
BACKGROUND AND LITERATURE REVIEW
C H A P T E R  I I

2.1 Eggshell
2.1.1 Introduction of Egg

Egg is a product from poultry, such as hen, duck, bird etc. It is an 
important ingredient for food, pharmaceutical, and other applications. Egg consists of 
yolk, albumen, and eggshell with the composition of approximately 31, 58, and 11%, 
respectively, of the total weight of the egg, as shown in Fig. 2.1. (Board, et al., 1994) 
Chemical compositions of yolk and albumen are water and organic matter, such as 
protein, lipid, and carbohydrate, which are high value for products. However, 
eggshell is a waste, mainly composing inorganic matter. (Swanson, 2011)

Figure 2.1 The structure of egg.
(http://www.sites.ext.vt.edu/virtualfarm/poultry/poultry_eggparts.html)

2.1.2 Structure of Eggshell
Eggshells are a function of protected impact force and microorganism, and 

acting gaseous permeability so a characteristic of eggshell is highly porous, 
approximately 6000-10000 pore per egg. (Bruce, et al., 1994; Swanson, 2011) 
Chemical composition of eggshell consists of calcium carbonate (94% CaCCb), 
calcium phosphate (1%), magnesium carbonate (1%), and organic substances (4%).

http://www.sites.ext.vt.edu/virtualfarm/poultry/poultry_eggparts.html
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(Murakami, et a l, 2007) The eggshell is divided into three layers, as shown in Fig.
2.2. The first layer is a shell membrane (approximately 50 pm thick). Shell 
membrane’s main function is to prevent micro-organism penetration and the 
membrane is made up of protein fibers

Figure 2.2 Schematic diagram of the structure eggshell. (Tammie, et a l, 2005)

The second layer can be sub-divided into three layers, consisting of the 
mammilla, palisade, and vertical crystal layers (approximately 300 pm thick). These 
layers consist of calcium carbonate crystals and are also constructed in such a 
manner that there are numerous circular openings, funnel-shaped holes called pore 
canals, on the surface of the shell. The third layer is cuticle which is the outer most 
layer of the eggshell (10 pm thick). The layer is largely an organic layer, containing 
protein as high as 90%. (Tammie, et al, 2005; Tangboriboon, et a l, 2012)

Nowadays, eggshell is industrial residue that can contribute to pollution as 
it favors microbial action in the environment. (Eric, et a l, 1999) However, there are 
many methods to dispose eggshell, for example, to be used as fertilizer, animal-feed 
ingredient, discarded in municipal dumps, etc. (Daengprok, et a l, 2002; Macneil, 
1997)
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2.2 Hydroxyapatite
2.2.1 Introduction

Hydroxyapatite, calcium phosphate compound, has many types, depending 
on the ratio of Ca/P, as summarized in the Table 2.1. The ratio of the hydroxyapatite 
is 1.67 and also chemical formula is Caio(P04)(,(OH)2. The crystalline structure of 
hydroxxyapatite is hexagonal form with unit cell parameters of a = b = 9.418 Â and c 
= 6.884 Â. Figure 2.3 shows the unit cell of the hydroxyapatite. (Aoki, 1991 )

Table 2.1 Calcium phosphate compound (Aoki, 1991)

Ca/P สูตรเคมี ช่ือ ตัวย่อ

2 .0 Ca4 0 (P0 4)2
Tetracalcium phosphate 

(Hilgenstockite)
TeCP

(TTCP)

1.67 Ca10(PO4)6(OH)2

Ca,0-xH2x(PO4)6(OH)2

Hydroxyapatite
Amorphous calcium phosphate

Hap
ACP

1.50 Ca3(P04)2 Tricalcium phosphate (a, p. y) TCP
1.33 Ca8H2(P04)5.5H20 Octacalcium phosphate OCP

1.0 CaHP04.2H20 Dicalcium phosphate dehydrate 
(Brushite) DCPD

1.0 CaHP04
Dicalcium phosphate 

(Monetite) DCP

1.0 Ca2P2O7
Calcium pyrophosphate

(a, p, y)
CPP

0.7 Ca7(P50i6)2
Heptacalcium phosphate 

(Tromelite) HCP

0.67 Ca4H2P6O20 Tetracalcium dihydrogen 
phosphate TDHP

0.5 Ca(H2P04)2. H20 Monocalcium phosphate 
monohydrate MCPM

0.5 Ca(P03)2 Calcium metaphosphate
(a, p, y)

CMP
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Figure 2.3 The unit cell of hydroxyapatite in a-axis.
(http://www.cuneyttas.com/biomim.htm)

Hydroxyapatite has long been used in medical applications, such as bone, 
dental etc., because it is bioceramic, biocompatible, bioactive, excellent thermally 
stable, and environmentally-friendly.

2.2.2 Methods of synthesized Hydroxyapatite
There are several methods for synthesizing hydroxyapatite, such as 

precipitation technique, sol-gel process, hydrothermal, multiple emulsion, 
biomimetic deposition, electrodeposition techniques etc. The precipitation technique 
and the sol-gel process are widely used for hydroxyapatite synthesis.

2.2.2.1 Precipitation Technique
This technique is to precipitate in aqueous solutions. Sometime it is 

called wet precipitation or chemical precipitation or aqueous precipitation. One 
aqueous solution containing calcium salt is mixed with phosphorus-containing 
solution and then both precursors undergo chemical reaction under a controlled pH, 
temperature, and pressure. Therefore, white precipitated powder is calcined at high 
temperature to hydroxyaptite structure. There are many routes for preparing

http://www.cuneyttas.com/biomim.htm
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hydroxyapatite via precipitation techniques, based on raw materials and conditions, 
as shown in equations (1-4) (Amit, 2010 and Dean-Mo, 2004).

1 0 C a ( O H ) 2 +  6 H 3P O 4 ---------------►  C a i o ( P 0 4) 6( O H ) 2 + 1 8 H 20  ........................... ( 1 )

10  C a ( O H ) 2 +  6  ( N H 4) 2. H P 0 4 --------- »  C a i o ( P 0 4) 6( O H ) 2 +  6 H 20  +  1 2  N H 4O H  . . . ( 2 )

7  C a ( O H ) 2 +  3 C a ( H 2P O 4) 2.H 2 0  --------►  C a , o ( P 0 4) 6( O H ) 2 + 1 5  H 20 ..................... ( 3 )

C a ( E D T A ) 2' + H P 0 42'+  2 / 5 H 20  — ►  l / 1 0 C a , o ( P 0 4) 6( O H ) 2 + H E D T A 3'+  1 /5  O H ' . .(4 )

2.2.2.2 Sol gel Process
The other technique that is a highly effective method for 

synthesizing hydroxyapatite is sol-gel process. This method provides a soft chemical 
route that not only improves the chemical and physical homogeneinity of the 
resulting product, but also gives high crystallinity and low impurities. Since there are 
many calcium and phosphorus raw materials that can be used to synthesize 
hydroxyapatite, therefore, many researchers studied on the conditions of the 
hydroxyapatite synthesis by various types of chemical substance, solvent, and 
temperature, as shown in the Table 2.2. (Dean-Mo, 2004)

2.3 Polyvinyl alcohols
2.3.1 Introduction

Polyvinyl alcohol cannot be synthesized by vinyl alcohol monomers due to 
the instability of monomer. However; polyvinyl alcohol can be prepared by 
transesterfication, hydrolysis, or aminolysis of polyvinyl acetate, as shown in Fig. 
2.4. Polyvinyl alcohols can be fully hydrolyzed (97.5-99.5% degree of hydrolysis) 
and partially hydrolyzed (87-89% degree of hydrolysis). (Finch, 1992)
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Table 2.2 C h e m ic a l  p r e c u r s o r s ,  m u tu a l  s o lv e n t s ,  a n d  th e  s y n t h e s i s  p a r a m e te r s
r e q u ir e d  to  fo r m  p h a s e -p u r e  c r y s t a l l in e  h y d r o x y a p a t it e  in  v a r io u s  s o l - g e l
h y d r o x y a p a t it e s  ( D e a n - M o ,  2 0 0 4 )

Chemical
Solvent Temperature Time ReferenceCalcium

precursor
Phosphorus
precursor

C a (O C 2H 5) 2 P O (O C 2H 5)3 E tha no l >450 °c > 2 4 h
Y .M a s u d a .l

900

C a ( N 0 3)2 C 6H 5PC12 E tha no l >500 °c -
T .B re n d e I,1 9

92

C a ( N 0 3) 2 n h 4h 2p o 4 W a te r >500 °c -
Q . Q iu , 

1993

C a ( N 0 3) 2
h o o c c h 2p o

(O H ) ,
W a te r 700 °c -

H .T a ka h a sh i 

,1995

C a (O C 2H 5) 2 P (O C 3H 7) 3 E tha no l 500 °c 24 h
c s

C hai, 1995

C a (O C 2H 5) 2 P O (O C 2H 5) 3 E tha no l >600 °c > 2 4 h
K .A .

G ross, 1998

C a (C 2H 30 2) 2 P O (O C 2H 5) 3 W a te r >775 °c > 4 8 h
J ila renka tesa

,1998

C a (C 2H 30 2) 2
h 3p o 4/ p 2o 5/

P (O C 2H 3) 3
E tha no l >600 °c -

D .B .,H a d d o  

พ , 1998

C a ( N 0 3)2 c 4h  9 ( H 3PO  4)
2 -m e th y l-

e thano l
300-500 °c 2 4 h

C .M . L o p a tin  

,1998

C a ( N 0 3) 2 p 20 5 E th a n o l 500 °c 48 h
พ .  W eng , 

1998

C a (O C 2H 5) 2 H 3 P O 4 M e th a n o l >600 °c 24 h
p. L a y ro lle , 

1998

C a ( N 0 3) 2 P O (O C 2H  5) 3
2 -m e th y l-

e th ano l
600 °c > 1 6 h

M .F .H s ie h ,

2001
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IO

Hydrolysis:

O

Aminolysis:

O

Figure 2.4 Transesterfication of polyvinyl acetate to polyvinyl alcohol.

2.3.2 Properties
Polyvinyl alcohol, a hydrophilic polymer soluble in water, has excellent 

chemical resistance, biodegradability, and physical properties. The properties depend 
on many factors, such as polyvinyl acetate starting material, degree of hydrolysis, 
molecular weight, water content, etc. Figure 2.5 shows properties of polyvinyl 
alcohol, depending on degree of hydrolysis of polyvinyl acetate and molecular 
weight. (Finch, 1992; Tang, et a i, 2011; Tao, et al., 2003)
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Figure 2.5 Effect of molecular weight and hydrolysis level on the physical
properties of polyvinyl alcohol, (http://www.sekisui-sc.com/sekisui)

Generally, polyvinyl alcohol provides good hydrogen bonding and a high 
degree of crystallinity. Its melting point depends on the structure of the molecule. 
Atactics has the melting point in a range of 228° to 240 °c, isotactics 212° to 235 ๐c, 
and syndiotactics 230° to 267 °c. The glass transition temperatures are 85 ° and 58 
๐c  for fully and partially hydrolyzed polyvinyl alcohol, respectively. The mechanical 
properties are a strong function of molecular weight and relative humidity. The 
tensile strength of PVA varies from 30 to 110 MPa, depending on the molecular 
weight and the relative humidity, as shown in Fig. 2.6. (Tao, 2003)

http://www.sekisui-sc.com/sekisui


Figure 2.6 T e n s i l e  s t r e n g t h  a s  a  f u n c t i o n  o f  r e l a t i v e  h u m i d i t y  f o r  f u l ly  h y d r o l y z e d  

p o l y ( v i n y l  a l c o h o l )  f i lm s ,  h a v i n g  d e g r e e  o f  p o l y m e r i z a t i o n  o f  A )  2 4 0 0 ;  

B )  1 7 0 0 ; a n d  C )  5 0 0 .  ( T a o ,  2 0 0 3 )

2.3.3 Applications
P o l y v i n y l  a l c o h o l  is  u s e d  in  m a n y  a p p l i c a t i o n s ,  f o r  e x a m p l e ,  t e x t i l e  w r a p .  

P o l y v in y l  a l c o h o l  m u s t  h a v e  h ig h  m e c h a n i c a l  p r o p e r t i e s  d u e  to  h i g h  c o h e s i v e  p o w e r  

d u r i n g  w e a v i n g ,  b u t  l o w  c r y s t a l l i n e  in  o r d e r  to  d i s s o l v e  to  d e - s i z e  a f t e r  w e a v i n g .  O n  

s u r f a c e  s i z i n g  a g e n t  o f  p a p e r  c o a t i n g ,  p o l y v i n y l  a l c o h o l  s h o u l d  h a v e  s u i t a b l e  

v i s c o s i t y  f o r  u s i n g  in  h i g h - s p e e d  p a p e r - m a k e  m a c h i n e ,  h i g h  s t r e n g t h  f o r  e n h a n c i n g  

p a p e r  s t r e n g t h ,  a n d  h i g h  c r y s t a l l i n i t y  f o r  p r o v i d i n g  w a t e r  r e s i s t a n c e .  N o w a d a y s ,  

p o l y v i n y l  a l c o h o l  is  u s e d  in  m a n y  b i o m e d i c a l  a p p l i c a t i o n s  b e c a u s e  o f  i t s  n o n t o x i c ,  

n o n c a r c i n o g e n i c ,  b i o d e g r a d a b l e ,  a n d  b i o a d h e s i v e  c h a r a c t e r i s t i c s .  P o l y v i n y l  a l c o h o l  is  

a p p r o v e d  f o r  u s e  in  s e v e r a l  m e d i c a l  a p p l i c a t i o n s ,  i n c l u d i n g  a r t i f i c i a l  s k i n ,  c o n t r o l l e d  

r e l e a s e  d r u g  d e l i v e r y  s y s t e m s ,  c o n t a c t  l e n s e s ,  w o u n d  d r e s s i n g s ,  c a r d i o v a s c u l a r  

d e v i c e s ,  e t c .  ( B a j o a i ,  et a l,  2 0 0 6 ;  F i n c h ,  1 9 9 2 )
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2.4 Aerogels
2.4.1 Introduction

A e r o g e l s  a r e  p r e p a r e d  v i a  s o l - g e l  p r o c e s s ,  f o l l o w e d  b y  r e p l a c i n g  w e t  g e l  

w i th  g a s  w i t h o u t  c o l l a p s i n g  g e l  n e t w o r k ,  a s  s h o w n  in  F ig .  2 .7 .  T h e y  a r e  h ig h l y  

p o r o u s  a n d  s p e c i f i c  s u r f a c e  a r e a  m a t e r i a l s  P h y s i c a l  p r o p e r t i e s  a n d  s t r u c t u r e  o f  t h e  

a e r o g e l s  d e p e n d  o n  p r e c u r s o r s  a n d  t h e  s o l - g e l  p r o c e s s  p a r a m e t e r s ,  n a m e l y ,  t y p e  a n d  

c o n c e n t r a t i o n  o f  p r e c u r s o r ,  t y p e  o f  s o l v e n t ,  t y p e  o f  c a t a l y s t ,  t e m p e r a t u r e ,  p H ,  t im e ,  

a n d  t y p e  o f  d r y in g .  ( A e g e r t e r ,  et a l,  2 0 1 1 ;  H ü s i n g ,  et a l,  1 9 8 8 )

Figure 2 .7  G e n e r a l  s c h e m e  f o r  p r e p a r i n g  a e r o g e l s  b y  s o l  -  g e l  p r o c e s s i n g .  ( H ü s i n g ,  

et a l,  1 9 8 8 )

2.4.2 Type of aerogel materials

2.4.2.1 Inorganic aerogels
A l l  m e t a l s  o r  s e m i - m e t a l  o x i d e s  a r e  k n o w n  t o  f o r m  g e l s ,  a n d  s e r v e d  

f o r  t h e  p r o d u c t i o n  o f  a e r o g e l s ,  s u c h  a s  a l u m i n a  ( A I 2 O 3 ) ,  t i t a n i a  ( T iC h ) ,  z i r c o n i a
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( Z r 0 2), a n d  s i l i c a  ( S i O l )  a e r o g e l .  S i l i c a  ( S i 0 2) a e r o g e l  i s  t h e  m o s t  p o p u l a r  i n o r g a n i c  

a e r o g e l s .  ( H ü s i n g ,  et ai, 1 9 8 8 )  T h e  s y n t h e s i s  o f  s i l i c a  a e r o g e l  c a n  b e  d i v i d e d  i n t o  3 

s t e p s :  T h e  f i r s t  s t e p  i s  g e l  p r e p a r a t i o n  b y  s o l - g e l  p r o c e s s .  T h e  s e c o n d  o n e  is  a n  a g i n g  

s t e p  w h i c h  g e l  p r e p a r e d  f r o m  t h e  f i r s t  s t e p  is  a g e d  in  i t s  m o t h e r  s o l u t i o n .  T h e  l a s t  s t e p  

is  to  d r y  t h e  g e l  to  r e m o v e  l i q u i d  w i t h o u t  c o l l a p s i n g  t h e  g e l  s t r u c t u r e .  T h e  m o s t  

c o m m o n  p r e c u r s o r s  f o r  s i l i c a  a e r o g e l  a r e  t e t r a m e t h o x y s i l a n e  ( T M O S )  a n d  

t e t r a e t h o x y s i l a n e  ( T E O S ) .  M e c h a n i s m  o f  s i l i c a  a e r o g e l  c o n s i s t s  o f  h y d r o l y s i s ,  

c o n d e n s a t i o n ,  a n d  p o l y m e r i z a t i o n .  T h e  h y d r o l y s i s  i s  f i r s t  s t a r t e d  b y  m i x i n g  p r e c u r s o r  

a n d  w a t e r  t o  g e n e r a t e  h y d r o x y l  g r o u p  a t t a c h i n g  t o  s i l i c o n  a t o m ,  a s  s h o w n  in  F ig .  2 .8 .  

( A l n a i e f ,  2 0 1 1 ;  D o r c h e h ,  et al., 2 0 0 8 ;  F o l g a r ,  et al, 2 0 0 7 )

Z  +H O - é i - O H  +  4 R O H
O H

Figure 2.8 F î y d r o ly s i s  r e a c t i o n  o f  a l k o x y s i l a n e .

T h e  s e c o n d  r e a c t i o n ,  c o n d e n s a t i o n ,  o c c u r s  w h e n  t h e  s i l i c a  h y d r o x y l  

g r o u p s  i n t e r a c t  w i t h  e a c h  o t h e r  to  p r o d u c e  s i l o x a n e  b o n e ,  a s  s h o w n  in  F ig .  2 .9 .  

( F o l g a r ,  et al, 2 0 0 7 )

H O -^ i-O H  +  H O -S i-O H  ----- ►  H O -lj i-O —é i — OH +  H20
OH OH OH OH

z +R O — ร ุ่i “ O R  +  4 H 20  ------ ►
O R

Figure 2.9 C o n d e n s a t i o n  r e a c t i o n  o f  a l k o x y s i l a n e .

T h e  l a s t  r e a c t i o n  is  t o  p o l y m e r i z e  o r  t o  c o n t i n u e  t h e  c o n d e n s a t i o n  

to  f o r m  a  t h r e e - d i m e n s i o n a l  n e t w o r k ,  a s  s h o w n  in  F ig .  2 .1 0 .  ( F o l g a r ,  et al. , 2 0 0 7 )



14

O H  O H
H O ^  I / O t t l O ^  I / O i l

<|>H O H  O H

H O - S i- O - S i— O H  +  6 H O - S 1- O H

O H  O H  O H

Figure 2.10 P o l y m e r i z a t i o n  r e a c t i o n  o f  a l k o x y s i l a n e .

2.4.2.2 Organic aerogels
O r g a n i c  a e r o g e l s  a r e  s y n t h e s i z e d  b y  p o l y m e r i z a t i o n  o f  

m u l t i f u n c t i o n a l  o r g a n i c  m o n o m e r s  in  d i l u t e  s o l u t i o n ,  f o l l o w e d  b y  s u p e r c r i t i c a l ,  

f r e e z e  o r  a m b i e n t - p r e s s u r e  d r y in g .  O r g a n i c  a e r o g e l s  c a n  b e  m a d e  f r o m  r e s o r c i n o l  

f o r m a l d e h y d e ,  p h e n o l  f o r m a l d e h y d e ,  m e l a m i n e  f o r m a l d e h y d e ,  p h e n o l i c - f u r f u r a l ,  

c r e s o l  f o r m a l d e h y d e ,  p o l y i m i d e s ,  p o l y s t y r e n e s ,  p o l y u r e t h a n e s ,  e t c .  T h e  s t r u c t u r e  a n d  

p r o p e r t i e s  o f  o r g a n i c  a e r o g e l s  d e p e n d  o n  p r e c u r s o r ,  s o l v e n t ,  c a t a l y s t  c o n c e n t r a t i o n ,  

a n d  t h e  p H  o f  t h e  s o l u t i o n .  ( H ü s i n g ,  et al. , 1 9 8 8 )  R e s o r c i n o l  f o r m a l d e h y d e  a e r o g e l  is  

a n  i m p o r t a n t  c l a s s  o f  o r g a n i c  a e r o g e l  a n d  c a t e g o r i z e d  a s  a  p h e n o l i c  r e s i n  u s in g  

p h e n o l  a n d  f o r m a l d e h y d e  a s  s t a r t i n g  m a t e r i a l s ,  a s  s h o w n  in  F ig .  2 .1 1 .  S y n t h e s i s  o f  

r e s o r c i n o l  f o r m a l d e h y d e  a e r o g e l s  is  c a r r i e d  o u t  b y  d i s s o l v i n g  r e s o r c i n o l  in  w a t e r  a n d  

c a t a l y s t ,  f o l l o w e d  b y  a d d i n g  f o r m a l d e h y d e .  T h e  r e a c t i o n  o c c u r s  t h r o u g h  

h y d r o x y m e t h y l a t e d  r e s o r c i n o l ,  t h e  h y d r o x y m e t h y l  g r o u p s  a r e  t h e n  c o n d e n s e d  w i t h  

e a c h  o t h e r  t o  f o r m  n a n o m e t e r - s i z e d  c l u s t e r s ,  b e c o m i n g  w e t  g e l .  A f t e r  d r y i n g  p r o c e s s ,  

r e s o r c i n o l  f o r m a l d e h y d e  a e r o g e l  is  o b t a i n e d .  ( A e g e r t e r ,  et t f / . ,  2 0 1 1  )

Si
HO\  ?HO-Si— O-Si-----o  J r

H ( /  I OllUfT 
OH

? ?H
- ร ่ i - o — s i— O H  +

o  O H

^S(i \
/  O H  

O H

6 HjO
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R e so rc in o l- fo rm a ld e h y d e  (RF) 
p o ly m e r  chains

Figure 2.11 P o l y m e r i z a t i o n  o f  r e s o r c i n o l  a n d  f o r m a l d e h y d e .  

( h t t p : / / w w w . a e r o g e l . o r g )

2.4.2.3 Inorganic-organic hybrid aerogels
I n o r g a n i c - O r g a n i c  h y b r id  a e r o g e l s  a r e  c o m b i n e d  o r g a n ic  

m o l e c u l e s  w i t h  s t r u c t u r a l  e l e m e n t s  o f  i n o r g a n i c  m a t e r i a l s .  T h e  a d v a n t a g e s  o f  t h e s e  

a e r o g e l s  o v e r  i n o r g a n i c  a r e o g e l  a r e  h ig h l y  h y d r o p h o b i c  a n d  e l a s t i c  p r o p e r t i e s .  A  

g e n e r a l  m e t h o d  i s  t o  c o m b i n e  o r g a n i c  m o l e c u l e s  o r  g r o u p s  d u r i n g  t h e  s o l  g e l  

p r o c e s s i n g .  T h e r e  a r e  m a n y  t y p e s  o f  i n o r g a n i c - o r g a n i c  h y b r i d  a e r o g e l s ,  a s  s h o w n  in  

F ig .  2 .1 2 .  ( H ü s i n g ,  et al, 1 9 8 8 )

Figure 2.12 I n o r g a n i c -  o r g a n i c  h y b r i d  n e t w o r k s  o b t a i n e d  b y  s o l -  g e l  p r o c e s s i n g .  

(P h a s in g , et al, 1 9 8 8 )

http://www.aerogel.org
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F r o m  F ig .  2 .1 2 ;  t o p  l e f t  f i g u r e  s h o w s  i n t e r p e n e t r a t i n g  n e t w o r k s  in  

i n o r g a n i c - o r g a n i c  h y b r i d  a e r o g e l s ,  n o t  c o n n e c t i n g  n e t w o r k s .  F o r  e x a m p l e ,  

i n t e r p e n e t r a t i n g  a c r y l a m i d e - S i 0 2  n e t w o r k s  is  a n  o r g a n i c  p o l y m e r  g e n e r a t e d  in  s i t u  

d u r i n g  t h e  s o l - g e l  r e a c t i o n  b y  r a d i c a l  p o l y m e r i z a t i o n  o f  a  v in y l  m o n o m e r  a n d  T M O S  

u n d e r g o n e  h y d r o l y s i s ,  c o n d e n s a t i o n ,  a n d  p o l y m e r i z a t i o n  r e a c t i o n  to  f o r m  a  t h r e e -  

d i m e n s i o n a l  n e t w o r k ,  a s  s h o w n  in  F ig .  2 .1 3 .

Figure 2.13 F o r m a t i o n  o f  t w o  i n t e r p e n e t r a t i n g  n e t w o r k s  ( i n o r g a n i c - o r g a n i c )  b y  

s i m u l t a n e o u s  s o l  g e l  r e a c t i o n  a n d  p o l y m e r i z a t i o n  o f  N ,N -  

d i m e t h y l a c r y l a m i d e .  ( H ü s i n g ,  et al, 1 9 8 8 )

F o r  t o p  r i g h t  F ig .  2 .1 2 ,  i n o r g a n i c - o r g a n i c  a r e o g e l s  a r e  

i n c o r p o r a t i o n  o f  o r g a n i c  m o l e c u l e s  i n t o  i n o r g a n i c  a e r o g e l s .  T h e  o r g a n i c  m o l e c u l e s  

a r e  e m b e d d e d  i n t o  g e l s  w i t h o u t  c h e m i c a l  b o n d i n g .  T h i s  a e r o g e l  t y p e  is  p r e p a r e d  b y  

d i s s o l v i n g  t h e  o r g a n i c  m o l e c u l e s  in  t h e  p r e c u r s o r  s o l u t i o n  t o  f o r m  g e l  m a t r i x  a r o u n d  

a n d  t r a p  i n o r g a n i c  a e r o g e l s .  H o w e v e r ;  t h e  l i m i t a t i o n  o f  t h i s  t y p e  is  t h a t  o r g a n i c  

m o l e c u l e  i s  w a s h e d  o u t  d u r i n g  d r y in g  p r o c e s s ,  f o r  e x a m p l e ,  i n c o r p o r a t i n g  a  

f l u o r e s c e n t  d y e  i n t o  t h e  g e l  n e t w o r k .  ( H ü s i n g ,  et al., 1 9 8 8 )

F o r  b o t t o m  r i g h t  a n d  l e f t  F ig .  2 .1 2 ;  i n o r g a n i c - o r g a n i c  a r e o g e l s  a r e  

m o d i f i c a t i o n / f u n c t i o n a l i z a t i o n  o f  i n o r g a n i c  m a t e r i a l s  w i t h  o r g a n i c  s u b s t i t u e n t s .  T h e  

m o r e  i m p o r t a n t  m o d i f i c a t i o n s  o f  a e r o g e l s  a r e  b a s e d  o n  c o v a l e n t  b o n d i n g  o f  t h e  

o r g a n i c  g r o u p s ,  f o r  e x a m p l e ,  m o d i f i c a t i o n  o f  o r g a n i c  s u b s t i t u e n t s  o n  s i l a n e  

p r e c u r s o r s ,  a s  s h o w n  in  F ig .  2 .1 4 .
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Figure 2.14 S i l a n e  p r e c u r s o r s  w i t h  o r g a n i c  s u b s t i t u e n t s  u s e d  f o r  p r e p a r i n g  

f u n c t i o n a l i z e d  a e r o g e l s .  ( H ü s i n g ,  et ai, 1 9 8 8 )

2.4.3 Drying method for aerogel
D u r i n g  t h e  s o l - g e l  p r o c e s s ,  t h e  p r e c u r s o r  c h a n g e s  f r o m  s o l  to  g e l .  T h e  s o l  

f o r m a t i o n  i s  c o l l o i d a l  s u s p e n s i o n  o f  t i n y  p a r t i c l e s  o r  p o l y m e r s  s u s p e n d e d  in  a  l i q u i d  

w h e r e a s  t h e  g e l  f o r m a t i o n  is  t h a t  t h e  s i z e  o f  p r i m a r y  p a r t i c l e s  s t o p s  t o  g r o w  in  s iz e ,  

i n s t e a d ,  i t  a g g l o m e r a t e s  w i th  a n o t h e r  p r i m a r y  p a r t i c l e s ,  f o r m i n g  c l u s t e r s  o f  p a r t i c l e  

s t r u c t u r e  o r  t h r e e  d i m e n s i o n  n e t w o r k s .  ( A l n a i e f ,  2 0 1 1 )  H o w e v e r ,  t h e  g e l  f o r m a t i o n  

c o n t a i n s  s o l v e n t ,  r e s i d u e s ,  u n r e a c t e d  p r e c u r s o r s ,  a n d  t h e  b y - p r o d u c t .  T h u s ,  t h e y  m u s t  

b e  r e m o v e d  u s i n g  d r y i n g  m e t h o d .  E v a p o r a t i o n  o f  t h e  l i q u i d  f r o m  a  w e t  g e l  is  v e r y  

c o m p l i c a t e d .  F o r  a e r o g e l s ,  d r y in g  m e t h o d s  o f  r e m o v i n g  l i q u i d  f o r m  g e l  a r e  n e c e s s a r y  

w i t h o u t  c o l l a p s i n g  t h e  g e l  s o l i d  n e t w o r k .  T h e r e  a r e  t h r e e  t y p e s  o f  t h e  d r y i n g  m e t h o d  

f o r  a e r o g e l s ,  n a m e l y ,  s u p e r c r i t i c a l ,  a m b i e n t - p r e s s u r e ,  a n d  f r e e z e  d r y i n g  m e th o d s .  

( H ü s i n g ,  et al., 1 9 8 8 )

2.4.3.1 Supercritical Drying
In  t h i s  m e t h o d  t h e  s o l v e n t  is  p u t  i n t o  t h e  s u p e r c r i t i c a l  s t a t e ,  t h u s ,  

t h e r e  a r e  n o  l i q u i d / g a s  i n t e r f a c e s  in  t h e  p o r e s  d u r i n g  d r y i n g  a n d  n o  p o r e  s t r u c t u r e  

c o l l a p s e .  S u p e r c r i t i c a l  d r y i n g  c a n  b e  p e r f o r m e d  a l o n g  p a t h w a y  A  o r  B ,  s e e  F ig .  2 .1 5 .

F o r  t h e  p a t h w a y  A ,  t h e  t e m p e r a t u r e  is  s l o w l y  r a i s e d ,  r e s u l t i n g  in  a n  

i n c r e a s e  i n  p r e s s u r e .  T h e  t e m p e r a t u r e  a n d  t h e  p r e s s u r e  a r e  a d j u s t e d  t o  v a l u e s  a b o v e  

t h e  c r i t i c a l  p o i n t  o f  t h e  c o r r e s p o n d i n g  s o l v e n t  ( T c ,  p c )  a n d  k e p t  t h e r e  f o r  a  c e r t a i n
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p e r i o d  o f  t im e .  T h e  f l u id  i s  t h e n  s l o w l y  v e n t e d  a t  c o n s t a n t  t e m p e r a t u r e ,  r e s u l t i n g  in  a  

d r o p  i n  p r e s s u r e .  T h e  p a t h w a y  B  is  d i f f e r e n t .  D r y i n g  i s  o f t e n  p e r f o r m e d  i n  a  w a y  t h a t  

t h e  v e s s e l  i s  p r e p r e s s u r i z e d  w i t h  n i t r o g e n  t o  a v o i d  e v a p o r a t i o n  o f  t h e  s o lv e n t .

Figure 2.15 S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  p r i n c i p l e  o f  s u p e r c r i t i c a l  d r y in g .  

( H ü s i n g ,  et al, 1 9 8 8 )

T h e r e  a r e  t w o  g e n e r a l  m e t h o d s  in  t h e  s u p e r c r i t i c a l  d r y in g :  h ig h  

t e m p e r a t u r e  s u p e r c r i t i c a l  d r y in g  ( H T S C D )  c o n s i s t i n g  o f  w a t e r ,  m e t h a n o l ,  e t h a n o l ,  

a n d  a c e t o n e ,  a n d  l o w  t e m p e r a t u r e  s u p e r c r i t i c a l  d r y i n g  ( L T S C D )  c o n s i s t i n g  o f  c a r b o n  

d i o x i d e ,  n i t r o u s  o x i d e ,  m e t h a n e ,  e t h a n e ,  a n d  p r o p a n e .  T a b l e  2 .3  s h o w s  t h e  c r i t i c a l  

c o n d i t i o n s  o f  s o m e  s o l v e n t s .  ( H ü s i n g ,  et al. , 1 9 8 8 )

Table 2.3 C r i t i c a l  c o n s t a n t s  f o r  s o m e  s o l v e n t s

Solvent T c  [°C] PeIMPa] v c [cm^mor'l
M e t h a n o l 2 4 0 7 .9 1 1 8

E t h a n o l 2 4 3 6 .3 1 6 7

A c e t o n e 2 3 5 4 .7 2 0 9

W a t e r 3 7 4 2 2 .1 5 6

C a r b o n  d i o x i d e 31 7 .3 9 4
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2.4.2.2 Ambient-Pressure Drying
T h e  a m b i e n t - p r e s s u r e  d r y in g  i s  s i m p l e  a n d  l e s s  e x p e n s i v e  m e th o d .  

T h i s  t e c h n i q u e  i s  d r y i n g  a t  a m b i e n t  c o n d i t i o n s  ( s u b c r i t i c a l  d r y i n g )  w i t h o u t  c o l l a p s i n g  

t h e  g e l  n e t w o r k  b e c a u s e  t h e  c o n t a c t  a n g le  b e t w e e n  t h e  p o r e  l i q u i d  a n d  t h e  p o r e  w a l l s  

m i n i m i z e s  t h e  c a p i l l a r y  f o r c e  b y  m o d i f i c a t i o n  o f  t h e  i n n e r  s u r f a c e  a n d  v a r i a t i o n  o f  

t h e  s o l v e n t .  ( H ü s i n g ,  et al, 1 9 9 8 )

2.4.2.3 Freeze-Drying
T h i s  m e t h o d  e l i m i n a t e s  l i q u i d / g a s  i n t e r f a c e  p r o b l e m ,  c a u s i n g  

c o l l a p s i n g  o f  n e t w o r k .  T h e  f r e e z e  d r y in g  p r o c e s s  is  t o  f r e e z e  t h e  p o r e  l i q u i d ,  

f o l l o w e d  b y  s u b l i m i n g  u n d e r  v a c u u m .  T h e  t e m p e r a t u r e  is  r a i s e d  to  a l l o w  t h e  i c e  

s u b l i m e d  ( F ig .  2 .1 6 b ) .  T h e  m a i n  p r o b l e m  w i t h  t h i s  t e c h n i q u e  is  n u c l é a t i o n  a n d  

g r o w t h  o f  t h e  s o l v e n t  c r y s t a l  t h a t  m a y  d e s t r o y  t h e  n e t w o r k .  H o w e v e r ;  t h i s  p r o b l e m  is  

d i s s o l v e d  b y  u s i n g  l o w  e x p a n s i o n  c o e f f i c i e n t  o f  s o l v e n t ,  h i g h  s u b l i m a t i o n  p r e s s u r e ,  

a n d  r a p i d  f r e e z i n g  in  l i q u i d  n i t r o g e n .  ( A e g e r t e r ,  et al., 2 0 1 1 ;  H ü s i n g ,  et al., 1 9 9 8 )

Temperature

Figure 2.16 P r i n c i p a l  o f  ( a )  s u p e r c r i t i c a l  d y i n g  a n d  ( b )  f r e e z e - d r y i n g .  ( B r y n i n g ,  

2 0 0 7 )
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2.4.4 Applications
N o w a d a y s ,  a e r o g e l  t e c h n o l o g y  p l a y s  a n  i m p o r t a n t  r o l e  in  t h e  in d u s t r y .  

M a n y  r e s e a r c h e r s  h a v e  s t u d i e d  t h e  a e r o g e l  t e c h n o l o g y  a n d  t h e r e  a r e  c o n t i n u o u s l y  

i n c r e a s i n g  p u b l i c a t i o n s  a b o u t  a e r o g e l ,  a s  s h o w n  in  F ig .  2 .1 7 .

350 --------------------------------------------------------------
Aerogel

300 ■  Silica aerogel

-| 250

i  200

Year

Figure 2.17 P u b l i c a t i o n s  n u m b e r  o f  a e r o g e l .  ( A l n a i e f ,  2 0 1 1 )

B a s e d  o n  s p e c i f i c  p r o p e r t i e s ,  a e r o g e l s  a r e  u s e d  in  m a n y  a p p l i c a t i o n s ,  a n d  

p o t e n t i a l  a p p l i c a t i o n s  f o r  a e r o g e l s  a r e  w i d e  r a n g i n g  a n d  u n l i m i t e d ,  a s  c a n  b e  s e e n  in  

T a b l e  2 .4 .  ( H r u b e s h ,  1 9 8 8 )

2.5 Bone
2.5.1 Introduction

B o n e  is  a  n a t u r a l  c o m p o s i t e  m a t e r i a l ,  c o n s i s t i n g  o f  m i n e r a l ,  m a t r i x ,  a n d  

w a t e r  w i t h  t h e  c o m p o s i t i o n  o f  a p p r o x i m a t e l y  6 0 ,  3 0 ,  a n d  1 0 % , r e s p e c t i v e l y ,  o f  t h e  

t o t a l  w e i g h t  o f  b o n e .  T h e  m a t r i x  c o m p o n e n t  o f  t h e  b o n e  i s  o r g a n i c  m a t t e r  ( t y p e  I 

c o l l a g e n )  t h a t  h ig h l y  a l i g n e d ,  y i e l d i n g  a n  a n i s o t r o p i c  s t r u c t u r e .  T h e  o r g a n i c  m a t t e r  o f  

b o n e  is  r e s p o n s i b l e  f o r  t e n s i l e  s t r e n g t h .  T h e  m i n e r a l  c o m p o n e n t ,  i n o r g a n i c  m a t t e r  

( c a l c i u m  p h o s p h a t e ) ,  o f  t h e  b o n e  g i v e s  r i s e  t o  t h e  c o m p r e s s i v e  s t r e n g t h .
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Table 2.4 I d e n t i f i c a t i o n s  o f  a e r o g e l  p r o p e r t i e s ,  f e a t u r e s ,  a n d  a p p l i c a t i o n s

P r o p e r t y F e a t u r e s A p p l i c a t i o n s

T h e r m a l

c o n d u c t i v i t y

- b e s t  i n s u l a t i n g  s o l i d  

- t r a n s p a r e n t  

- h i g h  t e m p e r a t u r e  

- l i g h t  w e i g h t

- a r c h i t e c t u r a l  a n d  a p p l i a n c e  i n s u l a t i o n ,  

p o r t a b l e  c o o l e r ,  t r a n s p o r t  

v e h i c l e s , p i p e , c r y o g e n i c , s k y l i g h t  

- S p a c e  v e h i c l e s  a n d  p r o b e s ,c a s t i n g  m o l d s

D e n s i t y  a n d  

P o r o s i t y

- l i g h t e s t  s y n t h e t i c  s o l i d  

- h o m o g e n e o u s  

- h i g h  s p e c i f i c  s u r f ,  a r e a  

- m u l t i p l e  c o m p o s i t i o n s

- c a t a l y s t s ,  s o r b e r s ,  s e n s o r s ,  f u e l  s to r a g e ,  

i o n  e x c h a n g e

- t a r g e t s  f o r  I C F ,  X - r a y  l a s e r s

O p t i c a l - l o w  r e f r a c t i v e  i n d e x  

s o l i d

- t r a n s p a r e n t  

- m u l t i p l e  c o m p o s i t i o n s

- C h e r e n k o v  d e t e c t o r s ,  l i g h t w e i g h t  o p t i c s ,  

l i g h t  g u i d e s ,  s p e c i a l  e f f e c t  o p t i c s

A c o u s t i c - l o w e s t  s o u n d  s p e e d - i m p e d a n c e  m a t c h e r s  f o r  t r a n s d u c e r s ,  r a n g e  

f i n d e r s ,  s p e a k e r s

M e c h a n i c a l - e l a s t i c

- l i g h t w e i g h t

- e n e r g y  a b s o r b e r ,  h y p e r v e l o c i t y  p a r t i c l e  

t r a p

E l e c t r i c a l - l o w e s t  d i e l e c t r i c  

c o n s t a n t

- h i g h  d i e l e c t r i c  s t r e n g t h  

- h i g h  s u r f a c e  a r e a

- d i e l e c t r i c s  f o r  I C s ,  s p a c e r s  f o r  v a c u u m  

e l e c t r o d e s ,  v a c u u m  d i s p l a y  s p a c e r s  

c a p a c i t o r s

F u n c t i o n s  o f  b o n e  a r e  t o  p r o t e c t  s o f t  t i s s u e  a n d  p r o d u c e  r e d  a n d  w h i t e  

b l o o d  c e l l s  a n d  m i n e r a l s .  T h e r e  a r e  t w o  t y p e s  o f  b o n e ,  c o m p a c t  o r  c o r t i c a l ,  a n d  

s p o n g y  o r  t r a b e c u l a r  b o n e  ( F ig .  2 .1 8 ) .  T h e  c o m p a c t  b o n e  is  t h e  o u t e r  o f  b o n e  w h ic h  

is  s m o o t h  a n d  d e n s e .  T h e s e  c h a r a c t e r i s t i c s  a f f e c t  to  m e c h a n i c a l  p r o p e r t i e s ,  g iv i n g  a
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h i g h  c o m p r e s s i v e  s t r e n g t h  in  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  a p p r o x i m a t e l y  1 3 1 - 2 2 4  

M P a ,  a  h i g h  Y o u n g ’s  m o d u l u s ,  a p p r o x i m a t e l y  1 7 - 2 0  G P a ,  a n d  a l s o  e x h i b i t s  g o o d  

f r a c t u r e  t o u g h n e s s .  T h e  i n t e r i o r  o f  t h e  b o n e  is  s p o n g y ,  w h i c h  i s  h ig h l y  p o r o u s ,  t h u s ,  

t h e  m e c h a n i c a l  p r o p e r t i e s  d e p e n d  o n  d e n s i t y .  C o m p r e s s i v e  s t r e n g t h  o f  t h e  s p o n g y  

b o n e  v a r i e s  w i t h  t h e  s e c o n d  p o w e r  o f  d e n s i t y  w h i c h  h a s  a p p r o x i m a t e l y  v a l u e  o f  5 - 1 0  

M P a ,  w h e r e a s  Y o u n g ’ s  m o d u l u s  s c a l e s  a s  t h e  s e c o n d  o r  t h e  t h i r d  p o w e r  w i t h  v a l u e s  

r a n g i n g  f r o m  5 0  t o  1 0 0  M P a .  ( M i c k i e w i c z ,  2 0 0 1 )

Figure 2.18 S t r u c t u r e  o f  b o n e .  ( N a c h a r o e n ,  2 0 0 9 )

2.6 LITERATURE REVIEW
T h e r e  a r e  m a n y  r e s e a r c h e s  r e l a t i n g  to  a e r o g e l s  f r o m  e g g s h e l l  f o r  a r t i f i c i a l  b o n e  

p r o j e c t .  R a w  m a t e r i a l s  o f  t h i s  p r o j e c t  a r e  e g g s h e l l  a n d  p o l y v i n y l  a l c o h o l  f o r  a e r o g e l  

f a b r i c a t i o n  to  b e  u s e d  a s  a r t i f i c i a l  b o n e .

E g g s h e l l  c a n n o t  b e  u s e d  d i r e c t l y  f o r  a e r o g e l  b e c a u s e  i t  h a s  m a n y  c o m p o s i t i o n s  

in  t h e  e g g s h e l l .  I n  1 9 9 9 ,  R i v e r a  et al. f o u n d  t h a t  e g g s h e l l s  c o n s i s t  o f  o r g a n i c  a n d  

i n o r g a n i c  c o m p o n e n t s .  T h e y  s t u d i e d  t w o - s t a g e  t h e r m a l  t r e a t m e n t  o f  e g g s h e l l  in  o r d e r  

t o  p r e p a r e  c a l c i u m  o x i d e  f o r  b i o m e d i c a l  m a t e r i a l .  T h e  f i r s t  s t a g e  w a s  t o  h e a t  t h e  

e g g s h e l l s  t o  4 5 0  °c f o r  2 h . A t  t h i s  t e m p e r a t u r e ,  a n y  o r g a n i c  r e s i d u e  is  d e s t r o y e d .
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T h e  s e c o n d  s t a t e  w a s  to  h e a t  t h e  s a m p l e  to  9 0 0  °c f o r  2  h  a t  w h i c h  C a C C >3 in  t h e  

e g g s h e l l s  t r a n s f o r m s  i n t o  c a l c i u m  o x i d e  ( C a O )  b y  f r e e i n g  c a r b o n  d i o x i d e  ( C O 2) . In  

2 0 0 5 ,  B i r o l  et al. s t u d i e d  t h e  e f f e c t  o f  t e m p e r a t u r e  u s i n g  X - r a y  d i f f r a c t i o n  ( X R D ) ,  

i n f r a r e d  ( I R ) ,  a n d  e l e c t r o n  s p i n n i n g  r e s o n a n c e  ( E S R )  s p e c t r a  o f  c h i c k e n  e g g s h e l l  a t  

t h e  t e m p e r a t u r e  r a n g e  o f  2 5 - 9 0 0  °c, a n d  f o u n d  t h a t  C a C C >3 d e c o m p o s e s  a t  9 0 0  °c f o r  

1 h  t o  g iv e  C a O  a n d  C O 2 p r o d u c t s .  I n  2 0 0 9 ,  T a n g b o r i b o o n  et al. s y n t h e s i z e d  p u r i f y  

c a l c i u m  o x i d e  f r o m  e g g s h e l l  b y  c a l c i n a t i o n s  f r o m  3 0 0  to  1 0 0 0  °c f o r  1, 3 , 5 h , a n d  

f o u n d  t h a t  t h e  b e s t  c o n d i t i o n  w a s  to  c a l c i n e  a t  9 0 0  °c f o r  1 h  t o  o b t a i n  t h e  p u r e  f in e  

g r a i n  o f  c a l c i u m  o x i d e  w i t h  w h i t e  s o f t  p o w d e r ,  9 8 % p u r i t y ,  h e x a g o n a l  f o r m ,  a n d  

c e r a m i c  y i e l d  o f  6 5 .9 2 % ,  h i g h  p o r o s i t y ,  g o o d  p a r t i c l e s  s i z e  d i s t r i b u t i o n ,  a n d  l o w  

d i e l e c t r i c  c o n s t a n t .

C a l c i u m  o x i d e  f r o m  e g g s h e l l  h a s  b e e n  u s e d  in  m a n y  a p p l i c a t i o n s ,  f o r  e x a m p l e ,  

in  2 0 0 9 ,  S a n o s h  et al. s t u d i e d  o n  u t i l i z a t i o n  o f  b i o w a s t e  e g g s h e l l s  to  s y n t h e s i z e  

n a n o c r y s t a l l i n e  h y d r o x y a p a t i t e  p o w d e r s  b y  s i m p l e  s o l - g e l  p r e c i p i t a t i o n  t e c h n i q u e  

u s i n g  C a O  d e r i v e d  f r o m  c h i c k e n  e g g s h e l l s .  T h e  p r o d u c t  w a s  u s e d  in  b o n e  g r a f t i n g  

a p p l i c a t i o n .  I n  2 0 1 0 ,  T a n g b o r i b o o n  el al. s t u d i e d  o n  s y n t h e s i s  o f  c a l c i u m  z e o l i t e  t y p e  

A  c a t a l y s t s  a s  a d s o r b e n t s  u s e d  f o r  a i r  s e p a r a t i o n  f r o m  e g g s h e l l s .  T h e y  p r e p a r e d  

c a l c i u m  o x i d e  f r o m  e g g s h e l l  b y  t h e r m a l  t r e a t m e n t  a n d  t h e n  m i x e d  w i t h  o t h e r  

c h e m i c a l s  u s i n g  C a 0 :A l 2 0 3 :N a 2 0 : S i 0 2  m o l a r  r a t i o  o f  1 : 1 :2 :8  b y  a  s o l - g e l  p r o c e s s  

a n d  c a l c i n e d  a t  3 0 0  °c f o r  1 h .

T h e  o t h e r  r a w  m a t e r i a l  i s  p o l y v i n y l  a l c o h o l ,  a  h y d r o p h i l i c  p o l y m e r  a n d  w a t e r  

s o l u b l e  m a t e r i a l .  P o l y v in y l  a l c o h o l  h a s  e x c e l l e n t  c h e m i c a l  r e s i s t a n c e ,  p h y s i c a l  

p r o p e r t i e s ,  a n d  b i o d e g r a d a b i l i t y .  H e n c e ,  i t  h a s  l e d  to  d e v e l o p  m a n y  c o m m e r c i a l  

p r o d u c t s ,  b a s e d  o n  t h i s  p o ly m e r .  I n  2 0 0 0 ,  H a s s a n  et al. s t u d i e d  s t r u c t u r e  a n d  

a p p l i c a t i o n  o f  p o l y v i n y l  a l c o h o l  h y d r o g e l ,  a n d  f o c u s e d  o n  t h e  a r e a  o f  m e d i c a l  a n d  

p h a r m a c e u t i c a l  a p p l i c a t i o n s .  G e n e r a l l y ,  h y d r o g e l  is  h y d r o p h i l i c ,  c r o s s l i n k e d  p o l y m e r  

w h i c h  s w e l l s  w h e n  p l a c e d  in  w a t e r .  P o l y v i n y l  a l c o h o l  c a n  b e  c h a n g e d  f r o m  s o l u t i o n  

to  h y d r o g e l  b y  c h e m i c a l  o r  p h y s i c a l  c r o s s l i n k i n g .  C h e m i c a l  c r o s s l i n k i n g  o f  p o l y v i n y l  

a l c o h o l  n e e d s  d i f u n c i o n a l  c r o s s l i k i n g  a g e n t ,  s u c h  a s  g l u t a r a l d e h y d e ,  a c e t a l d e h y d e ,  

f o r m a l d e h y d e ,  a n d  o t h e r  m o n o  a l d e h y d e s .  H o w e v e r ,  t h e  c r o s s l i n k  a g e n t s  a r e  n o t  

a c c e p t a b l e  f o r  b i o m e d i c a l  a p p l i c a t i o n s  b e c a u s e  t o x i c  r e s i d u e  f r o m  t h e  c r o s s l i n k  a g e n t  

w i l l  r e s u l t  i n  u n d e s i r a b l e  e f f e c t .  O t h e r  m e t h o d  o f  t h e  c h e m i c a l  c r o s s l i n k i n g  i s  to  u s e
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e l e c t r o n  b e a m  o r  y - i r r a d i a t i o n .  T h e s e  t e c h n i q u e s  h a v e  a d v a n t a g e s  o v e r  t h e  u s e  o f  

c h e m i c a l  c r o s s l i n k  a g e n t  a s  t h e y  d o  n o t  l e a v e  b e h i n d  t o x i c  a n d  e l u t a b l e  a g e n t s ,  b u t  

c a u s e  b u b b l e  f o r m a t i o n  d u r i n g  p r o c e s s .  T h e  b e s t  c o n d i t i o n  o f  p r e p a r i n g  h y d r o g e l  

p o l y v i n y l  a l c o h o l  f o r  b i o m e d i c a l  a p p l i c a t i o n  is  p h y s i c a l  c r o s s l i n k i n g  d u e  to  

c r y s t a l l i t e  f o r m a t i o n .  T h i s  m e t h o d  is  n o t  t o x i c  a n d  a l s o  e x h i b i t s  h i g h e r  m e c h a n i c a l  

s t r e n g t h  t h a n  o t h e r  m e t h o d s  b e c a u s e  t h e  m e c h a n i c a l  l o a d  c a n  b e  d i s t r i b u t e d  a l o n g  th e  

c r y s t a l l i n e  o f  t h r e e - d i m e n s i o n  s t r u c t u r e .  T h e  p r e p a r a t i o n  o f  p o l y v i n y l  a l c o h o l  

h y d r o g e l  is  c a r r i e d  o u t  b y  f r e e z i n g  a n d  t h a w e d  t e c h n i q u e .  T h e  p r o p e r t i e s  o f  t h e  

o b t a i n e d  h y d r o g e l  d e p e n d  o n  t h e  m o l e c u l a r  w e i g h t  o f  p o l y m e r ,  t h e  c o n c e n t r a t i o n  o f  

a q u e o u s  p o l y v i n y l  a l c o h o l  s o l u t i o n ,  t h e  t e m p e r a t u r e  a n d  t i m e  o f  t h e  f r e e z i n g  a n d  

t h a w e d  p r o c e s s ,  a n d  t h e  n u m b e r  o f  f r e e z i n g / t h a w i n g  c y c l e .

In  t h i s  p r o j e c t ,  f a b r i c a t i o n  o f  a e r o g e l  u s i n g  f r e e z e - d r y i n g  t e c h n i q u e  w a s  c a r r i e d  

o u t .  T h i s  m e t h o d  is  p o p u l a r  f o r  a e r o g e l  f a b r i c a t i o n  b e c a u s e  o f  s i m p l e  a n d  

i n e x p e n s i v e  t e c h n i q u e .  In  2 0 0 6 ,  B a n d i  a n d  S c h i r a l d i  s t u d i e d  t h e r m a l  b e h a v i o r  o f  c l a y  

a e r o l g e l / p o l y v i n y l  a l c o h o l  u s i n g  f r e e z e - d r y i n g .  C o m p o s i t e s  o b t a i n e d  h a d  l o w  

d e n s i t y ,  a n d  g l a s s  t r a n s i t i o n  t e m p e r a t u r e  ( 7 g )  b e h a v i o r s  o f  c l a y / p o l y v i n y l  a l c o h o l  

c o m p o s i t e s  w e r e  h i g h e r  t h a n  t h e  m a t r i x .  H o w e v e r ,  t h e r m a l  b e h a v i o r s  w e r e  a  f u n c t io n  

o f  s i z e ,  l o a d i n g ,  a n d  d i s p e r s i o n  o f  t h e  c l a y  a n d  c l a y  a e r o g e l  i n  t h e  p o l y m e r  m a t r i x .  

P o l y v in y l  a l c o h o l  is  s u i t a b l e  to  b e  u s e d  in  b i o m e d i c a l  a p p l i c a t i o n  b e c a u s e  o f  

n o n t o x i c ,  n o n c a r c i n o g e n i c ,  b i o d e g r a d a b l e ,  a n d  b i o a d h e s i v e  c h a r a c t e r i s t i c s .  T h u s ,  

m a n y  r e s e a r c h e r s  u s e d  p o ly v i n y l  a l c o h o l  to  s t u d y  f o r  b i o m e d i c a l  a p p l i c a t i o n .  In  

2 0 0 8 ,  พ น  et al. s t u d i e d  b e h a v i o r s  o f  h y d r o x y a p a t i t e  r e i n f o r c e d  p o l y v i n y l  a l c o h o l  

h y d r o g e l  c o m p o s i t e  f o r  a r t i f i c i a l  c a r t i l a g e ,  a n d  f o u n d  t h a t  t h e  b i o a c t i v i t y  a n d  

m e c h a n i c a l  p r o p e r t i e s  o f  t h e  c o m p o s i t e  d e p e n d e d  o n  t h e  h y d r o x y a p a t i t e  c o n t e n t  in  

t h e  c o m p o s i t e .  I n  2 0 0 9 ,  Z h a n g  et al. s t u d i e d  t h e  f r i c t i o n  a n d  w e a r  m e c h a n i s m  o f  

p o l y v i n y l  a l c o h o l / h y d r o x y l a p a t i t e  c o m p o s i t e  h y d r o g e l  u s i n g  f r e e z i n g  a n d  t h a w in g .  

T h e  r e s u l t s  s h o w e d  t h a t  p o l y v i n y l  a l c o h o l / h y d r o x y l a p a t i t e  c o m p o s i t e  h y d r o g e l  h a d  

t h e  c r o s s - l i n k  n e t w o r k  m i c r o s t r u c t u r e  w h i c h  is  b o n e - l i k e  s t r u c t u r e ,  a n d  t h e  p h y s i c a l  

p r o p e r t i e s  o f  t h e  c o m p o s i t e  d e p e n d  o n  t h e  f r e e z i n g - t h a w i n g  c y c l e  a n d  h y d r o x y a p a t i t e  
c o n te n t .

I n  2 0 0 6 ,  N e u m a n n  et al r e v i e w e d  c o m p o s i t e  o f  c a l c i u m  p h o s p h a t e  a n d  p o l y m e r s  

a s  b o n e  s u b s t i t u t i o n  m a t e r i a l .  P r e p a r a t i o n  o f  t h i s  c o m p o s i t e  a s  a r t i f i c i a l  b o n e s  m u s t
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c o n c e r n  a b o u t  m e c h a n i c a l  p r o p e r t i e s ,  b i o c o m p a t i b i l i t y ,  p r o c e s s i n g / s h a p i n g ,  a n d  

c o m p e n s a t i o n  o f  a c i d i ty .  I n  2 0 0 7 ,  W a n g  et al. s y n t h e s i z e d  a n d  c h a r a c t e r i z e d  

c o l l a g e n - c h i t o s a n - h y d r o x y a p a t i t e  a r t i f i c i a l  b o n e  m a t r i x .  T h e y  p r e p a r e d  a r t i f i c i a l  b o n e  

m a t r i x  t h r o u g h  s o l i d - l i q u i d  p h a s e  s e p a r a t i o n  m e t h o d .  T h e  p r o d u c t s  h a d  t h r e e  

d i m e n s i o n  p o r o u s  s t r u c t u r e  a n d  g a v e  g o o d  b i o c o m p a t i b i l i t y ,  b u t  r u p t u r e  s t r e n g t h  a n d  

r u p t u r e  e l o n g a t i o n  o f  t h i s  c o m p o s i t e  w e r e  l e s s  t h a n  c o l l a g e n  m a t r i x .  I n  2 0 0 9 ,  T a o  et 
al p r e p a r e d  i c a r i i n  a n d  c h i t o s a n / h y d r o x y a p a t i t e  u s i n g  f r e e z e - d r y i n g  t e c h n i q u e  f o r  

b o n e  t i s s u e  e n g i n e e r i n g .  T h e  r e s u l t s  o f  p r o d u c t  s h o w e d  t h a t  i c a r i i n  d i d  n o t  a f f e c t  

p h y s i c a l  s t r u c t u r e  o f  c o m p o s i t e ,  b u t  d e c r e a s e d  m e c h a n i c a l  p r o p e r t i e s  o f  c o m p o s i t e .  

In  2 0 1 0 ,  Z h i  et al. a p p l i e d  t h e  b i o c o m p o s i t e  o f  c a l c i u m  p h o s p h a t e  c e m e n t  

( C P C ) / p o l y l a c t i c  a c i d - p o l y g l y c o l i c  a c i d  ( P L G A )  i n t o  a n i m a l  f o r  b o n e  d e f e c t  

r e p a r i n g .  T h e  c o m p o s i t e  w a s  g o o d  m e c h a n i c a l ,  t h r e e - d i m e n s i o n  p o r o u s ,  a n d  a b l e  to  

p r o m o t e  g r o w t h  o f  b o n e  t i s s u e  a n d  a c c e l e r a t e  r e p a i r i n g  o f  b o n e  d e f e c t .  I n  2 0 1 2 ,  K a n e  

et al. s t u d i e d  t h e  e f f e c t s  o f  t h e  h y d r o x y a p a t i t e  r e i n f o r c e m e n t  w e i g h t  f r a c t i o n  a n d  

m o r p h o l o g y  o n  t h e  a r c h i t e c t u r e  a n d  c o m p r e s s i v e  m e c h a n i c a l  p r o p e r t i e s  b y  u s in g  

f r e e z e - d r i e d  c o l l a g e n  s c a f f o l d s  f o r  b o n e  g r a f t  a p p l i c a t i o n .  T h e  r e s u l t s  s h o w e d  h ig h  

p o r o u s  s t r u c t u r e ,  c o n t a i n i n g  9 0 - 9 6 %  p o r o s i t y ,  w h i c h  d e c r e a s e d  w i t h  i n c r e a s i n g  

h y d r o x y a p a t i t e  c o n t e n t ,  a n d  h i g h  c o m p r e s s i v e  m o d u l u s ,  w h i c h  i n c r e a s e d  w i th  

h y d r o x y a p a t i t e  c o n te n t .
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