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GENERAL INTRODUCTION 

 

 Bone is an important organ that supports our body and enables exercises. 

Bone also fills roles on protection of our brain and viscera from damage, and on storage 

of calcium and phosphate ions required for metabolism. When bone is lost due to 

diseases or injuries, it would recover by itself through regeneration with appropriate rest 

and nutrition if the lost part would be small. However, when the amount of lost bone is 

too large to recover by self-regeneration, a substitute material is required to fill the 

defect. Although autologous or allogenic transplantation is commonly applied, there are 

a lot of problems such as the limitation and the risk of infections. Therefore, an artificial 

material is used for substitution of bone. But it is a well-known problem that artificial 

materials are generally encapsulated by a fibrous tissue and isolated from surrounding 

bones when they are implanted into the bony defects [1]. One may notify that specific 

type of ceramic materials can make a direct contact to living bone without any 

intervening layer of fibrous tissues after implantation in a bony defect. Such a unique 

ceramic is defined as a bioactive material. Namely bioactive materials can show specific 

biological activity against living bone, so-called bone-bonding property. The first 

discovered material showing bone-bonding property is a certain type of glass in the 

system Na2O-CaO-SiO2-P2O5, after Hench et al. in early 1970’s [2-4]. The glass was 

named Bioglass®. Since then, some kinds of ceramic materials have been reported as 

bioactive materials showing bone-bonding property. Typical materials showing the 

bone-bonding property, i.e. bioactivity, are given in Table 1. Bioactive ceramics imply 

glass-ceramic Ceravital® [5], sintered hydroxyapatite (Ca10(PO4)6(OH)2) [6,7], 

glass-ceramic A-W [8,9], glass-ceramic Bioverit® [10], MgO-CaO-SiO2-P2O5 glasses 

[11] and CaO-SiO2 glasses [12]. Some of these materials have already been used 

clinically as important bone substitutes such as artificial iliac crests, artificial vertebrae, 

artificial intervertebral discs, bone fillers [13-19]. Although these materials have great 
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advantage in biological affinity to living bone, their applications are still limited due to 

their mechanical performance, that is, lower fracture toughness than those of human 

cortical bone [20]. One may expect development of a novel bone substitute with 

bioactivity and high fracture toughness. Recently, titanium, titanium alloy and tantalum 

are provided with bioactivity through chemical treatment with sodium hydroxide 

(NaOH) solution, followed by heat treatment [21-29] or with hydrogen peroxide 

containing various kinds of metals [30]. These metallic materials show bioactivity, i.e. 

bone-bonding property, as well as higher fracture toughnessthan conventional bioactive 

ceramics. These metallic materials have high fracture toughness, but their elastic moduli 

are higher than that of cortical bone. It may cause resorption of the surrounding bone 

because of their stress shielding effects.  

 Mechanical properties of the bone are derived from their unique structure of 

the extracelluar matrix of bone. The extracellular matrix of bone is regarded as an 

organic-inorganic composite that is constructed three-dimensionally with nano-sized 

crystals of hydroxyapatite and collagen fiber (Figure 1) [31]. This structure provides the 

characteristics of high fracture toughness and moderate flexibility. This means that such 

composites appear both characteristics from organic and inorganic materials, and hence 

it is better to regard such composites as “organic-inorganic hybrid”. The word “Hybrid” 

is defined as a composite combining more than two reinforcements, or as a composite 

consisting of multi-elements in its structure to carry out several functional capabilities 

[32,33]. Hydroxyapatite-organic polymer hybrids therefore provide a potential novel 

bone substitute material having both bone-bonding ability and mechanical properties 

analogous to natural bone.  

 Several methods have been reported for fabrication of organic-inorganic 

hybrids consisting of hydroxyapatite and organic polymer [34-45]. The methods are 

summarized in Table 2. Bonfield et al. developed composites of hydroxyapatite granules 

and high density polyethylene by mechanical mixing [34]. The composites showed high 
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deformability only when hydroxyapatite content was less than 40 vol%, whereas they 

showed low or no bioactivity at low hydroxyapatite content [3]. Kikuchi et al. reported 

fabrication of hydroxyapatite-collagen composite through a reaction of calcium 

hydroxide and phosphoric acid under coexistence of collagen at the pH range between 8 

and 9 [35]. Interaction between hydroxyapatite and collagen produced self-organized 

structure in the hydroxyapatite-collagen hybrid. The hydroxyapatite-collagen hybrid 

shows unique characteristics on mechanical properties for bone substitutes. Coating of 

hydroxyapatite on organic polymer also provides a material with 

hydroxyapatite-polymer hybrid. Kokubo et al. proposed biomimetic coating of 

hydroxyapatite on organic polymer substrates. Such a method has been paid much 

attention because it allows a coating of so-called bone-like apatite, that is 

calcium-deficient and carbonate-containing nano-sized hydroxyapatite, which shows 

low crystallinity and defective structure [46]. Bone-like apatite is expected to show high 

biological affinity to living bone [47,48]. On the other hand, Taguchi et al. developed 

the alternate soaking process where hydroxyapatite was formed on/in organic polymer 

hydrogel matrices by soaking the substrates in a solution containing calcium ions and a 

solution containing phosphate ions alternatively [36]. 

 In Kokubo’s processing for coating of the hydroxyapatite on a substrate, the 

substrate was first placed in vicinity of bioactive glass particles composed mainly of 

CaO and SiO2 in a simulated body fluid (SBF) [37-45] to result in a nucleation of 

apatite on the substrate. Thus formed nuclei on the substrates grow to a layer of 

hydroxyapatite in 1.5SBF that has 1.5 times ion concentrations to those of SBF 

[37-45,49]. It has been reported in several literatures that bioactive materials bond to 

living bone through a hydroxyapatite layer that is formed on their surface in the body 

circumstance [3,9,11,12,28,50-53]. The bone-like apatite layer coated on polymer 

substrates through biomimetic processing is expected to show bioactivity in bony 

defects. As the biomimetic coating does not require heat-treatment at high temperatures, 
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it can be applied to coating of hydroxyapatite on organic substrates. The organic 

polymer coated with bone-like apatite is regarded as a fundamentally structural unit of 

hydroxyapatite-organic polymer hybrid for bone substitutes. Namely, coating of a 

hydroxyapatite layer on polymer substrate with biomimetic process gives attractive 

solutions to fabricate devices in various shapes without losing the activity of 

hydroxyapatite (Figure 2). In addition, this type of film has been received an attention as 

a filter material because hydroxyapatite shows unique properties such as adsorption of 

proteins and virus [54-59], and has possibility of exchange of ionic species in its crystal 

lattice [60-63].  

 The biomimetic process utilizing SBF and 1.5SBF implies three steps; i) 

increase in degree of supersaturation with respect to apatite, ii) heterogenous nucleation 

of apatite on the substrates and iii) crystal growth of apatite nuclei. Among these steps, 

the process of heterogeneous nucleation of apatite on the substrates is the most 

important because it allows growth of hydroxyapatite especially on the polymer 

substrate. Ohtsuki et al. reported that -SiOH groups are effective to induce 

heterogeneous nucleation on the bioactive glass in SBF according to the research on the 

process of hydroxyapatite formation on the glasses in the system CaO-SiO2-P2O5 

[48,64]. They also confirmed that -SiOH groups on hydrated pure silica gel induce 

heterogeneous nucleation of apatite on its surface after exposure to SBF [65-67].

 It has been reported that some functional groups other than -SiOH group also 

induce heterogeneous nucleation of apatite. -TiOH [68-70], -ZrOH [71], -TaOH [72], 

and -NbOH [73] groups on metal oxide gels are effective for induction of apatite 

deposition in SBF. It should be noted that carboxyl (-COOH) and phosphate (-OPO3H2) 

[74] groups of self-assembled monolayers on gold were also reported to have a potential 

to induce apatite formation, because such functional groups can be easily incorporated 

into organic polymer. On the basis of these findings concerning formation of the 

bone-like hydroxyapatite layer consisting of nano-sized particles, Miyazaki et al. 
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successfully fabricated a film composed of bone-like apatite and aromatic polyamide 

through a simple immersion of organic films in 1.5SBF [75]. In their process, 

polyamide film containing 50 mol% of carboxyl groups in this structure effectively 

induced heterogeneous nucleation of apatite in 1.5SBF when the polymer was 

incorporated with 40 mass% of calcium chloride (CaCl2). CaCl2  dissolves into 

surrounding solution after the film is immersed in 1.5SBF. Release of calcium ions from 

the examined polyamide films increases the degree of the supersaturation with respect 

to the apatite in an especially local area around the polymer surface, and enhances the 

nucleation. Once nuclei of apatite are formed on the substrates, they can grow 

spontaneously by consuming calcium and phosphate ions from the surrounding body 

fluid. The supposed process is schematically illustrated on Figure 3. However, the 

reason why specific functional groups are effective for induction of heterogeneous 

nucleation of apatite in a solution mimicking body fluid has not been clarified. In this 

study, the role of functional groups on the nucleation process, crystal growth process 

and adhesion performance of hydroxyapatite is focused on in view of electrostatic 

interaction, complex formation, and dipole interaction, to understand the fundamental 

principle for fabrication of hydroxyapatite coating on organic substrate through the 

biomimetic processing. Furthermore, a potential application on adsorption of 

formaldehyde was also evaluated for the specimens of hydroxyapatite-polymer hybrids. 

 Surface charges of the related oxide gels and their apatite-forming ability are 

listed in Table 3 [76]. Among these oxide gels, it was reported that -AlOH group doesn’t 

initiate apatite generation after immersion in SBF. This suggests that negatively charged 

surface provides sites for induction of apatite nuclei. Takadama et al. proposed that the 

nucleation of apatite was initiated by formation of calcium complex with surface 

functional groups such as -SiOCa+, (-SiO)2Ca [77]. Table 4 gives substances having 

typical functional groups whose surfaces are speculated to have negative charges in 

biomimetic conditions, and their negative of the logarithm of the dissociation constants 
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(pKa) [78]. In comparison with the pKa of their initial acid dissociation, Ph-SO3H and 

SiO4H4 show the lowest and the highest among them, respectively. Degree of ease for 

formation of ion pairs and complexation between calcium ions and functional groups 

can be proposed as the other factors effective on hydroxyapatite formation and adhesive 

strength. The equilibrium constants for formation of ion pair and complexes of calcium 

ion with typical anions in aqueous solution are listed in Table 5 [79] and 6 [80], 

respectively. It is noted that effects of -SO3H groups on induction of heterogeneous 

nucleation of apatite have not been clarified, although the sulfonic (-SO3H) group is a 

typical functional group that has a high dissociation constant to possess negative 

charges under biomimetic conditions. In contrast, although -SiOH groups hardly 

dissociate in biomimetic condition, it is reported that –SiOH groups induce nucleation 

of apatite. It is interesting to compare the differences of ability to form hydroxyapatite 

between these functional groups.  

 In Chapter 1, behavior of hydroxyapatite deposition on aromatic polyamide 

containing -SO3H groups was investigated in 1.5SBF, to reveal possibility of -SO3H 

groups on induction of heterogeneous nucleation of apatite. The results were discussed 

in terms of the contents of –SO3H group and CaCl2.  

 In Chapter 2, modification with silanol (-SiOH) groups was applied on the 

aromatic polyamide film containing –COOH groups, since -SiOH groups were well 

known to show induction of apatite nucleation. However, the dissociation constant of 

-SiOH group is quite lower than –COOH. Therefore, it is worth investigating 

hydroxyapatite-forming ability on the modified films with different amounts of -SiOH 

groups in 1.5SBF, to discuss effects of modification of aromatic polyamide with the 

groups.  

 As adhesive strength of the hydroxyapatite with polymer substrate containing 

–COOH and –SO3H groups was distinctly higher than that with polyamide films 

containing –SiOH groups, in Chapter 3, the differences of the hydroxyapatite formation 
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were compared in the detail between the polyamides containing –SO3H and –COOH 

groups. The induction period of nucleation of apatite, the rate of crystal growth and 

adhesion performance between substrates and hydroxyapatite formed on it were 

examined by soaking in 1.5SBF. to discuss with comparison between the functional 

groups. 

It is expected that the hydroxyapatite formed in such a biomimetic condition 

would show specific functionalities in comparison with a hydroxyapatite prepared by a 

conventional method such as homogeneous precipitation methods and hydrothermal 

methods [7]. To evaluate the characteristics of the hydroxyapatite prepared 

biomimetically, in Chapter 4, the ability to adsorb formaldehyde of hydroxyapatite 

formed on the polyamide film by soaking in 1.5SBF was examined as one of the 

evaluations of characteristics of hydroxyapatite. Potential functionality of adsorption of 

biomimetically deposited hydroxyapatite on polymer films has not been revealed, while 

many researches have conducted studies about adsorption of organic substances on 

synthesized hydroxyapatite with stoichiometric composition after heat-treatment 

[54-59]. Advantageous characters of the layer consisting of bone-like apatite formed 

through biomimetic processing were discussed with comparison to that of conventional 

hydroxyapatite powders and activated charcoal.  

 Finally, the whole results and discussions in the above chapters are 

summarized, and the future perspectives are described. 
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Table 1  Typical bioactive ceramics and their components 
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Figure 1.  Structure of bone. 
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Table 2  Typical methods for fabrication of organic-inorganic hybrids consisting 

hydroxyapatite and organic polymer 
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Figure 2.  Concept of hybridization of hydroxyapatite and organic polymer. 
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Figure 3.  Apatite nucleation induced by a functional group on the surface of organic 

polymer and accelerated by release of calcium ions from the polymer.  

H 2 
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Table 3  Surface charges of oxide gels and their apatite-forming ability in SBF under 

neutral pH conditions 
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Table 4  Substances having typical functional groups and their pKa values 
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Table 5  Equilibrium constants for formation of ion pair of calcium ion with typical 

anions in aqueous solution at 25°C 
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Table 6  Equilibrium constants for formation of calcium complex with typical anions 
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Chapter 1: Coating of a hydroxyapatite layer on polyamide films containing 

sulfonic groups 

 

1.1. Introduction 

 Hydroxyapatite (Ca10(PO4)6(OH)2), a type of calcium phosphate, shows high 

biological affinity to living bone [1,2]. Synthetic hydroxyapatite is now widely used as a 

substitute material for filling bony defects. Moreover, hydroxyapatite has several 

interesting properties, such as adsorption of proteins and virus, and exchange of ionic 

species in its crystal lattice [3,4]. However, the body of sintered hydroxyapatite does not 

have sufficiently good mechanical properties for extending its applications in medical 

fields. A conventional composite of hydroxyapatite and organic polymer results in 

reduced functionality of hydroxyapatite, because most of the particles of hydroxyapatite 

are normally embedded in polymer matrices. The surface of hydroxyapatite must be 

exposed to the surrounding environment for its valuable properties, i.e. biological 

properties, to be seen. The coating of hydroxyapatite onto organic polymers is therefore 

given much attention.  

 Kokubo et al. proposed a biomimetic process that utilizes a reaction between 

bioactive glass and simulated body fluid (SBF) [5,6], in order to coat a hydroxyapatite 

layer onto organic substrates [7,8]. This process can be used for producing a polymer 

substrate covered with a so-called bone-like apatite, that is carbonate-containing 

hydroxyapatite with small crystallites and defective structure [9]. Such a 

carbonate-containing hydroxyapatite shows a high biological affinity when implanted 

into bony defects and can achieve a tight bonding to living bone. It is therefore expected 

that coating of bone-like hydroxyapatite through the biomimetic method will produce 

organic-inorganic hybrids that can show direct bonding to living bone, in addition to 

specific mechanical properties arising from organic materials. 

In the biomimetic process utilizing SBF, hydroxyapatite deposition on an 
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organic polymer can be triggered both by the existence of a specific functional group 

effective for induction of heterogeneous nucleation of apatite, and by an increase in 

concentration of calcium ions in the surrounding fluid. Therefore, in the production of a 

hydroxyapatite-organic polymer hybrid through such a biomimetic processing route, it 

is a key engineering challenge to design a substrate with heterogeneous nucleation sites 

for hydroxyapatite deposition. It has been reported that carboxyl (-COOH) groups play 

an effective role in heterogeneous nucleation of apatite in the body environment [10,11]. 

Miyazaki et al. have shown that polyamide films containing carboxyl groups have the 

ability to induce deposition of hydroxyapatite crystals on their surfaces in 1.5SBF that 

has ion concentrations 1.5 times those of SBF, when the films were incorporated with 

calcium chloride (CaCl2) [12]. It is interesting to find alternative functional groups 

effective for hydroxyapatite formation. In this chapter, we investigated the ability of 

hydroxyapatite formation on polyamide films containing sulfonic (-SO3H) groups 

incorporated with calcium salt by a biomimetic process. In this study, the polymer 

substrates were exposed to 1.5SBF for estimation of the ability of hydroxyapatite 

deposition, since the preliminary experiments showed that hydroxyapatite deposition 

was not observed on any of the samples even after soaking in SBF for 7 days. This 

means that the prepared films, by themselves, have lower ability of hydroxyapatite 

formation than the so-called bioactive material. But these findings are applicable to 

develop novel hybrids consisting of hydroxyapatite and organic polymers, because the 

modification of polymer substrates is worth on coating of hydroxyapatite through a 

process using 1.5SBF. 

 

1.2. Experimental 

1.2.1. Preparation of polyamide films containing sulfonic groups. 

Aromatic polyamides (Figure 1-1) were prepared according to the literature 

method [13]. The polyamides S(0), S(0.2) and S(0.5), have 0, 20 and 50% of sulfonic 
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group in the polymer molecule, respectively. One gram of each polyamide powder was 

dissolved in 10 mL of N,N-dimethylacetamide (Wako Pure Chemical Industries Ltd., 

Japan), both with and without CaCl2 (Nacalai Tesque Inc., Japan). The CaCl2 was added 

to the polyamide in various mass ratios of CaCl2/(polyamide + CaCl2) = 0, 0.10, 0.20 

and 0.40. The mixture was then stirred for 12 h to form a homogeneous viscous solution. 

The obtained solution was then coated onto a flat glass plate, using a bar coater. The 

solution coated on the glass plate was dried in a vacuum oven at 60°C under 133 Pa for 

8 h. The obtained polymer films were then removed from the glass plates and cut into 

10 mm × 10 mm sections. Polyamide (S(x)) films were prepared by modification with y 

mass% of CaCl2 to a given total S(x) and CaCl2, and hereafter, are denoted as 

S(x)Ca(y). 

 

1.2.2. Soaking in 1.5SBF 

The obtained films were then soaked in 30 mL of 1.5SBF (Na+ 213.0, K+ 7.5, 

Mg+ 2.3, Ca2+ 3.8, Cl- 221.7, HCO3
- 6.3, HPO4

2- 1.5, and SO4
2- 0.8 mol·m-3). The 

solution was prepared by dissolving reagent grade chemicals of NaCl, NaHCO3, KCl, 

K2HPO4·3H2O, MgCl2·6H2O, CaCl2, and Na2SO4 (Nacalai Tesque Inc., Japan) in 

ultrapure water [7,14]. The pH of the solution was buffered at 7.40 using 75 mol·m-3 of 

tris(hydroxymethyl)aminomethane (Nacalai Tesque Inc., Japan) along with an 

appropriate volume of 1 kmol·m-3 hydrochloric acid solution. The temperature of the 

solution was kept at 36.5°C. After soaking for given periods, the films were taken out 

from the solution, and then dried at room temperature. 

 

1.2.3. Characterization 

The surfaces of the films were characterized both before and after soaking in 

1.5SBF, using thin-film X-ray diffraction (TF-XRD: MXP3V, MAC Science Co., Ltd., 

Japan) and scanning electron microscopy (SEM: S-3500N, Hitachi, Ltd., Japan). In the 
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TF-XRD measurements, the angle of the incident beam was fixed at 1° against the 

surface of the specimen. In the SEM observations, an Au thin film was sputtered onto 

the surface of the specimen. Morphological observation at higher magnification was 

conducted for typical specimens under field emission scanning electron microscope 

(FE-SEM: JMS-6301F, JEOL, Japan). Composition of the surfaces of the specimens 

was examined by an energy dispersive X-ray microanalyzer (EDX: EMAX ENERGY 

EX-400, Horiba, Ltd., Japan). 

 

1.3. Results 

Figure 1-2 shows TF-XRD patterns of the surfaces of S(0.5)Ca(y) films (y = 0, 

10, 20 and 40) before and after soaking in 1.5SBF for various periods. Peaks ascribed to 

apatite were observed at 2θ = 26° and 32° in the diffraction patterns of the S(0.5)Ca(y) 

films containing 20 mass% of CaCl2 or more, after soaking for 7 days. The peak at 2θ = 

26° was assigned to the 002 diffraction of apatite, while the one at 2θ = 32° was an 

envelope of the 211, 112 and 300 diffractions of apatite. In contrast, no peak assigned to 

apatite was detected for the S(0.5)Ca(y) containing 10 mass% of CaCl2 or less. This 

indicates that apatite could deposit on the surface after soaking the S(0.5)Ca(y) films 

when the films had 20 mass% of CaCl2 and more. Figures 1-3 and 1-4 show TF-XRD 

patterns of S(x)Ca(40) and S(x)Ca(20) films (x = 0, 0.2 and 0.5) after soaking in 1.5SBF 

for 7 days, respectively. Peaks assigned to apatite were detected for the films 

irrespective of the content of sulfonic groups when the films contained 20 mass% of 

CaCl2 or more. The tendency of apatite formation estimated by detection with TF-XRD 

was summarized on Table 1-1. Figure 1-5 shows SEM images of the surfaces of 

S(x)Ca(20) and S(x)Ca(40) films (x = 0, 0.2 and 0.5) before and after soaking in 1.5SBF 

for 1, 3 and 7 days, respectively. Formation of fine particles was observed on the films 

S(0.2)Ca(20), S(0.2)Ca(40) and S(0.5)Ca(20) after soaking in 1.5SBF for 3 days, and 

S(0.5)Ca(40) for 1 day. The results of EDX (Figure 1-6) distinctly showed that the 
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particles consisted of calcium and phosphorus. Although TF-XRD patterns showed 

existence of apatite on the S(0)Ca(20) and S(0)Ca(40) films after soaking in 1.5SBF for 

7 days, almost all the surfaces looked smooth under SEM observation. This is due to the 

phenomena that the formed layer of hydroxyapatite was easily peeled off during the 

operation for SEM observation. This result corresponds to adhesive strength of 

hydroxyapatite to polymer substrates. Adhesive strength of hydroxyapatite layer to 

S(0)Ca(y) films was too small to keep the hydroxyapatite layer on their surfaces, while 

S(0.2)Ca(y) and S(0.5)Ca(y) could show enough adhesive strength to keep the 

hydroxyapatite layer on their surfaces during SEM observation. 

 Figure 1-7 shows morphology of the deposited particles on S(0.2)Ca(40) and 

S(0.5)Ca(40) films, at higher magnification under FE-SEM. This morphology was very 

similar to that of the deposited hydroxyapatite on a substrate through biomimetic 

processing utilizing SBF [7]. These particles were therefore attributed to hydroxyapatite. 

Formation of hydroxyapatite was observed on the surface of S(0.5)Ca(40) in shorter 

periods after soaking in 1.5SBF than on S(0.5)Ca(20). This indicates that higher 

contents of CaCl2 resulted in higher rates of hydroxyapatite formation. S(0.5)Ca(40) 

also showed shorter periods for the hydroxyapatite formation than S(0.2)Ca(40). Higher 

contents of sulfonic groups also lead to a higher rate of hydroxyapatite formation in 

1.5SBF. 

Figure 1-8 shows Ca/P atomic ratios of the deposited apatite on the surfaces 

of various kinds of films after soaking in 1.5SBF. The atomic ratios were determined by 

EDX analyses. Ca was not detected for each film after soaking in 1.5SBF for 6 h. This 

means that all the Ca2+ incorporated within the film were released within a few hours. 

The Ca/P atomic ratio of the formed layers increased with increasing soaking periods 

for all the film. In the case of S(0.5)Ca(40), the Ca/P ratio increased and reached to a 

constant value of about 1.65 after 3 days soaking. 
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1.4. Discussion 

It is apparent from the results described above that hydroxyapatite deposition 

can be induced by incorporation of CaCl2 in the aromatic polyamide. The deposition of 

hydroxyapatite was accelerated by the increase in concentration of sulfonic groups, 

because S(0.5)Ca(40) showed a higher concentration of deposited hydroxyapatite 

particles than S(0.2)Ca(40). The hydroxyapatite layer formed on S(0)Ca(40) was easily 

peeled off from the films as the hydroxyapatite layer on S(0)Ca(40) was not observed 

under SEM, while that formed on S(0.2)Ca(40) and S(0.5)Ca(40) was not easily peeled 

off under the same condition. This indicates that the sulfonic groups play an important 

role in not only the nucleation of the apatite but also high adhesion of the 

hydroxyapatite layer to the films. The higher strength means a strong interaction 

between the sulfonic groups and hydroxyapatite crystal. Quantitative analysis is 

discussed on Chapter 3 in comparison with that of polyamide films containing carboxyl 

groups. 

It has been reported that -SiOH [15], -TiOH [16] groups induce 

hydroxyapatite formation in a biomimetic solution. Surface charges reported on oxide 

materials are listed on Table 3 in general introduction part [17]. From the view points of 

surface charges, hydroxyapatite formation can be observed on the surface with 

negatively charged in the biomimetic aqueous solution at about pH 7.4. Negatively 

charged surface may accumulate calcium ions (Ca2+) in the surrounding solution to form 

complex between these species at initial stage inducing nucleation of apatite. Then the 

complexes incorporate phosphate ions to form apatite nuclei. This initial stage may 

govern the heterogeneous nucleation of apatite on the substrate after exposure to a 

solution mimicking body environment. On the other hand, previous reports proposed an 

interaction between Ca2+ and carboxyl (-COOH) groups on aromatic polyamide, and 

natural silk [12,18]. Formation of a complex, such as –COOCa+ or (-COO)2Ca was 

presumed on the initial stages on hydroxyapatite deposition. It is presumed that similar 
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type of complex such as –SO3Ca+ or (-SO3)2Ca formed in the induction periods for 

hydroxyapatite formation. Sulfonic group dissociates to be negatively charged as –SO3
- 

in a physiological solution because the negative of the logarithm of the dissociation 

constant (pKa) for sulfonic group of benzenesulfonic acid (C6H5SO3H) is 0.70 at 25°C 

[19]. This value is smaller than those of benzoic acid (C6H5COOH; 4.19) at the same 

temperature [19]. The amount of hydroxyapatite formed on polyamide film containing 

50 mol% of sulfonic groups seemed more than that containing the same percentage of 

carboxyl groups after soaking in 1.5SBF for 3 days, when they were incorporated with 

40 mass% of CaCl2 [20,21]. This means that rate of hydroxyapatite formation on 

polyamide film containing sulfonic groups is grater than that containing carboxyl 

groups. However, the degree of negative charge of sulfonic group is estimated to be as 

high as that of carboxyl group in 1.5SBF at pH7.4. The difference in rate of 

hydroxyapatite formation was is supposed to be attributed to the number of lone 

electron-pairs, that is, one sulfonic group possesses seven lone pairs, while one carboxyl 

group has five in physiological conditions. This may have contributed to easier access 

of calcium ions to sulfonic groups than that to carboxyl groups. On the other hand, 

equilibrium constants for formation of ion pair of calcium ion with typical anions are 

given on Table 5 in general introduction part [22]. The constant for an anion having 

sulfonic group is larger than that for carboxyl group. This also indicates that it is easier 

for sulfonic group to associate with calcium ions in an aqueous solution around pH 7. 

Therefore, potential of complex formation of –SO3Ca+ and (-SO3)2Ca may be higher 

than –COOCa+ and (-COO)2Ca. These would result in high nucleation rates on the 

polymer substrates even under the same degree of supersaturation after Ca2+ release 

from the substrates. 

After the formation of nucleation sites for hydroxyapatite, calcium phosphate 

with Ca/P atomic ratio below 1.6 would be formed on the surface. The calcium 

phosphate may be aged to result in a higher Ca/P ratio. This means that the calcium 
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phosphate at initial stage is formed with a high deficiency in calcium sites in crystalline 

hydroxyapatite. After aging, the crystalline hydroxyapatite grew to become a much 

stable phase with a higher Ca/P atomic ratio than at the initial stages, that is, its Ca/P 

ratio became near to that of the general hydroxyapatite. To control the composition and 

structures of the deposited hydroxyapatite, biomimetic processing provides possible 

way by utilizing a solution mimicking body environment and polyamide films 

containing different amounts of functional group or calcium salt. 

 

1.5. Conclusions 

Hydroxyapatite formation on aromatic polyamides was induced by 

incorporation of sulfonic groups as well as calcium chloride. This indicates that sulfonic 

groups are able to accelerate hydroxyapatite formation in a biomimetic solution, such as 

1.5SBF. Sulfonic groups provided in a higher adhesive strength of the hydroxyapatite 

layer to the polymer substrates. Consequently, this study supports the idea that 

hydroxyapatite-polymer hybrids can be developed by modification of the polymer with 

sulfonic groups and calcium ions. 
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Figure 1-1.  Structural formula of S(x).
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Figure 1-2.  TF-XRD patterns of surfaces of S(0.5)Ca(y) films after soaking in 1.5SBF 

for 7 days.
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Figure 1-3.  TF-XRD patterns of surfaces of S(x)Ca(40) films after soaking in 1.5SBF 

for 7 days.
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Figure 1-4.  TF-XRD patterns of surfaces of S(x)Ca(20) films after soaking in 1.5SBF 

for 7 days. 

S(0.5)Ca(20) 

S(0.2)Ca(20) 

S(0)Ca(20) 

○
○

○ Apatite 

○

○

○

○



 42

 

 

 

 

 

 

 

Table 1-1  Tendency of apatite formation estimated by detection with TF-XRD 
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Figure 1-5(a).  SEM images of surfaces of S(0)Ca(20) films before and after soaking in 

1.5SBF for various periods. 

25 µm25 µm25 µm25 µm25 µm25 µm25 µm25 µm25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 

25 µm25 µm25 µm25 µm25 µm25 µm25 µm25 µm25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 



 44

 

 

 

 

 

 

Figure 1-5(b).  SEM images of surfaces of S(0)Ca(40) films before and after soaking 

in 1.5SBF for various periods. 

25 µm25 µm25 µm25 µm25 µm25 µm25 µm25 µm25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 

25 µm25 µm25 µm25 µm25 µm25 µm25 µm25 µm25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 25 µm 



 45

 

 

 

 

 

 

Figure 1-5(c).  SEM images of surfaces of S(0.2)Ca(20) films before and after soaking 

in 1.5SBF for various periods. 
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Figure 1-5(d).  SEM images of surfaces of S(0.2)Ca(40) films before and after soaking 

in 1.5SBF for various periods. 
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Figure 1-5(e).  SEM images of surfaces of S(0.5)Ca(20) films before and after soaking 

in 1.5SBF for various periods. 
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Figure 1-5(f).  SEM images of surfaces of S(0.5)Ca(40) films before and after soaking 

in 1.5SBF for various periods. 
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Figure 1-6(a).  EDX spectra of S(0)Ca(40) films before and after soaking in 1.5SBF 

for various periods. 
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Figure 1-6(b).  EDX spectra of S(0.2)Ca(40) films before and after soaking in 1.5SBF 

for various periods. 
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Figure 1-6(c).  EDX spectra of S(0.5)Ca(40) films before and after soaking in 1.5SBF 

for various periods.  
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Figure 1-7.  FE-SEM images of surfaces of S(0.2)Ca(40) and S(0.5)Ca(40) films after 

soaking in 1.5SBF for 7 days.

1 µm 1 µm 1 µm 1 µm 1 µm 1 µm 1 µm 1 µm 1 µm 

1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm1 µm

S(0.2)Ca(20) S(0.2)Ca(20) S(0.2)Ca(20) S(0.2)Ca(20) S(0.2)Ca(20) S(0.2)Ca(20) S(0.2)Ca(20) S(0.2)Ca(20) S(0.2)Ca(20) 

S(0.5)Ca(40) S(0.5)Ca(40) S(0.5)Ca(40) S(0.5)Ca(40) S(0.5)Ca(40) S(0.5)Ca(40) S(0.5)Ca(40) S(0.5)Ca(40) S(0.5)Ca(40) 



 53

 

 

 

 

 

 

 

Figure 1-8.  Ca/P atomic ratio of the surfaces of various kinds of films after soaking in 

1.5SBF. The atomic ratio was determined by EDX analyses.  
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Chapter 2: Coating of a hydroxyapatite layer on polyamide films containing 

silanol groups  

 

2.1. Introduction 

Hydroxyapatite-polymer hybrids have attractive features as candidates for 

novel bone substitutes because they may show bone-bonding ability and mechanical 

performances derived from the organic substrate. As a method for fabrication of such a 

hybrid, Kokubo et al. proposed biomimetic process that induces hydroxyapatite 

formation on the surfaces of organic substrates at ambient conditions in a simulated 

body fluid (SBF) with ion concentrations similar to those of human extracellular fluid, 

or related solutions supersaturated with respect to the apatite [1,2]. In this process, 

apatite nucleation is induced by a local increase in concentrations of calcium and 

silicate ions around the surface of the substrates due to dissolution of a bioactive glass 

placed in the vicinity of the substrate under SBF conditions. Locally increased 

concentration of silicate ions produced heterogeneous nucleation sites for 

hydroxyapatite because heterogeneous nucleation of apatite can be triggered by specific 

functional groups, including -SiOH groups [3,4] and release of calcium ions (Ca2+) from 

the materials accelerates apatite nucleation by an increase in the degree of 

supersaturation of the fluid with respect to apatite [5]. It was reported that carboxyl 

(-COOH) group is effective in apatite nucleation under biomimetic conditions [6]. 

Miyazaki et al. reported that polyamide films containing carboxyl (-COOH) groups can 

deposit hydroxyapatite on their surfaces after exposure to 1.5SBF with ion 

concentrations 1.5 times those of SBF, when they contain calcium chloride [7]. In 

Chapter 1, it was revealed that sulfonic groups (-SO3H) are effective for apatite 

nucleation under the biomimetic condition as well. In contrast, it has been revealed that 

silanol groups are highly effective for induction of hydroxyapatite formation, according 

to reported studies of silica gels [3,4]. Recently, modification of organic polymer with 
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silanol groups in combination with calcium salts was attempted to achieve bioactivity 

and flexibility. Actually, organically modified silicates and related hybrids can acquire 

deposits of bone-like apatite after soaking in SBF [8-12]. Therefore, modification of 

aromatic polyamide with silanol groups is expected to enhance hydroxyapatite 

formation in a biomimetic solution. However, how modification with silanol groups 

influences ability of hydroxyapatite formation on the polymer substrate and adhesive 

strength between polymer and hydroxyapatite is not yet known. In this chapter, 

polyamide containing carboxyl groups was modified with silanol groups and calcium 

chloride. Its hydroxyapatite-forming ability was investigated in 1.5SBF and compared 

with polyamide containing unmodified carboxyl groups. 

 

2.2. Experimental 

2.2.1. Preparation of polyamide films containing silanol groups 

One gram of aromatic polyamide containing -COOH in the polymer molecule, 

as shown in Figure 2-1 [13], was dissolved in 10 mL of N,N-dimethylacetamide (Wako 

Pure Chemical Industries Ltd., Japan). 3-aminopropyltriethoxysilane (APES: Chisso Co. 

Ltd., Japan), 1-ethyl-3-(3-dimethyl-aminopropyl)-carbodiimide (EDC·HCl: Peptide 

Institute Inc., Japan), 1-hydroxysuccinimide (HOSu: Peptide Institute Inc., Japan) and 

N,N-diisopropylethylamine (DIPEA: Applied Biosystems Japan Ltd., Japan) were 

added into the solution under the feed conditions listed in Table 2-1 to obtain polyamide 

Si(x). ‘x’ indicates the number of silicon atoms included in fed APES to two amide 

bonds (x = 0, 0.25 and 0.5). The structural formula is given in Figure 2-1. A 40 mass% 

of CaCl2 (Nacalai Tesque Inc., Japan) against the (polyamide + CaCl2) was then added 

to the solution. The solution was stirred for 24 h, and then coated on flat glass plates 

with a bar coater. The solution coated on the glass plate was kept for drying in a vacuum 

oven at 60°C under 133 Pa for 8 h. The obtained polymer films were removed from the 

glass plates and cut into 10 mm × 10 mm specimens. 
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2.2.2. Soaking in 1.5SBF 

The obtained films were then soaked in 30 mL of 1.5SBF (Na+ 213.0, K+ 7.5, 

Mg2+ 2.3, Ca2+ 3.8, Cl- 221.7, HCO3
- 6.3, HPO4

2- 1.5, and SO4
2- 0.8 mol·m-3, pH 7.40) at 

36.5°C for various periods. The solution was prepared by dissolving reagent grade 

chemicals of NaCl, NaHCO3, KCl, K2HPO4·3H2O, MgCl2·6H2O, CaCl2, and Na2SO4 

(Nacalai Tesque Inc., Japan) in ultrapure water [2,14]. The pH of the solution was 

buffered at 7.40 using 75 mol·m-3 of tris(hydroxymethyl)aminomethane (Nacalai Tesque 

Inc., Japan) along with an appropriate volume of 1 kmol·m-3 hydrochloric acid solution. 

The temperature of the solution was kept at 36.5°C. After soaking for given periods, the 

films were taken out from the solution, washed with ultrapure water, and then dried at 

room temperature. 

 

2.2.3. Characterization 

The surfaces of the films were characterized by scanning electron microscopy 

(SEM: S-3500N, Hitachi, Ltd., Japan), energy dispersive X-ray (EDX: EMAX 

ENERGY EX-400, Horiba, Ltd., Japan) spectroscopic analysis and thin-film X-ray 

diffraction (TF-XRD: MXP3V, MAC Science Co., Ltd., Japan), before and after soaking 

in 1.5SBF. In the SEM observations, a thin Au film was sputtered onto the surface of the 

specimen. In the TF-XRD measurements, the angle of the incident beam was fixed at 1° 

against the surface of the specimen. Morphological observation at higher magnification 

was conducted for typical specimens under field emission scanning electron microscope 

(FE-SEM: S-4800N Hitachi Ltd., Japan). The interface between Si(0) film and the 

hydroxyapatite formed on the film after soaking in 1.5SBF was observed using a 

transmission electron microscope (TEM; JEM2010, JEOL Ltd., Japan). 

 

2.3. Results 
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Figure 2-2 shows TF-XRD patterns of the surfaces of Si(x) (x = 0, 0.25 and 

0.5) before and after soaking in 1.5SBF for various periods. Diffraction peaks assigned 

to apatite were detected in each specimen after soaking for 2 days. The tendency of the 

apatite formation on the polyamide film after exposure to 1.5SBF is summarized in 

Table 2-2, on the basis of the results of TF-XRD. Even when apatite was not detected by 

TF-XRD, the films containing silanol groups looked opaque after soaking in 1.5SBF 

even for 1 day. This result suggests that hydroxyapatite had been formed on the films 

containing silanol groups even after 1 day of soaking in 1.5SBF. Figure 2-3 shows SEM 

photographs of the surfaces of Si(x) (x = 0, 0.25 and 0.5) before and after soaking in 

1.5SBF for various periods. Spherical particles were found to deposit on the surface for 

Si(0.25) and Si(0.5) within 12 h, whereas this took 2 days for Si(0). The tendency of the 

adhesive strength of the hydroxyapatite layer on the polyamide film to decrease with 

increased content of Si was suggested because the layer was easily peeled off under 

SEM. Figure 2-4 shows EDX spectra of the surfaces of Si(x) (x = 0, 0.25 and 0.5) 

before and after soaking in 1.5SBF for various periods. Peaks assigned to calcium and 

phosphorus were detected in the spectra of Si(0.25) and Si(0.5) within 12 h, while this 

took 2 days for Si(0). These data indicate that calcium phosphate (implying apatite) was 

formed on the surfaces of Si(0.25) and Si(0.5) within 12 h, and 2 days for Si(0). No 

peak assigned to apatite was detected in TF-XRD patterns of Si(0.25) and Si(0.5) after 

soaking 12 h despite of the existence of calcium and phosphorus. The particles initially 

precipitated on the film might have low crystallinity or their amount might be too small 

to be detected by TF-XRD. It can be seen from the SEM photographs and EDX spectra 

that the rate of apatite formation increases with increasing silanol group content in the 

polyamide films. Figure 2-5 shows morphology of the deposited particles on Si(0), 

Si(0.25) and Si(0.5) films after soaking in 1.5SBF for 2 days, at higher magnification 

under FE-SEM. This morphology was very similar to that of the deposited 

hydroxyapatite on a substrate through biomimetic processing utilizing SBF [2] and their 
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appearance is similar. This means that the bone-like apatite layer formed on the 

polyamide film containing silanol groups as well as carboxyl groups, and the 

morphology is similar independent of the kind of functional groups and silanol group 

content. Figure 2-6 shows the TEM image of the interface between Si(0) film and 

hydroxyapatite formed on the film after soaking in 1.5SBF for 7 days. It was observed 

that nano-sized fibers are intricately intertwined into Si(0) film, as shown in an area 

surrounded by a dotted frame. 

 

2.4. Discussion 

It is apparent from the results described above that polyamide containing 

silanol groups showed a high capacity for hydroxyapatite formation on its surface when 

it contained calcium chloride, and its hydroxyapatite-forming ability appears greater 

than that of carboxyl groups. These results indicate that silanol groups could accelerate 

the hydroxyapatiteformation. Substitution of carboxyl groups with silanol groups 

enhanced the heterogeneous nucleation on the surface of the polyamide. This means that 

modification with silanol groups caused increasing numbers of sites for heterogeneous 

nucleation of apatite on the surface of polyamide films. However, the deposited 

hydroxyapatite was more easily peeled off from Si(0.5) film than Si(0.25), especially 

the films soaked for 1 and 2 days, as seen in Figure 2-2. In contrast, hydroxyapatite 

deposited on Si(0) had hardly peeled off from the film. The adhesion strength between 

the deposited hydroxyapatite and polyamide film also depends on the types of the 

functional groups in the polyamide films. It is assumed that silanol groups show higher 

potential in induction of apatite nucleation than carboxyl groups in 1.5SBF. Almost 99% 

of carboxyl groups dissociate to be -COO-, while 0.4 % of silanol groups dissociate to 

be -Si(OH)2O- at pH 7.4. Almost no dissociation to -Si(OH)(O-)2, and -Si(O-)3 occurs in 

such a solution. From this assumption, modification of carboxyl groups with silanol 

groups makes access of the groups by calcium ions difficult. On the other hand, calcium 
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ions can be easily adsorbed to silanol groups to form Si-O-Ca bonds [15]. The 

electronegativity of silicon is lower than that of carbon. This may enable calcium ions to 

access near lone pairs of oxygen atoms in silanol groups in a dipole interaction. 

Moreover, one APES molecule consumes one carboxyl group and then provides three 

silanol groups. The modification of polyamide with APES increases the total content of 

functional groups. One unit of the silanol groups possesses six lone electron-pairs, while 

one carboxyl group has five in physiological conditions. This may also have contributed 

to easier access of calcium ions to the integrated silanol groups than that to carboxyl 

groups. Thus -SiOH groups react with calcium ions around pH 7 as shown the formulae 

below, 

 2(−SiOH )+ Ca2+ → (−SiO)2 Ca + 2H +  
+++ +−→+− HCaSiOCaSiOH )()( 2  

or 

 x(−SiOδ −H) + Ca2+ → (−SiOH)x Ca2+ 

to form silicate complexes and then these complexes induce nuclei of apatite.  

There appeared lower adhesive strength of the hydroxyapatite layer with 

polymer substrate containing silanol groups than that with polymer substrate containing 

carboxyl groups. The weak strength may be attributed to less interaction between the 

functional groups and Ca2+ ions. It is therefore assumed that the formation of 

(-SiOH)xCa2+ complex at the nucleation stage. A possible explanation is that increasing 

content of –SiOH causes the polyamide to swell readily in 1.5SBF and to show a high 

degree of shrinkage after drying, resulting in low adhesion of the film surface to 

hydroxyapatite. Therefore, the adhesive strength seems to be governed not only by a 

chemical interaction of functional groups with Ca2+, but also by the mechanical property 

of the polyamide film itself. Actually, from the observation of the cross-section between 

a polyamide film containing carboxyl groups and hydroxyapatite formed on the film 

surface by TEM observation, the interface was found to be constructed by an 
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intertwining structure (see Figure 2-6). These factors are assumed to act together to 

form an hydroxyapatite layer with high adhesion strength against the surface of the 

polyamide. These findings show well that modification of organic polymers with the 

functional groups induces hydroxyapatite deposition, and also determines the adhesive 

strength of hydroxyapatite layer to the organic substrates. 

 

2.5. Conclusions 

Hydroxyapatite formation on aromatic polyamides was accelerated by 

modification with silanol groups. Modification of polyamide film with silanol groups 

accelerates the rate of apatite nucleation but decrease the adhesive strength of the 

formed hydroxyapatite layer with the substrates. Appropriate amount of silanol groups 

and calcium chloride can lead to fabrication of a new hydroxyapatite-polymer hybrid 

under biomimetic process using physiological solutions. 
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Figure 2-1.  Modification of C(0.5) with APES to synthesize Si(x). 
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Table 2-1  Reagents used to synthesize polyamides containing -SiOH groups 
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Figure 2-2(a).  TF-XRD patterns of surfaces of Si(0) films before and after soaking in 

1.5SBF for various periods.
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Figure 2-2(b).  TF-XRD patterns of surfaces of Si(0.25) films before and after soaking 

in 1.5SBF for various periods.
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Figure 2-2(c).  TF-XRD patterns of surfaces of Si(0.5) films before and after soaking 

in 1.5SBF for various periods. 
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Table 2-2  Tendency of apatite formation evaluated by TF-XRD 
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Figure 2-3(a).  SEM images of surfaces of Si(0) films before and after soaking in 

1.5SBF for various periods.
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Figure 2-3(b).  SEM images of surfaces of Si(0.25) films before and after soaking in 

1.5SBF for various periods.
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Figure 2-3(c).  SEM images of surfaces of Si(0.5) films before and after soaking in 

1.5SBF for various periods.
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Figure 2-4(a).  EDX spectra of Si(0) films before and after soaking in 1.5SBF for 

various periods. 
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Figure 2-4(b).  EDX spectra of Si(0.25) films before and after soaking in 1.5SBF for 

various periods. 
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Figure 2-4(c).  EDX spectra of Si(0.5) films before and after soaking in 1.5SBF for 

various periods. 
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Figure 2-5.  FE-SEM images of surfaces of Si(0), Si(0.25) and Si(0.5) films after 

soaking in 1.5SBF for 2 days.  
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Figure 2-6.  TEM image of interface between Si(0) film and apatite formed on the film 

after soaking in 1.5SBF for 7 days.  
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Chapter 3: Comparative study of induction of nucleation, crystal growth and 

adhesive strength of hydroxyapatite formed on polyamide films with 

different functional groups 

 

3.1. Introduction 

 Hydroxyapatite-polymer hybrids have attractive features as a candidate for 

novel bone substitutes because they may show bone-bonding ability and mechanical 

performances derived from organic substrate. As a method for fabrication of such a 

hybrid, Kokubo et al. proposed biomimetic process that induces the hydroxyapatite 

formation on the surfaces of organic substrates at ambient conditions in a simulated 

body fluid (SBF) with ion concentrations similar to those of human extracellular fluid, 

or related solutions supersaturated with respect to apatite [1]. In this process, 

heterogeneous nucleation of apatite is triggered by specific functional groups [2-4]. This 

nucleation of apatite is enhanced by release of calcium ions (Ca2+) from the materials, 

which increases degree of supersaturation of surrounding fluid with respect to apatite 

[5,6]. Miyazaki et al. reported that polyamide films containing carboxyl (-COOH) 

groups deposit hydroxyapatite on their surfaces after exposure to 1.5SBF with ion 

concentrations 1.5 times those of SBF, when they contain calcium chloride [7]. In 

Chapters 1 and 2, it is shown that modification of aromatic polyamide with sulfonic 

(-SO3H) or silanol (-SiOH) groups also enhance heterogeneous nucleation of apatite on 

the polymer substrates in a solution that mimics body environment, i.e. in 1.5SBF. To 

understand the fundamental phenomena through an induction of hydroxyapatite 

formation by certain kinds of functional groups, a comparative study among these 

functional groups is informative. To compare the nucleation and crystal growth process 

of the hydroxyapatite on the polymer substrates, aromatic polyamides containing 

carboxyl groups or sulfonic groups are examined in this chapter because hydroxyapatite 

can be coated on these polyamide films with enough adhesive strength to be 
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experimentally evaluated. Preliminary evaluation of the adhesive strength of 

hydroxyapatite layer formed on some types of polyamide films showed that the 

adhesive strength of hydroxyapatite layer on the films modified with silanol groups and 

phosphate groups was not high enough to be examined on the comparison, unfortunately. 

Therefore, induction period of hydroxyapatite formation, the rate of crystal growth, and 

adhesive strength were compared using the polyamide films containing carboxyl or 

sulfonic groups in 1.5SBF. 

 

3.2. Experimental 

3.2.1. Preparation of polyamide film 

 One gram of aromatic polyamide, containing carboxyl groups (C(0.5)) or 

sulfonic groups (S(0.5)), as shown in Figure 3-1 [8], was dissolved in 10 mL of 

N,N-dimetylacetamide (Wako Pure Chemical Industries Ltd., Japan) together with 0.67 

g of CaCl2 (Nacalai Tesque Inc., Japan). The mixture was stirred for 24 h to obtain a 

homogenous solution. The solution was coated on a glass plate by a bar coater and dried 

under 133 Pa at 60°C for 8 h to obtain a film. The formed film was removed from the 

glass plate and cut into specimens 10 mm × 10 mm in size.  

 

3.2.2. Soaking in 1.5SBF    

 The film was soaked in 30 mL of 1.5SBF (Na+ 213.0, K+ 7.5, Mg2+ 2.3, Ca2+ 

3.8, Cl- 221.7, HCO3
- 6.3, HPO4

2- 1.5, and SO4
2- 0.8 mol·m-3, pH7.40), whose ion 

concentrations are 1.5 times of those of a simulated body fluid (SBF) [1,9], for various 

periods under shaking at 120 strokes·min-1 (3 cm in stroke length) using a water bath 

shaker (Personal Lt-10F, TITEC, Japan) at 36.5°C. After soaking for a given period, the 

film was taken out from the solution and gently washed with ultrapure water. 

 

3.2.3. Measurement of amount of hydroxyapatite formed on film and residual 
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components in 1.5SBF 

 The weight of the hydroxyapatite formed on the film was measured. This was 

calculated by the differences between the total weight of the film after soaking in 

1.5SBF and that of the film soaked in ultrapure water for 2 h. This operation was 

applied to obtain the weight of pure polyamide film since CaCl2 incorporated into the 

film can be removed completely by soaking it in ultrapure water for 2 h. Both the 

specimens after soaking in 1.5SBF and ultrapure water were dried for 24 h under 

ambient conditions. 

 The concentration of calcium (Ca) and phosphorus (P) in the solutions after 

soaking of the films were determined by induced coupled plasma (ICP; Optima 2000DV, 

PerkinElmer Japan Co., Ltd., Japan) atomic emission spectroscopy. The calibration lines 

were plotted with solutions diluted from a calcium standard solution (1000 ppm, Wako 

Pure Chemical Industries Ltd., Japan) for Ca and an aqueous solution of KH2PO4 (Wako 

Pure Chemical Industries Ltd., Japan) for P, respectively. Peaks at 317.933 nm and 

213.617 nm were detected for Ca and P respectively. pH of the solutions were measured 

using pH meter (pH/Ion Meter, Horiba Ltd., Japan). 

 

3.2.4. Scratch test of hydroxyapatite coating polyamide film 

Films with 0.5 mg·cm-2 of hydroxyapatite were selected to examine the 

adhesive strength of hydroxyapatite. Firstly, a needle which had a spherical sapphire (50 

µm in diameter) was equipped on a scratch testing machine (TYPE 18L, Shinto Kagaku, 

Co. Ltd., Japan), and touched on the surface of the film. Then load of 0.5, 1.0 or 10 g 

weight was applied to the needle and the specimen was moved at the speed of 60 

cm/min. Morphology of the surface around the scratched area was observed by scanning 

electron microscope (FE-SEM: S-4800N Hitachi Ltd., Japan).  

 

3.3. Results 
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3.3.1. Amount of hydroxyapatite deposited on film and concentrations of components in 

1.5SBF 

Figure 3-2 shows changes in weight of hydroxyapatite deposited on the film 

after soaking in 1.5SBF. The weight of deposited hydroxyapatite increased with 

increasing the soaking period for each specimen. Figure 3-3 shows pH of 1.5SBF after 

soaking of the film. The pH value gradually decreased with increasing soaking period 

and access to around 7.25 for each specimen. Figure 3-4 shows concentration of Ca 

after soaking of the film in 1.5SBF. The concentration increased during initial 3 h 

soaking for each specimen. For C(0.5), the concentration was kept to initial 12 h and 

then it decreased with increasing the soaking period. On the contrary, the concentration 

decreased with increasing the soaking period after 6 h for S(0.5). Figure 3-5 shows 

concentration of P after soaking of the film in 1.5SBF. For C(0.5), the concentration did 

not change even after soaking for 12 h and then it decreased with increasing the soaking 

period. On the contrary, the concentration was held during initial 3 h soaking and then it 

decreased with increasing the soaking period for S(0.5). These results indicate that these 

films released calcium ions into 1.5SBF from themselves within 6 h, and that calcium, 

phosphate, and hydroxyl ions were gradually consumed to form hydroxyapatite on the 

surface of C(0.5) film at the period between 12 h and 18 h, whereas S(0.5) film between 

3 h and 6 h. 

 

3.3.2. Adhesive strength of hydroxyapatite formed on film 

Figure 3-6 shows FE-SEM images of the surfaces of C(0.5) and S(0.5) coated 

with hydroxyapatite around the scratched areas with different applied load. All the 

S(0.5) films coated with hydroxyapatite were torn from the region of polymer after 

given load was applied at 0.5, 1 and 10 g weight of load. On the contrary, no C(0.5) 

films coated with hydroxyapatite was observed to be torn and hydroxyapatite remained 

on the film after being scratched in the range of load between 0.5 and 10 g weight. 
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These results indicate that fracture toughness of S(0.5) film coated with hydroxyapatite 

is lower than that of C(0.5). 

 

3.4. Discussion 

3.4.1. Induction period of nucleation of apatite and its rate of crystal growth 

It is clear that the induction period of nucleation of apatite for S(0.5) film is 

shorter than that for C(0.5) film. Regression to decreasing curves was performed for 

both two specimens to estimate the induction periods of apatite nucleation of them. Here 

the estimated induction periods for apatite nucleation were supposed to be a time at the 

weight of deposited hydroxyapatite equal to zero. The induction periods from the 

calculation were 12.5 h and 4.8 h for C(0.5) and S(0.5), respectively. This difference in 

the period indicates that the polyamide film containing sulfonic (-SO3H) groups shows 

higher rate of apatite nucleation on the substrates than that containing carboxyl 

(-COOH) groups. A nucleation rate of crystals in a supersaturated solution at a 

temperature, T, is generally given by equation (1),  

 I = I0 exp(−∆G*

kT
)exp(−∆Gm

kT
)  (1) 

where ∆G* is the free energy for formation of an embryo of critical size, and ∆Gm is the 

activation energy for transport across the nucleus-solution interface. Among them, ∆Gm 

is independent of the polymer substrates. ∆G* is given by equation (2), 

∆G* =
16γ 3 f (θ)

3 kT
Vβ

ln IAP
K0

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

2  (2) 

where γ is interface energy between the nucleus and the solution, IAP is ionic activity 

product of the crystal in the solution, K0 is the value of IAP at equilibrium, i.e., 

solubility product of the crystal, f(θ) is a function of contact angle between the nucleus 

and the substrate, and Vβ is the molecular volume of the crystal phase. Among them, f(θ) 
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depends upon the substrate, and IAP/K0, a measure of the degree of supersaturation, also 

depends upon the substrate when the substrate releases Ca2+ ions of the crystal, while 

others are independent of the substrates. Therefore there are two major reasons for 

enhancement of an induction of heterogenous nucleation of apatite on the polymer 

substrates. One is initial release of Ca2+ ions from the polymer substrates to increase the 

degree of supersaturation (IAP/K0) with respect to apatite. The other is lower level of 

f(θ) that is generally given by equation (3), 

 f (θ) =
2 + cosθ( ) 1− cosθ( )2

4
 (3) 

Namely, f(θ) decreases with decreasing interface energy between the crystal of 

hydroxyapatite and substrates. Based on these parameters, S(0.5) has properties on rapid 

release of Ca2+ ions and/or a specific surface with lower interface energy against the 

hydroxyapatite crystals. The value of IAP can be estimated from the results of changes 

in Ca, P concentrations and pH (Figure 3-7) according to the method previously 

reported [6,10-12]. The increase in degree of the supersaturation for S(0.5) at 3 hours is 

as high as that for C(0.5), after the films are exposed to the 1.5SBF. Thus, the higher 

rate of the apatite nucleation on the surfaces of the S(0.5) can probably be attributed to 

lower interface energy than that of the C(0.5), due to the difference of the functional 

groups. Since the degree of negative charge of sulfonic group is estimated to be as high 

as that of carboxyl group in 1.5SBF at pH 7.4, the difference in the induction period of a 

nucleation of apatite between C(0.5) and S(0.5) is supposed generated by the difference 

in the concentration of lone electron-pairs per unit space, as discussed in Chapter 1, 

and/or by the difference in the equilibrium constant for formation of ion pair of calcium 

ion with an anionic group, as estimated and discussed in general introduction part and 

Chapter 1, respectively. This may have contributed to easier access of calcium ions to 

sulfonic groups than that to carboxyl groups. Easier association of sulfonic groups with 

calcium ions may lead to shortening the period for induction of nuclei of apatite than 
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that of carboxyl groups. 

 Rate of crystal growth was also compared between the polymer films 

containing sulfonic groups and carboxyl groups. It is reported that rate of crystal growth 

(R) is related to relative supersaturation (σ) of solution as shown in equation (4) [10], 

R = k·S·σ n          (4) 

 where k is the rate constant for crystal growth, S is a function of the total number of 

available growth sites, and n is the effective order of reaction. This relative 

supersaturation can be obtained from equation (5) [10], 

 σ =
IAP1 ν − KSO

1 ν( )
KSO

1 ν
 5 

where IAP means ionic activity product of the crystal in the supersaturated solution 

described above, KSO is the solubility product (= 5.5 x 10-118 for hydroxyapatite [13]), 

and ν is the number of ions in the molecule (= 18 for hydroxyapatite). IAP of 

hydroxyapatite can be obtained with concentrations of calcium, phosphate and hydroxyl 

ions [6,10-12]. From the data in Figures 3-3, 3-4 and 3-5, IAP and σ was introduced for 

each given period at which R was defined as tangent of weight increment curve derived 

from Figure 3-2. The logarithm of the rate of crystal growth (R) was plotted against the 

logarithm of relative supersaturation (σ) of solution in order to examine the value of n. 

Figure 3-8 shows the relationships between log R and log σ for C(0.5) and S(0.5). The 

log R increased with increasing log σ for each specimen, and this means rate of crystal 

growth of hydroxyapatite is dependent of supersaturation of the solution. In addition, 

plots for C(0.5) and S(0.5) showed similar tendency independent of the range of log σ. 

This implies that the rate of crystal growth is independent on the kind of functional 

groups on polymer substrate. Assuming that the values of k and S are constant 

throughout the hydroxyapatite formation, the log σ  log R plot indicates that the value of 

n is varied during the hydroxyapatite formation. The value of n calculated in the range 

of log σ between 1.12 and 1.30 was 2. The effective order of reaction (n) in the range 
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0<n<1.2, n~2, or n>2.5 indicates that the rate of controlling process is one of adsorption 

and/or mass transport, surface spiral, or polynucleation, respectively [14]. Therefore, it 

is considered that the hydroxyapatite crystal growth is controlled by surface spiral in 

this range. On the other hand, the value of n was 21 when it was calculated in the range 

of log σ between 1.05 and 1.10. This indicates that polynucleation controlled the 

hydroxyapatite crystal growth in this range. However, it is difficult to understand the 

situation that the process of the crystal growth is drastically changed in the continuous 

system. It is considered that the actual relative supersaturation near the sample is 

different from the relative supersaturation calculated from the concentrations of calcium, 

phosphate and hydroxyl ions. At the initial stage, calcium ions are released from the 

sample and increase the degree of supersaturation near the sample. On the other hand, 

calcium, phosphate and hydroxyl ions are consumed and the degree of supersaturation 

near the sample decreases at the later stage. Moreover, magnesium ions in 1.5SBF 

might have affected the hydroxyapatite crystal growth. It is known that magnesium ions 

inhibit the hydroxyapatite crystal growth [15]. When calcium, phosphate and hydroxyl 

ions are consumed, the relative concentration of magnesium ions increases against the 

constituents of hydroxyapatite. In this case, the rate of constant for crystal growth (k) 

might decrease even in the continuous system.  

Once the nuclei of apatite formed, rate of crystal growth is independent of the 

functional groups in the polymers, but is governed by relative supersaturation of the 

surrounding fluid.  

 

3.4.2. Adhesive strength of the hydroxyapatite layer with the substrates 

 Adhesive strength of hydroxyapatite layer with S(0.5) film was distinctly 

lower than that of C(0.5). Adhesive strength is governed not only by chemical 

interaction between the hydroxyapatite crystals and polymer, but also by mechanical 

interlocking at the interface. The equilibrium constants for complex formation between 
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Ca2+ and typical anions at 25°C are listed on Table 6 in general introduction part [16]. 

Higher rate on complex formation with Ca2+ may bring higher binding of 

hydroxyapatite with the polymer. From this point of view, carboxyl groups show higher 

affinity with Ca2+ than sulfonic groups. On the other hand, the mechanical interlocking 

of the hydroxyapatite crystals with polymer substrate (Figure 2-6 in Chapter 2) gives 

higher strength of the adhesion. In such a case, the mechanical strength of the polymer 

substrates would govern the adhesive strength because breakage happens inside the 

substrates themselves. In the case of S(0.5), the mechanical strength of the film is 

considered to govern the adhesive strength of hydroxyapatite. The increase in the 

content of –SO3H causes the polyamide to swell easily in 1.5SBF and to show high 

degree of shrinkage after drying. Moreover, the molecular weight of S(0.5) is smaller 

than C(0.5), and this may also cause lower mechanical strength of S(0.5) than that of 

C(0.5). The reduced viscosities of C(0.5) and S(0.5) were 1.38 and 0.75, respectively, 

when the polyamides were dissolved at a concentration 0.5 g/dL in NMP at 30°C. This 

means that the average molecular weight of C(0.5) is larger than that of S(0.5). 

Therefore, S(0.5) is easily broken when a relatively high load was applied to the 

specimen. On the other hand, C(0.5) film shows both high chemical interaction with the 

hydroxyapatite crystals and enough mechanical strength, and hence achieve the high 

adhesive strength between the hydroxyapatite layer and substrate. 

 

3.5. Conclusions 

 Induction period of nucleation of apatite was shorter for S(0.5) film than that 

for C(0.5). Rate of crystal growth of hydroxyapatite was not dependent on the kind of 

functional groups but dependent on the degree of supersaturation of the surrounding 

solution in which crystal is growing. Mechanical strength of polymer coated with 

hydroxyapatite was lower for S(0.5) than that for C(0.5) according to not only by 

chemical interaction but also by the mechanical property of the polyamide film itself. 
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Figure 3-1.  Structural formulae of C(0.5) and S(0.5).
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Figure 3-2.  Changes in weight of apatite deposited on C(0.5) and S(0.5) films after 

soaking in 1.5SBF.
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Figure 3-3.  Changes in pH of 1.5SBF due to soaking of C(0.5) and S(0.5) films.
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Figure 3-4.  Changes in residual concentration of Ca in 1.5SBF due to soaking of 

C(0.5) and S(0.5) films.
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Figure 3-5.  Changes in residual concentration of P in 1.5SBF due to soaking of C(0.5) 

and S(0.5) films. 
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Figure 3-6.  FE-SEM images of surfaces of C(0.5) and S(0.5) films around area 

scratched with different applied load. 
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Figure 3-7.  Changes in ionic activity product (IAP) in 1.5SBF due to soaking of 

C(0.5) and S(0.5) films.
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Figure 3-8.  Relationships between relative supersaturation of soaking solution and rate 

of crystal growth of apatite. 
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Chapter 4: Adsorption of formaldehyde onto hydroxyapatite deposited polyamide 

film 

 

4.1. Introduction 

Some harmful volatile organic compounds (VOCs) have been used as a 

component of coating or adhesive agents for building materials [1]. Prominent among 

these is formaldehyde, which irritates the respiratory system and has been widely used 

in the past. Such harmfulness leads to a problem known as the “Sick house syndrome.” 

Hydroxyapatite is of considerable interest as an adsorbent for removal of harmful 

pollutants since it shows an ability to adsorb organic substances [2-6]. When using 

hydroxyapatite as a device for removal of a pollutant, such as formaldehyde, coating of 

hydroxyapatite is required to achieve efficient adsorption of the target organic 

substances from the surrounding environment. An organic polymer with hydroxyapatite 

coated on its surface would be a useful countermeasure against the pollutants since it 

can be designed in any shape without losing its activity. Some studies have been 

reported where biomimetic processing, using a simulated body fluid and its related 

solutions [7-9], was used to fabricate a coating of hydroxyapatite on an organic 

substrate. Miyazaki et al. successfully coated a hydroxyapatite layer on an aromatic 

polyamide film containing carboxyl groups and calcium chloride through immersion in 

a solution called 1.5SBF that has 1.5 times the ionic concentration of inorganic species 

to those of human blood plasma [10]. In this process, nano-sized hydroxyapatite 

particles with low crystallinity can precipitate on the polymer substrates. In Chapters 1, 

2, and 3, it was revealed that hydroxyapatite layer consisting of nano-sized particles was 

deposited on the polyamide films containing calcium chloride after exposure to a 

solution mimicking body fluid (1.5SBF). From comparisons of the modification with 

different kinds of functional groups including carboxyl groups, sulfonic groups and 

silanol groups, modification of carboxyl groups can provides highest adhesive strength 
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among them, although the rate of hydroxyapatite formation was lowest among the three 

types of functional groups. Hydroxyapatite layers formed in this way may be very 

effective as an adsorbent of formaldehyde, but nothing has been reported. In this chapter, 

the capability of hydroxyapatite biomimetically deposited on a polyamide film was 

evaluated for the application as an adsorbent of formaldehyde.  

 

4.2. Experimental 

4.2.1. Preparation of polyamide film coated with hydroxyapatite 

One gram of the aromatic polyamide, containing carboxyl groups C(50) as 

shown in Figure 4-1 [11], was dissolved in 10 mL of N,N-dimetylacetamide (Wako Pure 

Chemical Industries Ltd., Japan) together with 0.67 g of CaCl2 (Nacalai Tesque Inc., 

Japan). The mixture was stirred for 24 h to obtain a homogenous solution. The solution 

was coated on a glass plate using a bar coater and dried under 133 Pa at 60°C for 8 h to 

obtain a film. The formed film was removed from the glass plate and cut into pieces 30 

mm × 30 mm in size. The thickness of the obtained film was between 12 and 18 µm. 

The film was soaked in 270 mL of 1.5SBF (Na+ 213.0, K+ 7.5, Mg2+ 2.3, Ca2+ 3.8, Cl- 

221.7, HCO3
- 6.3, HPO4

2- 1.5, and SO4
2- 0.8 mol·m-3), which had ion concentrations 1.5 

times of those of a simulated body fluid (SBF) [7,12], for various periods under shaking 

at 120 strokes·min-1 (3 cm in stroke length) using a water bath shaker (Personal Lt-10F, 

TITEC, Japan) at 36.5°C. The pH of 1.5SBF was buffered at 7.40. The 1.5SBF was 

renewed daily. After soaking for a given period, the film was taken out of the solution, 

gently washed with ultrapure water and dried in air for 24 h. The weight of the film was 

measured. The weight of the formed hydroxyapatite was calculated by the difference 

between the total weight of the film after soaking in 1.5SBF and that of the film soaked 

in ultrapure water for 2 h. This operation was applied to obtain the weight of pure 

polyamide film since CaCl2 incorporated into the film can be removed completely by 

soaking it in ultrapure water for 2 h. Both the specimens after soaking in 1.5SBF and 
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ultrapure water were dried for 24 h under ambient conditions. The film was 

characterized by thin film X-ray diffraction (TF-XRD; RINT2200V/PC-LR, Rigaku Co., 

Japan) and scanning electron microscopy (SEM; S-3500N, Hitachi Ltd., Japan). In the 

SEM observations, an Au thin film was sputtered onto the surfaces of the specimens. 

 

4.2.2. Testing the adsorption of formaldehyde 

Formaldehyde gas was prepared by stirring 1 mL of 37% formaldehyde 

solution (Wako Pure Chemical Industries Ltd., Japan) in 500 mL of glass bottle at 23°C 

for 24 h. A piece of polyamide film, 30 mm × 30 mm in size and coated with 

hydroxyapatite, was put into a Tedlar® bag (SANSYO Co., Ltd., Japan). Three liters of 

highly pure N2 gas (purity >99.999 vol%) and gaseous formaldehyde was then injected 

into the bag. The initial concentration of formaldehyde was adjusted by collecting an 

appropriate volume of the formaldehyde gas. After holding the specimen in the bag for 

0.5, 1, 2 and 6 h, the concentration of formaldehyde in the bag was examined by a 

detecting tube (No. 91L, GASTEC, Japan). The ability to adsorb formaldehyde of a 

commercial calcined hydroxyapatite powder (Wako Pure Chemical Industries Ltd., 

Japan) and an activated charcoal from coconut shell (Nacalai Tesque Inc., Japan) were 

also tested, as comparable materials, by the method described above. 

 

4.2.3. Morphological observation and measurement of specific surface area 

 Morphological observation at high magnification was carried out for typical 

specimens using a field emission scanning electron microscope (FE-SEM; S-4800N 

Hitachi Ltd., Japan). Measurement of specific surface area was carried out by automatic 

vapor adsorption (BELSORP-18SP FMS-LP-100, BEL JAPAN, Inc., Japan). The 

specific surface areas of examined specimens were determined from N2 adsorption 

isotherms at 77 K under 0-0.4 relative pressure (equilibrium pressure to saturation 

pressure) range using the BET equation. 
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4.3. Results 

4.3.1. Characterization of apatite deposited on polyamide film 

Figures 4-2, 4-3 and 4-4 show TF-XRD patterns, SEM photographs and EDX 

spectra of the surfaces of polyamide films before and after soaking in 1.5SBF for 1, 2 

and 3 days. Peaks at 2θ = 26° and 32°, which are assigned to apatite, were absent before 

soaking and increased in magnitude with the time of soaking (Figure 4-2). Spherical 

particles were observed adhering to the film surface after soaking in 1.5SBF (Figure 

4-3). Peaks assigned to Ca and P were detected on the film surfaces after soaking in 

1.5SBF on Figure 4-4. These results confirm that hydroxyapatite deposits on the surface 

of polyamide film within 1 day and it grows with increasing soaking period. Table 4-1 

gives the amount of deposited hydroxyapatite per unit area after soaking in 1.5SBF for 

various periods. The amount of the deposited hydroxyapatite increased with increasing 

soaking period. 

 

4.3.2. Removal of formaldehyde by hydroxyapatite on polyamide film 

Figure 4-5 shows changes in the concentrations of residual formaldehyde 

after exposure to formaldehyde of various amounts of hydroxyapatite deposited on 

polyamides. Films with deposits of 0, 0.11, 0.28, 0.61 and 1.08 mg·cm-2 of 

hydroxyapatite were selected for this examination. Samples labeled as blank and 0 mg 

are blanks: the former was a procedural blank (nothing in the bag) and the latter had 

only the pure polyamide film in the bag. The concentration of residual formaldehyde 

decreased with increasing amount of hydroxyapatite up to the specimens with 0.61 

mg·cm-2 of hydroxyapatite. The adsorption of formaldehyde on the specimen with 1.08 

mg·cm-2 was similar to that with 0.61 mg·cm-2. This result indicates that the total 

amount of adsorbed formaldehyde and the rate of its adsorption depend on the amount 

of hydroxyapatite deposited on the polyamide films while they are saturated at 0.61 
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mg·cm-2. 

 

4.3.3. Comparison of hydroxyapatite deposited on polyamide film with other materials 

 Figure 4-6 shows changes in the concentrations of residual formaldehyde 

after exposure of a commercial hydroxyapatite powder and a charcoal activated from 

coconut shell to formaldehyde for various periods, in comparison with hydroxyapatite 

deposited on polyamide at 0.61 mg·cm-2. The weight of these specimens was 20 mg. A 

decrease in concentration of formaldehyde was seen for every specimen, while the total 

amount and the rate of adsorption of formaldehyde were larger for hydroxyapatite on 

polyamide than those for the other specimens.  

 Figures 4-7 and 4-8 show changes in concentration of residual formaldehyde 

after exposure of hydroxyapatite deposited on polyamide at 0.61 mg·cm-2 and the 

commercial hydroxyapatite powder to formaldehyde with various initial concentrations, 

respectively. These figures are utilized in the following. When an adsorption isotherm is 

categorized as a Langmuir type, the amount of adsorbate (N) is represented as a function 

of the equilibrium pressure of adsorbate (p) as shown below (equation (1)). 

 N = A·K·p/(1+K·p)        (1) 

In this equation, A and K are constants which indicate the total amount of surface sites 

for adsorption of formaldehyde and the ratio of the rate constants of adsorption to 

desorption, respectively. Figure 4-9 shows relationship between equilibrium 

concentration and amount of adsorbed formaldehyde for hydroxyapatite deposited on 

polyamide at 0.61 mg·cm-2 and the commercial hydroxyapatite powder. Every point was 

plotted by calculating the equilibrium pressure of formaldehyde and the total 

consumption of formaldehyde after exposure to formaldehyde at different initial 

concentrations. The equilibrium concentration was estimated by the regression of the 

curve of decreasing formaldehyde concentration shown in Figures 4-7 and 4-8. The 

amount of adsorbed formaldehyde was determined from the difference between the 
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initial concentration and the residual concentration estimated above, per unit weight of 

hydroxyapatite. Equation (1) can be rearranged into the following form (equation (2)). 

p/N = p/A+1/(A·K)          (2) 

From this Langmuir plot, the constants A and K can be obtained. Figure 4-10 shows 

Langmuir plot of adsorption isotherms of formaldehyde at 296 K in the two cases where 

hydroxyapatite deposited on polyamide at 0.61 mg·cm-2 and the commercial 

hydroxyapatite powder were adsorbents. The equilibrium pressure was calculated from 

the residual concentration of formaldehyde, which was estimated by the regression of 

decreasing curve of the formaldehyde concentration. Both these plots were linear. The 

constants A and K were obtained from the Langmuir plots, and the values are shown in 

Table 4-2. 

 Figure 4-11 shows FE-SEM photographs of the hydroxyapatite deposited on 

polyamide after soaking in 1.5SBF for 2 days and commercial hydroxyapatite powder at 

high magnification. The hydroxyapatite deposited on the polyamide film formed 

nano-sized particles which were observed to aggregate and form a porous network, 

while the commercial hydroxyapatite powder was formed of hexagonal crystal rods 

which grew along the c-axis to be a few micrometers in length. The commercial 

hydroxyapatite powder is a calcined powder with higher crystallinity determined by its 

powder X-ray diffraction pattern (Figure 4-12). From N2 adsorption method, the specific 

surface areas of hydroxyapatite deposited on polyamide and powdered hydroxyapatite 

were calculated to be 226 and 7 m2·g-1, respectively. These results show that the 

hydroxyapatite with larger surface areas can be formed by the biomimetic process than 

by calcinations. Although the activated charcoal had a much larger specific surface area 

(891 m2·g-1) than the hydroxyapatite deposited on polyamide film, it showed lower 

adsorption ability.  

 

4.4. Discussion 
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Assuming that hydroxyapatite is composed of spherical particles, their 

particle sizes were calculated from the specific surface area obtained by N2 BET method. 

Moreover, their crystallite sizes were also calculated from the peak width on X-ray 

diffraction patterns, according to Sherrer’s equation. Table 4-3 summarized their particle 

sizes obtained from the above calculations and the FE-SEM observation. The values 

obtained from X-ray diffraction were quite different from the FE-SEM observation. This 

is because the crystal size of the calcined hydroxyapatite powder exceeds 200 nm, 

which is the limit size to apply Sherrer’s equation. Moreover, the value of 

hydroxyapatite on polyamide is not reliable since Sherrer’s equation is not suitable to 

apply to the crystal with low crystallinity. The crystallite sizes obtained from N2 

adsorption are comparable to the size of particles observed under FE-SEM at higher 

magnification. For calcined hydroxyapatite powder, this value is almost consistent with 

that calculated by N2 adsorption examination, while the value differs eight times 

depending on the adsorbent for hydroxyapatite on polyamide. This difference may be 

attributed to existence of micropores or roughness of the surface. The higher surface 

area of the deposited particles on the polyamide films is attributed to nano-size 

hydroxyapatite particles that coagulated to form a continuous layer as seen on Figure 

4-11. 

 The amount of formaldehyde adsorbed was larger for hydroxyapatite 

deposited on polyamide film than for the commercial hydroxyapatite powder, that is 

calcined powder. The Langmuir plots of formaldehyde at 296 K for hydroxyapatite on 

polyamide and calcined powder were linear, indicating that formaldehyde is adsorbed 

on the surface of hydroxyapatite as a monolayer within the examined range of the 

concentration of formaldehyde.  

 Both the constants A and K of hydroxyapatite on polyamide are much larger 

than those of calcined powder. The large A value of hydroxyapatite on polyamide is due 

to the large surface area. The large K value is due to high affinity to formaldehyde since 
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hydroxyapatite formed on polyamide shows low crystallinity and has many defects [13]. 

When the hydroxyapatite has many defects, its surface is so unstable that the chemical 

reactivity of activated sites might be enhanced, resulting in an easy reaction with an 

adsorbent and also in difficulty of desorption. To be specific, electrostatic or dipolar 

interactions between formaldehyde molecules and vacancies where calcium ions or 

hydroxyl ions should have existed are stronger for the hydroxyapatite with many defects 

than that with no defect in the structure. On the other hand, the examined activated 

charcoal shows less ability to adsorb formaldehyde than that of hydroxyapatite on 

polyamide. The activated charcoal had larger specific surface area than hydroxyapatite 

samples. The number of active sites for adsorption of formaldehyde should be quite 

smaller than that on the surface of hydroxyapatite. It is known that formaldehyde is 

easily adsorbed by adsorbents possessing a polar surface. In fact, it has been reported 

that the ability of activated carbon to adsorb formaldehyde increased with an increase in 

the number of amino groups on the surface of the activated carbon after amination, 

independent of the specific surface area [14,15]. Other studies reported that the 

capability of activated carbon to adsorb harmful gases is dependent on the carbonizing 

temperature because acidic functional groups, such as carboxyl groups, disturbing the 

activated site to adsorb formaldehyde are removed at appropriate temperatures [16,17]. 

It can be said that characteristic structures of hydroxyapatite formed biomimetically 

were effective for the adsorption of formaldehyde, caused not only from its small 

particle size but also from its low crystallinity.  

The amount of adsorbed formaldehyde depended not on the thickness of the 

hydroxyapatite layer but on the area of the film covered by hydroxyapatite. This 

indicates that only the hydroxyapatite on the top surfaces can interact with 

formaldehyde molecules and adsorb them. When the specimens contain more than 0.61 

mg·cm-2 of hydroxyapatite, the whole surfaces of the polyamide films are covered with 

hydroxyapatite, and therefore they have the maximum ability to remove formaldehyde. 
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Consequently, it was found that nano-sized hydroxyapatite layer coated 

biomimetically on polyamide film is expected to be a candidate for a novel and 

excellent adsorbent effective for removal of formaldehyde. 

 

4.5. Conclusions 

Nano-sized hydroxyapatite deposited on polyamide film using a simulated 

body environment showed high adsorption ability of formaldehyde. This material can 

become a candidate material for removing harmful VOCs such as formaldehyde. 
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Figure 4-1.  Structural formula of C(0.5). 
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Figure 4-2.  TF-XRD patterns of surfaces of C(0.5) films due to soaking in 1.5SBF for 

various periods.
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Figure 4-3.  SEM images of surfaces of C(0.5) films due to soaking in 1.5SBF for 

various periods. 
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Figure 4-4.  EDX spectra of surfaces of C(0.5) films due to soaking in 1.5SBF for 

various periods. 
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Table 4-1 Amount of deposited hydroxyapatite per unit area on polyamide after soaking 

in 1.5SBF for various periods 
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Figure 4-5.  Changes in residual concentration of formaldehyde due to exposure of 

C(0.5) with different amounts of hydroxyapatite to formaldehyde.
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Figure 4-6.  Changes in residual concentration of formaldehyde due to exposure of 

different kind of specimens to formaldehyde. 
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Figure 4-7.  Changes in residual concentration of formaldehyde due to exposure of 

hydroxyapatite on C(0.5) to formaldehyde. 
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Figure 4-8.  Changes in residual concentration of formaldehyde due to exposure of 

calcined hydroxyapatite powder to formaldehyde.
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Figure 4-9.  Adsorption isotherms at 296 K for apatite on C(0.5) and calcined 

hydroxyapatite powder. 

Calcined hydroxyapatite powder 

Hydroxypatite on C(0.5) 



 120

 

 

 

 

 

 

Figure 4-10. Langmuir plots at 296 K for apatite on C(0.5) and calcined hydroxyapatite 

powder. 
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Table 4-2  Langmuir constants for two kinds of hydroxyapatites 
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Figure 4-11.  FE-SEM images of hydroxyapatite on C(0.5) (a) and calcined 

hydroxyapatite powder (b).  
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Figure 4-12.  Powder XRD pattern of calcined hydroxyapatite powder. 
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Table 4-3  Crystallite sizes of two kinds of hydroxyapatites calculated from specific 

surface area obtained by BET method using N2, X-ray diffraction (XRD) using Serrer’s 

equation and SEM observation  
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GENERAL CONCLUSION 

 

 In this study, to clarify parameters governing hydroxyapatite formation on an 

organic polymer, hydroxyapatite formation on the surface of polyamide film containing 

different kind of promising functional groups incorporated with CaCl2 was investigated 

in a simulated body environment. Furthermore, the usefulness of the fabricated material 

was evaluated on its ability to adsorb formaldehyde.  

 Hydroxyapatite formation on the the polymer substrate under the biomimetic 

condition is governed by three steps; 1) Release of chemical species from the substrates, 

2) Induction of heterogenous nucleation of apatite and 3) Crystal growth of the formed 

nulei of apatite. Release of chemical species that result in increasing concentrations of 

Ca2+, PO4
3- and OH- may enhance nucleation rate of apatite due to the assumed formula: 

 10Ca2+ + 6PO4
3− + 2OH − → Ca10 (PO4 )6 (OH )2   

Rapid release of these spieces into surrounding fluid accelerate the precipitation of the 

hydroxyapatite. Release of calcium ions from the examined polyamide films increases 

the degree of the supersaturation with respect to the apatite in an especially local area 

around the polymer surface. This means that incorporation of the CaCl2 has an 

advantage to prevent homogenous nucleation. Homogenous nucleation of the 1.5SBF 

may consume calcium and phosphate ions from the fluid not for the formation of a layer 

of hydorxyapatite on the polymer surface. To enhance the heterogenous nucleation on 

the surface of the polymer substrates, specific functional groups may act an important 

role. Once the apatite nulei are formed, it can spontaneously grow because 1.5SBF is 

supersaturated with repect to apatite. Therefore, the kinds and amounts of functional 

groups may determine the successful coating of the polymer substrates in a solution 

such as 1.5SBF, that mimics body fluid. -SiOH, -TiOH and -TaOH on inorganic 

hydrogels are proposed to induce heterogeneous nucleation of apatite. Carboxyl and 

phospahte groups also show potential to induce heterogeneous nucleation when they are 
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formed as self-assembled monolayer. 

 In Chapter 1, sulfonic (–SO3H) groups in polyamide film are found as an 

alternative functional group effective for heterogeneous nucleation of apatite in 

1.5SBF, when the film contains CaCl2. Polyamide films containing more than 20 mol% 

of –SO3H and 20 mass% of CaCl2 formed hydroxyapatite on their surfaces after soaking 

in 1.5SBF within 3 days. The amount of formed hydroxyapatite and the adhesive 

strength between the polyamide film and formed hydroxyapatite increased with 

increasing content of –SO3H. The morphology of the formed hydroxyapatite on the 

polyamide film was similar to that formed on so-called bioactive materials, that is, 

nano-sized hydroxyapatite was formed. This finding confirmed that negatively charged 

functional groups in a biomimetic condition are effective for hydroxyapatite formation. 

 In Chapter 2, enhancement of hydroxyapatite formation on polyamide film 

was found in 1.5SBF by modification of –COOH with silanol (–SiOH) groups, when 

the polymer is incorporated with 40 mass% of CaCl2. Polyamide films modified with 

–SiOH showed a higher ability to induce hydroxyapatite on their surfaces than the film 

without the modification. Increasing numbers of sites for heterogeneous nucleation were 

observed on the films modified with –SiOH, resulting in acceleration of hydroxyapatite 

formation. These results indicate that -SiOH groups give the heterogeneous nucleation 

sites more effectively than carboxyl groups. It is estimated from pKa that almost no 

-SiOH groups dissociate in the solution around pH 7, and -SiO- is hardly formed. On the 

other hand, calcium ions can be easily adsorbed to silanol groups to form Si-O-Ca 

bonds, and calcium ions can access near lone electron-pairs of oxygen atoms in silanol 

groups attributed to the lower eleconegativity of silicon than that of carbon. Thus -SiOH 

group react with calcium ions at pH 7 as shown the formulae below, 

 2 −SiOH( )+ Ca2+ → −SiO( )2 Ca + 2H +  

 −SiOH( )+ Ca2+ → −SiO( )Ca+ + H +  

or 
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 x −SiOδ −H( )+ Ca2+ → −SiOH( )x Ca2+ 

to form silicate complexes and then these complexes induce nuclei of apatite. On the 

other hand, the formed hydroxyapatite layer was more easily peeled off from the film 

when it contained larger amounts of –SiOH. Increasing content of –SiOH, causing the 

polyamide to swell easily in 1.5SBF and to show high degree of shrinkage after drying, 

resulted in low adhesion performance of the film surface to hydroxyapatite. Therefore 

the adhesive strength seems to be governed mainly by the mechanical properties of the 

polyamide film itself. 

 In Chapter 3, the process of hydroxyapatite formation on the polyamide films 

was investigated in detail by comparison of polyamide films containing carboxyl groups 

(-COOH) and sulfonic groups (-SO3H). The induction period of nucleation of apatite for 

polyamide film containing –SO3H was shorter than for –COOH, but the adhesive 

strength of the hydroxyapatite layer to substrate containing –SO3H was low relative to 

that of the substrate containing –COOH. Easier formation of ion pair of Ca2+ with –SO3
- 

and/or easier access of Ca2+ to –SO3
- attributed to the concentration of lone 

electron-pairs per unit space may result in fast nucleation on the substrate containing 

-SO3H groups. These calcium complexes may acts as inductive sites at the surface of the 

polyamide film. -COOH groups also dissociated to form -COO-. This makes complexes 

with calcium such as (-COO)2Ca and -COOCa+. Stability of ion pairs of (-SO3)2Ca is 

higher than that of (-COO)2Ca. Such a stable complex may accelerate the formation of 

apatite nuclei. Crystal growth of the formed nuclei is governed, irrespective of the 

polymer substrates, by the degree of supersaturation of the surrounding fluid. 

 In Chapter 4, the ability of adsorption of formaldehyde was examined for the 

hydroxyapatite layer formed on the polyamide film in 1.5SBF. Hydroxyapatite formed 

on polyamide had a higher ability to adsorb formaldehyde than commercially available 

hydroxyapatite powder. Nano-sized hydroxyapatite particles gave large amounts of sites 

for adsorption of formaldehyde. Defective structure of the hydroxyapatite crystals is 
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also expected to contribute high potential to adsorb formaldehyde molecules. This 

material could be a candidate for removing harmful volatile organic compounds such as 

formaldehyde. 

It is concluded from these investigations that sulfonic and silanol groups 

showed potential to form hydroxyapatite on the surface of an organic polymer as well as 

carboxyl group when the polymer contained calcium chloride. Release of Ca2+ ions well 

affected the rate of apatite nucleation on the polymer surface due to the local increase in 

degree of supersaturation with respect to apatite. Functional groups contained on the 

polymer surface contributed to the induction of heterogeneous nucleation of an apatite, 

depending on the properties of formation related calcium compounds. Adhesion 

performance between formed hydroxyapatite and the surface of the polymer were 

governed not only by kinds and amounts of functional groups, but also by the 

mechanical strength of the polymer itself. These findings are fundamentally informative 

on a design and fabrication of hydroxyapatite-organic hybrids for novel bone substitutes 

and for functional materials such as an adsorbent of harmful organic compounds. 
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