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E L IZ A B E T H  G R IL L O  F E R N A N D E S 1*, E L -R E F A IE  K E N A W Y 2*, 
S T A N IS L A V  M IE R T U S 3*, E M O  C H IE L L IN I1)ł)

Environmentally degradable plastics: thermal behavior of polymer 
blends based on waste gelatin

S u m m a r y  —  Blends, based on  w aste gelatin (W G ) and p o ly (v in y l alcohol) 
(P V A ), form u lated  for agroindustrial applications are currently u n der investi
g a t io n . In  th e p r e se n t c o n tr ib u tio n  th eir ch a ra c te r iz a tio n  b y  th e r m o 
gravim etry  (TG ) and  differential scanning calorim etry (D SC ) is reported. The  
results obtained are com pared w ith those o f an alogou s blen ds based on "v ir 
g in " gelatin (V G ). W h ereas these last tended to phase segregate, those based  
on W G  resulted com patible d u e  to the presence o f g lycerol in W G  and its 
inherent destructurization caused b y  form er therm al and m echanical treat

m ent.
K e y  w o rd s : E n viron m entally  biodegradable plastics, gelatin, p o ly (v in y l alco
hol), therm al analysis, m u lch in g film s, hybrid  blen ds plastic w aste.

Synthetic p o ly m ers displaced m etals, glasses, cera
m ics, and w o o d  as raw  m aterials in the m anufacturing  
o f m a n y  durable products. H ow ever, once these have  
com p leted  their life cycle and  are d iscarded, they tend to 
persist in the en vironm en t d u e  to their structural recalci
trance to en vironm en tal degradation . This fact creates a 
m u ltitu d e o f ecological and safety concerns [1]. Since 
plastic w a ste  has ca u sed  seriou s, even  th ou g h  often  
em otion ally  exaggerated environm ental concern, there 
are n o w a d a y s increasing d em an d s to d ev elop  environ
m en tally  acceptable p o lym eric  m aterials that m a y  disin
tegrate and  even tually  experience a final harm less m i
crobial m in eralization  [2— 5].

T h e interest for en viron m en tally  degrad able  p o ly 
m eric m aterials has been g ro w in g  in connection with  
w aste m a n ag em en t p roblem s and n ovel exploratory out
lets [6— 11]. A m o n g  the b iodegradable p olym ers, starch 
and gelatin h o ld  a particular position  since these b iop o 
lym ers h ave no adverse im pact on  h u m an  health or en
v iron m en t [12— 14]. G elatin  is currently u sed in food  
processing and pharm aceutical form ulations. H ow ever, 
gelatin scraps generated in the different m anufacturing  
processes constitute a special w aste to be properly  d is
p osed  in spite o f its yet valu able energy context.
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The use o f plastic film s for agricultural m u lch in g  has 
increased rap id ly  d u e  to the a d va n tag es that such a 
practice is offering in term s o f prod u ct qu ality  and eco
nom ical returns [15, 16]. H ow ever, con vention al m u lch 
in g  film s b ased  on  p o ly o le fin s n eed  a p o st-c o n su m e  
costly care for their rem o v al from  the field at the end o f  
each fruiting season since they d o  not d ecom p ose  in the 
soil and hence h ave to be treated as a special w aste. The  
application o f degradable m u lch in g  film s w o u ld  abun
dantly  reduce the estim ated 100— 120 U S $ c o s t /a c re  re
quired to rem ove conventional m u lch in g  film s [17] and  
w o u ld  reduce deleterious en vironm en tal effects caused  
b y  illegal burning or burial practices o f n on  en viron m en 
tally degradable plastics [15].

A s  a part o f a continuing interest in the investigation  
and prom otion  o f environm en tally  degrad able  p olym ers  
and plastics for so u n d  applications in agroindustrial and  
biom edical-pharm aceutical fields [18— 21], an investiga
tion has been undertaken on the utilization o f ph arm a
ceutical grade w aste gelatin (W G ) in the form u lation  o f  
film s for sustainable m u lch in g  and solarization  applica
tions p rovided  o f a self-fertilizing potential.

In the materials processing there are several variables 
that influence the ultim ate properties o f the products. 
A m o n g  them  the thermal characteristics and thermal his
tory experienced by the materials often hold  a crucial posi
tion. In the case o f gelatin, depen ding on its source, diffe
rent transitions temperature can be found due to the effect 
o f water am ount, drying process and prim ary structure 
(com position and sequencing o f am ino and im ino acids 
residues along the peptide backbone) [22— 25].

In the present contribution, w e  report on  the thermal 
analysis o f film s based  on  virgin  gelatin  (V G ), w aste
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gelatin (W G ) and b len ds w ith P V A  either treated or not 
w ith  a crosslinking agent. The w o rk  is stem m in g  from  an  
action u ndertaken a lm ost three years ago  b y  the Interna
tional C entre for Science and H ig h  T echnology o f Trieste 
—  Italy u n der u m brella  o f the U n ited  N ation s Industrial 
D ev elo p m en t O rgan ization  (U N ID O ) for the d iffu sion  of 
aw areness in E n viron m entally  D egrad able  Plastics as a 
option  to E n vironm ental Protection and im plem entation  
o f a m ore rational u se o f natural renew able resources 
and agroindustrial w aste.

EXPERIMENTAL

M a teria ls

M aterials u sed  in this stu d y  w ere either w aste gelatin  
[W G  —  consists of scraps derived  from  pharm aceutical 
process o f soft capsu les w h ich  contain p igm en ts and  
glycerol (ca. 8 % ) as additives from  original form ulation  
and w a s u sed  as received, M w =  75 000] or parent "v ir 
g in " gelatin  (V G , Mw =  83 000). Both W G  and V G  w ere  
kin d ly  su p p lied  b y  Rp Scherer C o ., Egypt. The elem ental 
m icro-an alysis g ave: 42 .43  w t. %  o f C , 14 .77  w t. %  o f N ,  
6.32 w t. %  o f H  and  0.02  w t. %  o f P for V G  and 43.55  
w t. %  o f C , 11.62 w t. %  o f N , 6 .59  w t. %  o f H  and 0.02  
w t. %  o f P, for W G .

P oly (v in y l alcohol) (P V A L , Мги =  67 000) w ith a d e 
gree o f h yd ro ly sis  o f 8 8 %  w a s su p p lied  b y  Idroplast 
S p A , A lto p a scio  (Lucca) —  Italy and w as u sed w ith ou t  
further purification.

G lu ta r a ld e h y d e  w a s  A ld rich  p ro d u ct co m m ercia 
lized  as 50  w t. %  a q u eou s so lu tion  and  w a s u sed as 
crosslinking agent in various w eigh t proportions w ith 
out any further purification treatm ent.

F ilm  fab rica tio n

W G  w a s su sp e n d e d  in w ater at 5 0 °C  after stirring for 
30 m in . For b len d s preparation  a 10 w t. %  o f P V A  w ater  
so lu tion  w a s introduced  into a 10 w t. %  o f W G  w ater  
su sp e n sio n  an d  the resu ltin g  m ixtu re w a s stirred at 
7 0 °C  for 20 m in . For crosslinked sam p les the desired  
a m o u n t o f  g lu ta ra ld e h y d e  w ater so lu tion  w a s intro
d u ced  into a W G  w ater su sp en sio n  and the m ixture w as  
stirred for 5 m in  at room  tem perature. F ilm s w ere ob 
tain ed  b y  castin g  o f the so lu tio n s in teflon ated  a lu 
m in iu m  trays.

M e th o d s

T h erm og rav im etric  analyses (T G ) w ere p erform ed  
b y  m ean s o f a M ettler Т А  4000  System  equ ipped  w ith the 
T G 5 0 /M 3  therm obalance. Sam ples o f about 20 m g  w ere  
scanned at 1 0 °C  • m in ’ 1 from  25 to 6 0 0 °C  un der nitrogen  
atm osphere w ith  a flo w  rate o f 200  m l • m in ’1.

The th erm od yn am ic characterisation o f the sam ples  
w as carried ou t b y  u sin g  the D S C  30 cell o f the sam e

equ ipm en t. Sam ples o f 10— 15 m g  w ere scanned un der  
nitrogen flo w  o f ca. 80 m l • m in ’ 1. D ifferent procedures  
w ere carried out and  w ill be described herein in detail. 
For statistical analysis o f the results, so m e  sam p les w ere  
m easu red  at least three tim es w ith different sam p lin g .

RESULTS AND DISCUSSION 

T h e rm o g ra v im etry

T G  experim ents w ere a im ed  at defin in g  the lim its o f  
therm al stability o f the starting com p on en ts and  relevant 
blends and at estim ating the a m o u n t o f volatile c o m 
p o u n d s even tually  present that m a y  act as plasticizers 
for w aste gelatin (W G ) and p o ly (v in y l alcohol) (P V A L).

Temperature, °C

Fig. 1. Differential thermogravimetric (DTG) traces for PVAL 
(1), WG (2) and the blend WG/PVAL (3) at 50 wt. %

Figure 1 sh ow s typical differential th erm ogravim et
ric (D T G ) traces fo r  W G , P V A L  a n d  th e 5 0  w t . %  
W G /P V A L  blen d  co n d ition ed  at am b ien t conditions. 
A n a lo g o u s  profiles w ere fo u n d  for V G  and its corre
sp o n d in g  b len d s w ith  P V A L . T w o  p rin cipal steps o f  
w eigh t loss cou ld  be identified for both V G  and W G . The  
first step corresponding to w ater or w ater-glycerol over
lapp ed  evaporation  from  V G  and W G , respectively. The  
secon d and  third steps represent therm al d eco m p o si
tion. For the b len ds the secon d step is correlated to gela 
tin and third one is related to P V A L .

Characteristic T G  param eters are collected in Table 1. 
Calculations were made by defining the limits with the 
aid o f differential traces d u e to the difficu lty  fou n d on  
integral traces to attribute the relative contributions of 
the blend com p on en ts to the o verlap p ed  w eig h t losses. 
V G  sh ow ed  to be m ore stable than W G  b y  about 3 2 °C  
considering both T\ (tem perature at w h ich  1 %  w eight  
loss d ecom position  is observed , taken as reference tem 
perature at w hich  no w eig h t loss related to any evapora
tion process is occurring) and Td (onset decom p osition  
tem perature corresponding to tem perature taken in cor-
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respondence o f the crossover o f tangents d raw n  on both  
sid e o f the d ecom p ositio n  trace). Ti v a lu e  for W G  w as  
2 0 1 °C  and 2 3 2 °C  for Td.

T a b l e  1. Thermogravimetric data for virgin gelatin (VG), waste 
gelatin (WG) and their blends with PVAL

Sample

u0 u0£ Volatilesb) 
wt. %

Residue0* 
wt. %

VG 232.5 260.5 15.6 21.9
VG/PVAL (50/50 wt. %) 226.0 257.3 11.5 17.3
WG 201.0 232.0 10.8 20.9
WG/PVAL (50/50 wt. %) 159.7 250.0 8.1 14.0
PVAL 254.7 279.4 0.0 1.1
Glycerol 102.5d) 163.2d) 100.0 0.0

“* Ti — temperature at which 1 wt. % neat weight loss occurs; T,i — 
onset decomposition temperature at the tangent crossover drawn on 
both side of the decomposition trace. b> Water in samples containing 
VG and water + glycerol in those based on WG.°* At580°C. d) Related 
to evaporation considering that boiling with decomposition occurs at 
290°C [26].

By con siderin g that P V A L  is m ore therm ally stable 
than V G  and  W G , the d ecom position  tem peratures of 
the b len ds w o u ld  be therefore govern ed  by the gelatin  
com p on en t. O n  the basis o f the recorded Ti valu es, it can 
be observed that both V G /P V A L  and W G /P V A L  blends  
resulted less stable than V G  and W G , respectively. T\ 
decreasing w a s  about 6 °C  and  4 2 °C  for form ulations  
based on V G  and W G , respectively. O n  the other hand, 
the beh avior o f Td sh o w ed  to be different. In this case, 
V G /P V A L  blen d  Td is not significantly different from  
that o f the parent V G . H ow ever, W G /P V A L  blen d  is 
about 2 0 °C  m o re  stable than the parent W G . T h e m eth od  
to obtain the onset decom p osition  tem peratures is de
p en den t u p o n  the slop e o f high sid e lim it tem perature  
an d , consequently, o f the decom p osition  rate. Therefore, 
this d ecom p osition  tem perature can be often overesti
m ated  d e p e n d in g  on  the position  o f the T G  trace one  
take the lim it o f the onset calculation [27]. This observed  
discrepancy b etw een  d ecom p ositio n  tem peratures (Ti 
and Td) o f the W G  based  m aterials su ggests a d ev e lo p 
m en t o f chem ical a n d /o r  physical changes d u rin g blend  
preparation.

The w ater content in the b lends investigated and resi
d u e  valu es reported in Table 1 are related to the total 
sam p le w eigh ts and are correspondin g to those expected  
on the basis o f gelatin content in the blen ds.

T able 2 s h o w s  th e rm o g ra v im e tric  data for cross- 
linked w aste gelatin  as a function o f g lu taraldeh yde con 
centration co n d ition ed  at am b ien t con d ition s. For Td 
there are no significant differences in therm al stability of 
sam p les w ith  different crosslinking degree. This result 
further substantiates the w orkin g hypothesis on  the ef
fect o f d ecom p ositio n  rate taking into account that the 
m ech an ism  for these sam p les is the sam e. O n  the other 
h an d , Ti valu es indicate that crosslinking slightly  low ers

T a b l e  2. Thermogravimetric data for crosslinked waste gelatin 
as a function of glutaraldehyde (GA) concentration

WG:GA,
wt:wt Ti,°C

UО Volatile'1* 
wt. %

Residue1’* 
wt. %

100:0.00 201.0 232.0 10.9 20.9
100:0.25 186.0 235.8 П.0 20.0
100:1.00 195.0 234.0 10.2 25.1
100:2.50 194.0 231.2 11.0 19.7
100:5.00 183.2 233.2 10.3 19.8

°* Volatile corresponds to water + glycerol. b* At 580°C.

decom p osition  tem perature of W G . H ow ever, no direct 
correlation can be d ra w n  betw een the crosslinking ex
tent and the therm al stability o f the an a lyzed  sam ples. 
M ea n  value o f 1 9 0 ± 9 .3 °C  at a con fiden ce level o f 9 5 %  can 
be taken for the crosslinked W G s .

Differential scanning calorimetry 

Thermal characteristics of gelatins

Virgin gelatin (V G ) su p p lied  b y  Rp Scherer C o . that 
w a s u sed  as source o f W G  consists o f a m ixture o f ye llo w  
and w hite granules. A fter a separate ph ysical collection  
and lyoph ilization , on ly  a slight difference w as h ow ever  
detected in the therm al properties o f the tw o separated  
sam p les (Table 3). In both cases, in fact, the glass transi-

T a b l e  3. Thermodynamic properties of virgin gelatin (VG) lyo- 
philized for 24 h

Colour

UЭS-? A Q J g ' 1 K '1

u0

Water, wt. %

White 114.4 1.37 206.9 8.1
White 123.5 1.42 208.2 7.8
Yellow 125.4 1.46 214.2 8.0
Yellow 124.4 1.45 218.2 7.5

tion takes place in a broad tem perature range included  
betw een 70 to 1 80°C . The average o f inflection point Ts 
valu es sh o w ed  in Table 3 w a s 1 2 4 .9 ± 6 .3 °C  for the y ello w  
fraction and  1 1 8 .9 ± 1 7 .5 °C  for the w h ite one at a confi
dence level o f 9 5 % . A  w h o le  average Ts va lu e  for V G  
cou ld  be taken as 12 1 .9 ± 8 .1 °C . T h e b roadn ess o f the tran
sition can be tentatively attributed to a contribution of a 
series o f relaxation m o d e s  very  close one to another. The  
m ean  change on heat capacity at Ts w a s 1 .4 2 ±0 .0 6  J • g 1 ■ 
K "1 (9 5 %  o f confidence). This is a fairly h igh  valu e indi
cating that after lyoph ilization  b y  24  h, the a m o u n t of 
w ater (about 8 w t. % )  in V G  is sufficient to intensify  
chain m obility.

The m eltin g  peak tem perature o f lyop h ilised  V G  re
sulted  in an average valu e o f 2 1 1 .9 ± 8 .4 °C  (from  Table 3) 
correspondin g to the m eltin g  o f im perfect crystals [24]. 
D ecom p osition  reaction occurred at the en d  o f m elting  
transition. T h e heterogeneity o f the V G  com p osition  can
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be the factor responsible for the dispersions in the col
lected data as w a s observed  b y  T h om as et al. [25].

Figure 2  reports on  a com parison  betw een  T G  and  
D S C  traces o f both V G  and W G . N o  first order transition  
for W G  w a s detected and  it appears to d ecom p ose  w ith  
m ech an ism  different from  that related to V G .

Temperature, °C
Fig. 2. DSC and TG traces of VG (1) and WG (2)

The tem perature o f 2 0 0 °C  w as taken as the end lim it 
for D S C  treatm ent protocol (cyclic heating and cooling  
—  see b e lo w ) to avo id  structural changes d u e to d eco m 
position  (Fig. 2; Table 1). Figure 3 sh ow s D S C  traces for 
V G  as con dition ed  at am bien t tem perature (first heating) 
and that o f a secon d heating as recorded b y  the fo llo w 
ing treatm ent protocol (M o d e  I): 1) first heating at 10 °C  • 
m in ’ 1 from  25 to 2 0 0 °C ; 2) first coolin g  at 10 °C  • m in ’ 1 
from  200 to -2 0 °C ; and 3) secon d heating at 10 °C  • m in "1 
from  -20  to 2 0 0 °C .

Fig. 3. Water plasticizing effect on VG glass transition tem
perature: 1 — first heating, 2  —  second heating; water content 
about 16 wt. %  (from TG) (Mode I —  see text)

A fte r  w ater ev ap o ra tio n  d u rin g  first h eatin g  and  
therm al treatm ent (first heating and cooling), V G  pre
sented an increase on  its apparent glass transition of

about 5 7 °C ; this m ean s that the inflection p oin t o f base
line shift ch an ged  from  6 7 .4 °C  to 1 2 4 .6 °C . This valu e for 
Ts is in accordance w ith  that observed  b y  Fraga et al. [22] 
for fish gelatin as prepared according to the Y an nas' pro
cedure [24]. The w ater evaporation  after the first heating  
w as 12 .4±0 .1  w t. % . So, at the secon d  heating the transi
tions detected w o u ld  correspond to a sa m p le  w ith  about 
4 w t. %  o f water. Yannas and T obolsky [28] verified that 
1 w t. %  o f w ater depresses the Ts o f gelatin nearly o f 5 °C . 
Taking into account this observation  it can be said that 
the an alyzed  V G  sh ou ld  h ave a "d r y "  Tg o f ca. 145°C  
w hich is 3 0 °C  low er than that p reviou sly  obtained by  
them  [28].

The results b y  Fraga et al. [22] sh o w e d  that no signifi
cant difference w a s observed for the tw o  dehydration  
processes u sed  in the m aterials w ith  lo w  level o f w ater  
w ith ou t crosslink (exhaustive d eh ydration  o f gelatin by  
any m eth od  induces irreversible crosslinks [29]. H o w 
ever, it can be n o te d  that o n ly  the first Ts d id  n ot  
changed for both treatm ents bu t apparently the second  
one seem s to occur on ly  for one treatm ent. The first Tg 
(120°C ) w as narrow  w ith  en th alpy  relaxation, on  both  
dehydration  m eth od s applied . This Tg w as attributed to 
"so ft  b lo ck s" constituted b y  loose a -a m in o a c id  residues. 
The secon d Tg, broad and less clear, occurred at about 
18 0 °C  and w as attributed to "r ig id  b lo c k s" co m p osed  of 
im ino acids such as proline and h yd roxyp rolin e. In both  
tripeptide sequences o f "s o ft  and rigid b lo ck s" glycine  
appears at every third position .

In general, the difference in heat capacity (ACp) at Ts 
o f gelatin is not com m en ted  in therm al analysis studies. 
H ow ever, Tseretely et al. [23] stu d yin g  therm al transi
tions o f gelatin b y  D S C  con clu d ed  that ACp has a valu e of
0 .50 ±0 .0 5  J ■ g 1 • К -1 (estim ated on the basis o f d ry  gelatin  
w eight) for sam p les w ith 14 w t. %  o f Tiound w ater'. Be
sid es, ACp w a s practically con stan t for sa m p les w ith  
bou n d  w ater betw een 5 — 30 w t. % . In the present w ork , 
it w as observed that, contrary to the results attained by  
Tseretely et al. [23], ACp at Tg is a function  o f both heat 
treatm en t an d  w a ter  con ten t. R esu lts fro m  a d o p ted  
M o d e  I, sh ow ed  а ДС» valu e for V G  o f 0 .88  J • g ’1 • K "1 
(0 .77 J • g  ■ K ’ on  dry  basis) from  first heating run, 
changing to 0 .10  J • g ’1 • IC1 in the secon d heating run, 
indicating a significant variation in chain m obility  after a 
w ater loss o f about 12 w t. % .

By co n sid erin g  the p rev io u sly  d iscu ssed  o b serva 
tions, the effect o f annealing at three tem peratures w as  
investigated , b y  taking as reference tem perature 110°C  
(tem perature at w h ich  a m a x im u m  on  w ater evaporation  
rate w as observed —  Fig. 3). Table 4  com p rises the re
sults obtained for V G  after the secon d  heating o f the 
fo llow in g  treatm ent protocol (M o d e  II): 1) first heating  
from  25 to Tan at 1 0 °C  • m in ’ 1; 2) isotherm  at Tan b y  1 0 ,2 0 ,  
3 0 ,4 0  and 60 m in ; 3) first coolin g  from  Tan to 0 °C  at 10°C  
■ m in ’ 1; and 4) secon d heating from  0 to 2 0 0 °C  at 1 0 °C  • 
m in ’ 1; Tan is the annealing tem perature equ al to 90, 110, 
120°C , respectively.
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T a b l e  4. Effect of annealing on VG conditioned at ambient 
conditions

Tempera- 
turea>, °C

Tim e
m in

T*i
° c

ACHi

J ■ g 1 ■ к-1
T*2
°C

A Cfi
J . g ' . K - '

90 1 0 111.2 1.79 ndb> nd

90 2 0 117.9 1.58 nd nd

90 30 122.2 1.40 nd nd
90 40 128.7 1.14 171.0 0.05
90 60 128.8 0.51 146.2 0.27

n o 10 nd nd 124.6 1.39
n o 20 118.0 0.28 139.5 0.45
no 30 120.6 0.26 138.0 0.20
no 40 123.9 0.22 149.6 0.32
no 60 134.7 0.17 153.8 0.П
120 10 118.0 0.31 137.0 0.34
120 20 119.0 0.29 147.2 0.34
120 30 122.3 0.29 148.0 0.25
120 40 128.2 0.22 163.0 0.20
120 60 134.8 0.31 166.4 0.18

n) Different sam pling for each annealing treatment. b> nd = Not de
tected.

Figure 4 exem plifies characteristic traces of the tw o  
glass transitions tem peratures observed as a function of 
annealing tim e for 10 and 60 m in  com pared w ith that 
obtained on secon d heating o f M o d e  I.

Fig. 4. DSC traces after annealing at differential temperatures 
and times (Mode II —  see text) of VG: 1 —  second heating 
performed according to Mode I; 2 —  after 1 h at 120UC; 3 —  
after 1 h at 110°C; 4 —  after 1 h at 90°C; 5 —  after 10 min at 
120°C; 6  —  after 10 min at 110°C; 7 —  after 10 min at 90°C

Sam ples treated at 9 0 °C  presented on ly  one broad  
transition u p  to a 30 m in  treatm ent. For longer annealing  
tim e, the sa m p les indicated the presence o f a second  
transition at a higher tem perature w h ich  w a s clearly d e 
tectable in the differential therm al profile. The first glass  
transition (T^i) increased and its ACpi decreased w h en  
the tim e o f annealing increased. For the secon d one (Ts2) 
it w as not p ossib le  to find any correlation. This m a y  be 
d u e  to its p oor definition. The present behavior corre

sp o n d s to the expected effect o f plasticized  sam p les. The  
Tgi w as 111°C  for a treatm ent tim e o f 10 m in  and the 
higher one w as 12 9 °C  after 60 m in  (see Table 4).

T h erm al treatm ents at 1 1 0 °C  an d  1 2 0 °C  g en erally  
presen ted  tw o  baselin e sh ifts for sa m p le s  treated at 
tim es in c lu d ed  b etw een  10 to 60 m in , that co rresp o n d s  
to d ifferen t tem p o ra l k in d s o f  structu ral o rg a n ization s  
in to  sa m p le s . T h e first tran sition  (Tsi) b e g a n  to be  
n oted  after a treatm en t o f  20  m in  at 1 1 0 °C  an d  it w as  
presen t at a n y  an n ea lin g  tim es at 1 2 0 °C . T h is transi
tion  agree w ith  that o b serv e d  in V G  after the secon d  
h eatin g  o f M o d e  I, w h ich  occurs in a n arrow  tem p era 
ture ran ge (F ig. 4). For these tw o  a n n ea lin g  tem p e ra 

tures, their Tgi v a lu e s  are a n a lo g u e  to th ose ob served  
for sa m p les  treated at 9 0 °C . For b oth  a n n ea lin g  te m 
peratures, Tgi increased  from  1 1 8 °C  to 1 3 5 °C  w ith in  
the tim e in terval c o m p rise d  b e tw e e n  10 an d  60 m in . 
M o reov er, the related  ACpi v a lu e s  p resen ted  a d iffer
ent beh avior. For sa m p le s  treated at 1 1 0 °C , ACpi d e 
crease fro m  0 .28  J ■ g" ■ K "1 to 0 .1 7  J • g "1 • K " w ith  
increase o f a n n e a lin g  tim e , w h ile  ACpi for sa m p le s  
treated at 1 2 0 °C  seem s to be con stan t w ith  the a verage  
v a lu e  0 .2 8 ± 0 .0 5  J ■ g "1 • K "1 (9 5 %  o f co n fid en ce).

T h e secon d  glass transition tem perature (Ts2 ) and  
correspondin g ДСр2 v a lu es for treatm ents at 110 and  
1 2 0 °C  presen ted the sa m e beh a vior  o b served  for Tgi 
and ACpi. In correspondence o f an increase o f Tg2 a d e 
crease w a s  recorded  for ДСр2 . H o w e v e r , this secon d  
transition occurs in a broad tem perature ran ge and ДСр2 

valu es are o f the sam e m a g n itu d e  o f AC pi valu es. For 
sam p les treated at 1 10°C , Ts 2 ch an ged  from  abou t 125°C  
after annealing b y  10 m in  to 1 5 4 °C  after 60 m in ; the 
ACp2 ch an ged from  1 .39 to 0.11 J • g  1 • K "1, respectively. 
A lso , sam p les after a treatm ent at 120HC  b y  10 m in  pre
sented a TS2 o f 1 3 7 °C  w ith  a ДСр2 o f 0 .34  J • g "1 ■ K "1 that 
ch an ged to 1 66°C  and  0 .18  J • g~* • K '1 after 60 m in  of 
annealing.

Fig. 5. DSC traces as a function of thermal treatment: 1 —  
second heating of VG performed according to Mode I; 2 —  VG 
after 30 min at 110°C; 3 —  second heating of V4G performed 
according to Mode I; 4 —  W G  after 30 min at 110"C
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T a b l e  5. Effect of annealing on waste gelatin (WG) conditioned 
at ambient conditions

Time at 110°Ca), 
min

TO
° c A Q i J - g L K - 1 °c ДС,)2, J ■ g 1 ■ K"1

0b> ndc) nd 103.0 0.50
30 83.0 0.36 155.4 0.55

n) Mode I I .1,1 Second heating of Mode I. L> nd — Not detected.

Figure 5 d isp lays the annealing effect on W G  transi
tions (table 5) com p ared  w ith  that on V G  at 110°C  b y  30  
m in. The m ain  difference w as detected on the first tran
sition tem perature (Tsi) w h ich  is low er for W G  su b m it
ted to treatm ents carried out in M o d e s  I and II. In a d d i
tion, both heat capacities differences (ACp) and transition  
tem perature ranges are higher for W G  than V G . Prob
ably, these differences are d u e  to the glycerol present in 
w aste gelatin that acts as a plasticizer com p on en t in a d 
dition  to water.

Thermal characteristics of blends

G elatins m o d ified  b y  b len d in g  w ith P V A  or crosslink
ing w ith  g lu tarald eh yd e w ere characterized under con 
trolled  co n d ition s. By con ven ien ce, a tem peratu re o f  
3 0 °C , a relative h u m id ity  (R H ) [30] o f 7 5 %  and con di
tioning tim e o f 42  h w ere selected. The sam p les w ere  
loaded  in p re-w eigh ted  a lu m in u m  pans. A fter the con di
tioning tim e the sa m p le  pans w ere im m ediately  closed, 
w eig h e d  and  a h ole  w a s m a d e on  p an  covers on ly  im m e
diately before transferring the sam p les to the holder. The  
fo llo w in g  treatm ent protocol (M o d e  III) w as adopted:
1) first heating from  -1 0 °C  to 2 0 0 °C  at 1 0 °C  ■ m in "1;
2) natural coolin g  and re -w eigh in g  o f sam p le  w h en  re
turned at 2 5 °C ; and  3) secon d heating from  -1 0 °C  to 
2 0 0 °C  at 1 0 °C  ■ m i n 1.

Fig. 6 . DSC traces of VG, PVAL and their blends; samples 
conditioned at 30°C and 75% RH for 42 h; second heating 
(Mode III —  see text): 1 —  100% VG, 2 — 50% VG + 50% 
PVAL, 3 —  30% VG +  70% PVAL, 4 — 5% VG + 95% 
PVAL, 5 —  100% PVAL

V G /P V A L  b le n d s . Figure 6 presents the second heat
ing traces o f con dition ed  V G /P V A L  blends after M o d e

III. T h e first change on heat capacity corresponds to the 
Ts o f P V A L , the secon d one to the Ts o f V G  and the 
incom plete first order transition to the m eltin g  o f P V A L . 
Transitions tem peratures did  not sh o w  an y  appreciable  
changes in the range o f the com p osition s stu died . This  
corresponds to a typical beh avior o f incom patible sy s 
tem s [31]. T h erm od y n am ic characteristics for both heat
ing scans and w ater loss after the first heating are col
lected in Table 6.

T a b l e  6. Thermodynamic characteristics of V G , PVAL and 
VG/PVAL blendsa>

V G /P V A L b)
wt:wt

Tvl
° c

ACyii

J r
K -1

TmPVAl.
°C о 

-4

ACp 2

J ■ s ' 1 •
K-'

TmPVAl.
°C

Water 
loss 

wt. %

0:100 55.8 0.52 191.7 69.7 0.60 190.9 12.1
50:50
P V A L 56.6 0.90 ndo) 68.0 0.48 191.1

V G 75.4 2.20 — 142.1 0.24 — 16.3
30:70
P V A L 56.4 0.82 191.6 68.8 0.51 192.5

V G 77.7 2.57 — 144.5 0.53 — 14.3
05:95
P V A L 53.2 0.47 193.2 71.2 0.56 191.6

V G 78.8 6.44 — 133.6 0.12 — 13.0

О о о 70.5 J) 2.75 — 132.6 0.08 — 21.9

ał T*i, Tg2  — glass transition temperatures on first and second heating, 
respectively; ДС,л and ДС, 2  are the difference on heat capacity calcu
lated on dry weight basis of each component; T,„pval is a temperature 
corresponding to the melting peak of PVAL.b) Samples conditioned 42 
h at 30°C and 75% RH [30].c> At first heating, trace presents a peak at 
about 150°C overlapped with water evaporation peak. J) Glass transi
tion with endothermic relaxation. e) nd — Not detected.

C on siderin g  that the P V A L  Ts valu es are basically  
indep endent on com p osition , the average valu e from  all 
com positions at first heating w o u ld  be 5 5 .5 ± 2 .9 °C  and  
that for the secon d  h eating 6 9 .4 ± 1 .5 °C . O n  the other  
h an d , Tg\ valu es o f V G  in the b len d s are higher than the 
valu es recorded for the single m aterial and  increase w ith  
decrease o f V G  concentration. A t  the secon d heating cy
cle no system atic trends took place. T h ese results su g 
gest that the Tg valu es d o  not change appreciably w ith  
blen d  com p ositions. The average Tg va lu e  for V G  w o u ld  
be 1 4 2 .7 ± 5 .6 °C  for the secon d h eating cycle. The Ts v a 
lues variation detected for V G  and P V A L  and  w ater loss  
valu e, su gg est that w ater plasticizing effect is m ore sig 
nificant on V G  than P V A L .

T h e m eltin g peak  tem peratures o f P V A L  in the blend  
did  not sh ow ed  to be influenced b y  blen d  com p osition . 
The average valu e w o u ld  be 1 9 1 .7 ± 2 .2 °C .

W G /P V A L  b le n d s . T h e D S C  traces for the system  
W G /P V A L  are d isp la y ed  in Figure 7 w hereas in Table 7 
there are reported the transition tem peratures as a func
tion o f the blen d  com p ositions in clu d in g w ater loss after 
first heating cycle carried ou t u n der M o d e  III. In the 
blen ds o f correspondent com p osition , the Tgi valu es for
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T a b l e  7. Thermodynamic characteristics of W G, PVAL and 
WG/PVAL blends3’

VG/PVALb)
wt:wt

T*i
°C

AC,,i
I B '1

K 1

TtnPVAL
°c

T:t 2  

° c

ДС̂ 2
J g '  
• К'1

TinPVAL
° c

Water 
loss 

wt. %

0:100 55.8 0.52 191.7 69.7 0.60 190.9 12.1
5:95

PVAL 53.0 0.54 191.3 66.1 0.52 191.3 12.7
WG ndd) nd — nd nd — —

30:70
PVAL 56.6 1.17 185.9 5 4 . 7 0.63 188.5 15.1
WG 64.8 0.55 — 148.7 0.20 — —

50:50
PVAL 57.7 1.79 184.2 53.0 0.78 187.2 16.0
WG 63.8° 1.29 — 135.4 0.12 — —

70:30
PVAL 58.0C) 1.86 178.6 46.8 1.18 181.8 17.9
WG nd nd — 130.5 0.33 — —

95:5
PVAL 56.3е’ 2 . 2 1 33.5 2.59 172.9 21.0
WG nd nd — 106.7 0.37 — —
100:0 71.3d 3.85 — 129.8 0.07 — 19.8

3> and b) as in Table 6. e) Glass transition with endotherm relaxation. d) 
nd — Not detected.

Fig. 7. DSC traces of WG, PVAL and their blends; samples 
conditioned at 30°C and 75% RH for 42 h; second heating 
(Mode III — see text): 1 — 100% W G , 2 —  50% W G  +  5 0 %  
PVAL, 3 —  30% W G  +  70% PVAL, 4 —  5% W G  +  95% 
PVAL, 5 —  100% PVAL

W G  w ere fo llo w e d  b y  an endotherm ic relaxation w hich  
increased b y  increasing the W G  content. Basically, the 
Tg-\ v a lu e s  o f  P V A L  are eq u al to th ose o b tain ed  for 
V G /P V A L  blen ds. H ow ever, for W G  the behavior w as  
different w h ere its Ts valu es w ere detected on ly  at co m 
p arable  con ten ts o f  the tw o  co m p on en ts and  w ith  a 
v a lu e  lo w e r  than W G  a lo n e . A t  sec o n d  h ea tin g , Ts 
valu es o f both P V A L  and  W G  as w ell as Tm for P V A L  
d ecreased  w ith  in creasin g  W G  con ten t. C on trary  to 
V G /P V A L  s y ste m , the resu lts for W G /P V A L  blen ds  
su gg est a com patibility  betw een  the tw o  com p on en ts as 
m o st likely  m ediated  b y  the g lycerol originally present 
in W G . If P V A L -g ly cero l interactions dom inate, this ef
fect w ill be m ore significant at low er W G  content b y

increasing the Ts o f W G . O n  the other h an d , the decrease  
of the extent o f W G -g ly c e ro l interactions facilitates W G -  
-W G  contacts that can result in crosslinking form ation  
[2 4 ,2 9 ).

T a b l e  8. Thermodynamic parameters of W G as a function of 
glutaraldehyde (GA) content3’

W G / G A ,
wt: wt

rr> b)

°c
ДС;;1

j g - ; -

K*

V , i

°C

ДС,2,1
j g - ; -

IC1

T X 2 .2

°C

AC ,,2 .2  

J ■ g - '  ■

K_l

W ater 

loss 
wt. %

100:0.00 71.3 3.85 ndd) nd 129.8 0.07 19.8
100:0.25 51.T ’ 1.05 98.8 0.38 nd nd 20.2
100:1.00 61.3 0.96 97.9 0.44 137.0 0.08 20.6
100:2.50 63.0 0.90 102.9 0.37 136.2 0.06 20.2
100:5.00 57.2 0.65 95.4 0.40 137.8 0.06 21.2

a) Samples conditioned 42 h at 30°C and 75% [30]. b) Txi, Tx 2  — glass 
transition temperatures recorded on first and second heating respec
tively; AC,, values are the difference on heat capacity calculated on dry 
weight basis of each component. e) Glass transition with endothermic 
relaxation. d> nd — Not detected peak.

C r o ss lin k e d  W G /P V A L  b le n d s . In Table 8 there are 
collected the th erm od yn am ic param eters o f W G  cross- 
linked w ith  g lu tarald eh yd e (G A ). Transitions tem pera
tures on both heating scans d o  not indicate any specific  
trend in flu en ced  b y  G A  concentration . O n  the other 
h an d , ACpi from  first heating, w h ere sam p les are m ore  
plasticised b y  water, presented valu es that decrease with  
increase o f crosslinking agen t content, as expected on  the 
basis o f chain m ob ility  reduction. H o w e v e r , it w as ex
pected also that the Ts increased w ith  concentration o f  
crosslinking agent. This behavior w as observed  for the 
glass transition recorded after sec o n d  h eatin g  o f the 
crosslinked sam p les and o f u ncrosslinked W G  w h ose  
valu es are about 13 7 °C  and 1 3 0 °C , respectively. A s  ACt, 
provides indication about chain m obility, it is possible  
that the observed single transition on  first scan m a y  be 
the result o f the overlap p in g  o f tw o  k inds o f segm ental 
m o v em en ts. A t  the sa m e tim e, one o f Ts valu es can be  
h id d en  b y  the transition connected to w ater evaporation. 
A s  the calculation for a single transition w a s m a d e  on  
the basis o f the total dry w eigh t, the resulted valu es are 
overestim ated. O n  the secon d heating, tw o  glass transi
tions w ere observed. A  possib le explanation  for the ab
sence o f a system atic change o f Ts w ith  G A  content in the 
blends can be associated w ith the occurrence o f com p eti
tive ph en om en a g iv in g  rise to a leveled  effect for the 
conditions o f sam p le  preparation and  analysis.

The valu es o f the m ean  th erm od yn am ic param eters  
for so m e W G /P V A L  b len d s crosslin ked  w ith  G A  are 
presented in Table 9. T hese results w ere an alyzed  statis
tically u sin g  the h ypoth esis testing [32] at a 9 5 %  o f confi
dence. D ata from  the secon d heating w ere com pared by  
m aintaining the crosslinking agent content constant and  
changing blen d  com p ositions or vice-versa. A t  constant 
c r o s s l in k i n g  a g e n t  c o n t e n ts  ( W G / P V A L / G A  —
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T a b l e  9. Thermodynamic parameters of WG/PVAL blends 
crosslinked with glutaraldehyde (GA)a)

WG/PVAL/GAb)
wt:wt:wt

rr b)
To
°c

ДС,,1 
J ■ g 1 ■

K-'

Та
°c

ЛСр2
J g 1 •

IC1
TmPVAI.

°C

Water 
loss 

wt. %

0:100:0.25 56 0.5 68 0.5 192 12
100:0:0.25 57е) 1.3 99 0.4 — 20
80:20:0.50

PVAL 56±1 0.7±0.1 38±3 1.4±0.8 17812 1911
WG ndJ) nd 134±1 0.3±0.0 — —

50:50:0.50
PVAL 59±1 0.6±0.0 45±1 0.7±0.0 18510 1610
WG nd nd 114+3 0.110.0 — —

50:50:1.00
PVAL 57±1 0.7Ю.0 46±0 0.710.0 18610 1710
WG nd nd 122±6 0.110.0 — —

WG nd nd 144±4 0.210.0 — —
b>, c>, d> as in Table 8. T„,pvm. — temperature corresponding to the 

melting peak of PVAL

8 0 /2 0 /0 .5  and  5 0 /5 0 /0 .5  system s) the three transitions 
are substantially different. A s  a consequence, the blend  
com p osition  can be considered as an im portant variable  
in crosslinked b len d  form ulations. O n  the other h an d , by  
m ain tain in g  constant blen d  com p osition  and  varyin g  
the crosslinking agent content (50 :50 :0 .50  and 50 :50 :1 .00)  
no significant difference o f glass transition tem peratures  
of the m ajor com p on en ts w as detected. This is rather 
surprising and  against any perspective fo u n d ed  on  the 
effect o f the crosslinking on the segm en tal m otion . H o w 
ever, it cou ld  be observed an influence o f the crosslink
ing agen t content on the P V A L  crystallisation as d e m o n 
strated b y  the nu ll h ypoth esis.

CO N CLU SIO N S

Sam ples o f w aste gelatin (W G ) and their b lends with  
p o ly (v in y l alcohol) (P V A L) either in the presence or ab
sence o f g lu ta rald eh y d eh y d e (G A ) as crosslinking agent 
w ere prepared. V irgin  gelatin (V G ) w as also an alyzed  as 
a reference standard valu ab le for a better u n derstan din g  
o f the characteristics o f W G  and relevant b lends with  
P V A L  in the presence or absence o f G A .

W G  presented a decrease o f therm al stability o f about 
3 2 °C  in relation to V G  and w h en  b len d ed  w ith  P V A L  
resulted to d ec o m p o se  at a tem perature o f 2 3 2 °C  that is 
2 0 °C  high er than W G  alone. H ow ever, if w e  consider the 
tem perature at w h ich  1 wt. %  on net w eigh t loss occurs 
(T i) an op p osite  beh avior appears to h old . The tem pera
ture o f the therm al d ecom p osition  o f W G  alone is 2 0 1 °C  
and decreases to abou t 16 0 °C  w h en  W G  is b len ded  w ith  
P V A L . O n  th e  o th e r  h a n d , b o th  te m p e r a tu r e s  o f  
V G /P V A L  b len d s decreased bu t in a lesser extent in 
com p arison  w ith  the system  W G /P V A L .

T h erm al treatm ent and w ater content are variables  
that can p rom ote changes o f gelatin structure leading to 
one or tw o glass transitions detectable by D S C  analysis.

T h e presence o f glycerol in W G  has a sm a ll effect in 
low erin g its Tg valu es in relation to V G . W G  and V G  
conditioned at 3 0 °C , 7 5 %  R H  for 42  h presented a w ater  
content o f about 20  w t. % . U n d er  those con dition s, the 
Tg i for W G  w as equivalent to that o f V G : Tg valu es of 
7 1 .3 °C  and  7 0 .5 °C  w ere recorded, respectively. Re-heat- 
ing after a scan until 2 0 0 °C  and coolin g , d id  not lead to a 
su bstan tial differen tiation  in Ts 2 b e h a v io r  (v a lu es o f  
1 29 .8 °C  and 132 .6 °C  w ere, respectively, recorded).

B lends o f V G  w ith  P V A L  resulted to be incom patible; 
Tg valu es d o  not indicate any changes w ith  com p osition , 
but increase slightly in relation to the gelatin  alone. In 
this case, P V A L  acts as a kind o f organic filler o f V G . O n  
the other h an d , the presence o f g lycerol in W G  and pre
su m able  destructurization o f gelatin  d u rin g  processing  
g e n e r a t i n g  W G  le a d  to  a d i f f e r e n t  b e h a v i o r  o f  
W G /P V A L  blen ds. T h e Ts valu es o f P V A L  and W G  and  
Tm valu es o f P V A L  on second heating decreased b y  in

creasing W G  content. This beh avior can be interpreted  
as d u e to a different partition coefficient o f g lycerol in 
relation to both W G  and P V A L  in the b len d . The content 
o f g lycerol in each phase co u ld  influence filler charac
teristics o f P V A L  and  auto-crosslin kin g o f gelatin w hich  
can be a concurrent p h en om en on .

N o  system atic effect o f G A  content (u p to 4 .8  w t. % )  
on  Tg v a lu es o f crosslin ked W G  w a s ob served . A s  a 
w ork in g  hypoth esis it w as p rop osed  that com petitive  
p h en om en a related to the sa m p le  preparation and ther
m a l analysis m e th o d o lo g y  p lay  an im portant role.
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