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Complex study on chitosan degradability

S u m m a ry  —  Results o f ph oto - and th erm odegradation  o f chitosan o f different 
degrees o f deacetylation (D D ) w ere d iscu ssed . O n  the basis o f the results o f 
th erm odegradation  un der isotherm al and d yn am ic conditions therm al stabili
ty o f chitosan film s, also ph otoch em ically  m o d ified  sam ples (U V  irradiated  
for 1 h), w a s estim ated. Investigations un der isotherm al conditions w ere car
ried out in  the air atm osphere and cover the tem perature range from  1 0 0 °C  to 
2 0 0 °C . Basing on  the results o f w eig h t loss it w as fou n d  that m o st susceptible  
to degradation  w a s the sam p le  o f the higher D D ; w ith  an increase o f tem pera
ture the observed changes w ere m ore distinct. Both du rin g  th erm o- and  p h o 
tod egradation  a decrease o f D D  o f chitosan w as observed. M od ification  o f  
chitosan film s b y  U V  irradiation decreases the characteristic param eters of 
therm odestruction.
K e y  w o r d s : ch itosan , d eacetylation  degree, th erm al d eg rad a tio n , p h o to 
chem ical m odification.

VARIO U S PR O C ESSES OF C H ITO SA N  D EG RA D A TIO N  
—  G E N E R A L C H A R A C TER ISTIC

C hitosan  is a natural p o ly m er prepared from  chitin  
b y  deacetylation . Physical and  chem ical properties of 
chitosan d ep en d  stron gly  on the m olecu lar w eig h t and  
the deacetylation  degree (D D ) [1— 3]. C hitosan  form s  
transparent, w a ter-in so lu b le  film s w h ich  are u sed for 
p ack agin g, preparation o f m em branes and  biom edical 
m aterials [4, 5].

It is w orth  to m en tion  that chitosan, like other b iop o 
lym ers, is v ery  sensitive to variou s types o f degradation  
such as oxidative , h ydrolytic, th erm o-, p h oto - and ultra
sonic d egradation  [6, 7]. Practical applications o f pure  
chitosan, as w ell as in b lends and com p osites w ith other 
p olym ers, require its exposure to heat, light, w ater and  
m ic r o o r g a n ism s  w ith  a p o ss ib le  d e g ra d a tio n  o f the  
m acrom olecu lar chain. The aim  o f our p reviou s [6] and  
present stu dies w a s to com pare the p h oto -, th erm o-, b io- 
and h yd rolytic degradation  o f chitosan sam ples of v a 
rious D D  [8-17].

O n  the basis o f studies on  the viscosity  o f diluted  
solu tion s, w e ig h t loss and FTIR spectra, it w as fo u n d  [6, 
10] that ph otod egrad ation  o f chitosan characterized w ith  
a h ig h er D D  w a s faster. R esults o f the spectroscopic  
s t u d ie s  w h ic h  p r o v id e  in fo r m a tio n  o n  s tr u c tu r a l  
changes d u rin g  the degradation  process reveal signifi
cant ch an ges in the region o f d eform in g  vibrations of 
-C -O -C - grou p s in the ban d o f 1150-1040 cm "1 during

both photolysis and  therm al d egradation . A  decrease of 
absorbance in this w a v elen g th  range is related to scis
sion  o f the chitosan chain into sm aller fragm en ts. In the 
case o f ph otoch em ical degradation  this is confirm ed by  
the m easu rem ents o f v iscosity  o f d iluted  chitosan so lu 
tions. The calculated n u m ber o f chain scissions (S) in
crease w ith  the tim e o f degradation . T h e rate constant of 
p h otolysis (к) increases w ith  chitosan D D . Scission of 
chitosan m acrom olecu les causes form ation  o f free radi
cals that initiate oxidation . A s  a result o f this reaction a 
carbonyl grou p  appears in the b an d  at the w a v e  num ber  
1730 cm "1, w h o se  increasing intensity is observed  during  
p h o to - a n d  th e rm o d e g ra d a tio n . A d d itio n a lly , an in
creased absorbance is recorded for the ban d o f a m id e  
grou p at 1655 cm ’ 1 (С  =  О  vibrations) and  1560 cm ’ 1 
( -N H -)  w ith  a sim u ltan eou s decrease o f peak  intensity in 
the b a n d  co rresp o n d in g  to a m in e  g ro u p  (1590 cm "1), 
w h ich  p oin ts to ch itosan  acetylation. H en c e , th erm o- 
and p h otodegradation  results first o f all in scission o f the 
m ain  chain and destruction o f an u nstable am ine grou p . 
A n  increase o f chitosan acetylation degree and m acro- 
m olecu les cross-lin king d u rin g  therm al destruction is 
also observed [ 6 ,1 0 ,1 8 ] .

D u rin g  the h y d ro ly sis  an d  b iod egra d ation , w h ich  
take place u n der the influence o f w ater and  m icroorgan 
ism s [12, 18, 19], the rate o f d egradation  processes d e 
creases w ith  an increase o f D D . This is m o st probably a 
result o f a h igh er degree o f m a cro m o lecu les  packing  
an d , consequently, decreased w ater absorption . This in-
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Scheme Л. Possible mechanisms of transformations in chitosan macromolecules induced by degradation

fluence on the access o f m icroorganism s to inner regions  
o f the film  —  e n zy m e s  are transported m a in ly  w ith  
water.

FTIR spectra o f chitosan o f variou s D D  valu es sh ow  
no clear structural changes w h ich  take place d u rin g h y 
drolytic d egradation . A ls o  a spectroscopic analysis of 
chitosan film s subjected to biodegradation  sh ow s that 
extent o f structural changes o f the p o ly m er m acrom ole
cules is sm aller than that in the case o f ph otod egrad a
tion. A  decrease o f absorbance in the region o f grou ps  
characteristic for chitosan d ep en d s also on  the its D D . 
T h e strongest changes in the absorbance region o f am ine  
and a m id e grou p s as w ell as -C -O -C - are observed  for 
chitosan o f the low est D D  equal 5 9 %  [6].

Results o f the viscosity  m easu rem ents (in d iluted  so 
lutions) o f chitosan subjected to h ydrolytic degradation  
indicate so m e  initial increase o f the viscosity. It is m ost  
probably a result o f cross-lin king by h yd rogen  bon ds in

w ater excess. Further on  a decrease o f v iscosity  is ob 
served as a result o f s lo w  d egradation  process.

Possible m ech an ism s o f transform ations o f chitosan  
m acrom olecu les [6 ,1 0 ] w ere p rop osed  (sch em e A ) on  the 
basis o f com p lex  studies o f chitosan degradation .

Results presented in this w ork  g iv e  a com p arison  o f  
therm al degradation  o f chitosan carried ou t in isother
m al and d y n a m ic con dition s, also for the sam p les w hich  
w ere photoch em ically  m o d ified . For this p u rp ose ther- 
m og rav im etric  an d  FTIR sp ectroscop ic investigations  
w ere carried out.

EXPERIM EN TAL

M a teria ls

C h i t o s a n  [p o ly (2 -a m in o g lu c o s e -c o -2 -a c e t y lo g lu -  
coseam ine)] sam p les o f variou s D D  valu es (from  59 to
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8 6 % ) and viscosity— average m olecu lar w eigh ts (Mv -
1.05 • 105 to 7 .0 • 105) w ere prepared b y  deacetylation of 
krill chitin in the Sea Fishery Institute in G d yn ia . C h i- 
tosan film s w ere obtained b y  the fo llow in g  m eth od : 1 %  
chitosan solu tion  in 1 %  acetic acid w as filtered in a cen
trifuge, n o n -d isso lv e d  fragm en ts o f chitosan w ere re
m o v e d  and  then the solu tion  w as p ou red  onto levelled  
glass plates at the tem perature ca. 4 5 °C . The chitosan  
acetate film s  w e re  extracted in a m m o n ia  w ater an d  
m eth an ol to rem o v e th orou gh ly  acetate residues and to 
obtain w ater-in so lu b le  chitosan film s.

Methods

T h erm od egrad ation  o f chitosan film s w as carried out 
either isoth erm ally  in the air atm osphere at tem pera
tures from  100 to 2 0 0 °C  or b y  d y n a m ic m easu rem ents of 
w e ig h t loss. In d y n a m ic  therm ogravim etric investiga
tions a M ettler therm obalance w a s u sed. The m easu re
m ents w ere con du cted  in the tem perature range from  
100 to 4 5 0 °C  at a constant heating rate (3 =  1 5 °C /m in .  
C hitosan  film s w ere also m o d ified  photoch em ically  by  
U V  irradiation em itted b y  a lo w  pressure m ercury lam p  
at X = 254  n m  (9 0 %  o f light) w ith  light intensity I = 700  
Lux for 1 h.

To observe structural changes that occurred as a re

su lt o f degrad ation , the FTIR analysis w a s u sed . It w as  
based on  the identification o f the functional grou ps pre
sent in chitosan m acrom olecu les, w h ich  are g iven  b elo w  
w ith  the correspondin g absorption  bands (in c m '1):

1. 3450 —  O H  grou p
2. 3360  —  N H  g ro u p  stretching vibration
3. 2920 , 2 8 8 0 ,1 4 3 0 ,1 3 2 0  —  sym m etric or asym m etric  

C H 2 stretching vibration attributed to pyran ose ring
4 .1 7 3 0  —  carbonyl grou p  vibration
5 .1 6 5 5  —  C = 0  in a m id e g ro u p  [am ide I band]
6 .1 5 6 0  —  N H - b en d in g  vibration in a m id e group
7 .1 5 9 0  —  N H 2 in am ine grou p
8 .1 3 8 0  —  C H 3  in a m id e  grou p
9 .1 1 5 0 — 1040 —  C -O -C - in g lycosid ic linkage.
A ll  spectra w ere recorded at am bien t tem perature at 

the resolution  4 c m '1 and 1 6 -tim es scanning u sin g  G en e
sis II sp ec tro p h o to m eter  (M a ttso n ). T h ick n ess o f the 
film s u sed  in the FTIR studies w a s about 10 p m .

RESULTS AND DISCUSSION 

Isotherm al therm odegradation studies

Weight loss measurements

W eigh t loss results o f chitosan sh o w  (Fig. 1) that the 
process o f the p o ly m er th erm odegradation  d ep en d s on  
its D D  valu e. The m o st susceptible to therm al d egrad a
tion appears to be the sa m p le  o f the h ighest D D  (unsta
ble a m in e  g ro u p ). W ith  increasing tem perature from  
100°C  (F ig .la ) to 2 0 0 °C  (F ig .lb ) m ore intensive changes  
o f chitosan relative w eig h t are observed.

0 130 260 390 520

0 130 260 390 520
/, min

Fig. 1. Relative weight loss versus time for chitosan samples of 
various deacetylation degrees (DD): 1 —  59%, 2 —  6 7 % , 3 —  
78%, 4 —  8 6 % during isothermal thermodegradation at a) 
100°C and b) 200°C

FTIR spectra

Interesting results w ere obtained w h e n  carrying ou t a 
spectroscopic FTIR analysis o f chitosan film s subjected  
to th erm odegradation  at the tem perature 1 0 0 °C , 130°C , 
16 0 °C  and 2 0 0 °C . Fragm ents o f FTIR spectra in Fig. 2 
obtained for chitosan o f D D  =  7 8 %  after variou s ther
m od egrad ation  tim es at the tem perature 2 0 0 °C  reveal 
changes o f absorbance in the ban d s corresp on d in g to 
selected functional grou ps. This enables an analysis of 
structural ch an ges that take place in chitosan du rin g  
therm odegradation.

A  significant decrease o f peak intensity is observed at 
1150— 1040 c m '1 correspondin g to d eform in g  vibrations  
o f -C -O -C - grou ps (Fig. 2c), w h ich  points to scission o f  
the chitosan chain. The decrease o f absorbance in the 
band of h yd roxyl grou ps O H  at 3450 c m '1 (w ater release) 
and in the ban ds correspondin g to sym m etric  and n on - 
sym m etric vibrations o f m eth ylen e g ro u p s C H 2 at 2920  
c m '1 and  2880 cm "1 is also significant (Fig. 2a). In absorp
tion ban ds at the w a v e  n u m ber 1320 c m '1 and 1420 c m '1 
the intensity drop is related to ch an ges that occur w ithin  
the m eth ylen e grou p s (Fig. 2b). Like in the case o f p h o 
todegradation , there is a significant decrease o f absor-
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Fig. 2. a— d. FTIR spectra at various band absorption obtained for chitosan of DD = 78% after various times of thermodegrada
tion at 200°C; time: 1 —  Oh, 2 —  lh ,3  —  2h, 4 —  9h

bance at 33 6 0  cm "1 related to scission o f h yd ro g en  bon ds  
present b etw een  N -H  grou p s o f adjacent m olecu les. A n  
increase o f absorbance in the band o f a m id e grou p  is also  
recorded at 1655 cm "1 (C  = O ) and 1560 cm "1 ( -N H -) w ith  
a sim u ltan eou s decrease o f peak intensity in the band  
corresponding to the amine group at 1590 cm"1 (Fig. 2b). 
C ross-lin k in g  o f m acrom olecu les is fo llow ed  b y  the d e 
struction o f  am in e g ro u p  (see sch em e A ).

In Fig. 3 the decrease o f D D  d u e to chitosan d egrad a
tion  d u rin g  th erm al d e g ra d a tio n  at the tem peratu re  
2 0 0 °C  w a s com p ared  w ith changes observed d u rin g of 
p h otoch em ical degradation .

D D  w a s calculated in accordance to the fo llow in g  
equation:

D D =  1 - ^ 5 .  ■— L .  1 0 0 %  ( 1 )

l Л-И50 J 1-33
w h ere: Aj655 —  C = 0  absorbance in amide group band, A3450  

—  absorbance in OH group band.

So, the changes o f D D  caused b y  the therm al degra
dation are proceedin g m u ch  m ore fast.

In  th e b a n d  o f c a r b o n y l g r o u p s  w ith  the w a v e  
num ber 1730 cm ’ 1, as in the process o f photochem ical 
oxidation , an increase o f absorbance d u rin g  th erm od e
gradation  in air a tm osph ere is observed  (Fig. 2d).

C h an ges in absorbance Д А  in this region  caused by  
the appearance o f carbonyl g rou p  in the chitosan m o le 
cule being a result o f oxidation  are sh o w n  in Fig. 4. So, 
the increase o f D D  valu es leads to lim itation o f Д А  in 
carbonyl ban d .

T h e larg est w e ig h t  lo ss  (F ig . 1) an d  the sm a llest  
changes w ith in  functional grou p s (Fig. 5) are reported  
for the sa m p le  o f the higher D D . D u rin g  th erm od egrad a
tion at the tem perature 2 0 0 °C  the am ine g ro u p  is d e 
stroyed, w h ich  in the connection w ith  rem arkable m o b il
ity o f the chain m a y  lead to cross-lin king o f chitosan  
m acrom olecu les (an increase o f gel fraction). C hitosan of
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Fig. 3. Changes of DD of chiłosan during its photo- (1) and 
thermal degradation at the temperature 200°C (2)

Fig. 4. Changes of absorbance AA of chitosan carbonyl band 
versus time at T = 200°C, for samples of various DD values; 
DD: 1 —  59%, 2 —  67%, 3 —  78%, 4 —  86%

0 3 6 9 12
t, h

Fig. 5. Changes of absorbance AA of some chitosan bands ver
sus timeat T = 200°C; bands: 1 — 3450,2 —  2920,3 — 1655, 

_2
4 — 1070 cm' (DD values of chitosan samples: 86% —  open 
points and 59% — full points)

higher DD  valu es is subjected to the cross-lin king to a 
larger extent, its structure b e c o m e s less flexib le and  
m ore stable and  the resulting structural ch an ges b ecom e  
w eaker.

D ynam ic therm odegradation studies

Beside the isotherm al studies an attem pt w a s m a d e to 
estim ate stability o f the chitosan chain b y  carrying out 
d y n a m ic  th erm o gra vim etric  m e a su re m e n ts . T h erm o 
gram s obtained w ere u sed for the analysis o f chitosan  
degradation  kinetics. Im portant elem ents o f the kinetic 
m o d e l o f degradation  process include activation energy  
and reaction order. Figure 6  illustrates the depen den ce o f

T , ° C

Fig. 6. TG curves obtained for chitosan of various DD (heating 
rate = 15°C/min); DD: 1 —  59%, 2 —  67%, 3 —  78%, 4 —  
86% (C —  conversion degree)

chitosan film s w eig h t loss d u rin g heating (chitosan of 
various DD values) on  tem perature (T G  curves). A t  the 
begin n ing o f the process (to 2 3 0 °C ) m ore susceptible to 
degradation  seem  to be the film s o f h igher D D  (a sim ilar 
relationship w as observed p reviou sly  w h en  stu d yin g  the 
degradation  o f chitosan in isotherm al conditions at the 
tem perature from  100 to 2 0 0 °C ). Th erm al degradation  
leads to cross-linking o f the chitosan structure, in particu
lar o f a h igh  D D , b y  destroying the am in e grou p . Then, 
the cross-linked system  becom es m ore stable to further 
degradation . A t  the next stage o f the process o f ther
m odegradation  (above 2 30°C ) the sam p les o f higher ini
tial D D  seem  to be m ore stable.

A n a ly sis  o f the T G  (Fig. 6 ) and  D T G  curves (Fig. 7) 
allow s us to specify  the characteristic param eters o f ther
m od egrad ation , n am ely:
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Fig. 7. DTG curves obtained for chitosan of various DD (heat
ing rate = 15°C/min); DD and C as on Fig 6

—  tem perature o f the degradation  onset Tpr on  the 
basis o f T G  curve deviation  from  the initial run for zero  
v alu e  o f con version  degree Co;

—  tem perature o f the m a x im u m  degradation  rate Tmr 
(m in im u m  o f D T G  curve);

—  tem perature o f 5 0 %  degradation  T5 0 .
V alues o f these param eters for chitosan film s o f d if

ferent D D  are g iv en  in Table 1.
M od ification  o f chitosan film s b y  prelim inary U V  ir

radiation decreases the characteristic param eters o f ther
m od estru ction  (Table 1 and Fig. 8 ).

T a b l e  1. Thermodegradation parameters determined for photo- 
chemically modified (thermo + UV) and nonmodified (thermo) 
samples of chitosan films of different DD values

P a ra m e te r Tpr, oc *) Tmr/°c ’) Tso,

DD, % T h e rm o
T h e rm o  

+  U V
T h e rm o

T h e rm o  
+  U V

T h e rm o
T h e rm o  

+  U V

59 103 101 279 278 353 337
67 109 102 289 284 360 345
78 111 102 293 28 7 362 346
86 116 104 299 289 363 339

* T h e  m e a n in g s  o f  s y m b o ls  —  see tex t.

T h e reaction order (n) and activation energy (Ea) of 
th erm od egrad ation  w ere calculated according to Free- 
m an -C arrol m e th o d , u sin g  the fo llo w in g  equation [20]:

Al0gP̂  „ А(Й (2)
A log(l-C ) 2.3R A log(l-C ) 

w here: C =  (mo - m)/mo —  conversion degree; mo and m —  
initial and final mass of the sample, respectively; (3 —  heating 
rate.

100 190 280 370 460
T,"C

Fig. 8. Comparison of curves: TG (a) and DTG (b) obtained for 
original (1) and photochemically modified chitosan (2) of DD 
= 78% (modification time 1 h); C —  conversion degree

58 66 74 82 90
D D ,  %

Fig. 9. Dependence of activation energy (Ea) of thermodegra
dation on chitosan DD values for original (1) and photochemi
cally modified samples (2)
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Fig. 10. FTIR spectra obtained for chitosan ofDD = 78% after
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Fig. 11. Changes of absorbance A A of some chitosan bands 
versus time of UV degradation; bands: 1 —  3450, 2 —  2920, 
3 —  1655, 4 —  1070 cm'1 (DD values of chitosan samples: 
86% —  open points, 59% — full points)

0.0 ■ ------------------------------------ ------------------- -----------------
0 18 36 54 72

t, h

Fig. 12. Changes of absorbance AA of chitosa?i carbonyl band 
versus time of UV degradation for samples of various DD 
values; DD: 1 —  59%, 2 —  67%, 3 —  78%, 4 —  86%
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From  the p lot (w hich  sh ou ld  be a straight line) o f the 
left-hand sid e  o f equ ation  2 on A ( l /T ) /A l o g ( l  - C) the 
activation en ergy  Ea o f th erm odegradation  and  reaction  
order n can be obtained from  the slop e and  valu e of 
ordinate, respectively.

Figure 9 illustrates d epen den ce o f the activation ener
g y  o f th erm odegradation  on  chitosan D D  valu es. The  
activation en ergy o f the sam p les U V  m o d ified  is m u ch  
low er. R eaction order (n) w as equal approxim ately  to 2.

F T IR  stu d ie s  o f  the p h o to c h e m ic a l stab ility  
o f ch itosan

To d eterm in e  ch an ges cau sed b y  a ph otoch em ical 
m odification  o f chitosan FTIR m easu rem ents w ere car
ried out.

The pertinent FTIR spectra are sh ow n  in Fig. 10 (ob
tained for chitosan o f DD = 7 8 % ). W ith  increasing tim e o f  
p h o to d e g r a d a tio n  the m o re  d istin ct ch an ges are ob 
served w ith in  the characteristic functional grou ps.

Figure 11 sh o w s ch an ges o f absorbance o f charac
teristic g ro u p s in  chitosan m acrom olecu les fo u n d  for 
tw o sam p les o f variou s D D  valu es after various periods  
o f p h otod egrad ation .

C h an ges o f the absorbance in the band o f carbonyl 
grou p  (at the w a v e  num ber 1730 cm ’ 1) d ep en d in g  on  the 
ph otod egrad ation  tim e, observed for the sam p les, are 
sh o w n  in Fig. 12.

M o re  distinct changes in the p o ly m er structure are 
observed  in the case o f sa m p le  o f h igher D D , both as the 
results o f chain scission  (rate constant o f chain scission  
increases w ith  an increase o f D D ) and o f destruction of 
less stable am in e grou p .

CONCLUSIONS

O n  the basis o f presented in this paper results o f  
w eig h t loss and FTIR spectra investigations it w as fou n d  
that there w as a definite effect o f the deacetylation d e 
gree o f chitosan on the rate o f degradation  processes 
w h ich  took place un der the influence o f ultraviolet light 
or at h igh  tem peratures.

In the case o f ph otod egrad ation , the chitosan o f the 
h ighest D D  valu e is degrad ed  the fastest rate w h ich  is 
d u e  to the largest contribution o f ch rom oph ore am ine  
g ro u p s that absorb U V  rad iation . R esults o f spectro
scop ic  stu d ies  sh o w  that both p h otod egrad ation  and  
therm al d egradation  lead first o f all to scission o f the 
m a in  ch a in  a n d  d e stru c tio n  o f  th e u n sta b le  a m in e  
grou p s. A  decrease o f chitosan D D  is observed in the 
process o f therm odestruction ; cross-linking o f chitosan  
m a cro m o lecu les  takes place w h ich  im p roves therm al 
stability o f the p o ly m er in the next stage. A t  the tem pera
ture range u p  to 2 3 0 °C  th erm odegradation  rate is higher 
for chitosan sa m p les o f larger D D  (higher w eig h t loss in 
d y n a m ic  and isoth erm al m easu rem en ts). A t  the tem 

perature range at a m a x im u m  rate o f w e ig h t loss, the 
chitosan sa m p le  o f h igher D D  is m o re  stable (also the 
activation energy o f the reaction is h igher). M od ification  
o f the ch itosan  film s u sin g  U V  irradiation  decreases  
characteristic param eters o f  the process o f th erm o d e
struction: T p r , T m r , T50 and  activation energy Ea o f ther
m od egrad ation  o f chitosan. T h erm od egrad ation  o f chi
tosan in the air atm osphere causes oxidation  o f the sam 
ple (absorbance o f carbonyl g ro u p s b an d  increases). The  
higher D D  the low er is the rate o f oxidation . T h e higher  
w eigh t loss o f chitosan sa m p le  o f high er D D  at 2 0 0 °C  the 
sm aller the change o f the sam p le  structure observed  in 
FTIR studies.
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