
C H A P T E R  I V

R E S U L T S  A N D  D I S C U S S I O N

4.1 Hydrolysis o f silk fibre in subcritical water: Preliminary study

Hydrolysis of silk fibre was carried out in subcritical water at different 
temperatures and reaction times between 10 to 60 min. The reaction products consisted of 
two parts: solid residue and aqueous solution. In the preliminary study, general 
characteristics of these products were observed. The morphology of the solid residue was 
examined under a scanning electron microscope (SEM) and the molecular size 
distribution of the content in the soluble products was determined using sodium dodesyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

4.1.1 Soluble products

Figure 4.1 shows the photographs of the soluble reaction products obtained 
reaction of 30 min. The soluble product obtained was viscous at lower temperature (120 
and 130 °C) and becomes less viscous at higher temperatures. In addition, at low 
temperatures of 120 and 130 °c, gelation of the soluble product was observed after 
allowing a period of cooling. The products shown in Figure 4 a were obtained in the 
temperature range between 120 and 160 °c. The yellow color was resulted from the 
pigment of the silk fiber extracted in to the solution. The weight of the remaining residue 
did not change significantly when the temperature increased from 120 to 160 °c, which 
indicates that the majority of fibroin fibre of the silk remained unhydrolyzed at these 
conditions. The the major component of these glue-like products in Figure 4 a was 
therefore resulted from sericin. They are consequently called sericin solutions.

In order to hydrothermally decompose the fibroin, higher temperature was 
required. In the study of subcritical water hydrolysis of fibroin, a separate sets of 
experiments could be conducted using the sericin free fibroin fibre as the starting 
maerials. These samples were prepared from the raw silk waste by degumming in an
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autoclave at 120 °c for 30 min, the condition found to be optimal for sericin removal. In 
a separate set of experiments, the fibroin hydrolysis study was carried out at various 
temperatures between 160-220 ๐c. The pictures of the resulting soluble products which 
we call fibroin solution, obtained after 30 min at various temperatures are shown in 
Figure 4.1 b. The color of the product obtained at 160 ๐c was lighter than the sericin 
solution. This was because most of the pigment had been removed along with sericin in 
the earlier step. At higher hydrolysis temperatures, the color of the solution as well as of 
the silk residue became dark brown due to the increase in the degree of carbonization. 
The morphology of the silk remained after hydrolysis at various temperatures was then 
observed under a scanning electron microscope and the soluble products were analyzed 
with sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE).

120 °c 130 °c 140 °c 150 °c 160 °c
(a)

1 6 0  °c 1 8 0  °c 2 0 0  °c 2 2 0  °c 
(b)

Figure 4.1 Soluble products of silk fibre in subcritical water:
(a) Silk sericin solution, reaction time=30 min, 120-160 °c
(b) Silk fibroin solution, reaction time= 30 min, 160-220 °c.
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4.1.2 Morphology of silk residue

Scanning electron microscopic images of raw silk and of the remaining silk 
residue after hydrolysis are shown in Figure 4.2. As seen in the figure, sericin, the glue­
like protein that encases the silk fibroin fiber, could be removed completely after 30 min 
of hydrolysis at 120 ๐c. Although it is well known that silk sericin is soluble in boiling 
water, sericin removal with boiling water might give incomplete degumming. The SEM 
images demonstrated that at elevated temperature (120 °C), complete removal of sericin 
could be achieved in a short time period. At higher longer time period (Figure 4.2 c) or 
higher temperature of 160 ๐c (Figure 4.2 d), some amount of silk fibroin was also 
hydrolyzed, as can be seen from the resulting thinner fibre shown in the SEM images.

(c) (d)
Figure 4.2 Scanning Electron Micrograph: (a) Raw silk (b) 1:50, 120°c, 30 min (c) 1 ะ50, 

120 °c, 60 min (d) 1:50, 160 °c, 30 min
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4.1. 3. Molecular size

The soluble fraction of the reaction product was analyzed by protein gel 
electrophoresis using 12 % polyacrylamide gradient gel prepared for the molecular range 
of proteins between 10-225 kDa. The hydrolyzed product obtained under different 
temperatures for the hydrolysis time of 30 min was analyzed and the results are shown in 
Figure 4.3. The product obtained at lower temperature of 120 and 130 ๐c contain 
complex mixture of multiple polypeptides ranging in size from approximately 10-225 
kDa and mostly have the molecular size between 15-75 kDa. The soluble product 
obtained after 10 min of hydrolysis at the same temperatures was well retained on the gel 
and showed dark band in the higher molecular range of 100-225 kDa (Appendix B). This 
result seems to be consistent with literatures which describe sericin as complex mixture 
of polypeptides widely differing in molecular weights, ranging from about 10 to over 300 
kDa (Zhang, 2003). At higher hydrolysis temperatures (>140 °C) the product was not 
retained on the gel, indicating that these hydrolysis products were peptides with lower 
molecular (<10 kDa) and even smaller amino acids.

Marker

225 kDa
150 kDa
100 kDa ฒร!เ',

75 kDa « * •
50 kDa
35 kDa ■ mm25 kDa | § ;
15 kDa 
10 kDa

120 °c 130 °c 140 °c 150°c 160°c 170 °c 180 °c

(a)
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Marker 190°c 200 °c 210 °c 220 °c 230 °c 240 °c 250 °c
225 kDa 
150 kDa
100 kDa

75 kDa
50 kDa
35 kDa
25 kDa
15 kDa 
10 kDa

(b)
Figure 4.3 The molecular weight range of sericin and fibroin solution determined by 

SDS-PAGE (a) 1:50, 30 min, 120-180°c (b) 1:50, 30 min, 190-250 °c.

4.2 Noncatalytic hydrolyis of sericin

Hydrolysis of silk sericin at the temperatures range between 120 and 160 °c, and 
the reaction times between 10 and 60 min, was investigated. After each reaction, the 
weight of the remaining silk residue was measured and the soluble product was analyzed 
for the amount of protein and amino acids. In addition, the effect of silk to water ratio 
(1:20, 1:50, and 1:100) on conversion of silk into protein and amino acids were 
determined.

4.2.1 Weight of residue

The weight of the silk residue after the reaction was found to decrease with 
increasing hydrolysis temperature and reaction time. The results are shown in Figure 4.4 
for the hydrolysis with the weight ratio of silk to water of 1:50. The other silk:water 
ratios showed similar trend (Appendix B). The highest amount of silk remained was 
found at the hydrolysis temperature of 120 °c (ratio 1:20) after 10 min to be 0.68 mg/mg
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of raw silk, which means a 32 % conversion of the raw silk material into the soluble 
products. Sericin protein is known to constitute approximately 17-25%, of the raw silk 
fiber. This implied that even at the lowest temperature and time employed sericin should 
be almost completely removed. At higher temperature and extended extraction period (i.e. 
160 °c, 60 min), only 0.51 mg/mg of raw silk was left, indicating that at this condition, 
silk fibroin had also been hydrolyzed.

The effect of silk to water ratio on the weight of the silk residue is shown in 
Figure 4.5 which demonstrated that when the weight ratio of silk was low (1:100), silk 
was converted into smaller protein and amino acid products more rapidly than that for the 
reaction with higher ratio of silk (1:50 and 1:20, respectively). The possible reason for 
this was that the sticky sericin protein could produce mass transfer resistance to the 
hydrolysis reaction. With the silk:water ratio of 1:100, this resistance can be minimized.

Figure 4.4 Weight of silk residue after subcritical water hydrolysis at different 
temperatures (1:50 silk:water ratio)
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Temperature ( °C)

(c)
F ig u re  4.5 Effect of silk to water ratio on weight of residue at different reaction 

time: (a) 10 min (b) 30 min (c) 60 min

4 .2 .2  P ro te in  y ie ld

Shown in Figure 4.6 and Figure 4.7 are the results for the yields of protein in the 
soluble products at different temperatures, times of extraction, and silk to water ratios. 
The highest yields (0.466 mg protein/mg of raw silk) were obtained at the lowest 
temperature (120 °c, 1:100, and 10 min, Figure 4.7 a) and the yield decreased slightly 
with increasing temperatures. The lowest protein yield was found to be 0.123 mg 
protein/mg of raw silk (160 °c, 1:20 and 60 min, Figure 4.7 c). The amount of protein in 
the sericin solution was not affected greatly by temperature and time of reaction for the 
ranges studied. This trend agreed with that observed for the weight of the silk residue 
which showed small effects of temperature and time of reaction. This result indicated that 
at these conditions, the rate of protein production was comparable to the rate of protein 
decomposition into smaller amino acids.
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Figure 4.6 Protein yield after hydrolysis at different temperatures (1:50 silk:water ratio)

The effect of silk:water ratio on protein yield is shown in Figure 4.7. The higher 
amount of protein (0.466 mg protein/mg of raw silk) was produced when the silk:water 
ratio was low (1:100). This agreed with the result previously shown in Figure 4.4, in 
which the highest silk fiber conversion (weight loss) was observed for the silk:water of 
1:100.

(a)
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(b )

(c)

Figure 4.7 Effect of silk to water ratio on protein yield at different reaction time ะ 
(a) 10 min (b) 30 min (c) 60 min
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4 .2 .3  A m in o  ac ids y ie ld

In contrast to protein yield, amino acid yields increased with increasing 
temperatures and times of reaction as shown in Figure 4.8. This result suggested that, at 
these conditions, the rate of protein decomposition to amino acids was high, and that the 
production of amino acids was favored over the decomposition of amino acids to other 
products.

F ig u re  4.8 Amino acid yield after hydrolysis at different temperatures (1:50 silk:water 
ratio)

The effect of silk:water ratio on amino acid yield is shown in Figure 4.9, which 
indicated the higher production of amino acids was resulted in the case of the high 
silk:water ratio (ratio 1:20). A reasonable explanation for this is that the conversion of 
protein into amino acids is of homogenous nature. In such case, the high silk:water ratio 
means the higher protein (reactant) concentration, and thus higher amino acid yield 
would result. It should be noted that at lower temperature, silkiwater ratio of 1:50 gave 
the highest yield of amino acids whereas at the higher temperatures, the silkrwater ratio 
of 1:20 resulted in highest yield. As mentioned earlier, at low temperatures of 120 and 
130 °c, viscous properties of silk sericin caused poor mixing of silk fiber and water, thus 
the silk:water ratio of 1:50 appeared to be optimal at this condition as it compromise the 
poor mixing and the concentration effect.
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(c)
F ig u re  4.9 Effect of silk to water ratio on amino acid yield at different reaction time ะ (a) 

10 min (b) 30 min (c) 60 min

4.3 N o n c a ta ly t ic  h y d ro ly is  o f  f ib ro in

4 .3 .1 W e ig h t o f  s i lk  re s idue

Similar to sericin, the weight of the silk fibroin residue decreased with increasing 
hydrolysis temperature and time. Figure 4.10 shows the results for the hydrolysis with 
silk to water weight ratio of 1:50. At the temperature of 220 °c, most of the silk fibroin 
was converted after 10 min, and after 30 min and 60 min, the silk fibroin was converted 
completely.
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Figure 4.10 Weight of silk residue after hydrolysis at different temperatures (1:50 
silk:water ratio)

The effect of silk to water ratio on the weight of the silk residue is shown in 
Figure 4.11. Unlike sericin, the ratio of silk to water does not significantly affect silk 
conversion as seen by the comparable amount of residue left after the reaction. The 
reason for this observation is that silk fibroin solution was not viscous, mixing between 
water and silk fiber was not a limiting factor, particularly, the silk fibroin was presoaked 
in water for 5 min prior to the reaction.

(a)
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(b)

(c)
Figure 4.11 Effect of silk to water ratio on weight of residue at different reaction times: 

(a) 10 min (b) 30 min (c) 60 min
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4.3.2 Protein yield

The results for the yields of protein in the soluble products are shown in Figure
4.12 at different temperatures and times of extraction. The protein yield was generally 
found to increase with increasing temperature and time of hydrolysis. The maximum 
protein yield (0.455 mg protein/mg of silk fibre) was obtained at 220 °c (1:100,10 min).

Figure 4.12 Protein yield after hydrolysis at different temperatures (1:50 silk:water ratio)

The effect of silk:water ratio on protein yield is shown in Figure 4.13 which 
showed that when silk:water ratio was lower (1:100), more protein was produced per 
gram of raw silk compared with at higher silk ratio, indicating that the high amount of 
water seems to favor the production of protein. Nevertheless the amount of water used 
causes increase in drying energy, thus if  the product must be dried, the amount of water 
used in the reaction should be optimized concerning economic feasibility.
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(c)
Figure 4.13 Effect of silk to water ratio on protein yield at different reaction times: 

(a) 10 min (b) 30 min (c) 60 min

4.3.3 Amino acids yield

The results for the yield of amino acids in the soluble products are shown in 
Figure 4.14 at different temperatures and times. As expected, the amino acid yields 
increased with increasing temperatures and times of reaction. This means that the rate of 
decomposition of amino acids to smaller organic acids was smaller than its production 
rate at these conditions. The highest amino acid yield was found to be 0.754 mg amino 
acids/ mg of silk fibre (220 °c, 60 min).
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Figure 4.14 Amino acid yield after hydrolysis at different temperatures (1:50 silk:water 
ratio)

The effect of silk:water ratio on amino acid yield was shown in Figure 4.15. The 
results showed that more amino acids was produced per gram of raw silk when the silk to 
water ratio was higher (1:20). This is possibly because the conversion of protein to amino 
acids is influenced largely by homogeneous reaction. The system of lower silk to water 
ratio (1:100) might have resulted in more dilute reactant, thus the slower rate of amino 
acid production could achieved.

(a)
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4.4 K in e t ic  m ode l fo r  s i lk  f ib r o in  conve rs ion  in  s u b c r it ic a l w a te r

Kinetic model could be developed for the process of silk decomposition into 
protein and amino acids. Simplified reaction model could be depicted in Figure 4.16.

Silk sericin (ร) -> Sericin (aq)-> Protein solution (aq) -> Amino acids (aq) 
-> Degradation products (aq)

Silk fibroin (ร) -> Fibroin (aq)->Protein solution (aq) Amino acids (aq) 
-> Degradation products (aq)

F ig u re  4.16 Pathways of hydrolysis of silk sericin and fibroin to useful products

It is difficult to understand the kinetics of each of the reactions that take place, 
especially from the data we obtained with raw silk. The simplest kinetics model could 
however be proposed for the first step in which the silk fiber was converted in to the 
soluble product. However, based on the experimental data, sericin conversion occurred 
rapidly within 10 minute of reaction at low subcritical water conditions while conversion 
of fibroin occurred much more slowly. Due to the unavailability of data at the early times 
(<10 min) for sericin, it was not possible to develop a kinetic model for this reaction. 
Instead, we only deal with decomposition kinetics of fibroin. Two possible mechanisms 
of conversion of silk fibroin are depicted in Figure 4.17.
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Hydrolysis products
Figure 4.17 Reaction pathways of both a heterogeneous reaction and a homogeneous 

reaction

The first possible mechanism is a heterogeneous reaction, in which the reaction 
takes place at the surface of the silk fibroin sample. At very high temperature on the other 
hand, a homogeneous reaction becomes increasingly important. Since most of the 
conditions employed in this studied is considered quite moderate (subcritical region), 
heterogeneous reaction was used as a model. The surface reaction rate model is of the

. rwhere X  is the conversion of silk fibroin determined from the change in weight of the silk 
fibre, ks (cm ร'1) is the surface reaction rate constant, and ร  (cm2) and V (cm3) are the 
surface and the volume of the particle, respectively. From the micrograph of the silk fibre, 
it was seen that fibroin has a cylindrical shape. The following equation is resulted.

M r m Y l  = _ k ' . 2^ X ) 1 .

^ p L  = - * 1.2 r(X) (4.2)
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where r is the rad ius o f  the c y lin d e r ’ s cross sectional area, and /  is the leng th  o f  the  
cy lin de r.

The convers ion o f  s ilk  f ib ro in  cou ld  be evaluated from  the change o f  the s ilk  
w e igh t o r vo lum e  be fo re  (Wo o r Vo) and a fte r h yd ro lys is  tim e  t ( พ  and V), described by  
the fo llo w in g  equation.

Y I wix ) 1
W(0)  V(0)

M X ) \ I  1 [ r f f l f  (4 3  J

D iffe re n tia tin g  the above equation, we get

d X  _  1 d [ r ( X ) \
dt r d t (4 .4 )

A ls o  rearrangement o f  Equation 4.3 gives:

r ( X )  = r; ( l - x ) " 1 (4 .5 )

A f te r  subs titu ting  equation (4 .4 ) and (4 .5 ) in to  (4 .2 ), we get

(4 .6 )

B y  in teg ra ting  th is  equation,the fo llo w in g  equation was obta ined:

k _k ,  _ \ - { \ - X ) ' n  
= r0 = t

where k  (m in '1) is the ove ra ll convers ion rate constant o f  s ilk  fib ro in .

(4 .7 )
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The 1 -(1 -A )I/2 va lues at a ll the reaction cond itions were p lo tted  against tim e . 
F igure  4 .18 shows the ty p ica l results at 160, 180, 200, and 220 ° c  (s ilk :w a te r ra tio  o f  
1:50). The values were p ropo rtiona l to  t fo r  a ll temperatures except at 220 ° c .  A t  220 ° c ,  
s ilk  f ib ro in  was ra p id ly  and com p le te ly  decomposed in to  the so lu tio n  a fte r 10 m in , w h ich  
suggested tha t the reaction  cou ld  be o f  homogeneous nature. A t  such tem perature , the  
hydrogen linkages in  f ib ro in  is broken, the fib ro in  m ig h t disperse in to  h igh tem perature  
w a te r and fo rm  a homogeneous fib ro in  w a te r reaction atmosphere. A t each o f  the o the r 
reaction cond itions , the k  va lue can be determ ined from  the slope o f  the s tra igh t line  and 
the results are shown in  Tab le  4.1.

Table 4.1 shows the reaction  rate constant fo r  convers ion  reaction  o f  f ib ro in  at d iffe rence  
ra tio  hyd ro lys is

O ve ra ll rate constant
Ra tio  o f  s ilk  to  w a te r k  ( m in 1)

160 ° c 180 ° c 200 ° c

Ra tio  1:20 0.0011 0.0051 0.0092

Ratio  1:50 0.0007 0.0025 0.0087

Ratio  1:100 0.0005 0.0023 0.0079
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Figure 4.18 R e la tionsh ip  between the \ - { \ -X)m  and the reaction tim e  o f  h yd ro lys is  (t) 
on the reaction o f  c rys ta llin e  s ilk  fib ro in  in subcritica l w a te r at ra tio  1:50

Tab le  4.1 sum m arize the rate constants determ ined from  the experim enta l data. 
For the k ine tics  o f  f ib ro in  decom pos ition , the dependence o f  the rate constant on  
tem pera ture cou ld  be exp la in  by an A rrhen ius Equation . F igure 4 .19  shows the A rrhenu is  
p lo t o f  the o f  the experim enta l data obta ined in the range 160-200 °c fo r  1:50 s ilk :w a te r  
ra tio . Based on the q uan tif ic a tio n  o f  the k in e tic  data, the ac tiva tion  energy, Ea, was found  
to  be 105.26 kJ /m o l, and the frequency factors were 1.179x10s, 5 .9 4 6 x l0 9, and 
79 .0 22 x1 09 m in '1 fo r  1:20, 1:50, and 1:100 s ilk  to  wate r ra tios, respective ly .

-3.00 
-4.00

î . ,0 0
-V -6.00 

-7.00 
-8.00

0.๓210 0.๓215 0.๓220 0.๓225 0.๓230 0.๓235 
1/T (K'‘)

Figure 4.19 A rrhen iu s  pot o f  the rate constant o f  convers ion o f  s ilk  f ib ro in  (k) in  
subc ritica l water.
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4.5 Characterization of powder of hydrolysis products

I t  is com m on ly  know n  tha t pa rtic le  size, m o rpho logy , con fo rm a tion , and crysta l 
structures cou ld  g rea tly  depend on how  the sample was prepared. F o r exam ple , the d ry in g  
process such as sp ray -d ry ing  o r freeze -d ry ing  a ffe c t the pa rtic le  size and shape and the  
rate at w h ich  pa rtic le  coo ls can a ffe c t the c ry s ta lin ity  o f  the partic les. In  th is  s tudy, i t  is  
no t the m a in  ob je c tive  to  determ ine such e ffects on the characteris tics o f  the s ilk  se ric in  
and s ilk  f ib ro in  partic les. H ow eve r, the partic les prepared from  se ric in  and f ib ro in  
so lu tions obta ined from  selected cond itions were characterized. The method em ployed  
fo r  pa rtic le  fo rm a tion  is freeze -d ry ing  at -40 ° c  fo r  24 h, a fte r w h ich  the d ried  sample was 
m echan ica lly  ground in to  small partic les. The pa rtic le  size and size d is tr ib u tio n  was  
measured by a pa rtic le  analyzer. The m orpho logy o f  samples s ilk  fib res and s ilk  se ric in  
and fib ro in  pa rtic les was exam ined under a scanning e lec tron  m icroscope a t an 
acce lera tion vo ltage o f  10 k v .  The m o lecu la r structures o f  the se ric in  and f ib ro in  pow de r  
were exam ined us ing a FT-1R spectrophotom eter and an X -ra y  d iffra c tom e te r. I t  should  
be noted tha t n o t a ll the pow der prepared at a ll cond itions cou ld  be characterized. S eric in  
resulted from  hyd ro lys is  reaction at 120 ° c  and 130 ° c  fo rm ed aggregate as they absorb  
w ate r and was not possib le to  be ground in to  sm a lle r partic les. Thus, o n ly  more b r it t le  
se ric in  specimen (such as se ric in  prepared at 160°C ) cou ld  be analyzed under S EM , FT -  
IR , and X R D . In  case o f  f ib ro in , the partic les are qu ite  b r it t le  and were easier to  be 
ground in to  sm a ll pa rtic le  a fte r freeze d ry in g  process. The pa rtic les prepared from  the  
p roduct obta ined at h yd ro lys is  cond itio n  o f  200 ° c ,  30 m in , in  w h ich  p ro te in  and am ino  
acid y ie ld  was the h ighest was selected fo r  the analysis.

4.5.1 Particle size and morphology

The scanning e lec tron m ic rog raph  freeze d ried  sample o f  se ric in  and f ib ro in  and 
tha t o f  the ground samples are shown in  F igure 4.20 (a-d). The freeze dried se ric in  
sample in  F igure  4 .20 a (1 6 0 ° c , 30 m in ) was found to  be m ore condensed and com pact 
and less b r itt le  when compared to  that o f  f ib ro in  sample in  F igure  4 .20 b (200 ° c ,  30 m in )  
w h ich  was m ore b r itt le  and loose ly packed. A s mentioned earlie r, se ric in  sample obta ined
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from  hyd ro lys is  at 120 and 130°c was v iscous, and a fte r d ry in g , the sample was ra ther 
s tic k y  and cou ld  no t eas ily  be d is in tegra ted in to  sm a ll partic les. A t  h ighe r temperatures  
(140  ° c  and 1 60 °C ), the sample brittleness increased and cou ld  be m ore eas ily  flaked  
apart. The m o rpho log y  o f  the d is in tegra ted flakes o f  se ric in  was s im ila r to  those o f  
f ib ro in  sample. The pa rtic le  analys is suggested tha t se ric in  and f ib ro in  pa rtic les prepared  
in  th is  s tudy had an average size o f  95.77 and 110.97 pm . The size is la rge ly  depends on  
the degree o f  m echan ica l fo rce  applied du ring  b reaking up the flakes. I f  desired, sm a lle r  
partic les  cou ld  be prepared by  m echan ica lly  g r in d ing  the pa rtic le  fu rthe r. M o reove r, the 
m ethod o f  d ry in g  cou ld  in fluence  the pa rtic le  size and shape as shown in  F igure 4 .20  (e 
and f )  tha t se ric in  and f ib ro in  pa rtic les prepared by spray d ry in g  has a spherica l shape and 
sm a lle r sizes (Sheng et a l., 2001).

(c) (d)
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(e) (0
Figure 4.20 S EM  o f  se ric in  and fib ro in  powder: (a) freeze-dried se ric in  pow de r from  

so lu tion  prepared at at 1:50, 160 ° c  and 30 m in  (b ) freezed-dried fib ro in  
pow der from  so lu tion  prepared at 1:50, 200 ° c  and 30 m in  (c ) ground seric in  
powder from  so lu tion  prepared at 1:50, 160 ° c  and 30 m in  (d ) ground  
f ib ro in  pow de r from  so lu tion  prepared at 1:50, 200 ° c  and 30 m in  (e) Spray- 
dried  se ric in  powder (Sheng et a l.,2001) ( f )  sp ray-d ried  fib ro in  powder.

4.5.2 Fourier Transform Infrared Spectroscopy (FT-IR)

In  th is  w o rk , to  determ ine the m o lecu la r con fo rm a tion  o f  s ilk  powder, in fra red  
spectra o f  s ilk  fibe rs  and partic les were obta ined by means o f  F T IR  spectrometer 
(P e rk inE lm e r, Spectrum  One), in  the spectral region o f  4000-400 cm '1. F igure 4.21 shows 
F T IR  spectra o f  s ilk  se ric in  obta ined from  autoclave (sere in pow de r I, a) and tha t was 
prepared from  hyd ro lys is  so lu tion  obta ined at 150 ° c  and 30 m in  (se ric in  powder I I ,  b). 
Fo r the se ric in  powder 1, the characteris tic peaks were at 1531, 1655, and 3279 cm '1. 
These peaks were those fo r  am ide II , am ide I, and N -H  s tre tch ing  bands and represented  
the P-sheet and a -he lix /random  co il con fo rm a tion , respective ly  (H ang et a l., 2005 and 
Tom oak i et a l., 2003). A s  seen from  the figu re , se ric in  pow de r II showed s im ila r peaks 
patterns and whose peaks appeared at 1534, 1658 and 3283 c m '1, in d ica ting  the prepared 
pow der has P-sheet con fo rm a tion  and a -he lix /random  co il con fo rm a tion  s im ila r to  that 
obta ined w ith  the autoclaved product (D onna et a l., 2000, W ang et a l., 2005a and 2005b, 
and H ino  et a l., 2003).
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Wavenumber (cm'1)

(a)

Wavenumber (cm 1)

(b)
Figure 4.21 (a ) Seric in  powder was prepared by autoclave at at 1:50 120 °c 30 m in  (b ) 

Seric in  pow de r was prepared at 1:50 150 °c 30 m in  by subc rit ica l w a te r 
hyd ro lys is
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Wave numbe r (cm'1 )

(a)

Wavenumber (cm 1)

(b)
Figure 4.22 (a) F ib ro in  fib re  a fte r degum m ing in autoclave (120 ° c  and 30 m in ) (b )  

F ib ro in  pow de r from  so lu tion  prepared by subc ritica l w a te r h yd ro lys is  at 
200 ° c ,  30 m in , 1:50.

F igure 4 .22  shows FT1R spectra o f  the s ta rting  f ib ro in  fib re  ob ta ined a fte r 
degum m ing  at 120 ° c  fo r  30 m in  in an autoclave (a) and f ib ro in  partic les prepared from  
freeze -d ry ing  the so lu tion  obta ined from  at 200 ° c  and 30 m in  (b). For the fo rm e r, the 
characte ris tic peaks appeared at 1226, 1509, 1618, and 3289 cm '1. These peaks were
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those fo r  am ide I I I ,  am ide II ,  am ide I, and N -H  stre tch ing bands and represent the (3-sheet 
con fo rm a tio n  (W ang  et a l., 2005a and 2005b, and H ino  et ฝ ., 2003). The ch rac te ris tic  
peaks sh ifted  to  1243, 1545, 1661 and 3279 cm '1 fo r  the pa rtic les  prepared fro m  the 
hyd ro lyzed  p roduc t, w h ich  ind ica ted  a -he lix /random  c o il con fo rm a tio n  (D onna  et a l., 
2000 , W ang et ฝ ., 2005a and 2005b, and H in o  et a l., 2003). T h is  irre g u la r a -  
he lix /ra ndom  c o il con fo rm a tion  was a resu lt o f  the cleavage o f  hyd rogen bonds in  the (3- 
sheet s tructure o f  the o rg in ia l f ib re  d u rin g  the hyd ro lys is  reaction  at h igh  temperature  
(h ig he r K w). In  add itio n , the results ind ica ted tha t the method and cond it io n  o f  freeze­

d ry in g  em p loyed  in  th is s tudy d id  not a llow  rec rys ta lliza tion  o f  f ib ro in  to  take place.

4.5.3 X-ray diffraction (XRD)

I t  is w e ll know n  tha t s ilk  seric in  takes amorphous fo rm  w h ile  f ib ro in  have both  
ordered (c ry s ta llin e ) and d isordered (amorphous) reg ions due to  the presence o f  lo ng  and 
f le x ib le  m o le cu la r chains w h ich  h inde r fu rthe r c rys ta lliza tio n  (H in o  et a l., 2003). 
T h rough  X -ra y  d iffra c tio n  measurement, some in fo rm a tio n  about c rys ta llin e  structure o f  
s i lk  f ib ro in  and its  con fo rm a tions o f  a -h e lix  and /^-sheets can be obta ined from  its  crysta l 
struc tu re  trans itio n . The p rin c ip a l X -ra y  d iffra c tio n  peaks o f  s ilk  I (a -h e lix )  are 
7 .25x 10 "'° m  (26 =  12.2° w ith  C u K a ) , 4 .50x 10~'° m  (26 = 19.7° w ith  C u K a )  and 
3 .6 0 x1 0 " '°  m  (26 =  28.2° w ith  Cu K a ) , w h ile  those o f  s ilk  I I  (^-sheets) are 9 .7 x 1 0 " '°  m  
(26 =  9.1° w ith  C u K a ) , 4 .6 9 x lO "10 m ( 26=  18.9° w ith  Cu K a ) ,  4 .3 x 1 0 " '°  m  (26 = 20.7° 
w ith  C u K a ) and 3 .6 7 x1 0 " '°  m  (26 = 24.3° w ith  Cu K a )  (W ang et a l., 2005a and 2005b).

In  th is  s tudy, X R D  was conducted at ambient tem perature on a d iffra c tom e te r

w ith  C u K a  rad ia tio n  o f  w ave leng th  1.542 A . The acce lera tion vo ltage was 30 K v  and 20 
m A  scaning rate was 0 .5 7 m in  and range was 20 =  5 ~  35° was used. The se ric in  and 
f ib ro in  pow de r were studied and the X R D  are shown in  F igure  4.23. The X R D  o f  seric in  
prepared from  autoclaved sample showed a broad peak at 1:100, 120 ๐c  and 30 m in , 
ind ica te  an a -h e lix  fo rm  (S ilk  I). O n the o ther hand, X R D  o f  f ib ro in  showed a 
pronounced peak at 20 =  20.5°, w h ich  represented /3-sheet con fo rm a tion  o f  S ilk  I I .  Th is
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pattern was gu ite  s im ila r to  the resu lt o f  H in o  et a l. (2003). The coexistence o f  the peak  
means fib ro in  consists o f  c rys ta llin e  po rtion .

(a)

(b)

Figure 4.23 X R D  o f  (a) seric in  powde r prepared from  au toc lave sample (b ) fib ro in  
pow de r
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(a)

Figure 4.24 (a) X R D  o f  se ric in  powde r (1 :50, 150 °c, and 30 m in  (b ) X R D  peak fo r  
f ib ro in  pow de r (1 ะ50, 200 °c and 30 m in )

F igure 4 .24  showed the X R D  o f  seric in  and fib ro in  partic les obta ined from  the 
p roduc t o f  hyd roys is . B road peaks are observed at 12.5 and 20.5°, appear at the same 
lo ca tion  w ith  the m ax im um  peak o f  s ilk  seric in  and f ib ro in  in  F igure 4.23. For se ric in , the 
peak in te n s itiy  a t 20 =  20 .5°, was low , w h ile  the in tens ity  o f  the same peak was h igher 
fo r  the f ib ro in  pa rtic les. In the case o f  seric in  partic les, the existence o f  tw o  peaks instead 
o f  a s ing le  peak at 12.5° (as in  the autoclaved sample) was due to  the fac t tha t the seric in
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so lu tio n  prepared in  subc ritica l w a te r at as h igh  temperature as 160 ° c  a c tu a lly  con ta ined  
the m ix tu re  o f  bo th  se ric in  and fib ro in . I t  should be noted how eve r tha t these peaks are 
ve ry  broad, w h ich  means tha t the powders are h ig h ly  amorphous. T h is  cou ld  be a resu lt 
o f  rap id  co o lin g  by quench ing  the reaction in  coo l w a te r o r rap id  d ry in g  a t the lo w  freeze  
d ry in g  tem pa tu re  o f  -40 ๐c .  The la tte r exp lana tion  is supported by the s tudy o f  L i et al. 
(2001 ) w ho  reported tha t ly o p h iliz e d  s ilk  f ib ro in  was m a in ly  am orphous i f  the freez ing  
tem pera ture was be low  - 2 0  ๐c ,  w h ile  s ilk  I was prepared i f  the tem pera tu re  was above  
- 2 0  ° c .  Based on th is  line  o f  reasoning, i t  seems tha t the c rys ta l s truc tu re  o f  the pa rtic le  
fo rm ed cou ld  be g rea tly  con tro lle d  by  the method o f  pa rtic le  p repara tion . O the r repo rt 
exis ted w h ich  ind ica ted tha t the sp ray -d ry ing  process w h ich  in vo lv e d  rap id  evapora tion  
o f  wa te r a lso caused the con fo rm a tiona l change o f  f ib ro in  from  c rys ta llin e  to  am orphous  
structure  (U eno  et a l., 1998). Fu rther studies are needed to  de te rm ine the  e ffe c t o f  c o o lin g  
m ethod and co o lin g  rate on the con fo rm a tion  and the structure  o f  these s ilk  pa rtic les  
prepared fro m  the aqueous so lu tion .

4.5.4 Differential Scanning Calorimetry (DSC)

The the rm a l behaviors o f  samples were exam ined us ing  a d iffe re n tia l scanning  
ca lo rim e te r (N E T Z S C H  DSC 204 F I ,  Germ any), w ith  the heating rate o f  10 ° c /m in  from  
room  tem perature to  350 ° c .
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Figure 4.25 Therm ogram  o f  se ric in  powder obta ined (a) at 120 ° c ,  30 m in  in  an 
autoclave (b ) at 150 ° c  30 m in  in  an ร พ  reactor.

A s  shown in F igure  4.25 a, seric in  partic les obta ined at 120 ° c  30 m in  in  an 
au toc lave shows a wa te r evapora tion peak at around 94 ° c  and tw o  endo the rm ic peaks at 
around 221 and 318 ° c .  T h is  suggested tha t the degradation temperatures, Td , o f  se ric in  
pow de r began to  occu r at 221 ° c .  The powder prepared in  subc rit ica l w a te r h yd ro lys is  
shows s im ila r d iffe re n tia l scanning ca lo rim e tr ic  patterns (F igu re  4.25 b), w h ich  im p lie s  
th a t the cond itions  used fo r  subc ritica l water h yd ro lys is  o f  se ric in  d id  no t induce  
s ig n if ic a n t m o le cu la r con fo rm a tiona l changes.

Figure 4.26 Therm ogram  o f  fib ro in  powder obta ined at 200 ° c ,  30 m in  in an ร พ
reactor
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F igure  4 .26  show  the the rm ogram  o f  the f ib ro in  pa rtic les obta ined by subc ritica l 
w ate r h yd ro lys is  at 200 ° c ,  30 m in . The w a te r evapora tion peak appeared at around 100 
° c  and an endo the rm ic peak appeared at 223 ° c ,  at w h ich  the rm a l degradation began to  
occu r (Td=223  °C ). Compared w ith  the Td o f  317.27 ° c  reported in  lite ra tu re  fo r  f ib ro in  
f ib re  (Sheng et ah, 2001), the f ib ro in  powde r prepared in  th is  s tudy degraded m ore  
read ily . The resu lt agreed m ore c lose ly  w ith  the degradation temperature o f  the  
regenerated s ilk  f ib ro in  o f  285 ° c  reported by Nam  et al. (2001 ), fo r  regenerated f ib ro in  
was prepared by d isso lv in g  in  te rnary so lven t system o f  C aC h /F hO /E tO H  so lu tion , 
freez ing , and lyo p h iliz a tio n .

The low e r T d ob ta ined fo r  the fib ro in  powder prepared in  th is  study was due to  
the change in  from  P-sheet to  a -he lix /ra ndom  co il con fo rm a tio n  resulted by  h igh  
tem pera ture process.

4.6 Possible application of silk sericin and fibroin products

Based on the results in  th is  study, i t  cou ld be observed tha t by va ry in g  reaction  
tempera ture as w e ll as pa rtic le  preparation, hyd ro lys is  p roducts o f  d iffe re n t m o lecu la r  
sizes, com pos ition , m o rpho logy , and structure cou ld  be obta ined. These products have  
spec ific  characte ris tics and are su itab le fo r  d iffe re n t app lica tions. Based on m o lecu la r 
w e igh t, genera lly , h igh  m o lecu la r w e igh t s ilk  peptides (greater than 20 kD a ) are m os tly  
used as m edica l b iom a te ria ls , degradable b iom a te ria l, com pound po lym ers , func tiona l 
biom em branes, hyd roge ls , and func tiona l fibe rs  and fabrics. Rev iew s o f  app lica tio n  o f  
m ate ria ls  m od if ie d  w ith  se ric in  and se r ic in - fib ro in  and o ther se ric in  composites are g iven  
by Zhang (2002). The sm all se ric in  peptides are reported to  be wa te r so lub le  and have  
exce llen t m o is tu re  absorp tion  and release as w e ll as im po rtan t b io lo g ica l a c tiv it ie s  such 
as a n tio x ida tio n , ty rosinase a c tiv ity  in h ib it io n , and pharm aco log ica l func tions such as 
an ticoagu la tion , an ti-cancer a c tiv it ie s , c ryop ro tec tion , and d igestion  p rom o tion . Low e r 
m o lecu la r w e igh t se ric in  peptides (less than 20 kDa) are used in cosmetics in c lud in g  
skincare and ha ir care products, health products, and m edications.
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A n  in c reas ing ly  im po rta n t app lica tion  o f  s ilk  f ib ro in  is tha t re la ted to  tissue  
eng ineering . S ilk  f ib ro in  o ffe rs  ve rsa tility  in  m a trix  sca ffo ld  design fo r  a num ber o f  tissue  
eng ineering  needs in  w h ich  mechan ica l perform ance and b io lo g ica l in te rac tions are m a jo r  
fac to rs fo r  success, in c lu d in g  bone, ligaments, tendons, b lood  vessels, and ca rtilage . S ilk  
f ib ro in  can be so lub ilized  in  appropria te  so lven t and has been successfu lly processed in to  
foams, f i lm s , fib e rs  and meshes. Thus, i t  is o f  in terest to  fu r th e r exam ine the p o s s ib ility  
o f  app ly ing  the f ib ro in  so lu tion  prepared in  subcritica l w a te r fo r  th is  app lica tion .

W hen the h yd ro lys is  reaction  was carried ou t at h ig h  temperature o r fo r  a long  
period  o f  tim e , sm a lle r am ino  acids are produced. These sm a lle r am ino  ac id  p roducts also 
have w id e  uses and app lica tions pharmaceutica ls, food  products , an im a l n u tr it io n , and  
cosm etic industries . A s  m ed ic ine , they can be used fo r  the trea tm ent o f  va rious  diseases 
such as rena l, gas tro in tes tina l, endocrina l, and dermal among others. In  the food  indus try , 
am ino  acids are u tiliz e d  as taste enhancer and an im a l feeds [K ang , 2004 ]. M o reove r, 
am ino  acids undergo fu rth e r decom pos ition  in  subc ritica l w a te r to  o the r o rgan ic  
com pounds such as o rgan ic  acids. A m ong  the decom pos ition  p roducts are am ino  acids  
in c lu d in g  fo rm ic , la c tic  acid , acetic acid and p rop ion ic  acid , w h ic h  are im po rta n t s ta rting  
m ateria ls fo r  va rious  chem ica l industries.
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