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Abstract 

Cellulose nanocrystals (CNC) are great candidates for composite materials. The 

reasons why CNCs are such attractive materials for them are due to their great mechanical 

properties, high aspect ratio and low density. On the other hand, hydroxyapatite (HAp) is a 

kind of calcium phosphate and a main component of bones and teeth. The purpose of the 

present study is to make oriented nano-sized composites with CNC and HAp. Although some 

researchers carried out to make CNC composites with HAp for biomedical materials, nano-

sized and oriented ones haven’t been achieved yet. Also, films made of CNC and other 

compounds are known to be transparent and have good oxygen permeability. Especially 

when CNCs’ direction is in parallel, they show high strength. However most previous 

researches dealt with particles or plate-like minerals in inorganic/CNC films, so there is no 

case that coated CNCs themselves were aligned in the films. Therefore fabrication of 

composite-oriented thin films is quite unique and it will be a potential step for bone-like 

hierarchical structure. 

In experiment, certain amount of CNC suspension with functional groups were put into 

revised simulated body fluid (r-SBF) solutions which were adjusted between pH 6.9-7.9 to 

make the molar ratio of calcium ion per functional groups on CNC surfaces between 30-230. 

The suspensions were put into the ultrasonic bath for 15 minutes and stirred in the 

thermostatic oven at 37 ⁰C for 1 hour. The process of ultrasound and stirring in oven was 

repeated 1-3 times depending on conditions. Precipitated products were collected with the 

centrifuge instrument and dried with the freeze dryer.  Functional groups induced HAp’s 

nucleation and the HAp/CNC composites could be obtained under control of molar ratio of 

calcium ions per functional groups on CNC and pH. Morphology of the composites could be 

determined by pH and HAp content could be controlled between 25-75 wt% by initial molar 

ratio.  

 The suspension having the composites synthesized in pH 7.9 with low initial molar 

ratio was dropped on superhydrophilic glass substrates. At the moment, the substrates were 

set with leans of 20 degrees. Then they were dried at 60 oC for 3 hours and transparent films 

containing 25-40 wt% of HAp were obtained. The transmittances of the films were more 

than 90 % and their thicknesses were 2.2-4.2 µm. The films were suggested to have oriented 

structure by polarization microscope when the shape of the composites were needle-like 

homogeneously and independent each other. From the results from SEM, they were aligned 

longitudinally at both ends of the film and laterally at the upper middle part of the films. It is 

considered that controlling drying direction influenced on the orientation. The current study 

should become a promising step to build up a bone-like hierarchical structure artificially. 
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1. Introduction 

1.1 Cellulose 

Cellulose is one of promising biopolymer due to its renewability and abundance. [1-4] 

Cellulose can be obtained from not only wood and plants like cotton and algae but also some 

creatures such as bacteria which are known to produce it by itself. Cellulose is a linear 

polysaccharide composed of glucoses linked each other with β 1-4 glycosidic bond as shown 

in Figure 1-1.  Intermolecular hydrogen bonds connect hydroxyl groups and oxygen atoms in 

ring structure in glucose rigidly and stable.  

 

Figure 1-1 Hierarchical structure in trees [2] 

These cellulose molecules are aggregated together with van der Waals and intramolecular 

hydrogen bonds in parallel and build up larger microfibrils with 5-50 nm in diameter and 

several micros long.  This structure provides cellulose high axial toughness. As seen in Fugure 

1-1, natural trees have a hierarchical structure in which cellulose builds up a framework and 

other components such as hemicellulose and lignin support it. Owing to this, trees show rigid 

but flexible ability.  

While paper and textile making with cellulose have been performed for a long time, 

manufacturing which takes its advantages such as flexibility, functionality and fine 

mechanical property has received a lot of attention. For example, fiber reinforced plastics 

have become commercially used for car interiors thanks to their light but tough property. [2] 

They are also known that they have high resistance against heat, chemicals and leaked 

gasoline. [3] 
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1.1.1 Cellulose nano crystals (CNC) 

Cellulose usually consists of crystalline region and amorphous region as shown in Figure 1-2. 

Cellulose nano crystal (CNC) is from the crystalline part of cellulose after removing 

amorphous parts by acid hydrolysis. It is a rigid and rod-like material with 5-100 nm diameter 

and hundreds of nanometers long. [3] 

 

Figure 1-2 Schematic illustrations (a) repeat unit of single cellulose chain (b) cellulose 

microfibril with crystalline and amorphous regions (c) cellulose nanocrystals after acid 

hydrolysis. [1] 

In addition to a high aspect ratio, CNC is highly crystalline (54-88 %) so that it has great 

mechanical properties. Its Young’s modulus is approximately 145 GPa, and the crystal has 

7500 MPa of mechanical strength and 2 % of extension to break. [3] Compared with strong 

materials such as stainless steel, zirconia and so on, CNC is not far behind and rather have 

advantages like low density and biodegradability. [3] CNC has carboxyl groups in its structure; 

hence it can be functionalized easily. In followings, how to prepare CNC from cellulose and 

how to modify its surface are described.  

1.1.1.1 Preparation and Surface modification 

When cellulose is extracted from wood or other plant fibers, other components such as 

hemicellulose and lignin need to be removed. Concerning bacteria cellulose, this step can be 

ignored since it consists of pure cellulose. Then the pure but aggregated cellulose fibrils are 

separated based on three kinds of methods: mechanical treatment, acid hydrolysis and 

enzymatic hydrolysis. [1] Among these, the most major preparation method to make CNC is 

acid hydrolysis with sulfuric acid. Sulfuric acid gives negative charge on the surface of 

particle, so obtained suspension is well dispersed. A concentration of sulfuric acid used for 

making cellulose hydrolysis is almost same in several researches [1,3,4], but temperature and 

reaction time can be varied depending on material sources.  They affect particle sizes and a 

yield of the reaction. Hydrochloric acid is also employed as a hydrolysis agent but its 
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dispersion ability is inferior to sulfuric acid. Studies which employed phosphoric acid and 

hydrobromic acid are reported. [1,3,4] 

Cellulose’s surface condition is quite significant when it is used in composite material.  Its 

surface functionality conducts enhancing dispersion in composites’ matrix with positive or 

negative charges putting on the surface and adjusts a surface energy to develop 

compatibility.   

 

Figure 1-3 Examples of chemical modification on the surface of nano cellulose: (a) sulfate 

ester by sulfuric acid, (b) ester linkages by carboxylic acid, (c) ester linkages by scid 

anhydrides, (d) ether linkages by epoxides, (e) urethane linkages by isocyanates, (f) 

carboxylic groups by TEMPO oxidation, (g) carboxymethyl groups by halogenated acetic acids, 

(h) oligometric silylated layer by chlorosilanes [1] 

Some kinds of ways to functionalize the surface are reported such as esterification, 

etherification, TEMPO oxidation, silylation and grafting. Besides chemical modification, using 

adsorption of surfactants or polymer is one of the ways to make non-covalent modification. 

Since cellulose has a lot of hydroxyl groups on the surface by nature, several methods to 

produce covalent modification on CNC’s surface shown in Figure 1-3 can be achieved.     

1.1.1.2 CNC Composites Materials 

Thanks to pronounced features of CNC, it has been widely used for composites. CNC’s 

possible applications which have already been investigated are fillers for paintings and 

adhesives, optical parts, drug delivery, additives for food and cosmetics, insulator aerogel 

and bone or teeth replacement materials. [1,3,4] These five main methods such as 

electrospinning method, layer by layer method, template mineralization, solution casting-
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evaporation method and sol-gel deposition are applied for fabricating CNC nanocomposites. 
[4, 5] As seen in the examples above, composites made from cellulose crystals and polymer 

are well discussed. However fewer studies deal with the materials consisted of CNC and 

inorganic components compared to composites with polymeric materials. In these 

researches, some application such as biosensor, electro-conductive devices and membranes 

were suggested and silicon, titanium oxide, zirconium oxide and clay are mainly employed [6-

20] due to advantages of using cellulose: they are flexible, biocompatible and biodegradable.   

1.2 Biomedical Materials 

Biomedical materials are materials for remedies which directly touch to human tissues in 

wide sense. For examples, transfusion bags and injections are also biomaterials whereas it is 

easy to come up with contact lenses and stainless or titanium bone plates as commonly used 

materials. The latter materials are implantable biomedical materials which replace or repair 

damaged tissues. All of these materials are required to have five prerequisites to be used as 

biomedical materials:  sterility, biocompatibility, functionality, non-toxic and durability. [11] 

There are three main kinds of biomedical materials: metal, ceramic and polymer, and what 

material will be applied is determined depending on its application and applied period. All of 

them, however, have advantages and disadvantages. Therefore composites which 

complement their ability each other have become common to be used. 

1.2.1 Bone Structure 

Human bone consists of 69 wt% of inorganic component and 22 wt% of organic component 

such as collagen I and the rest is water. Most dominated inorganic component is 

hydroxyapatite (HAp, Ca10(PO4)6(OH)2).  

 

Figure 1-4 Bones’ hierarchical structure [12] 
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Figure 1-5 Hierarchical structure of bone with SEM images [13] 

Human bones have three main functions: receiving load, protecting bone marrow and 

supplying bone marrow cells and storing ions such as calcium ions and phosphate ions. [13, 14] 

As looking into bone structure, we can find it is built up by hierarchical structure which is 

briefly drawn in Figure 1-4 and 1-5. A rigid part of the bone, compact bone, is made up by 

osteons (Haversian system) whose size is ~200 µm long. They have concentric and multilayer 

structure surrounding Haversian canals. Their lamellae with ~7 µm are composed with 

anisotropic fibers and they make tensile strength higher in fiber’s direction. Moreover, each 

multilayer overlaps orthogonally so that the bone can show not only flexibility but also high 

strength towards both tensile and bending. In nanostructure, approximately 5 µm of 

oriented collagen fibers with chemical cross-linking can be observed and crystals of 

hydroxyapatite with the size of ~50 × 25 × 2 are participated between them with c-axis 
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orientation. [12] Therefore bone can be said a kind of organic and inorganic nano-composite 

and that is why it can show such a great mechanical properties.  

1.2.2 Bone Replacing Materials 

Due to diseases, accidents and aging, orthopedic biomedical materials are one of most 

attractive biomaterials in this few decades. Titanium and stainless alloys are mostly used 

when people breaks their bones or they need to have joints which can support high loads. 

However, metallic biomaterials have some drawbacks such as corrosion and wear and their 

modulus are far higher than natural bones. Therefore ceramic biomedical materials are 

focused on as bone repairing materials. Although Zirconium oxide, aluminum oxide and 

bioglass are also commercially used, calcium phosphate-based materials are tremendous 

interested in as bioceramic materials since they are exact same component as natural bones 

and some of them have high bone conductivity and can be merged with the bones.  Table 1-

1 shows the list of calcium phosphate salts.  

Table 1-1 List of calcium phosphate salts [12] 

Name Symbol Formula Crystal system Ca/P 

Monocalcium phosphate 
monohydrate 

MCPH Ca(H2PO4)2·H2O Triclinic 0.5 

Monocalcium phosphate anhydrous MCP Ca(H2PO4)2 Triclinic 0.5 
Dicalcium phosphate dihydrate DCPD CaHPO4·2H2O Monoclinic 1.0 

Dicalcium phosphate anhydrous DCP CaHPO4 Triclinic 1.0 

Octacalcium phosphate  OCP Ca8(HPO4)2(PO4)4·5H2O Triclinic 1.33 

α-Tricalcium phosphate α-TCP Ca3(PO4)2 Monoclinic 1.5 
β-Tricalcium phosphate β-TCP Ca3(PO4)2 Trigonal 1.5 

Amorphous calcium phosphate ACP Cax(PO4)y·nH2O - 1.2-2.2 

Hydroxyapatite HAp Ca10(PO4)6(OH)2 Monoclinic 1.67 

 

A stable phase of the calcium phosphate group varies depending on environment such as 

temperature, water molecules and pH. [12, 15] At humans’ temperature, DCPD is most stable 

under pH 4.2 and hydroxyapatite is most stable above the pH.  In higher temperature, α and 

β-TCP can exist. Many research which deal with these substrates as bone repairing or filler 

materials are carried out in the last decade. [30] ACP has been received a lot of interests since 

it is known as a precursor of HAp in bones. Studies on its mechanism are performed, but it is 

still unclear. For these reasons, bone remodeling and materials for them have gotten a lot of 

attention. More details about HAp, a dominant material for the bio-injectable calcium 

phosphate field, are described below. 

1.2.2.1 Hydroxyapatite 

Apatite is a main component in bones and teeth and defined to be a substrate expressed 
A10(BO4)6X2.  Ions such as Ca2+, Sr2+, Mg2+, Mn2+, Na+, K+ can be in A site and ions such as PO4

3-, 
CO3

2-, SO4
2- can be put in BO4 site. For X site, no ions are there or OH-, CO3

2-, F- can enter. [11] 
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Most apatite in human tissues can be expressed Ca10(PO4)6X2, and Hydroxyapatite (HAp: 
Ca10(PO4)6(OH)2 ) is the most dominant component. Figure 1-6 and Figure 1-7 show 
schematic and crystal structure of hydroxyapatite respectively.  
 

 

Figure 1-6 Schematic of HAp structure [16] 

As it can be seen in Figure 1-6, HAp has a hexagonal crystalline and it elongate along the c-

axis. There are many phosphate ions in a-face, whereas c-face is rich with calcium ions. 

However HAp in bones and teeth is not pure HAp but it contains a few carbonate ions. 

Human bones contain 7.4 wt % of carbonate ions and teeth have 5.6 wt % of them. 

Depending on location of carbon atoms, two types of carbonate hydroxyapatite can be 

obtained. 

 

Figure 1-7 Crystal structure model of HAp seen from cross-section [17] 

Since HAp is a main component of human’s hard tissues, it obviously has a great 

biocompatibility and totally non-toxic. Due to these abilities, biomaterials made of HAp have 

been focused for a long time and many researches which are relevant to this have been 

done. However how HAp is extracted on collagen fibers with orientation in nano-scaled hard 

tissue is still unclear and investigation of how to compensate for HAp’s brittleness in 

biomedical applications is going-on.  

There are two common processes, wet process in solutions and dry process in high 

temperature for synthesizing HAp. [12, 16-19, 46] In typical wet synthesis process, HAp can be 
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produced by dropping phosphoric precursor such as phosphoric acid into calcium precursor 

solution like calcium hydroxide solution as keeping a ratio of Ca/P 1.67 and pH base with 

ammonia solution. Several combinations of PO4
3- and Ca2+ precursors are examined in many 

researches. [12, 17-18, 20] Hydrolysis method is also common way to synthesize HAp in wet 

condition. In this case, other calcium phosphate such as DCP, DCPD and TCP are hydrolyzed 

in alkali solutions. It is well known that these phase transitions and resulted morphology 

depend on the pH value, temperature and existence of ions including calcium ions and 

phosphate ions. [12] Solid state transition is a collective way to fabricate HAp in the dry 

process. Stoichiometric composition of calcium salt and phosphoric salt are mixed and then 

these powders are burned around 900-1200 °C. Reactant products with high crystallinity can 

be obtained through this method but they often show heterogeneous phase in their 

composition. [18] 

Moreover, HAp production using with simulated body fluid (SBF) is researched a lot. More 

details are shown below.  

1.2.2.2 Simulated Body Fluid (SBF) 

Simulated body fluid (SBF) is solution which mimics a composition and concentration of 

human blood plasma, and presented by Kokubo et al. in 1991. Composition and 

concentration of SBF are shown in Table 1-2. It can be used for making apatite coating of 

implant materials’ surface and easy technique to evaluate bioconductivity of biomaterials 

through just soaking them into SBF solution with a proper pH value.   

Table 1-2 Composition and Concentration [mM] of SBF [21] 

 Na+ K+ Mg2+ Ca2+ Cl- HCO3
- HPO4

2- SO4
2- 

Human blood plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5 
SBF 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5 

 

The original SBF is used at pH 7.4 adjusted with tris(hydroxymethyl)aminomethane 

((CH2OH)3CNH2) and hydrochloric acid. [3, 20-21, 28] Moreover high concentrated SBF such as 1.5 

SBF, 1.5 times higher concentrated solution, and revised SBF which unnecessary ions like 

magnesium ions or sulfonic ions are removed have also got many interests. [22, 23] By 

changing pH and concentration, morphology of extracted HAp can be controlled. [23] 

Controlling crystal size of precipitation speed can be done by eliminating needless ions. [23] 

Through changing growth mode of HAp, several kinds of morphology were synthesized in 

various supersaturated conditions. [23, 24] 

1.2.2.3 Nucleation of Hydroxyapatite 

Whereas comprehending how bones’ hierarchical structure is formed in our bodies is really 

important to fabricate bone replacement materials, a mechanism and how collagen affect 

hydroxyapatite is still unclear. Therefore, not only investigating production mechanism in 
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vivo but also simulating HAp nucleation in vitro has been researched.  For examples for the 

former, Mahamid et al indicated amorphous calcium phase (ACP) was a precursor for HAp 

formation. [25] Similarly, Dey et al reported that ACP prenucleation cluster had an important 

role to extract HAp on surfaces in SBF solution. [26]     

 

Figure 1-8 Schematic image of how calcium phosphate is mineralized in SBF at 37 degrees 

suggested by Dey et al [26] 

On the other hand, methods which position functional groups on the surface of aimed 

materials have been discussed especially among the field of HAp-polymer composites.  

Phosphate groups are well-known to induce nucleation for HAp since they absorb calcium 

ions for their nucleation sites. [27, 28] Furthermore carboxyl groups and sulfonic groups are 

also said to prompt nucleation of HAp. [27, 28] However, few previous studies have dealt with 

comparative investigation on influence from these functional groups towards morphology 

and synthetic time.  

1.2.2.4 Composites Materials for Bone Substitutes 

It is well-known that bioceramic such as HAp is hard but so brittle. On the other hand, some 

biomedical devices such as joints receive high load, so they require high toughness. A 

Young’s modulus of natural compact bone is said to be 8-24 GPa, whereas the modulus of an 

inorganic component, HAp, is 130 GPa. This is because an organic component, collagen, has 

high elasticity. Its Young’s modulus is only 1.25 GPa. [14] To fabricate real bone-like materials, 

it is difficult to obtain both toughness and pliability by using HAp only. That is because it has 

higher Young’s modulus than natural bones and low fracture toughness. [29] Therefore, 

composites have attracted attention to reproduce natural bones. 

Typical composite materials for biomedical application are metal-ceramic. They are already 

commercially used. Concerning some metallic joints, only the part which interacts to bone is 

covered with HAp to give a high wear resistance and osseoconductivity. [14, 17, 30] Polymer-

ceramic composites are also well investigated. Since HAp is too brittle and weak to bend or 

impact, polymers support these drawbacks. Biodegradable polymers such as 

polycaprolactone (PCL) and polylactide (PLA) are commonly used as scaffolds. Many reports 
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on HAp composites with collagen have been released for a long period. [18, 29, 31-34] Collagen 

and cellulose are quite similar each other in some points: both are main components of 

skeleton structure but one is of plants and the other is of animals. The basic comparison 

between collagen and cellulose is presented in Table 1-3.  

Table 1-3 Basic comparison between collagen and cellulose 

 Cellulose Collagen 

Monomer Glucose Proteins 
Structure Linear Triple chain helix 
Bond (1,4)-glycolic bond  Peptide bond 
Young’s modulus  [kPa] 
at 0-4 % strain [20] 

1.5 ± 0.4 
(bacteria cellulose) 

0.43 ± 0.06 

 

It is however difficult to handle collagen in these occasions. Since it is easily denatured and 

influenced by the surroundings, it is sometimes quite hard to keep its great properties in 

collagenous products and regenerate its nature properties. [33] Furthermore, as seen in Table 

1-3, Young’s modulus of collagen is relatively low if it is used as bone repairing materials 

which support high load. 

Therefore the composites with cellulose have become attracted for a recent decade. Used 

cellulose resources are not only wood or plant cellulose but also studies which are used 

bacteria cellulose have a great presence. One of advantages for using bacteria cellulose is 

due to its purity. Bacteria cellulose is produced by small bacteria and it doesn’t contain any 

impurities such as hemicellulose and lignin. Some ways to fabricate HAp are shown in the 

studies: being immersed in SBF, other wet methods, electrospinning as previously noted. 

However sizes of precipitated HAp were micro-sized and they were not oriented in most of 

these researches whereas composition and rough morphology are always focused on. 

Moreover how HAp and cellulose make up composite is still uncertain.  Understanding 

consists and origins of cellulose and inorganic materials leads you recognize how collagen 

works in human tissues.  
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1.3 CNC/inorganic thin films 

Since CNC as organic domains can utilize their optical and oxygen barrier properties, they 

often get a lot of attention for film preparation. [5-8, 35-38] Although CNC/polymers hybrids are 

already researched a lot, organic/inorganic composite materials are quite attractive because 

of their great mechanical properties and environmental-friendly process mimicking 

biominerals such as bones already mentioned above. Strength in flexible films can be 

improved by hybridizing with inorganic compounds. Figure 1-9 shows an example of 

nanocellulose/platelet inorganic hybrid film. [7, 39] Plate-like inorganic such as talc and 

saponite are sometimes employed as inorganic domains for thin films, and they are layered 

alternately with cellulose. [39, 40]  

 

Figure 1-9 Cellulose nanofiber/talc hydrid film [40] 

Moreover, as well as platelet materials, nano-sized inorganic particles are also applied for 

the inorganic part in the composites. For example, titanium oxide and amorphous calcium 

carbonate have already reported. [41, 42] 

 

Figure 1-10 Nanocellulose-TiO2 nanoparticle hybrids [42] 

In the type of cellulose/inorganic composite, nanoparticles and cellulose nanofibers are 

mixed homogeneously, and build up transparent and flexible films. These films are expected 

to use for packaging materials, transparent papers, and so on. 
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1.3.1 Preparation methods 

Preparation methods to make CNC contained films are introduced in following. Drop-casting 

and spin coating on the substrate is the easiest method to film making. [37, 41-42] Dissolving 

cellulose in the solvents and making it regenerated is also a common process. [48, 49] It is 

quite easy way to get films since just mixing and spreading suspension on hydrophobic 

substrates. In other case, vacuum filtration is applied for film fabrication of CNC/inorganic 

composites. [36, 38, 40] Langmuir-Scaeffer method and Langmuir-Blodgett method are often 

used to make single-layered film if the molecules have both hydrophilic and hydrophobic 

parts. Putting some molecules on CNC, these methods are carried out. [43, 44] 

 

Figure 1-11 Schematic of CNC film processing and the configuration of the test samples 

extracted from the as cast films for (a) unsheared and (b) shear casting. [37] 

Furthermore CNC is known to be strong in axial direction compared to transverse direction. 

Therefore CNC’s alignment is significant for films’ strength. To make oriented films, exposing 

to electro field or magnetic field is sometimes employed. However, it takes long time and 

high cost, and consumes a lot of energy. [45] The method of using shear is propounded to 

solve the problems. Suspension is dropped between the strips and a blade is pulled along 

shear direction. [37, 45] It makes CNC alignment fit to shear direction. 
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2. Purpose of Work 

The main purpose of this work is to fabricate a composite material with cellulose 

nanocrystals (CNC) and hydroxyapatite (HAp) in nano-scale. To precipitate nano-sized HAp 

on the surface of functionalized CNC, composition revised simulated body fluid (r-SBF) is 

employed. The size and orientation of HAp crystals which haven’t achieved in previous 

studies are attempted to be controlled through varying reaction condition such as 

temperature, pH and molar ratio of calcium ions per functional groups on CNC surface.  

Moreover, oriented films with composites which would show high strength are prepared 

with HAp-covered CNC. Previous researches have reported the case of particles or plate-like 

minerals used for inorganic/CNC films. Therefore it should be quite unique to make coated 

CNCs themselves aligning in the films. The films are fabricated on the super hydrophilic glass 

substrate by depositing well-dispersed suspension. The final goal of the present study is to 

make oriented structure with the composites which will turn into the first step to make 

structure mimicking bones. 
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3. CNC/HAp composites  

3.1 Preparation of composites 

3.1.1 Materials 

Table 3-1 shows reagents which were used for this study. 

Table 3-1 Reagents for HAp synthesis 

Name Chemical formula Manufacturer CAS-number 

Sodium chloride NaCl VWR 7647-14-5 
Calcium chloride hexahydrate CaCl2·6H2O Sigma-Aldrich 7774-34-7 
Sodium phosphate dibasic Na2HPO4 - 7558-79-4   
Hydrochloric acid (37 %) HCl VWR 7647-01-0 
Ethyl alcohol (99.9 %) C2H5OH VWR 64-17-5 
Tris(hydroxymethyl)aminomethane C4H11NO3 - 77-86-1 

 

3.1.2 Procedures 

3.1.2.1 Preparation of revised Simulated Body Fluid (r-SBF) 

The composition and concentration of the original SBF is shown in Table 5. In this study, to 

precipitate HAp effectively, simplified SBF which removes unnecessary elements from the 

original one was employed. For example, magnesium ions are known to be an inhibitor for 

nucleation and growth of HAp. [22] On the other hand, it is important for using SBF to keep 

suitable ionic strength [23] so that concentration of sodium ions and chloride ions are kept 

high.  

Table 3-2 Composition and concentration of prepared revised SBF [mM] 

 Na+ K+ Mg2+ Ca2+ Cl- HCO3
- HPO4

2- SO4
2- 

SBF (original) 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5 
Revised-SBF 141.0 0 0 2.5 165.0 0 1.0 0 
1.5 Revised-SBF 211.5 0 0 3.75 247.5 0 1.5 0 

 

Sodium chloride, calcium chloride hexahydrate , sodium phosphate dibasic and hydrochloric 

acid were mixed to make the concentration of sodium ion, calcium ion, chloride ion ,and 

phosphate ion 141.0 mM, 2.5 mM, 165.0 mM, 1.0 mM, respectively. 1.5 times higher 

concentrated SBF was also prepared with the same process. Both were being stirred for 

more than 30 minutes and left for more than 24 hours before using. Concentration and 

composition of both revised SBF are shown in Table 3-2. 
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3.1.2.2 Preparation of samples 

50 ml of revised-SBF solutions were adjusted to certain pH between 6.4-7.9 with addition of 

Tris(hydroxymethyl)aminomethane. Then, certain amount of CNC with functional groups 

suspension was added depending on the molar ratio of calcium ion per functional groups on 

the surface, which were between 40-230 referring to the previous study with amorphous 

calcium carbonate [41]. The CNC dispersions and its surface modification were performed as 

well as previous methods. [41] CNC which was used for the study was 5-10 nm in width and 

100-300 nm in length and had ~0.34 mmol・g-1 of surface sulfonic groups. The revised SBF 

and CNC suspensions were put into the ultrasonic bath (Sonorex Digitec XX, AllPAX, 

Germany) for 15 minutes. The ultrasonic condition was 35 kHz and 230 V. After ultrasonic, 

the mixtures were put into the water bath with temperature between 37-80 ⁰C for 1 hour. A 

process of ultrasound and bathing in the water bath was repeated 3 times in total. 

Precipitated products were collected with the centrifuge instrument (EBA21, Hittich, U.S.A.) 

in 6000 rpm and washed with ethanol several times. Obtained samples were dried with the 

freeze dryer, HETOSICC (Heto Lab Equipment, Denmark).  CNC with carboxylic groups and 

CNC with phosphate groups were employed as well. The suspension concentration of CNC 

with carboxylic groups was 1 wt% and it contained 0.88 mmol・g-1 of surface carboxylic 

groups. The concentration of CNC suspension with phosphate groups was 0.2 wt% but how 

much functional groups contained was uncalculated. 

3.2 Characterization Techniques 

3.2.1 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is applied for identifying inorganic crystals, measuring degree of 

crystallinity, determining size of crystal and crystalline orientation. When x-ray enters to 

crystals which atoms line up regularly, it scatters due to the atoms. The X-ray diffracts when 

crystal’s lattice spacing satisfies a specific law called Bragg’s law. The formula of Bragg’s law 

is shown in following and Figure 3-1 illustrates a schematic mechanism of X-ray diffraction. 

2𝑑sin𝜃 = 𝑛𝜆    (*n=integer) 

 

Figure 3-1 Schematic image of X-ray diffraction mechanism 
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In this study, obtained substrates were identified with XPERTPRO diffractometer (PAN-

analytical instrument). Spectra were collected between 10-55 ⁰ with Cuκα1 radiation (Cuκα1= 

1.5418 Å), current= 40 mA and voltage= 45 kV. The measurement was carried out with 0.01 ⁰ 

per step. 

3.2.2 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a method to evaluate surface morphology. Brief 

mechanism of SEM is that photoelectrons such as secondary electrons and reflected 

electrons come out from a test piece when an electron beam radiates, and collecting 

information from the electrons. In this study, size and shape of HAp and dispersion of CNC 

were investigated with JSM-7401F (JEOL, Japan), JSM-7600F (JEOL, Japan), S-4700 (Hitachi 

Hi-Tech corporation, Japan), and Sirion (FEI, The United States). Samples were prepared on 

aluminum stands with carbon paste with or without osmium coating done by the osmium 

coater (HPS-1S, vacuum device). Images were captured at 2.0-5.0 kV. 

3.2.2.1 Energy Dispersive X-ray Spectroscopy (EDS, EDX) 

Energy Dispersive X-ray Spectroscopy (EDS, EDX) is an affiliated equipment of SEM. Through 

examining characteristic X-ray occurred by electron beam radiation, certain information such 

as constituent elements, their composition and location on the sample can be obtained. 

Figure 3-2 shows a mechanism of how electron beam works to induce characteristic X-ray. 

 

Figure 3-2 Schematic image of Energy Dispersive X-ray Spectroscopy mechanism 

With this instrument, surface composition of the samples which couldn’t be identified 

properly with XRD was attempted to reveal. Moreover, how inorganic substrates were 

produced on the surface of CNC was searched.  

3.2.3 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy is also a method to evaluate inside morphology of 

samples, crystal structure, composition and charge condition. As well as SEM, the electron 
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beam is radiated to samples but TEM employs transmission electron or scattered electron 

depending on purpose, whereas SEM uses secondary electron or reflected electron. Samples 

were prepared by dropping suspensions of the composites on collodion films after they were 

ultrasonicated in pure water or ethanol. Images were recorded with TECNAI G2 F20 (FEI, The 

United States) at 200 kV. 

3.2.4 Fourier Transform Infrared (FTIR) 

Fourier transform infrared is used for determining structure of organic compounds through 

measuring inherent absorbance from vibration which induces changes of dipole moments by 

irradiating infrared ray to substances. Typical IR spectrums of HAp and cellulose are collected 

up in Table 6 and 7. 

Table 3-3 Typical IR spectrum of HAp [47-50] 

Wavenumber [cm-1] Attribution Vibration 

460 PO4
3- ― 

562 PO4
3- Bending 

566 P-O Stretching 
602 PO4

3- Bending 
874 HPO4

2- Stretching 
962 PO4

3- Stretching 
1045 PO4

3- Stretching 
1056 P-O Stretching 
1088 PO4

3- Stretching 
1600-1650 H-O-H Bending 

3450 OH- Stretching 

 

Table 3-4 Typical IR spectrum of cellulose [51-53] 

Wavenumber [cm-1] Attribution Vibration 

899-906 CH2 bending 

1004-1059 C-O stretching 
1125-1162 C-O-C stretching 
1200-1205 OH bending 
1277-1282 CH deformation 

1315 CH2 wagging 
1320-1335 C-H bending 
1365-1375 C-H bending 
1431-1433 CH2 bending 
1640-1650 Water ― 
2899-2924 CH stretching 

3175 OH stretching 
3310-3230 O(6)H---O(3) ― 
3340-3375 O(3)H---O(5) ― 
3405-3460 O2(H)---O(6) ― 
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In the current study, Attenuated Total Reflection Infrared (ATR-IR) was employed. Compared 

to KBr method, ATR method is superior in determining functional groups near surfaces. The 

absorbance in 400-4000 cm-1 was measured with Varian 610-IR (Varian, The United States) 

and FT/IR-4200 (JASCO, Japan). 

3.2.5 Thermal Gravimetric Analysis (TGA) 

Thermogravimetric analysis is an analytical method to measure change of sample’s weight 

continuously by thermobalance. Through the method, degradability and reactivity of 

inorganic or organic compounds are revealed. The variations in composite weight were 

measured between 30-800 oC at the rate of temperature increase of 10 oC /min under air 

atmosphere with TG/DTA 7200 (SII, the current name is Hitachi High-Tech Science 

Corporation). 
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3.3 Results 

3.3.1 Identification 

Results of identification of composites are shown in each section below.  

3.3.1.1 XRD patterns 

3.3.1.1.1 Original materials 

 Figure 3-3 and 3-4 show a XRD pattern of commercial hydroxyapatite and CNC-SO3H, 

respectively. 

 
Figure 3-3 XRD pattern of commercial hydroxyapatite 

 
Figure 3-4 XRD pattern of CNC-SO3H 
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Figure 3-5 shows a XRD pattern of 80 degrees-heated CNC with sulfonic groups immersed in 

a revised-SBF with a ratio of Ca2+/SO3H=230 at pH 6.4 for 3h.  

 
Figure 3-5 80-degree heated CNC-SO3H in Ca2+/SO3H=230, pH 6.4, 3 h 

Also, EDX results from the heated CNC-SO3H are presented in Figure 3-6. 

 

Figure 3-6 EDX data of 80-degree heated CNC-SO3H 

The figure indicates that there are almost no HAp participated on the surface of CNC. 

According to Fugure 3-6, sulfonic groups seem to get inactivated due to high temperature. 

Therefore, it suggests that HAp cannot be extracted on the surface of CNC without 

functional groups when they are soaked in r-SBF. Furthermore, no precipitate was collected 

by centrifugation when only r-SBF was reacted in the same method as composite 

preparation.  
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3.3.1.1.2. Revised-SBF 

Figure 3-7~3-10 show XRD patterns from CNC with each functional group soaked in revised-

SBF in several condition, respectively. From this point forward, the numbers which are put 

before CNC are molar ratios of calcium ions in revised-SBF and functional groups on the 

surface of CNC. For example, if CNC-SO3H is soaked in revised-SBF with the ratio 

Ca2+/SO3H=40, it is shown as “40SO3H”.  

 
Figure 3-7 40CNC-SO3H synthesized at 37 degrees for 3 hours 

 
Figure 3-8 140CNC-SO3H synthesized at 37 degrees for 3 hours 
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Figure 3-9 230CNC-SO3H synthesized at 37 degrees for 3 hours 

In each molar ratio condition of the samples, peaks derived from both HAp and CNC can be 

observed. Compared to random HAp particles like shown in Figure 3-3 about commercial 

HAp, (002) in HAp precipitated on CNC’s surface has high intensity in the composites’ 

patterns. Therefore it can be said that there is a tendency which HAp grows along c-axis in 

the composites. Moreover, the peak of (002) becomes sharper as pH increases at the molar 

ratio of 40 and 140 in CNC-SO3H samples. It indicates that the size of HAp crystal became 

smaller. Concerning comparison of the intensity of HAp and CNC’ peaks in each molar ratio, 

CNC’s intensity decreases against that of HAp as concentration of initial calcium ions, molar 

ratios of calcium ions versus functional groups, raised up. It can be said that more HAp were 

precipitated in the condition of high calcium ions in the reaction. 

 
Figure 3-10 230CNC-PO4 synthesized at 37 degrees for 3 hours 
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The peaks derived from HAp and CNC are also found in samples with CNC which had 

phosphoric groups. It is also observed that HAp crystals tend to be oriented along c-axis. 

However, there is no HAp on CNC at pH 6.4 in the first place.  Regarding ratios of HAp and 

CNC consisted of the composites, more HAp were precipitated on CNC when pH was bigger 

since the intensity of (200) from CNC become smaller in high pH. 

3.3.1.1.3. 1.5revised-SBF 

From Figure 3-11~3-12, c-axis oriented HAp crystals were precipitated on the surface of CNC 

by soaking 1.5revised-SBF as well. Compared to the condition which regular revised-SBF was 

used, parts of HAp were dominant in composites and peaks derived from CNC could be seen 

hardly in each pH condition. 

 
Figure 3-11 1.5SBF 230CNC-SO3H synthesized at 37degrees for 30 minutes 
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Figure 3-12 1.5SBF 230CNC-COOH synthesized at 37degrees for 30 minutes 

3.3.1.2 FT-IR spectra 

Figure 3-13 shows IR spectra from original CNC with sulfonic groups.  

 
Figure 3-13 IR spectra of plain CNC-SO3H 
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IR spectra of the composites synthesized with CNC-SO3H at pH 7.4 for 3 hours are shown in 

Figure 3-14.  

 
Figure 3-14 IR spectra of the composites synthesized with CNC-SO3H at 37 degrees for 3 

hours at pH 7.4 

Some peaks are identified with HAp or CNC. PO4
3-‘s bending vibration can be seen at 557 cm-

1 and 596 cm-1. PO4
3-‘s stretching vibration also can be observed at 1043 cm-1 and 1087 cm-1. 

They suggest the composites contain calcium phosphate such as HAp. Furthermore, featured 

cellulose’s peaks are also found in the composites. Stretching vibration derived from C-O can 

be seen at 1016 cm-1. Stretching vibration of C-O-C is at 1137 cm-1 and CH2’s wagging 

vibration is at 1313 cm-1. Finally at 1373 cm-1 bending vibration from C-H can be observed. 

Therefore the composites contain both HAp and CNC. Regarding comparison between 

normal CNC’s IR spectra and that of the composite, moreover, some peaks become small or 

vanished. C-O-C’s stretching vibration at 1159 cm-1 became small and shifted small angle a 

little. Both Wagging vibration of CH2 at 1313 cm-1 and bending vibration of C-H at 1361 cm-1 

also turned into small peaks. In an extreme case, OH’s bending vibration at 1203 cm-1 was 

disappeared. Since top-surface can be examined with ATR method for IR measurement, the 

result suggests HAp was on CNC. These consequences correspond with XRD’s suggestions 

above. 
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Figure 3-15 IR spectra of the composites of 230PO3 synthesized at 37 degrees for 3 hours 

 
Figure 3-16 IR spectra of the composites of 345CNC-SO3H synthesized in 1.5r-SBF at 37 

degrees for 30 minutes 
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Figure 3-17 IR spectra of the composites of 345CNC-COOH synthesized in 1.5r-SBF at 37 

degrees for 30 minutes 

Figure 3-15, 3-16, and 3-17 above show the results of IR measurements of the composite 

materials synthesized in certain conditions and CNC variation. Every sample without the 

composite synthesized with CNC-PO4 at pH 6.4 has peaks derived from both HAp and 

cellulose. In Figure 3-15, it can be said easily that the absorbance derived from cellulose 

around 1000-1200 cm-1 become small as increasing pH. It suggests more HAp were 

precipitated on CNC in high pH. 

  



Mai Ishikawa 

33 
 

3.3.1.3 EDX 

Figure 3-18 and 3-19 show the results from EDX measurements of the composites made of 

CNC-SO3H and CNC-COOH, respectively. 

 

 

Figure 3-18 EDX spectrum and mapping result from the composite of 1.5SBF (345SO3H) 

synthesized at pH 7.9 for 3 hours 
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Elements of calcium ions and phosphate ions derived from HAp were and oxygen ions and 

carbon ions derived from CNC were observed in the figure. The result suggests HAp was 

precipitated around CNC. No other elements were appeared. 

 

Figure 3-19. TEM image of 230COOH synthesized in pH 7.9 for 3 hours 

The sample made of CNC with carboxylic groups also had calcium ions, phosphate ions, 

oxygen ions, and carbon ions as well as the sample made with sulfonic groups. It suggests 

HAp was precipitated on CNC. Sodium ions and chloride ions are seen in the spectrum of 

Figure 3-19. It is considered that sodium chloride derived from r-SBF remained with the 

compound because of lack of washing. (Copper ions are from a TEM grid.) 

Atomic ratio of calcium ions per phosphate ions (Ca/P) was also calculated from the results 

of EDX. It was 1.2-1.4 though that of stoichiometric HAp is 1.67. 
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3.3.2 Morphology (SEM) 

SEM images of HAp-CNC composites synthesized with several conditions are shown in 3-

20~3-23. 

 

Figure 3-20 SEM images of aX) 40SO3H, bX) 140SO3H, cX) 230SO3H synthesized at 37 degrees 

for 3 hours, X1) pH 6.9, X2) pH 7.4, X3) pH 7.9 

In Figure 3-20, plate-like composites were obtained in low pH (it was pH 6.4~6.9 in this case, images 

of a1, a2, and a3) whereas small needle-like composites were obtained in high pH (it was pH 7.9 in 

this case, images of c1, c2, and c3). In the condition of pH 7.4, there are plate-like HAp and needle-

like HAp too, so the morphology seems to be the middle of the composites from pH 6.9 and pH 7.9. 

On the other hand, there are no big differences among the initial ratios of calcium ions versus 

functional groups on CNC. Consequently, it can be said that these morphologies only depend on pH. 
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Figure 3-21 SEM images of 1.5SBF 230SO3H synthesized at 37 degrees for 30 minutes 

 a) pH 6.4, b) pH 6.9, c) pH 7.4, and d) pH 7.9 

 

Figure 3-22 SEM images of 1.5SBF 230COOH synthesized at 37 degrees for 30 minutes 

 a) pH 6.4, b) pH 6.9, c) pH 7.4, and d) pH 7.9 
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There are almost same tendencies when 1.5r-SBF or CNC-COOH was used for the 

preparation. In low pH plate-like HAp were grown up on CNC, and small needle-like 

composites can be seen in high pH. No significant difference on their morphologies among 

the conditions without pH, neither. 

 

Figure 3-23 SEM images of 230PO4 synthesized at 37 degrees for 3 hours, a) pH 6.4, b) pH 6.9, 

c) pH 7.4, and d) pH 7.9 

SEM images of the composites made of CNC-PO4 are shown in Figure 3-23. CNC-PO4 was 

derived from bacteria, whose size was more than 700 nm in length. Therefore it was longer 

and seemed to act different in the solution compared to CNC-SO3H and CNC-COOH made 

from birches. In low pH (pH 6.4), the network made of bacterial CNC is outstanding and a 

few HAp were seen on it. More HAp was observed in the sample synthesized in pH 6.9 but 

not that lot, and it seems bare CNC’s network still remained. The shapes of HAp are so small 

and fiber-like unlike the composites made of CNC-SO3H and CNC-COOH. Concerning the 

sample synthesized in pH 7.4 and pH 7.9, the CNC networks were fully covered with HAp, but 

the shapes of them aren’t similar; plate-like HAp were seen on pH 7.4’s sample and needle-

like HAp were observed on pH 7.9’s one. 

3.3.3 Morphology (TEM) 

Comparison of SEM and TEM images of composites synthesized with 40SO3H and 230SO3H 

synthesized at 37 degrees for 3 hours are shown in Figure 3-24 and 3-25, respectively. 
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Figure 3-24 Comparison of SEM and TEM images of composites synthesized with 40SO3H, a) 

pH 6.9, b) pH 7.4, c) pH 7.9 

 

Figure 3-25 Comparison of SEM and TEM images of composites synthesized with 230SO3H, a) 

pH 6.9, b) pH 7.4, c) pH 7.9 
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The two figures above indicate that TEM images correspond to SEM micrographs. In the 

composites made at pH 6.9 in both molar ratios, CNC fibers seem to be assembled and HAp 

was grown up from the aggregate whereas the fibers in the sample of pH 7.9 seem to be 

more independent each other. Black linear domains got damaged and seemed to be moved 

by the electron beam during observation with TEM. 

More details about the composites are shown in Figure 3-26 and 3-27. 

 

Figure 3-26 TEM images of 230SO3H synthesized in pH 7.9 for 3 hours, a) Low magnification 

and b) High magnification 

 

Figure 3-27 TEM images of 40SO3H synthesized in pH 7.9 for 3 hours, a) Low magnification 

and b) High magnification 

In Figure 3-26, several lattices are seen in high magnification’s image. It is considered that 

they are almost consistent with HAp’s lattice spacings: (002) (d=0.344 nm), (102) (d=0.317 

nm), and (300) (d=0.272 nm). Concerning 40SO3H in low magnification’s micrograph of 

Figure 3-27, it can be said that each composites are well dispersed and inherited original 

morphologies from CNC. In high magnification’s one, black lines are nearly conformed with 

original width of CNC, which is about 5-10 nm in diameter. 
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Figure 3-28 STEM image of 230COOH synthesized in pH 7.9 for 3 hours 

A STEM image of the composites which CNC with carboxylic groups was used is shown in 

Figure 3-28. In the micrograph, small gray particles are around bright white lines. The lines’ 

widths and lengths are corresponded with CNC. Therefore, fine HAp particles surrounded 

CNC fibers. 

 

Figure 3-29 TEM images of 230SO3H synthesized at pH 7.9 for 24 hours, a) Low magnification 

and b) High magnification 

Figure 3-29 shows the composite synthesized for longer time. HAp grew up larger from the 

black aggregates in the high magnification’s image. Lattices are observed in the low 

magnification’s picture. They are (300) (d=0.272 nm) and (211) (d=0.281 nm) in HAp crystals. 

From these results, it can be said that HAp were precipitated on CNC. 
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3.3.4 Quantification of hybrids  

3.3.4.1 HAp/CNC ratio in composites (Thermogravimetric analysis) 

Figure 3-30~3-33 shows graphs from thermogravimetric analysis of composites synthesized 

in certain ratios of calcium ions versus sulfonic groups. The results of HAp contents are 

collected up in Table 3-5. 

 

Figure 3-30 Thermogravimetric curve of 40SO3H 

 

Figure 3-31 Thermogravimetric curve of 140SO3H 
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Figure 3-32 Thermogravimetric curve of 230SO3H 

 

Figure 3-33 Thermogravimetric curve of 345SO3H (1.5SBF) 

Table 3-5 HAp content in the composites [wt%] 

 Ca2+/SO3H 

40 140 230 345 

pH 7.9 27 51 65 77 

pH 7.4 41 50 66 77 

pH 6.9 28 48 60 71 
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According to the results from thermogravimetric analysis, it was succeeded to fabricate the 

composites whose HAp contents were between approximately 25-75 wt% depending on the 

original molar ratio of calcium ions per functional groups on CNC. HAp contents increased as 

the proportion of calcium ions in r-SBF to sulfonic groups increased. However, there was no 

obvious differences in Ca2+/SO3H= 140, 230, and 345 but HAp contents of the composites 

synthesized at pH 6.9 were slightly little than other two samples. 40SO3H had dispersion of 

HAp contents in different pH. 
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3.4 Discussion 

3.4.1 Mechanism of HAp precipitation 

From the results of Figure 3-5 and 3-6, functional groups such as sulfonic groups, carboxylic 

groups, and phosphate groups on CNC’s surface enhanced nucleation of HAp whereas no 

HAp was precipitated on cellulose crystals without operative functional groups.  

 

Figure 3-34 Mechanism of HAp precipitation 

Effects of functional groups for HAp’s nucleation are discussed in some previous researches. 
[34, 35] Figure 3-34 shows an example of nucleation with sulfonic groups. Firstly, calcium ions 

react to sulfonic groups and make complex with positive ions: SO3Ca+. Then, negative ions in 

r-SBF, mainly phosphate groups and hydroxyl groups, reach to the complex. [27, 28] 

3.4.2 Factors which influenced on HAp’s morphologies 

It is considered that there are several factors which influenced on HAp’s morphologies: 

temperature during synthesis, pH, ultrasonication, initial molar ratio between functional 

groups and calcium ions in r-SBF, and so on. Further arguments are in the following. 

3.4.2.1 Influence by temperature during synthesis 

Concerning influence by temperature during composite preparation, sulfonic groups was 

deactivated by high temperature approximately 80 degrees. As explanation above, HAp 

cannot be precipitated on CNC without functional groups. On the other hand, 37 degrees is 

most often used temperature for the synthesis with simulated body fluid. It is quite 

attractive that composites with different morphologies and HAp contents can be made 

without high temperature. 

3.4.2.2 Influence by pH in r-SBF 

pH is one of the biggest factors which affects HAp’s morphology not only in the case using 

SBF but also wet and dry processes. Some previous studies say they can make different 
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morphological HAp from needle to plate-like ones depending on pH. It is because that HAp is 

hardly-soluble in water basically and HAp’s solubility curve shows its local minimum around 

pH 9. [15] Figure 3-35 shows a solubility curve of HAp and green lines are the conditions which 

were applied in the present study. In the case of the current study, big plate-like HAp could 

be observed in pH 6.4-6.9 and needle-like composites could be seen in pH 7.9. It is thought 

that pH influenced on morphologies a lot though the difference of pH was quite little. 

 

Figure 3-35 Solubility curve of HAp [15] 

Figure 3-36 illustrates how pH has an effect on the morphologies of HAp on CNC.  When pH 

is high, solubility of HAp is low according to the graph. It means solution of calcium ions, 

which was r-SBF in this case, shows high supersaturation. Since supersaturated solution has 

high nucleation frequency, small crystals become precipitated consequently. Fine HAp 

crystals were extracted on the surface of CNC and they surrounded around it. Therefore, it is 

considered that shapes of the composites are inherited from the original shapes of CNC. 

TEM image on Figure 3-28 strongly supports it. 

 

Figure 3-36 Schematic of how pH influenced on HAp’s morphologies on CNC 
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On the other hand, opposite phenomena is happened in low pH.  Solubility is high and 

calcium solution shows low supersaturation. It means it has low nucleation frequency. As a 

result, plate-like HAp is grown up bigger from a few nucleation spots. In summary, it is 

considered that the morphologies of the composites are widely affected by pH. 

3.4.2.3 Influence by initial molar ratio 

SEM images and HAp contents of the composites made with CNC-SO3H are summed up in 

Figure 3-37. Without 40SO3H, morphologies of the composites are determined depending on 

pH. Comparing the HAp/CNC composites from different initial molar ratio of calcium ions per 

sulfonic groups, HAp contents are almost same if they were made from the same initial 

molar ratio though their morphologies were totally dissimilar.  

 

Figure 3-37 Image collection of the composites synthesized with CNC-SO3H and their HAp 

content 

Therefore, it is considered that morphologies of the composites are hardly influenced by 

molar ratios. Moreover, the reason why HAp content of 40SO3H is not constant unlike higher 

molar ratios is thought that frequency of nucleation is unstable since concentration of 

calcium ions is low and synthesis time is short. 
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3.4.3 Effect of different functional groups 

In the current study, CNC with three functional groups such as sulfonic groups, carboxylic 

groups, and phosphate groups are employed. It is considered that all of these functional 

groups induced nucleation of HAp since HAp was found in XRD patterns and IR spectra. 

Concerning morphology, however, the composites made with CNC-PO4 are dissimilar to that 

made with CNC-SO3H and CNC-COOH. It is because length of CNC was different among three 

CNC. CNC with phosphate groups is derived from bacteria and a bit longer than the other 

two CNC made from birth.  If CNC is long and easy to build up networks, grown-up HAp 

would crash each other and inhibit more crystal growths. As a result, the composites seem 

to be aggregated compared to that made with CNC from birth. In pH 6.4, HAp was not 

extracted on CNC whereas some on CNC with sulfonic groups and carboxylic groups. Yet, it 

cannot be said the two functional groups are superior to phosphate groups since the molar 

ratio of the condition was different. If concentration of calcium ions was higher or synthesis 

lasted longer, HAp might be precipitated. Consequently, there was no difference on 

morphology between the composites made from CNC with sulfonic groups and carboxylic 

groups, and length of CNC is more influential than functional groups. 

3.4.4 Influence by ultrasonic irradiation 

During the synthesis, the reaction system was often exposed to ultrasonication. At first, the 

sizes of HAp’s crystals are all nano-sized because of ultrasonication. It is already reported 

that ultrasonic irradiation is effective for synthesizing hydroxyapatite nanoparticles in 

previous researches. [54, 55] Moreover, it also influences on dispersion of the composites. It is 

quite important for CNC fibers to avoid aggregation. If fibers are assembling, not only the 

shapes of the composites are different but also byproducts such as sodium chloride are 

produced due to lack of washing r-SBF. Therefore ultrasonic irradiation helps keeping well-

dispersion for CNC to build up various morphological composites by pure products. In 

summary, it is thought that it influences on morphology and dispersion of the composites. 
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3.5 Conclusion 

HAp/CNC composites were successfully fabricated in nano-scale. Because of functional 

groups on the surface of CNC, nucleation of HAp was induced. Morphologies of the 

composites were controlled by pH of r-SBF. In low pH, HAp was grown up widely from a few 

of nucleation points and plate-like HAp was on CNC. On the other hand, quite fine HAp 

crystals were precipitated on the surface of CNC from a lot of nucleation in high pH, and the 

total morphology of the composite was needle-like. It can be said that HAp coats on CNC and 

the shape of the composite was inherited from the original shape of CNC. HAp content in 

each composite was determined by initial molar ratio of calcium ions in r-SBF per functional 

groups, and it did not influence on the morphologies without low ratio. The results from the 

current chapter provide novel method for HAp to be reinforced by CNC due to the 

composite’s morphology. 
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4. Composite films 

4.1 Film preparation 

4.1.1 Materials 

Table 4-1 shows reagents which were used for film preparation. 

Table 4-1 Reagents for HAp synthesis 

Name Chemical formula Manufacturer CAS-number 

Sodium chloride NaCl Kanto Chemical 7647-14-5 
Calcium chloride dihydrate CaCl2·2H2O Junsei Chemical 7774-34-7 
Sodium phosphate dibasic Na2HPO4 Junsei Chemical 7558-79-4   
Hydrochloric acid (37 %) HCl Junsei Chemical 7647-01-0 
Ethyl alcohol (99.9 %) C2H5OH Wako Chemical 64-17-5 
Tris(hydroxymethyl)aminomethane C4H11NO3 Junsei Chemical 77-86-1 

 

4.1.2 Preparation of composites’ suspension 

5.00 ×10-2 dm3 of revised-SBF solution was adjusted to pH 7.9 by addition of 

Tris(hydroxymethyl)aminomethane. Then, 1.15 ×10-2 dm3 of 0.8 wt% aqueous dispersion of  

CNC with sulfonic groups was added to make the molar ratio of calcium ions in r-SBF versus 

sulfonic groups on CNC 40. The suspension was put into the ultrasonic bath (BRANSON, 

2510J-DTH) for 15 minutes. The ultrasonic condition was 42 kHz and 100 V. After 

ultrasonication, the mixture was put into the constant temperature oven at 37 ⁰C for 1 hour. 

Inside the oven, the solution was kept stirred. Then, it was put into ultrasonic bath for 15 

minutes again. Precipitated products were collected with the centrifuge instrument 

(KOKUSAN, H-201FR) in 13500 rpm and washed with ethanol several times. After adding new 

solvent and before centrifugation, the reaction system was always put into the ultrasonic 

bath. The final concentration of composites in pure water is adjusted between 0.2-0.4 wt%. 

4.1.3 Preparation of hydrophilic substrates 

Micro slide glass (MATSUNAMI GLASS IND., LTD., S1112) was cut into 1.0 cm×2.5 cm or 0.4 

cm×4.0 cm. It was soaked in acetone and exposed ultrasound for 20 minutes. Then, it was 

soaked in pure water and exposed ultrasonic again for 20 minutes. After drying in the 

constant temperature oven at 60 degrees, it was treated with plasma-etching instrument 

(MEIWAFOSIS CO., LTD, SEDE-GE) for 10 minutes at 5.0 Pa and 0.5 mA.  
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4.1.4 Fabrication of thin films 

5.0 ×10-6 dm3 of the HAp-CNC suspension was dropped on plasma-modified glass substrates 

which were set with leans of 0, 6, 13, 20, and 30 degrees (Figure 4-1). So were 0.2 wt% and 

0.8 wt% of CNC. They were dried at 60 oC for 3 hours and transparent films were obtained. 

 

Figure 4-1 Schematic of the film preparation equipment 

Moreover, to increase thickness of the thin films, solution deposition was repeated certain 

times. As well as single-deposited films, 5.0 ×10-6 dm3 of composite suspension or 0.2 wt% 

CNC dispersion was deposited on the glass substrates. After drying in the constant 

temperature oven at 60 degrees, another layer was fabricated. 

 

Figure 4-2 Schematic of hydrothermal reaction 

To increase crystallinity of HAp in the film, hydrothermal reaction was carried out. Three 

time- deposited composite film was put into a 20 ml Teflon vessel. Then, it was put another 

60 ml Teflon vessel with 11 ml of pure water as shown in Figure 4-2. The Teflon vessel was 

let into an autoclave, and the vapor hydrothermal reaction was lasted at 200 oC for 12 hours. 

The film was dried in constant temperature oven at 60 oC to remove droplets from vapor 

after cooling down the autoclave.  
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4.2 Characterization techniques 

4.2.1 Contact angle measurements [56] 

Contact angle is defined as the angle which is made by the surfaces of the solid and the 

liquid (droplet), and it is used for determination of wettability. Figure 4-3 is a schematic 

image of droplet on the solid. 

 

Figure 4-3 Schematic of droplet on the substrate 

In the case, Young’s equation which is shown in below is held. 

𝛾𝑠 = 𝛾𝐿 ∙ cos 𝜃 + 𝛾𝑆𝐿 

Where γs is solid’s surface tension, γL is liquid’s surface tension, and γSL is solid-liquid 

interfacial tension. When a substrate is hydrophilic, liquid should be spread widely on it, 

whereas it becomes a droplet when the substrate is hydrophobic. In the present study, 

contact angle was measured for decision for the hydrophilic glass substrates which were 

good for composites-pure water suspension. It was measured with contact angle meter 

(Kyowa Interface Science Co. Ltd., DMe-201) 5 times for each substrate to calculate the 

averages. 

4.2.2 Polarization Microscopy (PLM) 

Polarization microscopy (PLM) is often used for observing whether substances have oriented 

structures or not. In cross-Nicoles, light can run through when anisotropic substances are 

put between the polarizer and the analyzer.  

 

Figure 4-4 Extinction position and diagonal position of anisotropic substances 
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Figure 4-4 shows an extinction position and a diagonal position of anisotropic substances. 

PLM images seem to be dark when the anisotropic substance’s optical axis corresponds to 

the polarizer or become vertical to it. That is the extinction position. Then, the anisotropic 

substance is rotated 45 degrees from the position, PLM image become bright. That is the 

diagonal position. Therefore, absence or presence can be estimated by observing samples as 

rotating the stage. Fabricated films were observed with BX51-FL (OLYMPUS, Japan) in 

transmissive condition. 

4.2.3 Scanning Probe Microscopy (SPM) 

Three-dimensional information from the surface can be obtained with Scanning Probe 

Microscopy (SPM).  There are two main measurement modes: contact mode and dynamic 

mode. The former is that a cantilever scans surfaces of samples and displacement is 

recorded to convert into images. The latter is that resonated cantilever is brought close to 

the sample as making oscillation amplitude constant and distances between the lever and 

the sample are noted for images. In the current case, the dynamic mode was employed. 

There are some points which SPM is superior to SEM. Firstly, images can be obtained 

without destroy especially in the dynamic mode. Also, organic substances like cellulose often 

get damages from electron beam during observation. Furthermore non-conductive samples 

sometimes get charge-up and clear images cannot be gotten. In the present research, SPM 

was used to see the surface of the films without conductive coating. The surface of the CNC 

film was observed with SPM-9600 (SHIMADZU, Japan) by dynamic mode. 

4.2.4 UV-vis 

UV-vis is usually used for quantitative assay of colored solution. The light irradiates to the 

sample and measure intensity of absorbance based on excitation of orbital electrons. To 

calculate transmittance of the films, transmitted beam is measured to compare their 

intensity to that of incident beam. The ratio of these two beams results in transmittance of 

the films.In the current study, transmittances of the obtained films were investigated with V-

670ST (JASCO, Japan) in the visible light range: the wavelengths of 300-800 nm.  

4.2.5 X-ray Diffraction (XRD) 

The mechanism of XRD is already described in chapter 3.2.1. XRD is used to investigate the 

orientation of composite fibers in films. Films with glass substrates were fixed with paste and 

XRD patterns were measured 3-60o with X-ray diffractmeter (Mini FlexⅡ, Rigaku, Japan). 

The measurement was carried out with a scan speed of 0.5 per minute by CuKα, and the 

condition was 50 kV and 120 mA. 
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4.2.6 Scanning Electron Microscopy (SEM) 

A brief instruction of SEM is already described in chapter 3.2.2. Surface morphologies and 

cross-section of the films were observed with the electron beam of 3-5 kV. Investigating 

cross-sectional morphologies, films on the glass were cut into 0.3 cm in width and fixed 

standing with carbon tape. The samples were coated with osmium for 3 seconds before 

observation.  

4.2.7 Transmittance Electron Microscopy (TEM) 

The mechanism of XRD is already described in chapter 3.2.3. Composite films were scratched 

with a spatula and dispersed in ethanol. The dispersion was dropped on copper grids with 

collodion membranes. 500-degree burned composite film was prepared for TEM observation 

as well. The observation was carried out at 200 kV. 
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4.3 Results 

A SEM image of a 10-second plasma-etched slide glass which was used as substrates for films 

is shown in Figure 4-5. 

 

Figure 4-5 Surface of plasma-etched glass substrate 

Relation between etching time and contact angles on glass substrates are collected up in 

Table 4-2, and photos at the measuring moment are shown in Figure 4-6. 

Table 4-2 Relation between etching time and contact angle on glass substrates 

Etching time  Contact angle [°] S. D. [°] 

1 min 33.1 1.0 

5 min 5.2 2.1 

10 min 2.5 1.0 

 

 

Figure 4-6 Images of measuring contact angles, a) 1 minute-etched, b) 5 minute-etched, and 

10 minute-etched 

In general, condition which contact angle is less than 10 degrees is called “superhydrophilic”.  
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4.3.1 CNC films 

Figure 4-7 shows a brief illustration of CNC film on the glass substrate and PLM images of 

certain positions on the film. Dispersion was deposited from the top of the substrate and 

flowed toward lean direction. The dispersion was stopped at the bottom of the glass by 

surface tension and made a “puddle”. Almost nothing was remained upper two-third of the 

substrate after drying since composites were flowed with media. The place where the 

puddle was formed became the film which could be confirmed visually. The film was no 

color and transparent. 

 

 

Figure 4-7 Schematic of CNC film made with leans of 20 degrees and PLM images of certain 

positions on the film 

From the figure of PLM, extinction could be observed clearly position 2 and 3 on the film, the 

upper part of the film. Especially, the position 3 shows the border of the film and the glass 

substrate, and the border was more or less corresponded to the interface which could be 

seen visually. At the upper part of the border, position 1, extinction could not be observed 

when the film was rotated 45 degrees. Position 4 on the film also seemed to show extinction 

slightly,  but it was not that obvious compared to the other two position due to the rough 

surface. Therefore, these results suggest that CNC film has oriented structure mainly on the 

upper part of the film. 
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SPM images of CNC films are shown in Figure 4-8. 

 

Figure 4-8 SPM images of CNC films made with, a) no leans and b) leans of 20 degrees 

In Figure 4-8, there are apparent differences between the two films made with and without 

leans of 20 degrees during preparation. Several domains which some CNC aggregated can be 

seen on the figure above. This is liquid crystal’s property and it is often observed in the 

samples which are consisted of anisotropic substances. On the other hand, CNCs are 

crammed with orientation vertically in wide range. The direction of CNCs is as same as that 

of drying films. 
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Figure 4-9 SEM images of CNC films made on substrates which had different inclination 

angles: a) 0 o, b) 6 o, c) 13 o, d) 20 o, e) 30 o 
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Figure 4-9 shows SEM micrographs of CNC films which were made with different sloping 

angles. No extinction can be seen on the sample made with no inclination, so it means there 

was no oriented structure on it though it had a lot of tiny liquid crystalline domains. Faint 

extinction can be observed on the film made with 6 degree-leaning, but the composite films 

which were made with more than 13 degree-inclination show properties of extinction more 

strongly. These results suggest the films had oriented structures. 

Whether drying temperature would influence on the film’s structure or not is discussed in 

Figure 4-10. Extinction by rotating 45 degrees is observed in both films dried at 25 degrees 

and 60 degrees. Therefore it can be said that there is no difference on drying temperatures. 

 

Figure 4-10 SEM images of CNC films made at different drying temperatures: a) 25oC, b) 60 
oC 
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In Figure 4-11, cross sectional SEM micrographs of films made by several depositions of CNC 

dispersion are shown.  

 

Figure 4-11 Cross-section images of CNC films which had a) 1 layer, b) 5 layers, and c) 10 

layers 

The thickness of each film, deposited 1 time, 5 times and 10 times, is approximately 400 nm, 

580 nm and 950 nm, respectively. The film is not always 10 times thicker than 1 layer film 

when the deposition was repeated for 10 times. Repeating deposition seems to make the 

film more packed. Regarding the direction of the CNC fibers, CNC seems to align vertical 

toward the drying direction especially in the image of 10 layered -film.  
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4.3.2 Composite films 

Up to here, the films made of CNC only have been presented. HAp-CNC composites are 

totally different from them in terms of their shape, weight, and homogeneity. Composite 

films are investigated on in following part of the results. 

 

Figure 4-12 SEM images of HAp-CNC composites in powder states which had different HAp 

contents and original morphologies, and PLM images of composite films made by each of 

them 
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SEM micrographs of powdered HAp/CNC composites and PLM images of the films made with 

the composite on the left of them are shown in Figure 4-12. HAp contents of the composites 

are put on the bottom of each pictures and concentration of all dispersion were 0.2-0.4 wt%. 

Figure (a) and (d) shows obvious extinction in rotated films and figure b in Figure 4-11 shows 

as well, so they have oriented structures. Regarding HAp contents, small ones are more 

preferable due to a comparison of figure (a) (b) and figure (c) (d). However sample (d) shows 

great extinction property even though it had 53 wt%, double of sample (a) and (b), of HAp 

content. Then, the shape of the composites is needle-like and inherited the shape from 

original CNC fibers focusing on morphologies of the samples. Furthermore, these fibers are 

mostly independent and not stacking together with other fibers. Concerning sample (b) and 

(c), fibers are aggregated and formed bigger domains. From these results, morphologies of 

HAp/CNC composites are more influential on making oriented structure than HAp content 

during film preparation. 
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Effects from inclination angle during preparation and drying temperature are examined in 

Figure 4-13.  

 

Figure 4-13 SEM images of composite films made by different conditions: a) No leans and 

dried at 60 oC, b) leans of 20 o and dried at 60 oC, and c) leans of 20 o and dried at 25 oC 

Image (a) and (b) in Figure 4-13 were made at 60 degrees with or without inclination. 

Obvious extinction is observed in rotated film made with leaning whereas little extinction is 

seen in the sample made with no inclination. The result is same as CNC films. Moreover, 

concerning drying temperature, both sample (b) and (c) show extinction. Therefore, it is 

considered that drying temperature doesn’t effect on film’s orientation. 
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Figure 4-14 shows SEM micrographs of powdery HAp/CNC composites which were used for 

thin films for detailed SEM and TEM images, and measurement of transmittance. 

 

Figure 4-14 SEM images of HAp/CNC composites for film preparation, a) high magnification 

and b) low magnification 

The morphology of the composites is needle-like and inherited original shape from CNC. The 

width is about 20 nm and the length is 200-300 nm whereas original CNC is 5-10 nm in width 

and 100-300 nm in length. Each composite is independent each other.  

Figure 4-15 is XRD pattern of the powdered composites and it suggests the composites 

consist of HAp and CNC. Since the intensity from CNC is much bigger than that from HAp, 

CNC is covered with thin HAp layer in the composites. Figure 4-16 shows a 

thermogravimetric curve of the composites, and it says 27 wt% of HAp the composites 

contain.  

 

Figure 4-15 XRD pattern of HAp/CNC composite used for film preparation 
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Figure 4-16 TG result of HAp/CNC composite used for film preparation 

 

     

Figure 4-17 Schematic of the points and areas which SEM and PLM images are obtained, 

respectively 

Figure 4-17 shows points and areas which SEM and PLM images were obtained, respectively. 

The area was set as formed thin film plus 1-2 mm upper length of that. All images are shown 

in Figure A-1 and A-2 in Appendix. Collecting up the data, tendency leaded from PLM images 

and arbitrary micrographs are shown in Figure 4-18. 
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Figure 4-18 SEM images of HAp/CNC composites at certain positions of the film 

The property of extinction was seen in the composite film, and its tendency was divided into 

three ranges mainly. Approximately 100 µm of both ends, area (1), are suggested to have 

oriented structure well by PLM images which showed strong extinction. The upper part in 

the middle of the thin film, area (2), was suggested to have weak oriented building, and 

almost no extinction was observed in the bottom part of the film, area (3). Focusing on SEM 

micrographs in each area, composite fibers seem to align vertically in good order in area (1). 

In area (2) it can be observed that composites are piled up somewhat transversely. On the 

other hand, large composite aggregate is existed on the bottom of the film and other 

independent fibers are put randomly. The surface seems to be rougher than other two areas. 

 

TEM micrographs of peeled composite thin film and 500 degree-burned one are shown in 

Figure 4-19 and 4-20, respectively. The TEM also shows composite fibers aligned along same 

direction, so this result supports that from SEM images.  
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Figure 4-19 TEM image of HAp/CNC composite film a) Low magnification, and b) High 

magnification 

In the TEM of burned peeled film, only HAp particles were remained since CNC are burned 

around 400-450 degrees according to TG results in Chapter 3. HAp particles whose sizes are 

up to 50 nm in width and 150 nm in length can be observed in low magnification image.  

 

Figure 4-20 TEM image of 500 degree-burned HAp/CNC composite film a) Low magnification, 

and b) High magnification 

Then, looking into it at high resolution, approximately 20 nm of crystals are consisted of the 

particles. The size is almost same as that of the composite fibers in the SEM image. The 

lattices in crystals nearly correspond with (112) (d= 0.278 nm), (111) (d= 0.388 nm) and (211) 

(d= 0.281 nm) of HAp.  
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Figure 4-21 EDX spectra of the composite thin film 

Figure 4-21 shows EDX spectra of the composite film and it says the film contains calcium, 

phosphate, oxygen, and carbon. The result also suggests the film contains HAp and CNC. 

Figure 4-22 is UV-vis spectra of the composite film.  

 

Figure 4-22 UV-vis spectra of composite film 

Assuming a transmittance of a glass substrate is 100 %, the spectra of the composite film on 

the glass substrate can be regarded as the film’s transmittance itself. According to the Figure 

4-22, the transmittance is almost constant in the visible range. It is about 94 %, so it can be 

said the film is quite transparent.  
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Figure 4-23 XRD pattern of (a) powdery composite and composite film (b)HAp/CNC thin films 

before and after hydrothermal reaction 

In Figure 4-23 (a), comparisons of x-ray patterns of powder-form and film-form composites 

are shown. HAp in powdery composites was quite random but the peak of (3 0 0) became 

obvious through turning into film formation. It is considered that c-axis oriented composites 

lied on the substrates. XRD patterns of 3 layered-composite film and the film after 

hydrothermal reaction are on Figure 4-23 (b). In the film before the reaction, there is a wide 

a 

b 
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halo derived from the substrate on 20-35 degrees but two specific peaks can be found on 

approximately 14.8 and 22.9 degrees. They are identified (-1 1 0) and (2 0 0) from CNC. After 

hydrothermal reaction, peaks derived from HAp can be seen. The peaks from (1 0 0) and (3 0 

0) are quite shape and outstanding. It can be considered that the crystallinity of HAp was 

improved. Furthermore, HAp on the film become to have a-axis orientation which is the 

same direction of original CNC. 

 

Figure 4-24 Image of films on the substrates (a) before and (b) after hydrothermal reaction 

In the image on Figure 4-24, the film becomes white after hydrothermal reaction.  

Figure 4-26 and 4-27 show cross-section SEM images of composite films made by 1 

deposition (normal) and 5 depositions, respectively. Figure 4-25 is a SEM image of powdered 

HAp/CNC composites used for a comparison of multilayered films. The concentration of the 

suspension was 0.43 wt% and HAp content was 37 wt% 

 

Figure 4-25 SEM image of powdered HAp/CNC composites used for a comparison of 

multilayered films 

In the upper part of 1 time deposited film, thickness is about 2.2 µm whereas that of the 

bottom part is 4.2 µm. The film become thicker gradually as going down, and the thickness 

of the bottom part is almost twice as thick as that of the upper range.  
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Figure 4-26 Cross-sectional SEM images of composite film (deposited 1 time), a) Upper part 

of the film, and b) Bottom part of the film 

 

Figure 4-27 Cross-sectional SEM images of composite film (deposited 5 times), a) Upper part 

of the film, b) Middle part of the film, and c) Bottom part of the film 

Regarding 5 times-deposited composite film, thickness increases as going down the 

observation points from approximately 5.4 µm to 10.4 µm. The thickness becomes nearly 

double as well as the 1 time deposited-film. Comparing the upper parts from both 1 time 

deposited and 5 times-deposited films, the thickness is not 5 times thicker by 5 times 

deposition. It is about 2.5 times thicker. Seeing the SEM images, there are many interspaces 

in the 1 layered film. On the other hand, the film which has 5 layers looks denser than 1 

layered one. This is observed not only on the upper side of the film but also on the bottom 

part. Furthermore, aggregate can be observed near the glass substrate in the bottom part of 

the 5 times deposited-film. Alignment of the composite looks random compared to the 

upper and the middle part on in the same film. 
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4.4 Discussion 

4.4.1 Conditions during film preparation 

Only depositing suspension on the substrate cannot lead to make oriented transparent films. 

Condition during the production influenced a lot on films’ structure and properties from the 

results above. Some factors are discussed how they affect the films in the followings. 

4.4.1.1. Inclination 

Leaning of the glass substrates works a lot for both films made from pure CNC and HAp/CNC 

composites. In the production of CNC films, they were suggested to have had oriented 

structure under more than 13 degrees of leaning in Figure 4-9. Composite films also had 

aligned structure when they were made with leaning of the substrates according to Figure 4-

13. It is considered that there are two effects of substrates’ incline for films’ orientation: 

screening and controlling drying direction. Concerning screening, aggregate or non-uniform 

composites are thought to be settled down the bottom of the film in the early stage of film 

production. In Figure 4-18 and 4-27, obstacle composites were settle down the bottom of 

the film near the substrate and the bottom is thicker than the upper part. If there is no 

leaning, these unexpected products would be gone down firstly everywhere on the film. The 

reason why bottom part of the film was not suggested to have orientation is considered that 

the part has aggregation and inhomogeneous composites. Moreover, the films became dry 

from the top due to incline whereas the films made with no leaning started to be dry from 

the edge. Controlling drying direction is significant to control the direction of anisotropic 

substances.  

 

Figure 4-28 TMV coating fabricated by shear [57] 

In the researches which applied for shear strength to control the drying direction for film 

preparation, anisotropic fiber aligned vertical towards the interface of three phases; 

suspension, substrate, and air. [45, 57] When the substrate has more than 13 degrees of leans, 

it is considered that incline began to affect controlling drying direction.  
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4.4.1.2 Hydrophilicity of the substrate 

Hydrophilicity of the glass substrates is also a quite important factor for orientation. Even 

pure CNC could not align on the leaning substrate without superhydrophilicity. It is 

considered that drying system during film production is different depending on 

hydrophilicity. Figure 4-29 illustrates how substrates’ hydrophilicity effect on drying. 

 

Figure 4-29 Schematic of difference of hydrophilicity on drying system 

On the hydrophilic substrate, composite suspension should be spread widely and water start 

to evaporate from the surface of the droplet but the wet area is not decreased until certain 

thickness. On the other hand, water should be evaporated from the surface of the droplet as 

well but the droplet tries to keep its shape and the wet area become small. In the wide but 

thin area, composite fibers are restricted to move and regulate the alignment. The 

composites, however, can easily move inside the droplet riding on convection flow.  

4.4.1.3 HAp content and morphologies of each composite 

In Figure 4-12, SEM images of several powdery HAp/CNC composites and whether the films 

made from them show extinction by oriented structures or not are shown. As described 

above, comparing the films which were fabricated with almost same HAp content, the film 

made with sharp and isolated composites is suggested to have oriented structure though the 

one made from aggregated or un-uniform ones is not. On another front, the composite film 

can have aligned structure despite of high HAp content if the shape of them is homogeneous. 

From these results, it is considered that the morphologies of the HAp/CNC composites are 

more influential than HAp content. Of course, the rate of the composites having suitable 

forms is high in low HAp content since high HAp content sometimes makes the composites 

stacked each other. 
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4.4.2 Mechanism of oriented film’s fabrication 

Collecting up the discussion above, the mechanism of how oriented films are built up during 

the preparation illustrated in Figure 4-30.  

 

Figure 4-30 Schematic of film preparation mechanism 

Suspension deposited on the glass substrate and puddle formed at the bottom, aggregated 

or inhomogeneous composite fibers which contained HAp a lot went down the bottom of 

the glass. Then, uniform composites slowly flew in the puddle and reached to the interface. 

The fibers were dried with alignment from the top. The reason why the composites were 

aligned longitudinally on both ends is considered that the surface of the suspension was 

large and drying started fast. Of course, the area which the composite needles existed 

laterally was larger than others since the drying speed of middle upper part was faster than 

the ends. 

4.4.3 Further investigation of structures 

4.4.3.1 Difference between pure CNC and HAp/CNC composites 

Comparing pure CNC films and composite ones, there are some differences on structures. 

Firstly, directions of those fibers are different. AFM image in Figure 4-8 say CNCs were 

aligned the same direction of the drying but SEM images in Figure 4-18 say the HAp/CNC 

composites exited parallel on the drying direction. It is considered that the reason is due to 

difference of morphologies. CNCs are almost straight and uniform whereas the composites 

are not because of precipitation of HAp. Therefore composites’ movement by convection 

flow is considered to be slow and try to fit the interface between the suspension and the 

glass substrate. The interface recession with the composite fibers results to make the 

oriented film. The differences of their morphology effects on density of the films too. 

Secondary, CNC films made without leaning showed liquid crystal property both in AFM and 

PLM images. Anisotropic substances like CNC begin to show such kind of properties from 
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certain concentration. In the case of CNC, it acts like liquid crystals from around 1 wt% and 

start self-assembly. [58] Concentration became increase because of evaporation, and then 

films were formed keeping the structure. Regarding the fiber-like composites, they did not 

show such a property. Homogeneous morphology and high aspect ratio are quite important 

for liquid crystal but it is thought that the composites were not satisfied with prerequisites.  

Thirdly, cross sectional SEM images in Figure 4-11 and 4-27 show that there are a lot of 

spaces. It is considered that it is due to un-uniform composites fibers with precipitation of 

HAp. 

4.4.3.2 Influence from hydrothermal reaction 

Hydrothermal reaction was carried out for enhancing HAp’s crystallinity and reinforcing 

obtained films as independent films. According to the result of EDX, atomic ratio of calcium 

per phosphate is around 1.2-1.4 though that of stoichiometric is 1.67. After the 

hydrothermal reaction, HAp becomes to show a-face orientation. The original CNC mainly 

shows a-face so it is considered that amorphous HAp surrounded CNC becomes to 

correspond their direction to CNC because of hydrothermal reaction. The result implies a 

new approach for novel films. 
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4.5 Conclusion 

In the current chapter, transparent thin films were successfully fabricated with CNC and 

HAp/CNC composites. The composite films had more spaces in the structure compared with 

pure CNC films, but they were suggested to have oriented structures by investigation with 

SEM and PLM. The HAp/CNC composites were aligned longitudinally towards the leaning at 

the both ends of the film and they were on laterally at upper middle of that. Drying direction 

for the films is considered to be a factor to determine the direction of the composites. 

Regarding the condition for production, it is important for aligned films to be made on 

hydrophilic substrates with suitable degree of leaning, and the composites should have a 

homogeneous and isolated needle-like shape and exist independently. Furthermore, the 

composite films showed a-face orientation after hydrothermal reaction. The films are 

expected to be a promising stage for fabricating novel organic/inorganic materials. 
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5. Conclusion and Future work 

The present study focused on fabrication of HAp/CNC composites in nano-scale by 

mimicking that creatures in nature can make organic/inorganic composites which show great 

properties in mild condition. Then, the composites were turned into thin films with oriented 

structures mimicking bones’ structures. 

In chapter 3, HAp/CNC composites were successfully fabricated in nano-scale. 

Functional groups on the surface of CNC are considered to induce nucleation of HAp. 

Morphologies of the composites were controlled by pH of r-SBF. In low pH, HAp was grown 

up widely from a few of nucleation points and plate-like HAp was on CNC. On the other hand, 

quite fine HAp crystals were precipitated on the surface of CNC from a lot of nucleation in 

high pH, and the total morphology of the composite was needle-like. It can be said that HAp 

coats on CNC and the shape of the composite was inherited from the original shape of CNC. 

HAp content in each composite was determined by initial molar ratio of calcium ions in r-SBF 

per functional groups, and the ratio generally did not influence on the morphologies. The 

results provide a novel method for HAp to be reinforced by CNC because of the composite’s 

morphology. 

In forth chapter, thin films which had more than 90 % of transmittance were 

successfully made with CNC and HAp/CNC composites. The composite films were suggested 

to have oriented structures: the needle-like composites were aligned longitudinally towards 

the leaning at the both ends of the film and they were on laterally at upper middle of that. 

Drying direction for the films influenced on determination of the composites’ direction. 

Hydrophilic substrates with suitable degree of leaning and homogeneous independent 

shapes were significant for alignment of the films. Moreover, the composite films oriented a-

face after hydrothermal reaction.  

It is considered that the achievement from the study provides a first step to build up a 

novel material mimicking bone structure instead of collagen. It is expected that micro-

structure would be made used with nano-structured composites by bottom-up method. 
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7. Appendix 

A-1 Details of PLM Images of the oriented film 
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