
BACKGROUND AND LITERATURE REVIEW
CHAPTER II

1. Koh-samed’s sand
Coral reefs are the largest shore structures occurred by plants and animals 

(Hopley, 2005), and also the most diverse of marine ecosystems (Pandolfli et al.,
2003). Although coral reefs are commonly associated with tropical shores, coral reefs 
are almost formed into a carbonate production and dominant siliciclastic sediment 
composition has been identified (Yamano et a l , 2001). The distribution of reef 
shores is limited by thermal considerations, water circulation, nutrient status and 
turbidity, and a thorough review of these factors is given in Woodroffe (2003).

Koh-samed’s sand is a limestone which occurred from the shells of dead 
marine organisms such as clams, oysters, crayfishes, brachiopods, bryozoans, 
crinoids and corals, then live on the bottom of the sea. After that, their shells 
accumulate into piles and forming beds as limestone which is an important 
environments where early marine cementation, mainly by high-magnesian calcite 
and aragonite. Some limestone is pure calcium carbonate, but most is actually 
containted with other minerals from the sea bed, such as silicone dioxide (sand), iron 
oxides and silt, for Koh-samed’s sand is not a pure calcium carbonate (Molenaar et 
a i ,  1993).

2. Polyvinyl alcohol
2.1 Introduction of polyvinyl alcohol
Polyvinyl Alcohol (PVA) is an environmental friendly and water soluble 

synthetic polymer which is manufactured by polymerization of vinyl acetate 
monomer. Since the properties on which technical application of PVA depend are 
primarily its molecular weight and degree of hydrolysis.
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Figure 2.1 The chemical structure and the appearance of PVA.
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Figure 2.2 Transesterfication of polyvinyl acetate to polyvinyl alcohol.
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2.2 Properties of polyvinyl alcohol
Polyvinyl Alcohol is high polymer with excellent characters to dissolve easily 

in water but not to dissolve in common organic solvent and organic acids, with 
excellent film-forming property, oil resistant and chemical-resistant. It can react with 
formaldehydes to form polyvinyl acetal. Hydrogels from polyvinyl alcohol are water- 
swollen with crosslinked polymer networks, which often exhibit characteristics, such 
as tissue-like elasticity and mechanical strength and the appearance and feel of PVA 
hydrogel are similar to those of native arterial tissue (Nuttelman et al., 2001).

2.3 Application of polyvinyl alcohol
Due to its unique features of high cohesiveness, membrane tenacity, 

smoothness, solvent resistance, gas inhibitor, wear resistance, protective colloid, and 
waterproof after specially treated, polyvinyl alcohol is widely applied in textile, 
building, papermaking, packing, timber processing, agriculture, printing, etc.

It has been extensively used in adhesive, in textile warp sizing and finishing, 
in paper size and coating, in the manufacturing of PVA emulsion, in the suspension 
polymerization of PVC, and as binder for ceramics, foundry cores and several of 
pigment. It is a hydrophilic, biodegradable and biocompatible synthetic polymer, 
which has been widely used in different areas of the biomedical field (Paradossi e t 
a l., 2003).

3. The production of porous polymer particles
Filip et a l (2012) studied about porous polymer particles, especially the ones 

that are spherical in shape, have been utilized in numerous applications for decades. 
They have been classified as macro-, meso- and microporous depending on the size 
of the pores, respectively >50 nm, 50-2 nm and <2 nm. Two main features, their 
porous nature and higher crosslinking degree, differentiate them from gel-type 
polymer particles. These differences give raise to different characteristics such as 
high surface area, ability to uptake various solvents with different polarity and 
increased brittleness. Size, size dispersity, chemical nature and functionality can be 
mentioned as the other features that porous particles share with their nonporous 
counterparts, the gel-type particles. The variety of applications requires different 
combinations of the mentioned features.
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4. Organic/Inorganic hybrid composite
Hybrid materials are composites consisting of two constituents at the 

nanometer or molecular level. Commonly one of these compounds is inorganic and 
the other one organic in nature. Thus, they differ from traditional composites where 
the constituents are at the macroscopic. Mixing at the microscopic scale leads to a 
more homogeneous material that either shows characteristics in between the two 
original phases or even new properties (Czegeny et a l ,  2000). The hybridization 
effect has successfully increased the resistance of the hybrid composite to severe 
environmental degradation to the extent that it protects the internal structure of the 
composite from environmental damage, even though the surface of the composite 
gets severely degraded (Leong et a l , 2003).

Many natural materials consist of inorganic and organic building blocks 
distributed on the nanoscale. In most cases the inorganic part provides mechanical 
strength and an overall structure to the natural objects while the organic part delivers 
bonding between the inorganic building blocks or the soft tissue. Typical examples 
of such materials are bone, or nacre. The first hybrid materials were the paints made 
from inorganic and organic components that were used thousands of years ago.

The sol-gel process developed in the 1930s was one of the major driving 
forces what has become the broad field of inorganic-organic hybrid materials. In 
2003, Leong et a l has been done to determine the mechanical and thermal properties 
of single-filler and hybrid-filler pp  composites, which have generated very 
interesting results that demonstrate the effectiveness of hybrid fillers in enhancing 
the properties of pp .  The treatment of fillers with surfactants on material explored 
the more efficacy of hybrid composite. In 2004, they found that talc and calcium 
carbonate (CaCC>3) which filled in pp  influent effect to the natural weathering on the 
mechanical and morphological properties as well as melting and crystallization. The 
crystallization and melting behavior of degraded polymer was studied by differential 
scanning calorimeter (DSC) while the exposed surface morphology of the samples 
was studied under scanning electron microscope (SEM). Mechanical testing such as 
tensile, flexural and impact tests were also done to determine the physical aspects of 
the composites.
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It is worthy to note that the hybrid-filler composites have fared extremely 
well in weathering conditions due to excellent retention of mechanical properties. 
The tensile and flexural strength, elongation at break and toughness of the weathered 
hybrid composites dwarfed that of weathered single-filler composites, even though 
the mechanical properties of single-filler composites were predominantly more 
superior to the hybrids before any weathering of the samples took place. It is 
believed that in hybrid composites, the interparticle cavities, created by low 
interaction between CaCC>3 fillers and the matrix, would dampen crack propagation 
from the surface to the interior of the samples.

Inorganic-Organic hybrid aerogels are combined organic molecules with 
structural elements of inorganic materials. The advantages of these aerogels over 
inorganic areogel are highly hydrophobic and elastic properties. A general method is 
to combine organic molecules or groups during the sol gel processing. There are 
many types of inorganic-organic hybrid aerogels, as shown in Figure 4.1 (Hüsing, et 
a l., 1988)

Figure 4.1 Inorganic- organic hybrid networks obtained by sol- gel processing 
(Hüsing, e t al., 1988).
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5. Boric acid as a crosslink agent
Polyvinyl alcohol (PVA) polymer has unique chemical and physical 

properties. These properties come from its hydroxyl groups. The hydrogen bonding 
between hydroxyl groups was very important in the property of polyvinyl alcohol. 
For example it has high water solubility, a wide range of crystallinity, and a high 
crystal modulus. Moreover, the polyvinyl alcohol polymer can react with borate ions 
to form a polymeric gel. The mechanism of PVA-borate crosslink is believed to be a 
didiol (two diol) complex, in which two diol units of polyvinyl alcohol chain with 
one borate ion to form a crosslink.
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Figure 5.1 The reaction of forming a polymeric gel by boric and PVA

The borax actually dissolves to form boric acid, H3BO3. This boric acid- 
borate solution is a buffer with a pH of about 9 (basic). Boric acid will accept a 
hydroxide OFF from water as indicated

B(OH) 3 + 2H20  B(OH)4" + H30 + pH = 9.2

Figure 5.2 shown a chemical equation of boric aqueous and borate ions
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Wang et a l (1999) prepared the elastomeric of polyvinyl alcohol gel from the 
polyvinyl alcohol polymer, with boric acid as a crosslinking agent, in the mixed 
solvent of dimethyl sulfoxide and water. From their experimental results show that 
the viscosity of polyvinyl alcohol solution was increased while a boric acid content 
increased, in the range of temperature 70°c to 100°c but the viscosity was decreased 
in the range of 30°c to 70°c. Shibayama et a l (1988) found that the correlation 
length remained constant in the gel state and decreased with an increase of 
temperature in the sol state.

Also, the formation of complexes between polyvinyl alcohol and borate ion 
has a significant effect on the viscosity behavior of polyvinyl alcohol aqueous. 
Maerker et a l (1986) demonstrated that the solution of polyvinyl alcohol with sodium 
borate exhibited maximum viscosity followed by shear thinning as shear rate was 
increased also occurring was significant hysteresis phenomenon at higher viscosity. 
Kurokawa and Ochiai et a l (1992) studied the viscosity behavior of polyvinyl alcohol 
aqueous with borate. They found that the viscosity was dependent on the boric acid, 
PVA. Shibayama et al (1988) also found that the relationship of the intrinsic 
viscosity ratio of polyvinyl alcohol aqueous with borate ion and the equilibrium 
swelling ratio of gels were in good proportional accordance.

However, most of these studies are concentrated on the behavior of polyvinyl 
alcohol aqueous gel but not on the polyvinyl alcohol gel from the mixed solvent. 
Polyvinyl alcohol gel, which is prepared from the mixed solvent of dimethyl 
sulfoxide (DMSO) and water, has attracted a lot of attention from polymer scientists 
because of its good transparency, adhesive, and water-holding properties. Some 
studied have reported that the mechanical properties of polyvinyl alcohol gel from 
the mixed solvent (dimethyl sulfoxide and water) are the same as those of polyvinyl 
alcohol gel from a repeated frozen aqueous solution of polyvinyl alcohol. But the 
time for preparing the polyvinyl alcohol aqueous gel is longer than that of polyvinyl 
alcohol gel from the mixed solvent. In other words, polyvinyl alcohol gel is much 
easier to prepare from the mixed solvent.
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H o w e v e r ,  i f  p o ly v in y l  a lc o h o l  g e l is  u s e d  f o r  m e d ic a l  a p p l ic a t io n s ,  d im e th y l  
s u l f o x id e  is  r e q u ir e d  to  b e  e x t r a c te d  f ro m  th e  g e l  b e c a u s e  o f  i ts  to x ic i ty .  In  o u r  
p r e v io u s  a r t ic le ,  th e  th e r m a l  a n d  r h e o lo g ic a l  p r o p e r t ie s  o f  p o ly v in y l  a lc o h o l  g e l in  th e  
m ix e d  s o lv e n t  o f  d im e th y l  s u l f o x id e  a n d  w a te r  w i th  b o r ic  a c id  a s  a  c r o s s l in k in g  a g e n t  
w e re  s tu d ie d .

In  2 0 0 6 , B a r ro s  et al p r e p a r e d  a  p r e c e r a m ic  p r e c u r s o r ,  p r e p a r e d  b y  
c o n d e n s a t io n  r e a c t io n  f ro m  p o ly ( v in y l  a lc o h o l )  ( P V A )  a n d  b o r ic  a c id  ( B ( O H ) 3)  in  a  
B - O H :  P V A - O H  m o la r  ra t io  o f  1 :1 , w a s  s y n th e s iz e d ,  a s  a  p o te n t ia l  p r e c u r s o r  o f  
l o w e r - te m p e r a tu r e  r o u te  fo r  c e r a m ic  m a te r ia l .  T h e y  fo u n d  th a t  a  b o r o n - c o n ta in in g  
p o ly ( v in y l  a lc o h o l )  w a s  e a s i ly  o b ta in e d  fro m  th e  r e a c t io n  b e tw e e n  b o r ic  a c id .  T h e  
th e r m a l  s ta b i l i ty  a n d  th e  a c t iv a t io n  e n e r g y  f o r  th e  d e g r a d a t io n  p r o c e s s  o f  P V A  w e r e  
d e te r m in e d  fo r  th e  P V A B  p r e c u r s o r ,  a n d  th e  th e r m a l  d e g r a d a t io n  p r o c e s s  w a s  s im i la r  
to  th e  o n e s  r e p o r te d  fo r  P V A  p o ly m e r s .  T h e  a c t iv a t io n  e n e r g y  v a lu e s  f o r  th e  P V A B  
p r e c u r s o r  in d ic a te d  th a t  th e  m o le c u la r  a r c h i te c tu r e  o f  th e  p r e c u r s o r  w a s  m o r e  
im p o r ta n t  in  th e  d e g r a d a t io n  p r o c e s s  th a n  th e  c r o s s l in k in g  d e n s i ty ,  b u t  d id  n o t  s h o w  
a n  in f lu e n c e  o n  P V A  d e g r a d a t io n .  H o w e v e r ,  th e  c r o s s l in k in g  d e n s i ty  s h o w e d  a  
s tr o n g  in f lu e n c e  o n  th e  c e r a m ic  y ie ld .

6 . PVA with Freeze/Thaw process
6.1 Introduction of Freeze/Thaw process
T o  a v o id  c r o s s l in k  p r o c e s s  w h ic h  p o te n t ia l ly  le a d s  to  th e  r e le a s e  o f  to x ic  

a g e n ts ,  a  p h y s ic a l  m e th o d  o f  g e la t io n  a n d  s o l id i f ic a t io n  o f  s o m e  p o ly m e r s ,  
p a r t ic u la r ly  P V A , h a s  b e e n  d e v e lo p .  T h e s e  p o ly m e r ic  m a te r ia ls  w e r e  f i r s t  d e s c r ib e d  
a t  th e  b e g in n in g  o f  1 9 7 0 s  b u t  th e  m a in  m e c h a n is m s  o f  P V A  c r y o t r o p ic  g e l fo r m a t io n  
w e re  r e c o g n iz e d  o n ly  d u r in g  th e  la s t  d e c a d e  ( W a ta s e  et ai, 1 9 8 5 ). T h e  l i te r a tu re  d a ta  
( in  g e n e r a l ,  p a te n ts )  p o in t  to  th e  g r o w in g  n u m b e r  o f  a r e a s  w h e r e  c r y o P V A G s  a re  
p r o p o s e d  f o r  im p le m e n ta t io n ,  fo r  e x a m p le ,  in  m e d ic in e  a s  d ru g  d e l iv e r y  c a r r ie r s  o r  a s  
s u b s t i tu te  p r o s th e t i s t s  o f  c a r t i la g in o u s  t is s u e ,  e c o lo g ic a l  e n g in e e r in g  fo r  th e  
r e i n f o r c e m e n t  o f  th a w e d  s o i l s  a n d  g r o u n d s ,  m ic r o b io lo g y  fo r  th e  c r e a t io n  o f  s o l id  
n u tr i t io n a l  m e d ia ,  f i s h e ry  a s  a r t i f ic ia l  b a i ts ,  th e  fo o d  in d u s t r y  a s  p r o te c t iv e  c o v e r s  fo r  
f ro z e n  m e a t  o r  f is h , a n d  th e  d e v e lo p m e n t  o f  b io m im e t ic  a c tu a to r s ,  e tc  ( P e p p a s  et al, 
1 9 9 1 ).
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H y d r o g e l  p r e p a r a t io n  in v o lv e s  “ p h y s ic a l ”  c r o s s l in k in g  d u e  to  c r y s ta l l i te  
fo rm a t io n .  T h is  m e th o d  a d d r e s s  to x i c i ty  is s u e s  b e c a u s e  it d o e s  n o t  r e q u i r e  th e  
p r e s e n c e  o f  a  c r o s s l in k in g  a g e n t .  S u c h  p h y s ic a l ly  c r o s s l in k e d  m a te r ia l s  a l s o  e x h ib i t  
h ig h e r  m e c h a n ic a l  s t r e n g th  th a n  P V A  g e ls  c r o s s l in k e d  b y  c h e m ic a l  o r  i r r a d ia t iv e  
t e c h n iq u e s  b e c a u s e  th e  m e c h a n ic a l  lo a d  c a n  b e  d is t r ib u t e d  a lo n g  th e  c r y s t a l l i t e s  o f  
th e  t h r e e - d im e n s io n a l  s t r u c tu r e .  A q u e o u s  P V A  s o lu t io n s  h a v e  th e  u n u s u a l  
c h a r a c te r i s t ic  o f  c r y s ta l l i te  fo r m a t io n  u p o n  r e p e a te d  f r e e z in g  a n d  th a w in g  c y c le s .  T h e  
n u m b e r  a n d  s ta b i l i ty  o f  th e s e  c r y s t a l l i t e s  a re  in c r e a s e d  a s  th e  n u m b e r  o f  
f r e e z in g / th a w in g  c y c le s  is  in c re a s e d . S o m e  c h a r a c te r i s t ic s  o f  th e s e  “ p h y s ic a l ly ” 
c r o s s l in k e d  P V A  g e ls  in c lu d e  a  h ig h  d e g r e e  o f  s w e l l i n g  in  w a te r ,  a  r u b b e r y  a n d  
e la s t ic  n a tu r e ,  a n d  h ig h  m e c h a n ic a l  s t r e n g th .  In  a d d i t io n ,  th e  p r o p e r t ie s  o f  th e  g e l 
m a y  d e p e n d  o n  th e  m o le c u la r  w e ig h t  o f  th e  p o ly m e r ,  th e  c o n c e n t r a t io n  o f  th e  
a q u e o u s  P V A  s o lu t io n ,  t h e  t e m p e r a tu r e  a n d  t im e  o f  f r e e z in g  a n d  th a w in g ,  a n d  th e  
n u m b e r  f r e e z in g / th a w in g  c y c le s  ( H a s s a n  et al, 2 0 0 0 ) .

6.2 physicochemical bases of cryotropic gelation of PVA solutions
P V A  m u s t  c r o s s l in k e d  in  o r d e r  to  b e  u s e fu l  f o r  a  v a r ie ty  o f  a p p l ic a t io n s ,  

s p e c i f ic a l ly  in  th e  a r e a s  o f  m e d ic in e  a n d  p h a r m a c e u t ic a l  s c ie n c e .  A  h y d r o g e l  c a n  b e  
d e s c r ib e d  a s  a  h y d r o p h i l i c ,  c r o s s l in k  p o ly m e r  ( n e tw o r k ) .  T h e s e  m e th o d s  h a v e  
a d v a n ta g e s  o v e r  th e  u se  o f  c h e m ic a l  c r o s s l in k in g  a g e n t  a s  th e y  d o  n o t  le a v e  b e h in d  
to x ic .

O v e r a l l ,  s o lu te  t r a n s p o r t  w a s  a  f u n c t io n  o f  c r y s t a l l i n e  f r a c t io n  o f  P V A  a n d  th e  
m e s h  s iz e .  F ig u r e  6.1 s h o w  in  m o re  d e ta i l  th e  th r e e  d im e n s io n  n e tw o r k  s t r u c tu r e  o f  
s w o l le n ,  f r e e z e / th a w e d  P V A  g e ls  th a t  w a s  p ro p o s e d  in  th i s  w o rk .  T h e  m e s h  s iz e  is 
s h o w n  b e tw e e n  th e  c r y s t a l l i n e  re g io n s  th a t  s e rv e  a s  th e  p h y s ic a l  c r o s s l i n k s .  A  s iz e  
e x c lu s io n  p h e n o m e n o n  w a s  d e m o n s t r a te d  b y  th is  p e r m e a t io n  s tu d ie d  w h ic h  w a s  
a t t r ib u te d  to  th e  c r y s ta l l i te s  th a t  c r e a te  th e  p h y s ic a l  n e tw o r k .
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Figure 6.1 T h r e e - d im e n s io n  n e tw o r k  s t r u c tu r e  o f  f r e e z e / th a w e d  P V A  g e ls  (P e p p a s  
et al, 1 9 9 1 ) .

P o ly ( v in y l  a lc o h o ls )  a r e  h y d r o p h i l i c  p o ly m e r s  w h o s e  c o n c e n t r a te d  a q u e o u s  
s o lu t io n s  a r e  c a p a b le  o f  g e l l i n g  p e r s e  w ith  th e  fo r m a t io n  o f  a  n o n c o v a le n t  s p a tia l  
n e tw o r k  u n d e r  p r o lo n g e d  s to r in g .  T h e  m a jo r  ty p e  o f  i n t e r m o le c u la r  l in k s  in  th e  
j u n c t i o n  k n o ts  o f  s im i la r  n e tw o r k s  in  a ll P V A  t h e r m o r e v e r s ib le  ( p h y s ic a l )  g e ls , 
i n c lu d in g  c r y o P V A G s ,  a re  th e  h y d r o g e n  b o n d s  b e tw e e n  O H  g r o u p s  o f  n e ig h b o r in g  

p o ly m e r  c h a in s .  T h e  s y n d io ta c t i c  s i te s  in  th e s e  c h a in s  a r e  r e s p o n s ib le  f o r  th e  
f o r m a t io n  o f  th e  in te r m o le c u la r  H  b o n d s  w h e r e a s  is o ta c t ic  s i t e s  p a r t ic ip a te  m a in ly  in 
i n t r a m o le c u la r  in te r a c t io n s  (F u j i i  et al, 1 9 7 1 ) .

..-CH2-^H-CH2-CH -CH2-  ̂ H- .

H

Figure 6 .2  S t r u c tu r e  o f  P V A  f o r m a t io n s  ( a )  s y n d io ta c t i c  s i t e s  o f  h y d r o x y l  g r o u p  (b )  
i s o ta c t i c  s i te s  o f  h y d r o x y l  g r o u p  (F u j i i  et al, 1 9 7 1 ) .
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O v e r a l l ,  th e  c r y s ta l l in i ty  w a s  fo u n d  to  in c re a s e  w i th  in c r e a s in g  f r e e z in g  t im e  
a n d  th e  d e g r e e  o f  c r y s ta l l in i ty  w a s  f o u n d  to  in c r e a s e  w i th  in c r e a s in g  P V A  s o lu t io n  
c o n c e n t r a t io n  ( H a s s a n  et al, 2 0 0 0 ) .

6.3 The using of freeze/thaw process
T h e  m a jo r i t y  o f  p u b l ic a t io n s  a n d  p a te n ts  r e la te d  to  th e  a p p l i c a t io n  o f  

c r y o P V A G s  m a in ly  d e a ls  w i th  c e ll  im m o b i l iz a t io n  th u s  p r e p a r e d  in  a  v a r i e ty  o f  
b io te c h n o lo g ic a l  p ro c e s s e s .

L o z in s k y  et al ( 1 9 8 8 )  p r e p a r e d  P o ly  v in y l  a lc o h o l  c r y o g e ls  b y  th e  f r e e z e 
th a w in g  o f  c o n c e n t r a te d  a q u e o u s  s o lu t io n s  o f  t h e  p o ly m e r  f o r  th e  a p p r o a c h  o f  th e  
m a c r o p o r o u s  m e c h a n ic a l ly ,  th e r m a l ly ,  c h e m ic a l ly ,  a n d  b io lo g ic a l ly  s ta b le  P V A  
c r y o g e ls  a s  c a r r ie r s  o f  im m o b i l iz e d  b io m a s s .  P o ly  v in y l  a lc o h o l  c r y o g e ls  e m p lo y e d  
a s  m a tr ic e s  f o r  c e l l  im m o b i l iz a t io n .  T h e s e  c a r r ie r s  p o s s e s s  d e f in i t e  a d v a n ta g e s  w h e n  
c o m p a r e d  to  o th e r  h y d r o g e ls  c o m m o n ly  u s e d  f o r  th e  s a m e  p u r p o s e s .  T h e y  f o u n d  th e  
b e n e f i t s  o f  P V A  c r y o g e l  th a t

( i)  It h a s  v e ry  h ig h  m ic r o -  a n d  m a c r o p o r o s i t i e s .
( i i )  It is  n o n b r i t t l e  m a tr ix .
( i i i )  It h a s  a  g o o d  th e r m o s ta b i l i ty .
( iv )  It h ig h ly  r e s i s ta n t  to  b io lo g ic a l  d e g r a d a t io n  a s  w e l l  a s  b e in g  o f  a  

lo w  s e n s i t iv i ty  to  c u l tu r e  m e d ia  c o m p o s i t io n s .
(v )  P V A  i t s e l f  is a  b io lo g ic a l ly  c o m p a t ib le ,  n o n to x ic ,  a n d  r e a d i ly  

a v a i la b le  lo w - c o s t  p o ly m e r
In 2 0 1 1 , J ia n g  et al o r d e r e d  to  in v e s t ig a te  th e  b io p s y  p r e c i s io n ,  P V A  

m a te r ia l s  a r e  a d o p te d  in th is  r e s e a r c h  to  s u b s t i tu t e  f o r  r e a l  t i s s u e s  in  v i t r o .  T h e  
p r e p a r a t io n  o f  t r a n s p a r e n t  P V A  h y d r o g e l  m a te r ia l  a n d  th e  e v a lu a t io n  o f  t h e  e f f e c t  o f  
f r e e z e / th a w  c y c le  n u m b e r  o n  th e  h y d r o g e l  s t r u c tu r e  a n d  m e c h a n ic a l  p r o p e r ty  w a s  
s h o w  in  th e ir s  s tu d ie d .  T h e y  p r e p a r e d  P V A  h y d r o g e l  p r o p e r t ie s  fo r  b io m e d ic a l  
a p p l i c a t io n  w h ic h  h a s  b e e n  p r o p o s e d  a s  a  p r o m is in g  b io m a te r ia l  s u i t a b le  f o r  t i s s u e  
m im ic k in g ,  v a s c u la r  c e ll  c u l tu r in g  a n d  v a s c u la r  im p la n t in g .
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T h e r e  a r e  th r e e  k in d s  o f  s a m p le s  w ith  th e  s a m e  c o m p o s i t io n  b u t  d i f f e r e n t  
f r e e z e / th a w  c y c le s  h a v e  b e e n  p r e p a r e d .  In  o r d e r  to  in v e s t ig a te  th e  s t r u c tu r e  a n d  
p r o p e r t i e s  o f  p o ly v in y l  a lc o h o l  h y d r o g e l ,  m ic r o - s t r u c tu r e ,  m e c h a n ic a l  p r o p e r ty  a n d  
d e f o r m a t io n  m e a s u r e m e n t  h a v e  b e e n  c o n d u c te d .  A s  th e  S E M  im a g e  c o m p a r is o n  
r e s u l t s  s h o w , w i th  th e  in c re a s e  o f  f r e e z e / th a w  c y c le s ,  P V A  h y d r o g e l  r e v e a le d  th e  
s im i la r  m ic r o - s t r u c tu r e  to  p o rc in e  l iv e r  t is s u e .

Figure 6 .3  S E M  im a g e s  o f  d i f f e r e n t  f r e e z e - t h a w  c y c le s  o f  P V A  (a )  P V A  h y d r o g e l  o f  
o n e  f r e e z e / th a w  c y c le ,  (b )  P V A  h y d r o g e l  o f  th r e e  f r e e z e - t h a w  c y c le s ,  (c )  P V A  
h y d r o g e l  o f  f iv e  f r e e z e - t h a w  c y c le s  ( J ia n g  et ai, 2 0 1 1 ) .

Figure 6.4 T h e  h is to g r a m  o f  Y o u n g ’s  m o d u lu s  v a r ie d  a c c o r d in g  to  d i f f e r e n t  f r e e z e -  
th a w  c y c le s  ( J ia n g  et ai, 2 0 1 1 ) .
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W ith  u n ia x ia l  t e n s i l e  s t r e n g th  t e s t ,  th e  a b o v e  c o m p o s i t io n  w ith  a  f iv e  
f r e e z e / th a w  c y c le  s a m p le  r e s u l te d  in  Y o u n g ’s m o d u lu s  s im i la r  t o  th a t  o f  p o r c in e  
l i v e r ’s  p r o p e r ty .  In  a d d i t io n ,  th e  n u m b e r  o f  f r e e z e / th a w  c y c le s  o f  P V A  h a d  a  m a r k e d  
e f f e c t  o n  th e  s t r e s s - s t r a i n  r e la t io n s h ip  o f  P V A  h y d r o g e n  a n d  i ts  m o r p h o lo g ic a l  
s t r u c tu r e .

7. Dimethylglyoxime and Heavy metal
7.1 Dimethylglyoxime and Nickel

T h e  u s e  o f  D im e th y lg ly o x im e  ( D M G )  a s  a  r e a g e n t  to  d e t e c t  n ic k e l  w a s  
d i s c o v e r e d  b y  L . A . C h u g a e v  in 1 9 0 5  f o r  q u a l i t a t iv e  a n a ly s is .  D M G  is o f te n  u s e d  a s  
a  s o lu t io n  in  e th a n o l .  A  p a i r  o f  d m g p f  l ig a n d s  a re  j o i n e d  th r o u g h  h y d r o g e n  b o n d s  to  
g iv e  a  m a c r o c y c l ic  l ig a n d .  T h e  m o s t  f a m o u s  c o m p le x  is th e  b r ig h t  r e d  N i ( d m g H ) 2 , 
f o rm e d  b y  t r e a tm e n t  o f  N i ( I I )  s o u r c e s  w ith  d m g p f .  T h is  p la n a r  c o m p le x  is v e r y  
p o o r ly  s o lu b le  a n d  s o  p re c ip i ta te s  f ro m  s o lu t io n .  T h is  m e th o d  is  u s e d  fo r  th e  
g r a v im e t r i c  d e te r m in a t io n  o f  n ic k e l ,  e .g . in  o re s

Figure 7 .1  s h o w n  c h e m ic a l  e q u a t io n  o f  D im e th y lg ly o x im e  a n d  N ic k e l  ( L e v  

T s c h u g a e f f ,  1 9 0 5 ) , N ic k e l  c o m p le x  ( N i ( d m g H ) 2).

In  2 0 1 1 ,  L u x s a n a  D u b a s  et al p ro d u c e d  d im e th y lg ly o x im e  
( D M G ) /p o ly ( c a p r o la c to n e )  (P C L )  b le n d  b y  u s in g  e le c t r o s p u n  in to  f ib e r s .  D M G  w a s  
m ix e d  w i th  P C L  in  a  m ix tu r e  o f  N , N - d im e th y l f o r m a m id e  ( D M F )  a n d  
d ic h lo r o m e th a n e  ( D C M )  p r io r  e l e c t r o s p u n n in g  p ro c e s s .  T h e  o p t ic a l  s e n s o r  fo r  th e  
n ic k e l  d e t e c t io n  b a s e d  o n  th e  fo r m a t io n  o f  a  re d  N i ( D M G ) 2 c o m p le x .  T h e  b e s t  f ib e r s
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w e r e  p r e p a r e d  u n d e r  a n  e l e c t r i c  f ie ld  o f  2 0  k V  a n d  a  d is ta n c e  b e tw e e n  n e e d le  a n d  
c o l le c to r  o f  2 0  c m . F ro m  s c a n n in g  e le c t r o n  m ic r o s c o p y  ( S E M ) ,  th e  a v e r a g e  d ia m e te r  
o f  th e  f ib e r s  r e m a in e d  n e a r ly  c o n s ta n t  w i th  in c r e a s in g  a m o u n t  o f  D M G . T h e  
f o r m a t io n  o f  t h e  N i ( D M G )2  c o m p le x  w a s  c o n f i r m e d  b y  F o u r ie r  t r a n s f o r m  in f r a re d  
s p e c t r o s c o p y  (F T -1 R ) . T h e  c o lo r im e t r ic  r e s p o n s e  o f  th e  P C L /D M G  e le c t r o s p u n  f ib e rs  
w e r e  th e n  te s te d  a g a in s t  t h e  n ic k e l  io n s  o v e r  a  c o n c e n t r a t io n  r a n g e  o f  1 - 1 0  p p m  
u s in g  r e f l e c t a n c e  s p e c t r o s c o p y .  G o o d  l in e a r i ty  b e tw e e n  th e  r e f le c ta n c e  v a lu e s  a t  5 4 7  
n m  a n d  th e  c o n c e n t r a t io n s  w a s  o b ta in e d  ( R 2= 0 .9 9 2 5 ) .  T h e s e  p r o p o s e d  D M G  a n d  
P C L  f ib e rs  c o u ld  b e  u s e d  a s  th e  n a k e d - e y e  s e n s o r  fo r  n ic k e l  in  w a s te  w a te r .

In  th i s  w o rk ,  w e  d e m o n s t r a te d  th a t  th e  P C L  e le c t r o s p u n  f ib e r s  c o n ta in in g  
d im e th y lg ly o x im e  ( D M G )  c o u ld  b e  u s e d  a s  a  n o v e l  o p tic a l  s e n s o r  f o r  t h e  a n a ly s i s  o f  
n ic k e l  ( I I )  i o n c o n c e n t r a t io n  b y  d ip p in g  in to  th e  s o lu t io n .  T h e  o p tic a l  r e s p o n s e  o f  th e  
s e n s o r  is  b a s e d  o n  th e  w e l l  k n o w n  re a c t io n  b e tw e e n  n ic k e l  a n d  D M G  le a d in g  to  th e  
f o r m a t io n  o f  a  r e d  c o m p le x  o f  N i ( D M G )2  w i th  an  a b s o r b a n c e  p e a k  a t  5 4 7  n m . F le re , 
D M G  w a s  d i r e c t ly  b le n d e d  w i th  P C L  in  a  s o lv e n t  a n d  th e n  e le c t r o s p u n  in to  f ib e rs .

T h e  m o r p h o lo g y  a n d  c o m p o s i t io n  o f  th e  b le n d e d  f ib e rs  w e r e  c o l o r  c h a n g e  
w h e n  e x p o s e d  to  v a r io u s  c o n c e n t r a t io n s  o f  n ic k e l  s o lu t io n s  a s  lo w  a s  1 - 1 0  p p m  o f  
n ic k e l  in  w a te r .  T h is  s e n s o r  c a n  b e  u s e d  in  th e  d e te r m in a t io n  o f  n ic k e l  io n s  
c o n c e n t r a t io n  in  w a s te  w a te r  f ro m  b a t te r ie s  o r  n ic k e l  a l l o y  m a n u f a c tu r e r s .  T h e  
s im p le  d ip p in g  m e th o d  d e te c t io n  m a k e s  it e a s y  to  b e  u s e d  in  th e  f ie ld  f o r  e x a m p le  to  
m o n i to r  r iv e r  c o n ta m in a t io n s .  T h is  d e v e lo p e d  s e n s o r  h a s  s h o w n  a  g o o d  a d v a n ta g e  
w h e n  c o m p a r e d  to  o th e r  a n a ly t ic a l  t e c h n iq u e s  in  th is  a s p e c t .

7.2 Dimethylglyoxime and Cobalt
T h e  n i t r o g e n  a to m s  in  d m g F L  a n d  its  c o m p le x e s  a r e  s p 2 h y b r id iz e d  ( G i r o la m i  

G  et al., 1 9 9 9 ) . B e c a u s e  o f  th e  p la n a r i ty  o f  th e  r e s u l t in g  l ig a n d , th e  m a c r o c y c le  
[ d m g H ] 22'  r e s e m b le s  s o m e  b io lo g ic a l ly  im p o r ta n t  m a c r o c y c l ic  l ig a n d s ,  a s  f o u n d  fo r  
e x a m p le  in  v i t a m in  B 1 2  a n d  m y o g lo b in .  A  w e l l  k n o w n  fa m ily  o f  m o d e l  c o m p le x e s ,  
t h e  c o b a lo x im e s ,  h a v e  th e  f o r m u la  C o R ( d m g H ) 2 L, w h e r e  R  is a n  a lk y l  g r o u p  a n d  L  
is  t y p ic a l ly  p y r id in e .  In  s u c h  c o m p le x e s ,  L  a n d  R  o c c u p y  “ a x ia l”  p o s i t io n s  o n  th e
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c o b a l t ,  p e r p e n d ic u l a r  to  th e  p la n e  o f  th e  d m g H 2 - O n e  o f  th e  e x a m p le s  o f  c o b a lo x im e  
is c h lo r o ( p y r id in e ) c o b a lo x im e .

Figure 7 .2  s h o w n  s t r u c tu r e  o f  c h lo r o ( p y r id in e ) c o b a lo x im e  a n d  s a m p le  o f  
c h lo r o ( p y r id in e ) c o b a lo x im e .

8 . A e r o g e l s

8.1 Introduction of Aerogels
A e r o g e l s  a r e  a  s p e c ia l  c l a s s  o f  n a n o p o r o u s  m a te r ia l s  w i th  g r o w in g  in te r e s t  

in  b io m e d ic a l  a n d  p h a r m a c e u t ic a l  a p p l ic a t io n s  d u e  to  th e i r  o p e n  p o re  s t r u c tu r e  a n d  
h ig h  s u r f a c e  a r e a .  A e ro g e l  t e c h n o lo g y  p r o v id e s  h ig h  a d d e d - v a lu e  l ig h tw e ig h t  
m a te r ia l s  w i th  o u ts ta n d in g  s u r f a c e  a r e a  a n d  o p e n  p o ro s i ty ,  s u i t a b le  f o r  l o a d in g  w ith  
a c t iv e  c o m p o u n d s  ( R o l is o n ,  2 0 0 3 ,  S m ir n o v a  et al, 2 0 0 3  a n d  S m ir n o v a  et al, 2 0 0 4  ). 

A e r o g e l s  a re  o b ta in e d  fro m  w e t  g e l s  b y  u s in g  a  s u i ta b le  d r y in g  te c h n o lo g y ,  u s u a l ly  a  
s u p e r c r i t i c a l  d r y in g  p r o c e s s ,  a b le  to  a v o id  th e  p o r e  c o l la p s e  p h e n o m e n o n  a n d  k e e p  
in ta c t  t h e  p o r o u s  t e x tu r e  o f  th e  w e t  m a te r ia l .

T h e  p h y s ic a l  p r o p e r t ie s  a n d  s t r u c tu r e s  o f  th 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  th e  s o l- g e l  p r o c e s s  p a r a m e te r s  s u c h  as  ty p e  a n d  c o n c e n t r a t io n  o f  p r e c u r s o r ,  ty p e  
o f  s o lv e n t ,  ty p e  o f  c a ta ly s t ,  t e m p e r a tu r e ,  p H , t im e , ty p e  o f  d r y in g  e tc  ( A e g e r t e r  et al,
2 0 1 1 ) .

P o ly s a c c h a r id e - b a s e d  a e r o g e l s  r e s u l t  in  h ig h ly  p o r o u s  a n d  l ig h tw e ig h t  w i th  
h ig h  s u r f a c e  a r e a ,  a b le  to  p r o v id e  e n h a n c e d  d r u g  b io a v a i la b i l i ty  a n d  d r u g  lo a d in g  
c a p a c i ty .  T h e r e  a r e  th r e e  ty p e  o f  d r y in g  m e th o d  f o r  a e r o g e ls  ( H ü s in g  et al, 1 9 9 8 ) .
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a )  S u p e r c r i t i c a l  D r y in g
In  th i s  m e th o d  th e  s o lv e n t  is p u t  in to  th e  s u p e r c r i t i c a l  s ta te  th u s  t h e r e  a r e  n o  

l iq u id /g a s  in te r f a c e s  in  th e  p o r e s  d u r in g  d r y in g  w h ic h  w i th o u t  c o l la p s in g  o f  t h e  p o re  
s t r u c tu r e .  S u p e r c r i t i c a l  d r y in g  c a n  b e  p e r f o r m e d  a lo n g  p a th w a y  A  o r  B  a s  s h o w n  in  
F ig u r e  8 .1  ( H ü s in g  et al, 1 9 9 8 ) .

b )  A m b ie n t - P r e s s u r e  D r y in g
T h e  a m b ie n t - p r e s s u r e  d r y in g  is s im p le  a n d  le s s  e x p e n s iv e  m e th o d .  T h is  

t e c h n iq u e  is  d r y in g  a t  a m b ie n t  c o n d i t io n s  ( s u b c r i t i c a l  d r y in g )  th a t  w i th o u t  c o l la p s in g  
o f  g e l  n e tw o r k  b e c a u s e  th e  c o n ta c t  a n g le  b e tw e e n  th e  l iq u id  p o r e  a n d  th e  w a l l  p o re  
w a s  m in im iz e d  th e  c a p i l la r y  f o r c e  b y  m o d i f ic a t io n  o f  th e  in n e r  s u r f a c e  a n d  v a r ia t io n  
o f  t h e  s o lv e n t  ( H ü s in g  et al, 1 9 9 8 ) .

c )  F r e e z e - D r y in g
F r e e z e  d r y in g  is  o n e  o f  d r y in g  m e th o d  fo r  a e ro g e l  w h ic h  th is  m e th o d  is 

e l im in a te  l iq u id /g a s  in te r f a c e s  p r o b le m  c a u s in g  c o l la p s in g  o f  n e tw o r k .  F r e e z e  d r y in g  
p r o c e s s  is to  f r e e z e  th e  l iq u id  p o r e  th e n  s u b l im e d  u n d e r  v a c u u m . T h e  t e m p e r a tu r e  is 

r a i s e d  to  a l lo w  th e  ic e  s u b l im e d  a s  s h o w n  in  F ig u r e  8 .1 . T h e  m a in  p r o b le m  w i th  th is  
t e c h n iq u e  is  n u c lé a t io n  a n d  g r o w th  o f  s o lv e n t  c r y s ta l  th a t  m a y  d e s t r o y  th e  n e tw o r k  
.H o w e v e r ;  t h i s  p r o b le m  is d is s o lv e d  b y  u s in g  lo w  e x p a n s io n  c o e f f i c i e n t  o f  s o lv e n t ,  
h ig h  s u b l im a t io n  p r e s s u r e  a n d  r a p id  f r e e z in g  in  l iq u id  n i t r o g e n  ( H ü s in g  et al., 1 9 9 8  
a n d  A e g e r t e r  et al., 2 0 1 1 ) .
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T e m p e r a t u r e

Figure 8.1 P r in c ip a l  o f  (a )  s u p e r c r i t i c a l  d y in g  a n d  (b )  f r e e z e - d r y in g  (B r y n in g ,  
2 0 0 7 ) .

8.2 Application of Aerogels
N o w a d a y s ,  A e r o g e l  t e c h n o lo g y  p la y s  th e  im p o r ta n t  ro le  in  th 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  b e e n  s tu d ie d  o n  a e r o g e l  t e c h n o lo g y  a n d  th e r e  a r e  
c o n t in u o u s ly  in c r e a s in g  p u b l ic a t io n s  a b o u t  a e r o g e l  a s  s h o w n  in  F ig u r e  8 .2 .

350 1----------------------------------------------------------------------------------------------------------------

A erogel
■  S ilica  a erogel j i

Y e a r

Figure 8.2 P u b l ic a t io n s  n u m b e r  o f  a e r o g e l  ( A ln a ie f ,  2 0 1 1 ) .
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A e r o g e ls  a r e  u s e d  f o r  m a n y  a p p l ic a t io n s  w h ic h  b a s e d  o n  s p e c i f ic  p r o p e r t ie s  
a n d  p o te n t i a l  a p p l i c a t io n s  fo r  a e r o g e l s  a r e  w id e  r a n g in g  a n d  u n l im i te d  a s  s h o w n  in  
T a b le  8 .3 .  ( H r u b e s h ,  1 9 9 8 )

Table 8.3 I d e n t i f i c a t io n s  o f  a e r o g e l  p r o p e r t ie s ,  f e a tu r e s  a n d  a p p l i c a t io n s  ( H r u b e s h ,  
1 9 9 8 )

P r o p e r ty F e a tu r e s A p p l ic a t io n s

T h e rm a l
c o n d u c t iv i ty

- b e s t  in s u la t in g  s o l id  

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

-h ig h  t e m p e r a tu r e  

- l ig h t  w e ig h t

- a r c h i te c tu r a l  a n d  a p p l ia n c e  in s u la t io n ,  
p o r ta b le  c o o le r ,  t r a n s p o r t  v e h ic le s ,  p ip e ,  
c r y o g e n ic ,  s k y l ig h t

-S p a c e  v e h ic le s  a n d  p r o b e s ,  c a s t in g  m o ld s

D e n s i ty  a n d  

P o r o s i ty

- l ig h te s t  s y n th e t ic  s o l id  

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

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

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

-c a ta ly s ts ,  s o r b e r s ,  s e n s o r s ,  fu e l  s to r a g e ,  io n  
e x c h a n g e

- ta rg e ts  f o r  IC F , X - r a y  la s e r s

O p tic a l - lo w  re f r a c t iv e  in d e x  
s o l id

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

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

- l ig h tw e ig h t  o p tic s ,  l ig h t  g u id e s ,  s p e c ia l  e f f e c t  
o p tic s

A c o u s t ic - lo w e s t  s o u n d  s p e e d - im p e d a n c e  m a tc h e r s  fo r  t r a n s d u c e r s ,  r a n g e  
f in d e rs ,  s p e a k e r s

M e c h a n ic a l - e la s t ic

- l ig h tw e ig h t

- e n e r g y  a b s o r b e r ,  h y p e r v e lo c i ty  p a r t ic le  t r a p
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E le c tr ic a l - l o w e s t  d ie le c t r i c - d ie le c tr ic s  fo r  IC s , s p a c e r s  f o r  v a c u u m
c o n s ta n t e le c t r o d e s ,  v a c u u m  d is p la y  s p a c e r s  c a p a c i to r s

-h ig h  d ie le c t r i c  s t r e n g th

-h ig h  s u r f a c e  a r e a
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