and (B) LUC and LUC–

MTM nanocomposite films. Reproduction from ref. 40 with permission from Elsevier 

(© Elsevier 2012) and ref. 41 with permission from John Wiley and Sons (© John 

Wiley and Sons 2013). 
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The stress–strain curves of the LUC, LUC–SPN, LUC–MTM, and LUC–SPN15D, LUC–

MTM15D nanocomposite films are shown in Figures 4.8 and 4.9. The SPN and MTM films 

were too brittle to undergo tensile testing. The mechanical properties of the nanocomposite 

films are listed in Table 4.2. The Young’s modulus of the LUC–SPN nanocomposite films 

increased from 3.4 to 5.5 GPa as the content of SPN was increased from 0 to 20 wt %. The 

tensile strength of the LUC film was improved from 116 to 161 MPa when it contained 15 

wt % SPN. However, when the SPN content was 20 wt %, the tensile strength decreased to 

157 MPa, which may be caused by aggregation of SPN platelets in the composite. The 

Young’s modulus of the LUC–MTM films increased from 3.4 to 6.1 GPa and the tensile 

strength increased from 116 MPa to 187 MPa as the MTM content was increased from 0 to 15 

wt %. The LUC–MTM nanocomposite films possessed higher tensile strength and Young’s 

modulus than those of the LUC–SPN nanocomposite films, probably because the MTM 

platelets had a higher aspect ratio than the SPN ones. The work of fracture of the LUC, LUC–

SPN and LUC–MTM films (17–37 MJ m
–3

) is higher than those of wood (dry yew), steel 

(spring), bone, rubber (natural), and nanofibrillated cellulose (NFC) paper, which are 0.5, 1, 3, 

10 and 15.1 MJ m
–3

, respectively.
45

 The elongation at break of the LUC-based films was large 

(12–37% depending on clay content), so the LUC–SPN and LUC–MTM nanocomposite films 

are both highly tough and ductile because of the LUC component. In particular, the LUC–

MTM5 film possesses a work of fracture of 36.9 MJ m
–3

 and an elongation at break of 29%. 

The improvement of these mechanical properties indicates that the MTM platelets are 

sufficiently dispersed state in the cellulose matrix.
6,16,46,47

 

Moreover, the tensile strength and Young’s modulus of the LUC-SPN15D and LUC–

MTM15D composite film reached 241 MPa and 7.7 GPa, 287 MPa and 9.3 GPa, respectively, 

when a simple drawing treatment was applied, probably due to the increase in the orientation 

of the cellulose II crystallites and SPN platelets in the film (Figure 4.5 and Table 4.1). 
 

 

4.3.3 Thermal properties of cellulose–clay nanocomposites  

The thermal expansion of the films was measured under a nitrogen atmosphere after 

heating the films at 120 °C for 10 min to remove any residual moisture (Figure 4.10). The 

coefficient of thermal expansion (CTE) of the LUC–SPN nanocomposite films decreased 
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from 18.4 to 13.2 ppm K
–1

 as the SPN content was increased from 0 to 15 wt %. The CTE of 

the LUC–MTM nanocomposite films decreased to 11.1 ppm K
–1

 when the content of MTM 

was 15 wt %. Moreover, the CTE of the LUC–MTM nanocomposite film was lower than that 

of the LUC–SPN nanocomposite film with the same clay content, probably because of the 

larger aspect ratio of the MTM platelets.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Stress–strain curves of LUC–SPN15, LUC–SPN15D, LUC–MTM15, and 

LUC–MTM15D nanocomposite films.  

 

 

 

4.3.4 Gas barrier properties of cellulose–clay nanocomposites  

Gas barrier properties of polymer films can be improved by forming composites with 

inorganic platelets with sufficient aspect ratios, which alter the diffusion path of penetrant gas 

molecules.
4
 The oxygen transmission rates of the LUC–SPN and LUC–MTM nanocomposite 

films at 0% RH were less than 0.0005 mL m
–2

 day
–1

 kPa
–1

, which was the limit of detection of 

the instrument. This value is much lower than those of practical oxygen barrier films such as 

ethylene–vinyl alcohol copolymer, poly(vinylidene chloride), and poly(vinyl alcohol).
48
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nanolayered structures of the clay platelets in the composites should increase the diffusion 

length for oxygen according to the tortuous–path model.
49,6

 The original LUC film contains 

inherently numerous hydrogen bonds formed directly between cellulose molecules under dry 

conditions, resulting in an extremely low oxygen permeability.
36

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Thermal expansion behavior of (A) LUC and LUC–SPN, and (B) LUC 

and LUC–MTM nanocomposite films. Reproduction from ref. 40 with permission from 

Elsevier (© Elsevier 2012) and ref. 41 with permission from John Wiley and Sons (© 

John Wiley and Sons 2013). 
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Figure 4.11. Oxygen permeabilities of (A) LUC–SPN and (B) LUC–MTM 

nanocomposite films at 50% and 75% RH. Reproduction from ref. 40 with permission 

from Elsevier (© Elsevier 2012) and ref. 41 with permission from John Wiley and 

Sons (© John Wiley and Sons 2013). 
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and 5.9 mL μm m
–2

 day
–1

 kPa
–1

 at 50 and 75% RH, respectively. The hydrophilic nature of 

cellulose molecules results in a high moisture content of >10% at 50% RH (Figure 4.13), 

which promotes dissolution and diffusion of oxygen molecules in water molecules absorbed 

on the LUC film, leading to a significant increase in oxygen permeability.
36

 On the other hand, 

the oxygen permeability of the LUC film decreased even at 50 and 75% RH upon forming a 

composite with SPN or MTM. The LUC–MTM nanocomposite films exhibited higher oxygen 

barrier properties than the LUC–SPN films, again probably because the MTM platelets had a 

higher aspect ratio than the SPN ones. 

The oxygen permeabilities of the LUC–SPN and LUC–MTM nanocomposite films under 

high RH are comparable to those of practical oxygen barrier films such as poly(vinylidene 

chloride) (0.4–5.1 mL μm m
–2

 day
–1

 kPa
–1

 at 50% RH), and are much lower than that of high 

density poly(ethylene) (427 mL μm m
–2

 day
–1

 kPa
–1

 at 50% RH) or poly(ethylene 

terephthalate) (15.6 mL μm m
–2

 day
–1

 kPa
–1

 at 50% RH).
50

 The water vapor permeabilities of 

the LUC film increased with RH, and decreased slightly when composites with SPN or MTM 

were formed (Figure 4.12). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Water vapor permeabilities of LUC, LUC-SPN and LUC-MTM 

nanocomposite films with various clay contents measured at different RH. 

Reproduction from ref. 40 with permission from Elsevier (© Elsevier 2012) and ref. 41 

with permission from John Wiley and Sons (© John Wiley and Sons 2013). 
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Figure 4.13. Effect of clay content on the moisture content and water uptake of LUC-

based films. Moisture content was measured after conditioning the films at 23 °C and 

50% RH for 2 days. Water uptake was measured after immersing the films in water 

for 6 days and then calculating the weights of absorbed water and cellulose in the 

nanocomposites. Reproduction from ref. 40 with permission from Elsevier (© Elsevier 

2012) and ref. 41 with permission from John Wiley and Sons (© John Wiley and Sons 

2013). 
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4.3.5 Hydrophilicity of cellulose–clay nanocomposites 

The films were conditioned at 23 °C and 50% RH for 2 days and the moisture contents of 

the films under these conditions are shown in Figure 4.13. The moisture content of the LUC 

film decreased from 10.3 to 4.7 and 3.8% when composites containing 15 wt % SPN and 

MTM, respectively, were formed. In the next experiment, LUC, SPN, MTM, and LUC–SPN 

and LUC–MTM nanocomposite films were immersed in water for 6 days to measure water 

uptake under equilibrium conditions (also shown in Figure 4.13). The water uptake of the 

LUC film decreased from 93 to 70 and 67% when the content of SPN and MTM, respectively, 

increased from 0 to 15 wt %. 

These decreases in moisture content and water uptake for the nanocomposite films cannot 

be explained simply by the increased clay content or decrease in the content of hydrophilic 

cellulose. Thus, the LUC film changed from hydrophilic to hydrophobic when SPN or MTM 

was included. Meanwhile, no weight loss of the LUC, LUC–SPN or LUC–MTM films was 

observed after immersion in water for an extended period, showing that the SPN and MTM 

nanoparticles were tightly immobilized in the cellulose matrix, probably by hydrogen bonds. 

On the other hand, SPN and MTM films turned to powder and dispersed during immersion. 

Changes in water contact angles on the LUC, SPN, MTM, LUC–SPN and LUC–MTM 

nanocomposite films over time are shown in Figure 4.14. Photographs of a water droplet 0.1 s 

after contact are shown in Figure 4.15. The water contact angles of the LUC, SPN and MTM 

films were 45, 39 and 28°, respectively, and remained almost unchanged over time, showing 

these films are intrinsically hydrophilic. In contrast, the LUC–SPN15 and LUC–SPN20 films 

had higher water contact angles of ~60°, while those of the LUC–MTM10 and LUC–MTM15 

films were ~73°. Thus, the results in Figure 4.13 and 4.14 show that the LUC film changed 

from hydrophilic to hydrophobic by addition of 15–20 wt % of either SPN or MTM. Because 

each cellulose chain has both hydrophilic OH and hydrophobic CH groups,
51

 it is likely that 

predominantly hydrophobic CH groups are present on the surfaces of the LUC–SPN and 

LUC–MTM nanocomposite films.
52

 Numerous hydrogen bonds formed between cellulose 

molecules and either SPN or MTM platelets in the nanocomposites are probably the driving 

force inducing anisotropic orientation of cellulose chains on the film surfaces. 
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Figure 4.14. Changes in the water contact angle on (A) LUC, SPN, and LUC–SPN, 

and (B) LUC, MTM and LUC–MTM films over time. Reproduction from ref. 40 with 

permission from Elsevier (© Elsevier 2012) and ref. 41 with permission from John 

Wiley and Sons (© John Wiley and Sons 2013). 
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Figure 4.15. Photos of water droplets on (a) LUC, (b) LUC–SPN15, (c) SPN, (d) 

LUC–MTM15, and (e) MTM films taken 0.1 s after landing. Reproduction from ref. 40 

with permission from Elsevier (© Elsevier 2012) and ref. 41 with permission from 

John Wiley and Sons (© John Wiley and Sons 2013). 

 

 

 

4.4 Conclusions 

 

LUC–SPN and LUC–MTM nanocomposites films fabricated from cellulose/LiOH/urea 

solutions display high mechanical strength and Young’s modulus, and low CTE and oxygen 

permeability compared with the original LUC film. Formation of regular intercalated 

nanolayered structures of SPN or MTM platelets in the cellulose matrix is likely to have 

induced such improvements in film properties. In particular, the LUC–MTM15 

nanocomposite film had a tensile strength and Young’s modulus 161 and 180% greater than 

those of the LUC film, respectively, and its CTE and oxygen permeability at 50–75% RH 

were 60 and 42–33% lower, respectively, than those of the LUC film. These effects were 

attributed to the high aspect ratio of the MTM platelets and their nanolayered structure in the 

composites. Because the LUC–SPN and LUC–MTM nanocomposite films have sufficiently 
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large work of fracture and elongation at break, they have high toughness and good ductility. 

Moreover, the LUC film turns from hydrophilic to somewhat hydrophobic when combined 

with SPN or MTM platelets, probably because the orientation of cellulose chains on the film 

surface changes in the composites compared with LUC alone. 
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Chapter 5  

Hydrophobization of Cellulose Films by Surface 

Modification with Alkyl Ketene Dimer (AKD) 

 

5.1 Introduction 

 

Various cellulose and polysaccharide
1–3

 have been studied as bio-based oxygen barrier 

films, some of them having quite low oxygen permeabilities under dry conditions
4–9

 due to 

abundant hydrogen bond formation between polysaccharide molecules in the films and hence 

small free volumes
10–11

. In the previous chapters, regenerated cellulose films prepared from 

aqueous alkali/urea solutions (AUC) were found to exhibit very high oxygen barrier 

properties under dry conditions
4
 Moreover, these AUC films possessed good optical 

transparency, thermal stability, biocompatibility, and biodegradability.
12–16

 

However, the presence of abundant hydroxyl groups in cellulose molecules also causes 

the hydrophilic nature of cellulose materials, resulting in adsorption of moisture, low 

resistance to water, and significant increase in oxygen permeability under high humidity 

conditions, thus restricting their potential applications.
4
 Therefore, improvement of water 

repellency and oxygen barrier properties under high humidity conditions is important for 

practical application of AUC films. Studies have been carried out to obtain water repellent 

and high gas barrier films, such as compositing with hydrophobic polymers
17

 or inorganic 

fillers
18

, plasma treating
19

 or metalizing
20

 film surfaces, and chemical modification
21

. 

However, compositing with inorganic fillers, plasma treatment, and metalizing always leads 

to decreased film transparency,
22

 and compositing with hydrophobic polymers or chemical 

modification may decrease film oxygen barrier properties.
23

 

Alkylketene dimer (AKD) is a typical hydrophobizing chemical used in the papermaking 

industry.
24

 Typical addition lies between 0.05 and 0.2 wt % of dry paper pulp weight to 

provide suitable sizing degrees for printing and writing grades. When AKD dispersions are 

added to pulp slurries, cationic AKD particles efficiently adsorb on anionic pulp fiber surfaces 

through electrostatic interactions. Anionic charges in paper pulp fibers result from dissociated 
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carboxyl groups originally present in the pulps at contents of 0.02–0.08 mmol g
–1

.
25

 Three 

different primary chemical structures are possible for AKD components in cellulose sheets: 

the original AKDs, hydrolyzed AKDs, or ketones and β-ketoesters with hydroxyl groups from 

cellulose and/or starch present in AKD dispersions as stabilizers. The mechanisms of efficient 

paper sizing by AKD have been under debate,
24–26

 but there have been few reports on surface 

modification of regenerated cellulose films by AKD.
27

 

In the present chapter
28

, regenerated cellulose films prepared from a LiOH/urea solvent 

system (AUC) were surface-modified using a simple soaking method in a cationic AKD 

dispersion. The obtained films exhibited high water repellency and gas barrier properties 

while maintaining their original light transparency. Relationships between AKD content of 

the AKD-treated AUC films and the above properties are studied in detail. 

 

 

5.2 Experimental Section 

 

5.2.1 Materials 

A highly purified cotton linters pulp used for filter paper production (filter pulp; 

Advantec Co. Ltd., Japan) with a viscosity-average molecular weight of 8.6 × 10
4
 g mol

–1
 was 

used as the cellulose source.
4
 A cationic papermaking-grade AKD dispersion (AS-202, Seiko 

PMC Co., Japan) was used after dilution with distilled water to the desired AKD 

concentration. All reagents and solvents were of laboratory grade and used as received from 

Wako Pure Chemicals, Tokyo, Japan. 

 

5.2.2 Preparation of AKD-treated AUC films  

A LiOH/urea/H2O solution with a weight ratio of 4.6:15:80.4 was precooled to –12 °C. A 

desired amount of cellulose was dispersed in this precooled solvent and the mixture was then 

immediately stirred at 1300 rpm for 2 min to obtain a transparent solution with a cellulose 

content of 6 wt %. The cellulose solution thus obtained was degassed by centrifugation at 

10,000g for 10 min, spread on a glass plate, and then immersed in acetone at room 

temperature for 30 min to allow regeneration. The resulting sheet-like hydrogels were 
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thoroughly washed by soaking in fresh water several times, fixed on a poly(methyl 

methacrylate) plate with adhesive tape to prevent shrinkage, and air-dried at ambient 

temperature to obtain alkali/urea regenerated cellulose (AUC) films.
4
 The once-dried AUC 

films were then soaked in AKD dispersion for 10 s followed by rinsing thoroughly with water. 

The wet films were dried in the same way as the original AUC films and then heated at 

100 °C for 10 min. The AKD concentrations of the dispersions were controlled to 0, 0.05, 0.1, 

and 0.2 wt % by dilution with water, and the corresponding AKD-treated AUC films obtained 

were denoted AUC, AUC–AKD0.05, AUC–AKD0.1, and AUC–AKD0.2, respectively. The 

corresponding films produced without heating were denoted AUC–AKD0.05-N, AUC–

AKD0.1–N, and AUC–AKD0.2–N, respectively. All AKD-treated AUC films were 

conditioned at 23 °C and 50 % relative humidity (RH) for more than one day before analyses. 

 

5.2.3 Analyses  

AKD contents of the AKD-treated AUC films were determined by pyrolysis-gas 

chromatography (Py-GC), the operating conditions of which are described elsewhere.
25

 

Fourier transform infrared (FT-IR) spectra of the films were recorded using a Jasco FT/IR-

6100 spectrometer in attenuated total reflectance (ATR) mode from 400 to 4000 cm
–1

 with a 1 

cm
–1

 resolution. The surfaces and cross-sections (fracture surfaces) of the films were observed 

with a Hitachi S4800 field emission-type scanning electron microscope (SEM) at 2 kV. The 

films were frozen in liquid nitrogen, immediately snapped, vacuum-dried, and then coated 

with osmium using a Meiwafosis Neo osmium coater at 10 mA for 10 s prior to SEM 

measurements. 

Optical transmittance of the films was measured from 400 to 800 nm using a JASCO V-

670 UV-Vis spectrophotometer. Tensile tests were performed using a Shimadzu EZ-TEST 

instrument equipped with a 500 N load cell. Rectangular strips 2×30 mm in size were cut 

from the films and tested with a span length of 10 mm at a rate of 1.0 mm min
–1

. At least 10 

measurements were carried out for each sample. 

Contact angles on the films for water droplets with a volume of 2 μL were measured at 

23 °C and 50 % RH using a FAMAS DM500 instrument (Kyowa Interface Science Co. Ltd., 

Japan). The film was immersed in deionized water at room temperature for 6 days to reach 
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swelling equilibrium and the water uptake (W(water uptake)) was subsequently calculated from the 

weights before and after drying the wet film according to the following equation: 

W(water uptake) = (W(wet) – W(dry))/ W(dry) ×100%                 (1) 

where W(wet) is the weight of the water-swollen film, W(dry) is that of the same film after 

heating at 105 °C for 3 h. Transmission rates of oxygen and water vapor for the films were 

determined at 23 and 37.8 °C, respectively, using a Mocon Ox-Tran Model 2/21MH and 

Mocon Permatran-W Model 1/50G (Modern Controls Inc., US) under standard conditions 

(ASTM 3985). Each measurement was continued until the rate of O2 or water vapor 

transmission reached a stable value. Gas permeability was calculated from the gas 

transmission rate and film thickness, and the standard deviations for each film were within 

±5 %. 

 

 

5.3 Results and Discussion 

 

5.3.1 Treatment of AUC film with AKD  

Figure 5.1 shows SEM images of the surfaces of AUC, AUC–AKD0.05–N, AUC–

AKD0.1–N, and AUC–AKD0.1 films; the AUC–AKD0.1 film was obtained by heating at 

100 °C for 10 min after drying at ambient temperature, but the others shown were dried only 

at ambient temperature. The AUC film displayed a smooth and flat surface. After soaking in 

the AKD dispersions for 10 s, rinsing thoroughly with water, and drying at ambient 

temperature, AKD particles with average diameters of ~500 nm were found attached on the 

surface of the resulting AUC films (Figures 5.1b and 5.1c). Because the melting point of 

AKD is approximately 50 °C,
26

 the AKD particles present on the AUC–AKD0.1–N film 

surface disappeared through melting and spreading (Figure 5.1d) after heating the film at 

100 °C for 10 min, resulting in a smooth and flat surface similar to that of the AUC film. 

SEM images of cross sections of the AUC, AUC–AKD0.1–N, and AUC–AKD0.1 films are 

shown in Figure 5.2. No AKD dispersion particles were present in the cross sections of the 

AUC–AKD0.1–N and AUC–AKD0.1 films and their SEM images were similar to that of the 

AUC film, showing that AKD particles did not penetrate into the film. However, it is of 
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course possible that AKD molecules present on the film surface partially penetrated the films 

as the particles melted by the heat treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. SEM images of surfaces of (a) AUC, (b) AUC–AKD0.05–N, (c) AUC–

AKD0.1–N, and (d) AUC–AKD0.1 films. The inset in (b) shows an AKD dispersion 

particle ~500 nm in diameter at high magnification. Reproduction from ref. 28 with 

permission from Springer (© Springer 2012). 

 

 

 

 

 

 

 

 

 

Figure 5.2. SEM images of cross-sections of (a) AUC, (b) AUC–AKD0.1-N, and (c) 

AUC–AKD0.1 films. Reproduction from ref. 28 with permission from Springer (© 

Springer 2012). 
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Figure 5.3. Effects of soaking dispersion AKD concentration on AKD content of AKD-

treated AUC films. Reproduction from ref. 28 with permission from Springer (© 

Springer 2012). 

 

 

 

Effects of soaking dispersion AKD concentration on the AKD content of the AKD-

treated AUC films are shown in Figure 5.3. The AKD content of the films increased with 

AKD concentration, and reached 0.2 wt % when the AKD concentration in the soaking 

dispersion was 0.2 %. Electrostatic interactions or formation of ionic bonds between cationic 

particles in the AKD dispersion and anionically-charged dissociated cellulose carboxyl groups 

may be the driving force for AKD particles to efficiently adsorb onto AUC film surfaces.
25

 

The cotton linters cellulose used for preparation of the AUC films in this study may have had 

quite a low amount of carboxyl groups and had an anionic surface charge of approximately –

25 mV;
29

 titration using a methyl red indicator
30

 gave the carboxyl content of the cotton 

linters cellulose to be lower than 0.000 mmol g
–1

. 

 

AKD concentration in soaking dispersion (%)

0.00 0.05 0.10 0.15 0.20

A
K

D
 c

o
n

te
n

t 
o

f 
fi
lm

 (
%

)

0.00

0.05

0.10

0.15

0.20

0.25



―― Chapter 5  Hydrophobization of Cellulose Films by Surface Modification with Alkyl Ketene Dimer (AKD) ―― 

 -95- 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.4. Visible light transmittance of AUC and AKD-treated AUC films with 30 μm 

thickness. The inset shows a photograph of AUC–AKD0.1 film. Reproduction from ref. 

28 with permission from Springer (© Springer 2012). 

 

 

 

5.3.2 Optical and mechanical properties of AKD-treated AUC films 

The high optical transparency of the AUC film was maintained in the AKD-treated AUC 

films (Figure 5.4), the light transmittances of which were all higher than 87 % at a wavelength 

of 600 nm. Hence, surface AKD treatment of the AUC films and successive heating treatment 

had little influence on film transparency.  

Stress-strain curves of the AUC and AKD-treated AUC films are shown in Figure 5.5. 

The tensile strength, Young’s modulus, and work of fracture of the AKD-treated AUC films 

were slightly higher than those of the AUC film. The high elongations at break (29 %) and 

works of fracture (35–38 MJ m
–3

) indicated good ductility and toughness of the films. 

Especially, the works of fracture of the AKD-treated AUC films were much higher than those 

of wood (dry yew), steel (spring), bone, and rubber (natural), which are 0.5, 1, 3, and 10 MJ 
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m
–3

, respectively.
31

 It is not plausible that hydrophobic AKD and its related compounds 

(hydrolyzed AKDs and others) present on the AUC film surfaces contributed to this observed 

improvement of mechanical properties. A cationic starch present in the commercial AKD 

dispersion as one of the dispersion stabilizers
32

 probably had some contribution to the slight 

increases in mechanical properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Stress-strain curves of AUC and AKD-treated AUC films. Reproduction 

from ref. 28 with permission from Springer (© Springer 2012). 

 

 

 

5.3.3 Hydrophobicity of AKD-treated AUC films 

Changes in water contact angles on AUC and AKD-treated AUC films over time after 

contact are shown in Figure 5.6, and photographs of a water droplet 0.1 s after contact with 

each film are shown inset. The AUC film was hydrophilic and had an initial water contact 

angle of 50°. This value gradually decreased with time by partial spreading or absorption of 

the water droplet on or into the film. In contrast, the AKD-treated AUC films had high water 
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contact angles (103°, 110°, and 110° for AUC–AKD0.05, AUC–AKD0.1, and AUC–AKD0.2, 

respectively) which were unchanged for more than 10 s, showing that the films had a 

sufficiently hydrophobic nature. This was because the hydrophilic AUC molecules were fully 

or partly covered with hydrophobic AKD (and related) components. Thus, the hydrophilic 

nature of AUC films was efficiently converted to hydrophobic by the present simple AKD 

treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Changes in water contact angle on AUC and AKD-treated AUC films over 

time, and photographs of water droplets on (a) AUC, (b) AUC–AKD0.05, (c) AUC–

AKD0.1, and (d) AUC–AKD0.2 films, taken 0.1 s after landing. Reproduction from ref. 

28 with permission from Springer (© Springer 2012). 
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0.2 %. Thus, the AKD treatment of the AUC films effectively decreased water uptake through 

surface hydrophobization. Because the observed moisture contents of the air-dried AUC films 

were approximately 10 %,
4
 water had partially penetrated inside the AUC film, indicating that 

AKD or its related compounds did not fully cover the AUC film surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Effect of AKD content of AKD-treated AUC films on water uptake. 

Reproduction from ref. 28 with permission from Springer (© Springer 2012). 

 

 

 

5.3.4 Gas barrier properties of AKD-treated AUC films 
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, which was the lowest detection limit of the instrument, showing the high 

oxygen barrier properties under dry conditions. Figure 5.8 shows oxygen permeabilities of 

AUC and AKD-treated AUC films at 0, 50 and 75 % RH. The oxygen permeabilities of the 

AUC film were 0.56 and 5.8 mL μm m
–2

 day
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–1
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high humidity conditions.
4
 However, the oxygen permeability of the AUC film clearly 

decreased to 0.13 and 2.1 mL μm m
–2

 day
–1

 kPa
–1

 (lower than approximately one third of the 

original values) at 50 and 75 % RH, respectively, when the AKD content of the film was 

increased from 0 to 0.2 %. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Relationships between AKD content of AKD-treated AUC film and 

oxygen permeability at 0, 50 or 75% RH. Reproduction from ref. 28 with permission 

from Springer (© Springer 2012). 

 

 

 

Thus, the observed surface hydrophobization of the AUC films by AKD treatment was 

effective in improving their oxygen barrier properties even under high RH conditions. The 

oxygen permeabilities of the AKD-treated AUC films under high RH conditions, shown in 

Figure 5.8, were comparable to those of practical oxygen barrier films such as 
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–1
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 day
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–1
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poly(ethylene terephthalate) (15.6 mL μm m
–2

 day
–1

 kPa
–1

 at 50 % RH).
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the oxygen permeabilities of the AKD-treated AUC films at 50 and 75 % RH were much 

higher than those at 0 % RH, it was further indicated that the film surfaces were not fully 

covered with hydrophobic AKD or related compounds. Water vapor was able to penetrate the 

films at surface spots not covered with AKD or its related compounds, resulting in remarkable 

increases in oxygen permeability compared with that at 0 % RH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Effect of relative humidity on water vapor permeability of AUC and AUC–

AKD0.1 films. Reproduction from ref. 28 with permission from Springer (© Springer 

2012). 
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These results confirmed that water vapor penetrated into the AKD-treated AUC films at 

surface spots not covered with AKD or related compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. FT-IR spectra of AUC and AKD-treated AUC films. Reproduction from 

ref. 28 with permission from Springer (© Springer 2012). 
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at 2918 and 2850 cm
–1

 for the AKD-treated AUC films were assigned to C–H stretching 

vibrations of methyl and/or methylene groups of alkyl chains of AKD or its related 

compounds. The C–H stretching vibration band due to cellulose at 2893 cm
–1

 disappeared 

after AKD treatment, indicating that the cellulose molecules on the film surface were covered 

with AKD or related compounds. The relative absorbance of the cellulose hydroxyl band 

around 3400 cm
–1

 decreased with increasing AKD content, further confirming that the 

cellulose film surfaces were covered with AKD or its related compounds. 

AKDs have typical C=O and C=C stretching vibration bands at 1847 and 1719 cm
–1

, 

respectively (Figure 5.10). Ketones have one C=O stretching vibration band at 1701 cm
–1

, and 

AKD/cellulose β-ketoesters have two C=O bands at 1710 and 1740 cm
–1

.
34

 Even though the 

AKD-treated AUC film spectra did not show good signal/noise ratios in the C=O absorption 

range, peaks due to AKD were slightly visible for all AKD-treated AUC films, whereas no 

C=O absorption band due to ketones or β-ketoesters was detected. The FT-IR spectra in 

Figure 5.10 were recorded approximately 2 months after storing the AKD-treated AUC films 

at 23 °C and 50 % RH. Thus, AKD molecules were present at least on the surfaces of the 

AKD-treated AUC films without hydrolysis and brought about the hydrophobic nature of the 

AUC films shown in Figures 5.5–5.8; these molecules were stable at least for 2 months 

without hydrolysis even though they were exposed to conditions at 23 °C and 50 % RH. The 

chemical structures of AKD-related components at the AKD/cellulose interface will be 

reported in detail in the following work.
 

 

 

5.4 Conclusions 

 

AUC films prepared from an aqueous LiOH/urea system were surface-treated with AKD 

by the simple method of soaking dried AUC films in AKD dispersions before drying and 

heating. The AKD content of the films increased with the increase in AKD concentration in 

the soaking dispersion to a maximum AKD content of 0.2 wt %. AKD-treated and heated 

AUC films exhibited highly water repellent and high gas barrier properties even under high 

humidity conditions because the normally hydrophilic AUC film surfaces were covered with 
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hydrophobic AKD components. The AUC–AKD0.2 film, having 0.2 wt % AKD content, 

possessed an optical transmittance of 88 % at 600 nm, tensile strength of 168 MPa, elongation 

at break of 29 %, work of fracture of 37 MJ m
–3

, water contact angle of 110°, water uptake of 

20 %, and oxygen permeability of 0.13 and 2.1 mL μm m
–2

 day
–1

 kPa
–1

 at 50 and 75 % RH, 

respectively. Moreover, the oxygen transmission rates of AKD-treated AUC films at 0 % RH 

were less than 0.0005 mL m
–2

 day
–1

 kPa
–1

, which was the lowest detection limit of the 

instrument. FT-IR analysis of the films showed that AKD molecules were still primarily 

present on the AKD-treated AUC films without hydrolysis even 2 months after conditioning 

the films at 23 °C and 50 % RH. Thus, AKD molecules present on the AUC film surfaces 

were stable and contributed to the hydrophobic nature of the AKD-treated AUC films. 
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Chapter 6  

Chemical Structures of Alkylketene Dimer (AKD) at the 

AKD/Cellulose Interfaces 

 

 

6.1 Introduction 

 

Alkylketene dimer (AKD) is a typical sizing agent for papermaking industry, and 

generally only a little addition levels give good sizing to paper.
1,2

 AKD components in 

cellulose sheets are possible to form three different chemical structures: the original AKDs, 

hydrolyzed AKDs (namely ketones), and β-ketoesters with hydroxyl groups of cellulose 

and/or starch present in AKD dispersions as one of the stabilizers. The mechanism of 

alkylketene dimer (AKD) sizing has been extensively studied since the 1970s, whereas it is 

still under debate.
1,3

  

The first mechanism for the efficient sizing of paper by AKD is explained that AKD and 

hydroxyl groups of cellulose formed β-ketoesters on pulp surfaces, resulting in orientation of 

hydrophobic alkyl chains of AKD on surface.
4–8

 The primary reasons to support this 

hypothesis are as follows: 1) Some of AKD in paper sheets could not be extracted completely 

and the sizing degrees are maintained on AKD-sized papers even after chloroform-extractions 

in sheet form which were regarded as “bonded AKD”.
5,9–13

 2) β-ketoesters were isolated from 

reaction products of cellobiose and AKD under non-aqueous conditions in the presence of an 

organic base.
12

 3) Ester peaks were observed using solid-state 
13

C-NMR analysis after 

extraction of sized paper with tetrahydrofuran (THF).
14

 On the other hand, some 

researchers
12,15–20

 disputed the reactivity of AKD, and suggested that AKD may not form β-

ketoesters with hydroxyl groups of cellulose under the conditions of papermaking. The 

primary reasons to support this hypothesis are as follows: 1) The reaction of AKD in 

papermaking took place with water molecules, and was reported to be faster than the reaction 

with cellulose.
21,22

 Moreover, all model experiments using amorphous cellulose samples 

showed that no β-ketoesters were formed between AKD and hydroxyl groups of 
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polysaccharides during curing and conditioning treatments, as long as water was present in 

the system.
12

 2) Amounts of AKD and ketones extracted under neutral conditions were almost 

equal to those extracted under alkaline conditions for AKD-sized sheets, when the extractions 

were associated with fiberization of the sheets.
12

 3) Most AKD components in AKD-sized 

handsheets were removed by organic solvents after fiberization of AKD-sized sheets and 

swelling of pulp fibers.
12

 4) Solid-state 
13

C-NMR spectra of handsheets prepared with 
13

C-

labeled AKD suggested that AKD, ketones and 
13

CO3
2–

 were present as the size components 

in the handsheets; nearly no covalent bonds were formed between AKD and hydroxyl groups 

of cellulose in paper even after heat treatments.
23

  

In the previous chapter, regenerated cellulose films prepared from aqueous alkali/urea 

solvent system (AUC)
24–31

 were hydrophobized by surface-modification using a simple 

soaking method in cationic AKD dispersion.
32

 Furthermore, cellulose gels prepared from 

aqueous alkali/urea solvent were reported to have different surface polarity depending on the 

coagulant species.
33

 The cellulose gels from aqueous coagulants tend to form hydrophilic 

hydroxyl-rich surfaces, whereas those from organic coagulants tend to have hydrophobic C–H 

group-rich surfaces. Therefore, the AUC films with different surface polarity are good models 

to study the hydrophobization mechanism of the AKD modified cellulose materials. On the 

other hand, TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-oxidized cellulose 

nanofibril films (TOCNs) developed in our group have almost no C6-OH groups but sodium 

C6-carboxylate groups on the microfibril surfaces.
34−37

 They can form strong electrostatic 

interaction with cationic AKD dispersion but are probably impossible to form β-ketoesters 

with AKD because of lack of C6-OH groups. Therefore, TOCNs are also good models to 

compare with AUC films to study the chemical structures of AKD-related components at the 

AKD/cellulose interface. 

In this chapter, the AKD-modified AUC films and AKD-modified TOCN films were 

treated by a sequential extraction of original AKDs, hydrolyzed AKDs or ketones and β-

ketoesters formed with hydroxyl groups of starch, using chloroform, hot water, and 

dioxane/water mixture. Then the AKD contents and water contact angles of the extraction-

treated films were measured to study the chemical structures of AKD-related components at 

the AKD/cellulose interfaces. 
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6.2 Experimental Section 

 

6.2.1 Materials 

A highly purified cotton linter pulp used for filter paper production (filter paper pulp; 

Advantec Co. Ltd., Japan) with a viscosity-average molecular weight of 8.6 × 10
4
 g mol

–1
 was 

used as the cotton cellulose source. A never-dried softwood bleached kraft pulp (Nippon 

Paper, Japan), which contained 90% cellulose and 10% hemicelluloses, was used as the 

original wood cellulose sample. Cationic papermaking-grade AKD dispersion (AS-202, Seiko 

PMC Co., Japan) was used after dilution with distilled water to the desired AKD 

concentration. All reagents and solvents were of laboratory grade and used as received from 

Wako Pure Chemicals, Tokyo, Japan. 

 

6.2.2 Preparation of cellulose-AKD films  

The cellulose films were prepared according to a previously reported methods.
26,32

 

Briefly, a LiOH/urea/H2O solution with a weight ratio of 4.6:15:80.4 was precooled to –12 °C. 

A desired amount of cotton linter cellulose was dispersed in this precooled solvent and the 

mixture was then immediately stirred at 1300 rpm for 2 min to obtain a transparent solution 

with a cellulose content of 6 wt %. The cellulose solution thus obtained was degassed by 

centrifugation at 10,000g for 10 min, spread on a glass plate, and then immersed in acetone 

for 30 min or in 5 wt % H2SO4 for 5 min at ambient temperature to allow regeneration. The 

resulting sheet-like hydrogels were thoroughly washed by soaking in fresh water several times, 

fixed on a poly(methyl methacrylate) plate with adhesive tape to prevent shrinkage, and air-

dried at ambient temperature to obtain alkali/urea regenerated cellulose films. The alkali/urea 

regenerated cellulose films prepared by regeneration in acetone were denoted to AUC and in 

5 wt % H2SO4 were denoted to AUCH, respectively.  

A TEMPO oxidized cellulose was prepared from the wood cellulose by the 

TEMPO/NaBr/NaClO system in water at pH 10, according to a previously reported 

method.
34−36

 The TEMPO-oxidized cellulose thus obtained was further treated with 1% w/v 

NaClO2 at pH 4.8 for 2 days to oxidize the C6-aldehyde groups remaining in the cellulose to 

C6-carboxyls.
34

 The two-step-oxidized cellulose had a carboxylate content of 1.21 mmol 
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g
−1

.
34

 The TEMPO-oxidized cellulose/water slurry at a 0.11% w/v consistency was 

mechanically treated with a double-cylinder type homogenizer for 1 min and subsequently 

with an ultrasonic homogenizer for 6 min. The unfibrillated fraction was removed by 

centrifugation at 12 000g for 20 min. The supernatant was used as the nanofibril dispersion, 

the concentration of which was adjusted to 0.1% w/v using a rotary evaporator under reduced 

pressure. The nanofibril dispersion was poured in a polystyrene Petri dish and oven-dried at 

40 °C for 3 days to prepare the TEMPO-oxidized cellulose nanofibril films, denoted to TOCN.  

The AUC, AUCH, and TOCN films were then soaked in cationic 0.05 wt % AKD 

dispersion for 10 s followed by rinsing thoroughly with water. The wet films were air-dried at 

ambient temperature and denoted to AUC–AKD–N, AUCH–AKD–N, and TOCN–AKD–N, 

respectively. These films were further heated at 100 °C for 10 min, and the resulting films 

were denoted to CA, CAH, and TA, respectively. 

 

6.2.3 Extractions of AKD from the cellulose-AKD films 

The CA, CAH, and TA films were first immersed in chloroform for 24 h in a Soxhlet 

extractor and the resulting films were denoted to CA1, CAH1, and TA1, respectively. Then 

the CA1, CAH1, and TA1 films were further immersed in hot water at 80 °C for 2 h, then air 

dried at ambient temperature, and the resulting films were denoted to CA2, CAH2, and TA2, 

respectively. Finally the CA2, CAH2, and TA2 films were immersed in a dioxane/water (1:1 

by weight) mixture solution at 90 °C for 2 h, then air dried at ambient temperature, and the 

resulting films were denoted to CA3, CAH3, and TA3, respectively. All the cellulose-AKD 

films were conditioned at 23 °C and 50 % relative humidity (RH) for more than one day 

before analyses. 

 

6.2.4 Analyses  

AKD contents of the films were determined by pyrolysis-gas chromatography (Py-GC), 

the operating conditions of which were described elsewhere.
38

 Fourier transform infrared (FT-

IR) spectra of the films were recorded using a Jasco FT/IR-6100 spectrometer in attenuated 

total reflectance (ATR) mode from 400 to 4000 cm
–1

 with a 1 cm
–1

 resolution. The 
12

C
–
 and 

16
O

–
 ion intensities of the films were measured by the NanoSIMS 50L using cesium as a 
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primary ion source which were carried out on a 10 μm × 10 μm area of the film. Then the 
12

C
–

/
16

O
–
 ratios of the films were calculated from the intensities of 

12
C

–
 and 

16
O

–
 ions. Surface 

observation of the films was carried out by atomic force microscopy (AFM), using a 

Nanoscope IIIa, Veeco Instruments Inc. The instrument was operated in tapping mode and 

images were obtained with silicon nitride cantilever tips. Film roughness and particle height 

were analyzed from these images. The surface of the film was observed with a Hitachi S4800 

field emission-type scanning electron microscope (SEM) at 2 kV. The film was coated with 

osmium using a Meiwafosis Neo osmium coater at 10 mA for 10 s prior to SEM 

measurements. To examine dye adsorption, the films were cut down to triangles with side 

lengths of 2 cm and then soaked in 0.01% congo red or toluidine blue solution for 5 min at 

room temperature, followed by washing with distilled water and then drying at room 

temperature. The photographs of the stained films were obtained by scanning using a Brother 

MFC-9970CDW Printer (Brother Industries, Ltd., Japan). Light absorbance of the stained 

films was investigated with a JASCO V-670 UV-Vis spectrophotometer to evaluate the 

adsorption of dyes. Contact angles on the films for water droplets with a volume of 2 μL were 

measured at 23 °C and 50 % RH using a FAMAS DM500 instrument (Kyowa Interface 

Science Co. Ltd., Japan). 

 

 

6.3 Results and Discussion 

 

6.3.1 Extractions of AKD from CA film 

Figure 6.1 show AKD contents of the CA, CA1, CA2, and CA3 films. AKD contents 

were determined by pyrolysis-gas chromatography, which included all the AKD contents of 

AKD-related components. The AKD content of CA decreased much from 0.1 to 0.02 wt % 

(decrease of 80%) after extraction of AKD with chloroform, probably owing to the extraction 

of original AKD and ketone. The AKD content of CA1 further decreased from 0.02 to 0.01 

wt % (decrease of 10%) after extraction of AKD with hot water, probably owing to the 

extraction of β-ketoesters of AKD with hydroxyl groups of starch present in AKD dispersions 

as one of the stabilizers which could dissolve in hot water. Finally, the AKD content 
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decreased to almost 0 after the following extraction with dioxane/water mixture, probably 

owing to the extraction the AKD and ketone which formed very strong physical interaction 

with cellulose molecules and could only be removed after swelling of cellulose. From the 

result, almost all the AKD components of CA films were removed after the three extraction 

treatments. It indicated that the original AKD was the main component of AKD of the CA 

films and about 10 wt % AKD formed β-ketoesters with hydroxyl groups of starch which was 

present in AKD dispersions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. AKD contents of CA, CA1, CA2, and CA3 films. 

 

 

 

ATR-FTIR spectra of the AUC, CA, and CA3 films are shown in Figure 6.2. The CA 

film show clear sharp absorption peaks at 2918 and 2850 cm
–1

 assigned to C–H stretching 

vibrations of methyl and/or methylene groups of alkyl chains of AKD or its related 

compounds, and slight C=O and C=C stretching vibration bands at 1847 and 1719 cm
–1

.
32

 

However, these peaks disappeared and the C–H stretching vibration band due to cellulose at 

A
K

D
 c

o
n
te

n
t 

o
f 

fi
lm

 (
%

)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

CA CA1 CA2 CA3



―― Chapter 6  Chemical Structures of Alkylketene Dimer (AKD) at the AKD/Cellulose Interfaces ―― 

 -111- 

2893 cm
–1

 appeared in CA3 after extractions of AKD. Meanwhile, the relative absorbance of 

the cellulose hydroxyl band around 3400 cm
–1

 increased after the extractions of AKD, further 

confirming that the AKDs on the surface of the cellulose film were removed by the extraction 

treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. ATR-FTIR spectra of AUC, CA, and CA3 films. 

 

 

 

The effect of ion sputtering time of NanoSIMS on 
12

C
–
/
16

O
–
 ratios of the AUC, CA, and 

CA3 films is shown in Figure 6.3. The ion sputtering time of NanoSIMS is related to the 

depth of films, although estimation of the exact depth is difficult. 
12

C
–
/
16

O
–
 ratio of AUC film 

reached 0.67 and the peak appeared in a region closed to the film surface and then decrease to 

0.37 after 1200 s. On the other hand, maximum 
12

C
–
/
16

O
–
 ratio of the CA film was 1.40, 
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which was much higher than that of the AUC film, indicating the presence of AKD on the CA 

film. Moreover, the 
12

C
–
/
16

O
–
 ratio of the CA film further decreased to 0.59 after 1200 s, 

which was similar to that of AUC. It seemed that AKDs were mainly present on the surface of 

the AUC film. After the extraction treatments, the 
12

C
–
/
16

O
–
 ratios of the CA3 film decreased 

much compared with the CA film, and they were similar to those of the AUC film. The results 

of NanoSIMS further indicated that the AKD components were presented on the surface of 

the AUC films and almost all of them were removed after the three extraction treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. Effect of ion sputtering time of NanoSIMS on 12C–/16O– ratios of AUC, CA, 

and CA3 films. 

 

 

 

AFM height and phase images of surfaces of the AUC, CA, and CA3 films are shown in 

Figure 6.4. The average roughness values of AUC, CA, and CA3 calculated from the entire 

images (2 × 2 μm
2
) were 3 nm, 22 nm, and 24 nm, respectively. The roughness of CA was 

similar to CA3, and higher than AUC. Some very small AKD particles were present on the 
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surface of the CA film (Figure 6.4b and e) and their average height was calculated to be about 

37 nm (Figure 6.5).  The average distance between the two AKD particles was calculated to 

be about 400 nm. It’s possible for AKD particles to melt after heating and solidify again to 

become much more smaller particles after cooling
39

 with the diameters decrease from ca. 500 

nm (see Figure 5.1b)
32

 to ca. 37 nm, forming sea/island-like structures. Moreover, such 

sea/island-like structures were probably easy to trap air and were responsible for the high 

water repellency of the CA film with (Figure 6.7), which have good correlation with the 

Cassie's law (Figure 6.6).
40

 However, these AKD particles disappeared from the surface of the 

CA3 film after the three extraction treatments (Figure 6.4c and f).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.4. AFM height (a, b, c) and phase (d, e, f) images of surfaces of AUC (a, d), CA 

(b, e), and CA3 (c, f) films. 
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Figure 6.5. An AFM height image of the CA film (left) and two height plots at the 

white line are depicted right showing the relative height. 

 

 

 

In order to further clarify whether AKD or its related compounds fully covered the film 

surface, dye adsorptions of AUC, CA, and CA3 films were studied. Photographs of AUC, CA, 

and CA3 films stained by either toluidine blue or congo red and their relevant light 

absorbance spectra are shown in Figure 6.7. Toluidine blue is a cationic dye, which is possible 

to form electrostatic interactions or ionic bonds with the AUC film owing to the small amount 

of anionically-charged dissociated cellulose carboxyl groups present in AUC film.
32

 On the 

other hand, congo red is a direct dye, well-known for its strong affinity toward cellulose, due 

to hydrophobic interaction with the pyranose rings of cellulose molecules. However, both of 

toluidine blue and congo red could not be adsorbed on cationic AKD components. The results 

show that after dye adsorption the AUC films exhibited clear blue (Figure 6.7a) or red color 

(Figure 6.7d) and the relevant absorbance peaks of toluidine blue at 641 nm for toluidine blue 

stained AUC film and congo red of 514 nm for congo red stained AUC film were clearly 

detected in light absorbance spectra, indicating good adsorption of toluidine blue and congo 

red on the AUC film.
42

 The dye stained CA films also show blue or red color and relevant 

absorbance peaks, although their colors and adsorption peaks were weaker than those of the 

AUC film. It indicated that some cellulose molecules were present on the surface of the CA 
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film, leading to adsorption of dyes. And cationic AKD components were partially covered the 

cellulose film surface in the CA film, leading to the decrease in dye colors and absorbance 

peaks. This result is in good agreement with the results of AFM images and increase of gas 

permeabilities of CA films at high humid conditions (see Figure 5.8). On the other hand, dye 

stained CA3 film shows similar color and absorbance peaks with AUC film, indicating almost 

complete extractions of AKDs from CA film after the treatments. Therefore, all the results of 

AKD content, ATR-FTIR, NanoSIMS, AFM, and dye adsorption showed that almost all the 

AKD components were removed after the three extraction treatments, indicating that almost 

all the AKD components formed physical interaction with cellulose.
12

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. Calculated relation between areal fraction of AKD (fAKD) and areal fraction 

of cellulose (fCellulose) following Cassie’s law cosθc = fAKD cosθAKD + fCellulose cosθAKD + 

fAir cosθAir, where θc is water contact angle of the CA film (103°), θAKD is water contact 

angle of the AKD film (109°),41 θCellulose is water contact angle of the AUC film (50°), 

θAir is water contact angle of the air (180°), fAKD + fCellulose + fAir =1, fAir + fCellulose ≤ 1. 

The fAKD calculated from the AFM image (Figure 6.4) was about 0.01 (equal or less), 

and the relevant fCellulose was calculated to be about 0.47, shown as a black dot in this 

figure. 
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Figure 6.7. Photographs (top) of AUC (a, d), CA (b, e), and CA3 (c, f) films stained 

by either toluidine blue (a, b, c) or congo red (d, e, f) and light absorbance spectra 

(bottom) of AUC, CA, CA3 and the relevant stained films by either toluidine blue 

(AUC-B, CA-B, CA3-B) or congo red (AUC-R, CA-R, CA3-R). All the films have a 

thickness of 30 μm. 

 

 

 

Changes in water contact angles on AUC, CA and extraction treated CA films over time 

after contact are shown in Figure 6.8, and photographs of a water droplet 0.1 s after contact 

with each film are shown inset. The contact angles of CA film were 103° and remained 
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angles of CA1, CA2, and CA3 almost did not change. It was likely that a very small amount 

of β-ketoesters formed at the AKD/AUC interfaces, which could not be removed by 

extraction treatments, thus leading to the remaining hydrophobicity of the films. In order to 

support this viewpoint, two other experiments were done to compare with AUC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8. Changes in water contact angles on AUC, CA and extraction treated CA 

films over time after contact and photographs of a water droplet 0.1 s after contact 

with each film. 

 

 

 

6.3.2 Extractions of AKD from CAH films 

The cellulose films prepared from aqueous alkali/urea solvent by regeneration with 

aqueous coagulants tend to form hydrophilic hydroxyl-rich surfaces, and those regeneration 

with organic coagulants tend to have hydrophobic C–H group-rich surfaces.
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 The previous 
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wt % H2SO4), which should have hydrophilic hydroxyl-rich surfaces. The AUCH films were 

difficult to form strong hydrophobic interaction with AKD because of their hydrophilic 

hydroxyl-rich surfaces. Figure 6.9 shows AKD contents of the CAH, CAH1, CAH2, and 

CAH3 films. The AKD content of the CAH film was 0.09 wt %, a little lower than that of the 

CA film which was 0.1 wt %. The AKD content of the CA film decreased after the extraction 

treatments and the CAH3 film had an AKD content of 0, which was similar to the extraction 

treated CA films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. AKD contents of CAH, CAH1, CAH2, and CAH3 films. 

 

 

 

Changes in water contact angles on AUCH, CAH and extraction treated CAH films over 

time after contact are shown in Figure 6.10, and photographs of a water droplet 0.1 s after 

contact with each film are shown inset. The contact angle of CAH was 102° and was 

unchanged for more than 20 s, similar to that of CA. No obvious decrease in contact angles 

were found in CAH1, CAH2, and CAH3 films. Therefore, the CAH films showed the similar 
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extractions of AKD. These results indicated the remained hydrophobicity of the CA3 and 

CAH3 films after AKD extraction treatments shouldn’t be owing to the hydrophobic 

interaction between AKD and cellulose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10. Changes in water contact angles on AUCH, CAH and extraction treated 

CAH films over time after contact and photographs of a water droplet 0.1 s after with 

each film. 

 

 

 

6.3.3 Extractions of AKD from TA films 

TEMPO-oxidized cellulose nanofibril films (TOCN) have almost no C6-OH groups but 

sodium C6-carboxylate groups on the microfibril surfaces. They are probably impossible to 

form β-ketoesters with AKD and only can form electrostatic interaction with cationic AKD 

dispersion. Therefore, they were also prepared to compare with AUC to clarify the interaction 
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TA3 films. The AKD content of the TA film was 0.5 wt %, which was much higher than that 
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of the CA film, probably owing to the strong electrostatic interaction between the anionic 

TOCN surface and the cationic AKD dispersion particels. The AKD contents of the TA film 

decreased to 0.02 wt % after the extraction of AKD with chloroform (TA1), and further 

decreased to 0 after extraction with hot water (TA2 and TA3).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11. AKD contents of TA, TA1, TA2, and TA3 films. 

 

 

 

Changes in water contact angles on TOCN, TA and extraction treated TA films over time 

after contact are shown in Figure 6.12, and photographs of a water droplet 0.1 s after contact 

with each film are shown inset. The contact angle of TA was 110° and was unchanged for 

more than 20 s. On the other hand, the contact angles of the TA film decreased to 64° after the 

extraction of AKD with chloroform (TA1), and further decreased to 48° after extraction with 

hot water and dioxane/water mixture (TA3), which was similar to that of the TOCN film (43°). 

These results further indicated that β-ketoesters are likely to form at the AKD/cellulose 
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formed at the AKD/TOCN interfaces and the AKD could be removed by extraction 

treatments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12. Changes in water contact angles on TOCN, TA and extraction treated 

TA films over time after contact, and photographs of a water droplet 0.1 s after 

contact with each film. 

 

 

 

Based on these results and interpretation, possible hydrophobization mechanisms of 

cellulose films by AKD can be illustrated as in Figure 6.13. AKD components were present 

on the surface of the AUC film, which melted and became much smaller particles after 

heating. Original AKD was the main AKD component of the composites. However, a small 

amount of β-ketoesters are likely to form at the AKD/AUC interfaces, which could not be 

removed by extraction treatments. On the other hand, no β-ketoesters formed at the 

AKD/TOCN interfaces and the AKD components could be completely removed from the 

TOCN surfaces by extraction treatments.  
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Figure 6.13. Schematic models of hydrophobization of AUC and TOCN with AKD 

and extractions of AKD. 

 

 

 

6.4 Conclusions 

 

The hydrophobization mechanism of regenerated cellulose films modified by AKD and 

the chemical structures of AKD-related components present at the AKD/cellulose interfaces 

were studied after a sequential extraction of the AKD components non-reacted with cellulose 

by chloroform, hot water, and dioxane/water mixture. The AKD content of the films 

decreased to nearly 0 by the extractions. However, water-contact angles of the film surfaces 

almost didn’t change. Moreover, both of the regenerated cellulose films regenerated with 

aqueous coagulant (5 wt % H2SO4) and organic coagulant (acetone) showed the same trend in 

AKD contents and water contact angles after the sequential extraction. However, after the 

sequential extraction, water-contact angles of AKD/TOCN films decreased much, with the 

decrease in AKD content. These results indicated that original AKD was the main AKD 

component of the AKD/regenerated cellulose films. However, a small amount of β-ketoesters 

are likely to form at the AKD/regenerated cellulose interfaces, which couldn’t be removed by 
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extraction treatments. On the other hand, AKD form physical interaction with TOCN at the 

AKD/TOCN interfaces and the AKD components could be completely removed from the 

TOCN surfaces by extraction treatments. The hydrophobization mechanism of regenerated 

cellulose films modified by AKD should also be useful for understanding the mechanism of 

paper sizing by AKD in papermaking industry. 
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Chapter 7 

Summary 

 

7.1 High gas barrier cellulose films 

 

Transparent and bendable regenerated cellulose films prepared from aqueous alkali/urea 

solutions exhibited high oxygen barrier properties at 0% RH, which are superior to those of 

conventional cellophane, poly(vinylidene chloride), and poly(vinyl alcohol). The oxygen 

permeabilities of these cellulose films varied widely depending on the conditions used to 

prepare them. The oxygen permeabilities of the cellulose films were negatively correlated 

with their densities, and cellulose films prepared from solutions with high cellulose 

concentrations by regeneration in a solvent at low temperatures generally had low oxygen 

permeabilities. Moreover, mechanical, thermal and oxygen barrier properties of regenerated 

cellulose films prepared from aqueous cellulose/alkali/urea solutions can be markedly 

improved by controlling the drying conditions of the films. By pre-pressing followed by 

vacuum drying under compression, the tensile strength, Young’s modulus, coefficient of 

thermal expansion and oxygen permeability of the dried film reached 263 MPa, 7.3 GPa, 10.3 

ppm K
–1

 and 0.0007 mL μm m
–2

 day
–1

 kPa
–1

, respectively. It should be noted that the oxygen 

transmission rate of this cellulose film was lower than the lowest detection limit of the 

instrument. Thus, films produced in this way show the highest performance of regenerated 

cellulose films with no orientation of cellulose chains reported to date. These improved 

properties are accompanied by a clear increase in cellulose II crystallinity from 50 to 62% 

during pre-pressing/press-vacuum drying process. At the same time, the film density 

increased from 1.45 to 1.57 g cm
–3

.  

 

7.2 High-performance cellulose biocomposite materials 

 

The hydrophilicity of cellulose materials results in greater amounts of moisture sorption 

and a significant increase in the oxygen permeability under higher humid conditions, thus 
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restricting their potential applications. Hence, the cellulose films were composited with 

nanoclay or surface modified by alkyl ketene dimers (AKDs) which are both from natural 

resources to improve their oxygen barrier properties at high humid conditions. 

7.2.1 Cellulose based nanocomposites reinforced with nanoclay. Transparent flexible 

regenerated cellulose–nanoclay (saponite or montmorillonite) nanocomposite films were 

prepared from cellulose/LiOH/urea solutions. The composites possessed intercalated 

nanolayered structures of clay platelets. They exhibited high mechanical strength, Young’s 

modulus, and gas barrier properties, and lower coefficients of thermal expansion than those of 

the original LiOH/urea regenerated cellulose film. In particular, the composite film containing 

85% cellulose and 15 wt % natural montmorillonite clay exhibited tensile strength and 

Young’s modulus that were 161 and 180% greater than those of the cellulose film, 

respectively, and its coefficient of thermal expansion and oxygen permeability at 50–75% RH 

were 60 and 42–33% lower than those of the cellulose film, respectively. Moreover, the initial 

hydrophilic nature of the cellulose film changes to somewhat hydrophobic through 

incorporation of hydrophilic clay platelets. 

7.2.2 Hydrophobization of cellulose films by surface modification with AKD. 

Transparent and water repellent gas barrier cellulose films were fabricated by surface 

modification of LiOH/urea regenerated cellulose films by soaking in cationic AKD dispersion, 

drying, and heating. AKD-treated cellulose films still exhibited very low oxygen transmission 

rates which were lower than the lowest detection limit of the instrument at 0% RH. Water 

contact angles on the cellulose film increased from 50 to 110° after AKD treatment, and water 

uptake (immersion in water for 6 days) decreased from 92 to 20 %. Moreover, oxygen 

permeability decreased from 0.56 and 5.8 to 0.13 and 2.1 mL μm m
–2

 day
–1

 kPa
–1

 at 50 and 

75 % RH, respectively, when the AKD content of the film was increased from 0 to 0.2 wt %. 

The present AKD-treated cellulose film also had high light transparency and mechanical 

properties. AKD components were stable on the AKD-treated film surfaces without 

hydrolysis at 2 months. The results of extraction treatments of AKD from AKD-treated 

cellulose films indicated original AKD was the main AKD component of the 

AKD/regenerated cellulose films. However, a small amount of β-ketoesters are likely to form 

at the AKD/regenerated cellulose interfaces. 
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