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bstract

The plasticizing efficiency of glycerol (GLY)and poly(ethylene glycols) of molecular mass 300–3350 Da (PEG 300–PEG 3350) for films of
ollagen hydrolysate (H) was assessed on the basis of the glass transition temperature depression (�Tg). The plasticizing effect of hydrophilic
lasticizers was separated from the plasticizing effect of water absorbed to H films by means of two-stage differential scanning calorimetry (DSC).
he first stage of DSC, conducted in a temperature interval of 25–150 ◦C led to removal of absorbed water. The Tg values of un-plasticized films
stimated in second DSC stage (after cooling the measured sample to 25 ◦C without withdrawal the sample from the instrument and running it again
n the temperature range of 25–350 ◦C) correspond to value of dehydrated gelatin films and H films contain only structurally (more firmly) bound
ater (approximately 2.5% mass). With plasticized H films a decrease in Tg depending on the type and concentration of employed plasticizer was

bserved. With glycerol, Tg decreases with the film increasing glycerol concentration in film, with poly(ethylene glycols) it attains a certain limit
evel at their approximately 20% concentration in film.

At 20% concentration the plasticizers under study gave a Tg depression (�Tg) – corresponding their plasticizing efficiency for H films – was
ound as follows: GLY = −66.8 ◦C, PEG 300 = −48.8 ◦C, PEG 400 = −47.1 ◦C, PEG 600 = −50.3 ◦C and PEG 3350 = −9.6 ◦C.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Collagen, industrially produced as a secondary product in
he meat industry, finds merely limited application in foodstuffs

anufacture due to its low nutritive value and deficient essential
mino acids. It is more a starting material for edible meat product
asings. Gelatin, its partial hydrolysate, has certain significance
s a thickening agent of food dispersion systems (gelation agent)
nd is used as a biodegradable and also edible packaging material
or food additives, encapsulating medicines as well as cosmetic
roducts. Properties appreciated most with gelatin films are low
ermeability for oxygen, carbon dioxide, aromatic substances
nd some other substances, and ready water solubility, which
ay be regulated in quite wide limits by increasing cross-link
ensity.
The high density of cross-links in collagen (due to natural

geing with native collagen, and to the manufacturing method
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asticizers

ith industrial products) does not always influence the proper-
ies of collagen materials and their products in a positive manner.
n the case of native collagen it reduces the yield as well as qual-
ty of obtained gelatin [1], in industrial products it often causes
nfavourable (mechanical) properties, which may easily result
n the production of difficult to apply industrial collagen waste.

In the prevailing industrial application of collagen – manufac-
uring large-area materials (leathers) for clothing and footwear

ass production – the quantity of such collagen waste, according
o some authors [2,3], may attain 60–70% of the mass of starting
ollagen raw material; data from casings manufacture or other
ranches are available with difficulty and often incomplete.

The production of difficulty to utilize collagen waste has stim-
lated interest in no-waste (clean) manufacturing technologies,
ut results achieved so far are not too encouraging. For this rea-
on, attention has lately focused on using collagen waste as a
econdary industrial raw material, mostly for the production of

acking materials.

Owing to the high cross-link density of industrial colla-
en waste, suggested procedures virtually always comprise its
ontrolled (partial) hydrolysis as the first step. A particularly

mailto:langmaier@ft.utb.cz
dx.doi.org/10.1016/j.tca.2008.01.003
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Table 1
Basic characteristics of collagen enzymatic hydrolysate

Dry substance (%) 92.99
Amide nitrogen in dry substance (%) 14.85
Ash in dry substance (%) 4.94
Ca content in dry substance (ppm) 27 456.6
Mg content in dry substance (%) 4 798.0
P −1
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dvantageous procedure – from an energetic as well as economic
oint of view – is controlled enzymatic hydrolysis by means
f commercially available proteases of microbial origin [4].
ollagen hydrolysates thus obtained (of mean molecular mass
pproximately 15–30 kDa) approach gelatin [5] in behaviour
nd properties and can be easily utilized for manufacturing
iodegradable (potentially even edible) packaging materials [6].

The fragility of proteinous biodegradable packages, particu-
arly noticeable at lower relative humidities is usually overcome
y adding plasticizers of polyol type (glycerol, poly(ethylene
lycols), sorbitol, maltitol or also poly(vinyl alcohol) and oth-
rs [7]. Plasticizing of proteinous films even stimulates attempts
t applying traditional plastics technologies (blow moulding) in
heir industrial production.

The usual mechanism for interpreting action of hydrophilic
lasticizers leads usually to a reduction in their binding to polar
entres of proteinous chains which leads to reducing inter-chain
ttractive (van der Waals) forces [8,9] and thus to increasing
utual mobility of proteinous chains [10].
Hydrophilic plasticizers simultaneously act as humectants for

roteinous films, retaining in them moisture and affecting their
ater vapour sorption isotherms. As a rule, it is difficult to decide

o which extent plasticizer alone shares in the achieved plasticiz-
ng effect and to which plasticizer-bound water does [11]. The
ignificance of data by particular authors on the effect of plas-
icizers, determined empirically on the basis of tensile strength
nd elongation at break of plasticized films conditioned at a
ertain relative humidity, is certainly limited [12].

Hydrophilic plasticizers are usually applied in proteinacious
lms in concentrations of 15–50% (based on mass of protein),

he one being recommended for this function most often is glyc-
rol (GLY) which, however, has a marked tendency to migrate
13]. Migration of plasticizers of poly(ethylene glycol) type in
roteinacious films is suppressed in proportion to their molecu-
ar mass. Alcoholic sugars or other mono- and disaccharides are
ecommended as plasticizers less frequently.

Proteinacious films are usually prepared by casting film-
orming solutions and drying. In industrial practice, this
echnique is associated with certain problems [14], which
ncreases interest in the use of “dry” plastics procedures
ombining the effect of pressure and temperature (extrusion,
hermo-moulding, etc.) [15,16]. This also increases the sig-
ificance of more reliably assessing the plasticizing effect on
roteinacious films by hydrophilic plasticizers, mostly utilizing
heir effect on depressing glass transition temperature (Tg) which
s usually determined by DSC technique [17–19]. The technique
as also employed when evaluating the plasticizing effect of
lycerol and poly(ethylene glycol)s of mean molecular mass
00–3350 Da on films of enzymatic collagen hydrolysate (H).

The data of hydrophilic plasticizers efficiency and their action
echanisms presented in this work may be useful for the pro-

uction of soft capsules on collagen hydrolysate basis.
. Experimental

Starting collagen hydrolysate (H) was prepared by controlled
nzymatic hydrolysis of collagen waste from casings production

N
e
i
m

rimary amino groups in dry substance (mmol NH2 g ) 0.216
verage molecule. mass (numerical mean, MN) (kDa) 17.75

y a protease of microbial origin in such manner that 50 kg
ater, 0.5 kg MgO and 10 kg collagen waste from collagen

asings (minced to pieces of approximately 2 cm × 2 cm) manu-
acture were introduced into a reactor vessel Under good stirring,
.3 kg commercial protease of bacterial origin ALCALASE
NL (Novonordisk A/S Bagsvaerd, Denmark) was added to

he reaction mixture and that was heated for 5 h to 70 ◦C under
onstant good stirring. The vacuum-filtered reaction mixture
ielded a solution of collagen hydrolysate in the form of a
lear liquid and a filter cake containing approximately 5%
on-degraded collagen waste. The clear collagen hydrolysate
olution was vacuum-thickened to a content of approximately
0% dry matter and dried to powder in a spray drier (see also ref.
4]). Table 1.

The studied plasticizers were commercial products glycerol
GLY) and poly(ethylene glycols) (PEGs) of mean molecular
ass 300–3350 Da, specified by the supplier (Sigma–Aldrich)

s follows:

GLY Boiling point(760) = 290 ◦C, � = 1.25 g/ml (G7893
Aldrich Handbook of fine chemicals 2007–2008, p.
1340.

PEG 300 Poly(ethylene glycol) MN 300 Da: viscous liquid,
m.p. = −15 to −8 ◦C (202371 Aldrich Handbook of
fine chemicals 2007–2008, p. 2021).

PEG 400 Poly(ethylene glycol) MN 400 Da: viscous liquid,
m.p. = 4 to 8 ◦C (202398 Aldrich Handbook of fine
chemicals 2007–2008, p. 2021).

PEG 600 Poly(ethylene glycol) MN 600 Da: damp waxy sub-
stance, m.p. = 20 to 25 ◦C (20240 Aldrich Handbook
of fine chemicals 2007–2008, p. 2021)

EG 3350 Poly(ethylene glycol) MN 3350 Da: solid waxy sub-
stance, m.p. = 54 to 58 ◦C (20244 Aldrich Handbook
of fine chemicals, p. 2021.

For better characteristics, the selected plasticizers were eval-
ated by DSC (differential scanning calorimetry) and TGA
thermogravimetric analysis). DSC measurements were per-
ormed on instrument DSC 2010 (TA Instruments, New Castle,
EL/USA), TGA measurements on instrument TGA 500 from

ame manufacturer. Measuring conditions were identical in both
ases (temperature range �T = 25◦–350 ◦C, dT/dt = 5 ◦C min−1,

−1

2 flow = 150 ml min ). Thermal co-ordinates of detected

ndothermal peaks and the corresponding cumulated mass loss
n TGA measurements of studied plasticizers are overall sum-

arized in Table 2.
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Table 2
Characteristics of thermal behaviour of plasticizers under study

Plasticizer Peak T (◦C) (DSC) –�m (%mass) (TGA)

Glycerol 0.0
ENDO1 start 120 4.0
ENDO1 peak 192.2 82.4
ENDO1 end 213 90.0

PEG 300 ENDO1 start 203.9 4.8 ± 1.7
ENDO1 peak 248.5 17.6 ± 1.13
ENDO1 end 301.3 52.0 ± 1.0

348 92.17 ± 1.38

PEG 400 ENDO1 start 218.1 ± 22.7 5.3 ± 0.9
ENDO1 peak 290.8 ± 23.1 27.3 ± 0.9
ENDO1 end 333.6 ± 5.0 62.3 ± 1.4

348 74.5 ± 0.3

PEG 600 ENDO1 start 256.6 ± 1.5 3.47 ± 0.04
ENDO1 peak 302.4 ± 7.4 10.25 ± 0.77
ENDO1 end 342.7 ± 5.5 29.1 ± .98

PEG 3350 ENDO1 start 50.8 ± 1.0 0
ENDO1 peak 60.2 ± 0.56 0
ENDO1 end 66.8 ± 0.14 0
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348 <1.0

emperature co-ordinates of detected endothermal DSC peaks (◦C) and related
verage cumulated mass loss on TGA curves (−�m, %mass).

Films of collagen hydrolysate (non-plasticized, also plasti-
ized with glycerol and poly(ethylene glycols) of the above
entioned mean molecular masses) were prepared by casting
0% (w/w) aqueous solutions of hydrolysate containing incor-
orated plasticizer (0–50% based on protein dry matter) on flat
ilicone dishes, and drying films at 35 ◦C in a forced ventilation
rier. Thickness of obtained films was 0.2 ± 0.05 mm.

w
a
m
t

able 3
ffect of drying on temperature co-ordinates of DSC characteristics (◦C) and related cu
lms

esignation 1 2 3
Dried (◦C) 25 35 105
Hours 72 72 4

ater (%)
Adsorbed 11.8 11.6 4
Structural 3.6 3.8 3

DSC TGA DSC TGA DSC TGA
(◦C) (%w/w) (◦C) (%w/w) (◦C) (%w

1 start 38.4 2.2 36 3.2 30.3 1.0

1 peak 62.9 8.1 56.6 7.6 37.9 2.0

1 end 126.2 11.7 114.7 10.8 112.1 4.8

g start 137.7 11.7 175 11.8 177.3 5.2

g mean 150.8 11.7 188.5 11.8 187.9 5.8

g end 163.9 11.7 198.3 11.8 200.7 6.4

2 start 180.3 11.8 199.3 11.9 204.5 7.2

2 peak 189 14.1 209.8 13.0 212.7 8.0

2 end 204.9 15.2 219.7 15.7 219.7 9.4

decomp. start 255 21.1 249.2 20.5 244.7 13.2

peak 292.4 35.4 290 35.7 290.9 30.0

end 341.8 56.2 348 56.2 348 54.4

* For corresponding DSC traces see Fig. 1A.
** For corresponding DSC traces see Fig. 1C.
ica Acta 469 (2008) 52–58

The efficiency of plasticizers was evaluated on the basis of
epressed glass transition temperature (Tg) which depended
n their concentration in a given film (0, 10, 30, 40 and 50
ass% based on protein dry matter). The thermal co-ordinate

n the middle of the interval of descending basic line of the
SC curve is regarded as the glass transition temperature (Tg)

20].
Films of collagen hydrolysate are dehydrated with diffi-

ulty even when dried at 105 ◦C in a forced ventilation drier
nd moisture, which is a natural plasticizer for proteinous
lms in general, makes assessing efficiency of actual plas-

icizers rather complicated. The influence of water content
n thermal co-ordinates of characteristic peaks (or descent)
f non-plasticized H films, as determined by TGA and DSC
easurements of H films under same conditions (tempera-

ure interval�T = 25◦–350 ◦C, dT/dt = 5◦C min−1, nitrogen flow
50 ml min−1) is demonstrated in Table 3. Data of Table 3 are
omplemented with DSC and/or TGA data of non-plasticized H
lm dried in a forced circulation drier for 4 and 12 h at 105 ◦C
see Fig. 1A–D).

To isolate plastication effect of water and hydrophilic plas-
icizers themselves, the DSC measurements were conducted
n open pans (instrument DSC 2000, TA Instruments, New
astle, DE/U.S.A.) in two stages. In the first stage (measure-
ent in temperature interval 25–150 ◦C, dT/dt = 5 ◦C min−1, N2
ow = 150 ml min−1), a single wide endothermal peak could
e detected on DSC curves in the 30–120 ◦C range and that

as clearly associated with evaporation of moisture. Hence,

dsorbed moisture was eliminated from films during the first
easurement. Following measurement, after cooling the sample

o 25 ◦C without withdrawal from the instrument (temperature

mulated mass loss TGA curves (%w/w) of non-plasticized collagen hydrolysate

* 4 5 6**

105 105 105
6 8 12

.8 3.6 2.7 2.0

.6 3.4 3.7 2.4

DSC TGA DSC TGA DSC TGA
/w) (◦C) (%w/w) (◦C) (%w/w) (◦C) (%w/w)

30.3 0.3 28.7 0 28.8 0
37.9 1.2 36.4 1.1 37.8 1.0

101.5 3.6 104.5 2.7 101.5 3.0

180.3 4.4 175.8 2.7 177.3 3.0
187.8 4.6 187.8 2.7 195.4 3.0
196.9 4.8 201.5 2.7 200.1 3.5

204.5 5.6 203 3.7 200.5 4.9
212.1 7.4 214 5.3 209.1 5.5
133.3 10.6 219.7 6.4 216 5.9

248.5 13.2 245 10.1 248.5 11.9
295.7 33.6 292.4 27.7 292.4 29.2
348 54.8 348 51.5 348 49.7
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Fig. 1. Thermal analysis of non-plasticized H films dried at 105 ◦C in forced ventilation air drier for various time. (Thermal analysis condition: �T = 25–350 ◦C,
d m dried for 4 h (see also Table 3, sample 3); (1B) TGA curve of film dried for 4 h
( or 12 h (see also Table 3, sample 6); (1D) TGA curve of film dried for 12 h (a = TGA
c
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Table 4
DSC (T, ◦C) and TGA (−�m, %w/w) characteristics of two-stage scanning of
H films prepared by casting and drying in forced ventilation drier for 24 h at
35 ◦C

1. Scan (25–150 ◦C) 2. Scan (25–350 ◦C)
T/dt = 5 ◦C min−1, nitrogen flow rate = 150 ml min−1): (1A) DSC curve of fil
a = TGA curve, b = 1st derivative of TGA curve;(1C) DSC curve of film dried f
urve, b = 1st derivative of TGA curve).

nterval 25–350 ◦C under otherwise conditions as previous), pro-
uced curves corresponding to films disposed of adsorbed water.
esults of both measurements of non-plasticized H film are
rranged in tabular manner for facilitated orientation in Table 4,
orresponding DSC traces for illustration are shown in Fig. 2.

ig. 3A–D then shows typical DSC curves of the second scan

llustrating both of H films plasticized with 30% studied plasti-
izers.

ig. 2. DSC traces of characteristic two-stage scanning of H film prepared by
asting and drying in forced ventilation drier for 24 h at 35 ◦C. (1) first scan,
emperature range 25–150 ◦C and (2) second scan, temperature range 25–350 ◦C.

Water sorbed (%) 9.8% –
Water structural – 2.3

DSC T(◦C) TGA �m
(%w/w)

DSC (◦C) TGA �m
(%w/w)

E1 start 29.8 1.9 0.0
E1 peak 45.2 7.9 Missing 0.0
E1 end 114.7 9.8 0.0

Tg start – – 187.1 0.0
Tg mean – – 199.5 0.8
Tg end – – 204.5 1.0

E2 start – – 206.1 1.8
E2 peak – – 210.5 2.1
E2 end – – 219.7 3.3

EDecomp. start – – 248.5 9.2

1
r
N

o
a
T

. Scan: �T = 25–150 ◦C, dT/dt = 5 ◦C min−1, N2 flow rate = 150 ml min−1, cor-
esponding DSC trace 1 in Fig. 2. 2. Scan: �T = 25–350 ◦C, dT/dt = 5 ◦C min−1,

2 flow rate = 150 ml min−1, corresponding DSC trace 2 in Fig. 2-2.
Temperature co-ordinates of characteristic peaks (or descent)
n DSC curves of H films in dependency on type
nd concentration of studied plasticizers are arranged in
able 5.
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ig. 3. Typical DSC curves of second measurement of collagen hydrolysate film
A) 1-GLY, 2-PEG 3350; (B) PEG 300; (C) PEG 600 and (D) PEG 400.

. Discussion

DSC curves of H films are similar to DSC curves of gelatin
nd their course (the same as with gelatin) is strongly affected
y moisture content. The wide endothermal peak (peak E1 in
able 3) in the 30–120 ◦C region with a minimum around 38 ◦C

s often linked with a gel → sol phase transition [21]. Its width is
ndoubtedly associated with moisture content in the given film.
umulated mass loss in this temperature interval, according to
GA curves, ranges within limits 11–3% mass depending on
rying degree, which indicates the peak is related to a poten-
ial gel → sol transition and, above all, to evaporating adsorbed

oisture from films (see also refs. [22,23]).
Water, as a natural and very efficient plasticizer for proteins,

hiefly affects [24] the glass transition temperature of H films.
he earlier frequently employed method for evaluating Tg of
roteinacious films, which involved their conditioning under
onstant relative humidities, is influenced both by conditioning
rerequisites as well as by content of hydrophilic plasticizers that
lter their water sorption characteristics. Thus, evaluating effi-
iency of hydrophilic plasticizers properly by that procedure has
omewhat limited informative quality. The double DSC scan-
ing of H films technique leads to more unambiguous results
nd permits separating the plasticizing effect of hydrophilic
lasticizer from the plasticizing effect of film-adsorbed mois-
ure.
Data in Table 4 show that films obtained by drying at 35 ◦C for
4 h merely lose adsorbed water during the first DSC measure-
ent (temperature interval 25–150 ◦C). In film thus dehydrated,

here remains only approximately 2% water bound structurally

p
g
p

sticized with 30% plasticizers under study. (See corresponding data in Table 5.)

more firmly, see DSC peak E2 in Table 4, DSC trace 2 in Fig. 2).
his result is otherwise obtained only by drying the sample at
05 ◦C for at least 12 h. During the second measurement (after
ooling the measured sample to 25 ◦C without withdrawal from
pparatus), conducted in the temperature interval of 25–350 ◦C
nder otherwise identical conditions (dT/dt = 5 ◦C min−1, N2
ow = 150 ml min−1), non-plasticized H film displays a glass

ransition temperature of 199.5 ◦C. This is in good agreement
ith the Tg value of dehydrated gelatin quoted, e.g., by Yan-
as (Tg = 196 ± 3 ◦C, see ref. [25]), so that elimination of the
lasticizing effect of moisture may be assumed.

The plasticizing effect of hydrophilic plasticizers alone, as
valuated on the basis of depressed Tg (see Table 5), depends on
heir type and concentration. For facilitated survey, the depen-
encies (Tg vs. % plasticizer in film) are presented graphically
n Fig. 4.

Experimental data reveal (see also Table 5) that Tg of H
lms is most strongly depressed by glycerol (�Tg ≈ −66.5 ◦C).
oreover, the depression achieved has a tendency to increase
ith an increasing concentration of plasticizer in film. On the

ontrary, plasticizers of poly(ethylene glycol) type achieve a
ertain limit depression of Tg at a concentration of approx-
mately 20% (with PEG 300 �Tg ≈ −48.8 ◦C; PEG 400

Tg ≈ −47.1 ◦C; PEG 600 �Tg ≈ −50.3 ◦C). With a mean
olecular mass of 3350 Da with poly(ethylene glycol), a steep

ecrease in depressed Tg appears (�Tg ≈ −9.6 ◦C).

The achieved results are in accord with the relatively small

lasticizing effect of starch dialdehyde on films of colla-
en hydrolysate cross-linked with this substance [23], or of
oly(vinyl alcohol) which is discussed in association with
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Table 5
Temperature co-ordinates of significant peaks and Tg (◦C) region of 2nd DSC scanning of collagen hydrolysate films plasticized with plasticizers under study

Plasticizer Temperature co-ordinates of peaks minima in (◦C)

Type (%w/w) E1 Tg E2 EPlasticizer EDecomp. start EDecomp. peak

0 0 37.9 199.5 210.5 – 248.5 291.0
GLY 10 – 135.0 186.1 227.9 265.6 301.6

20 – 125.9 181.9 225.4 262.3 303.3
30* – 122.4 180.3 226.2 262.2 303.3
40 – 119.8 168.8 221.3 263.9 306.5
50 – 116.4 163.9 219.6 263.9 304.9

PEG 300 10 – 145.9 203.0 – 263.9 301.5
20 – 135.4 204.0 – 264.0 295.2
30** – 134.2 204.9 – 260.0 295.1
40 – 133.3 208.0 – 255.7 295.1
50 – 133.0 196.7 – 257.3 288.5

PEG 400 10 – 170.9 203.3 – 255.7 291.8
20 – 162.3 206.2 – 253.3 295.3
30*** – 158.3 209.9 – 257.0 297.0
40 – 153.9 204.9 – 255.7 290.2
50 – 152.4 211.5 – 249.2 293.4

PEG 600 10 – 157.5 203.3 – 268.0 304.9
20 – 146.9 208.2 – 265.6 301.6
30**** – 145.9 209.0 – 254.0 304.0
40 – 145.9 204.9 – 262.0 303.1
50 – 146.7 208.1 – 254.2 306.0

PEG 3350 10 57.4 183.6 218.0 267.2 304.9
20 59.0 177.0 208.9 – 267.2 309.8
30a 57.4 173.8 204.5 – 258.2 297.4
40 55.8 173.2 200.0 – 254.9 303.1
50 59.0 173.8 209.8 – 252.4 298.3

a See trace 1 in Fig. 3A.
* See trace 2 in Fig. 3A.
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** See Fig. 3B.
** See Fig. 3D.
***See Fig. 3C.

elatin by Sarti and Scandola [7]. The reduced plasticizing
fficiency of starch dialdehyde may be associated with its cross-
inking of H film; with poly(vinyl alcohol), the above mentioned
uthors relate the reduced plasticizing effect to its limited com-
atibility with gelatin.

The more firmly bound part of structural moisture, in the case
f non-plasticized H films evident on DSC curves as an endother-
al peak in the 180–220 ◦C region (peak E2, see Table 3),

mmediately follows the glass transition region. According to
GA curves, it corresponds to a mass loss of 2.7–3.6% (depend-

ng on drying mode, compare Table 3) and may be attributed
o the loss of moisture structurally bound in film. Comparing
he content of adsorbed and structurally bound water with glass
ransition temperature of films in this table demonstrates that
lass transition temperature is much more strongly affected by
dsorbed water than by structurally bound water.

With gelatin, the removal of structurally bound water is linked
ith markedly retarded swelling of its films and their lower
ater solubility [26], hence also with their retarded biodegra-

ation. Our experiments (not yet fully finished) confirm this
rend also with H films. The usefulness of expelling structurally
ound water from these films appears therefore to be somewhat
roblematic.

u
d
t
t

The endothermal DSC peak, attributed to structurally bound
ater, also appears with films plasticized with glycerol (see peak
2 in Table 5) and poly(ethylene glycols). Films plasticized with
oly(ethylene glycol) indicate a certain tendency shifting the
ndothermal minimum of such a DSC peak to a somewhat higher
emperature range (approximately 200–210 ◦C). That may be
ssociated with water binding more strongly to plasticizer than
o protein, or also with evaporation of lower-molecular compo-
ents of poly(ethylene glycols) under study. Cumulated mass
oss values of films on corresponding TGA curves of these films
ather favour the first of the mentioned alternatives.

Admissible thermal stress of H films is limited by the onset
f their thermal breakdown, which may be registered with
on-plasticized films in the 245–250 ◦C range (see DSC peak
decomp. in Table 3). This value agrees with thermal stabil-

ty data by some earlier authors [25,27]. In addition, H films
lasticized with glycerol exhibit a well developed endothermal
eak with a minimum at 225–226 ◦C, which on TGA curves
f glycerol corresponds to its 96% cumulated mass loss. Tab-

lated values of glycerol boiling point (bp760 = 290 ◦C, with
egradation (see ref. [28]) are considerably higher and we may
hus conclude that the detected peak reveals evaporation rather
han thermal breakdown of glycerol. Obvious thermal decom-
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Fig. 4. Dependency of Tg (◦C) of collagen hydrolysate plasticized films on
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[9] L. Meier, in: R. Gächter, H. Miller (Eds.), Plastic Additives, Hanser Pub-

lishing, New York, 1990, pp. 327–420.
10] G.C. Standing, M. Kellner, N. Parker, M.L. Noel, T.R. Nowel, E.N. Mills,

P.S. Beton, Agric. Food Chem. 54 (2006) 4611–4616.
11] T. Lim, Y. Mine, M.A. Tung, Content. J. Food Sci. 64 (1999) 616–625.
12] F.N.M. Vanin, P.J.A. Sobral, F.C. Menegalli, R.A. Carvalho, A.M.Q.B.

Habitante, Food Hydrocolloids 19 (2005) 899–907.
13] O. Orlic, A. Rouilly, F. Silvestre, L. Rigal, Ind. Crop Prod. 18 (2003)

91–110.
14] A. Redl, M.H. Morel, J. Bonicel, S. Gilbert, B. Vergenes, Rheol. Acta 38

(1999) 311–320.
15] A. Pateau, C. Chem, J. Jane, Ind. Eng. Chem. Res. 33 (1994) 1821–1827.
16] P. Cunningham, A.A. Ogale, P.L. Dawson, J.C. Acton, J. Food. Sci. 65

(2000) 668–671.
17] P.J.A. Sobral, E.S. Monterey, A.M.Q.B. Habitante, J. Therm. Anal. Calom.

67 (2002) 499–504.
18] T. Chen, D.M. Oakley, Thermochim. Acta 248 (1995) 229–244.
19] P. Chen, L. Zhang, F. Cao, Macromol. Biosci. 5 (2005) 872–880.
20] T. Hatakeyama, F.X. Quinn, Thermal Analysis–Fundamentals and Appli-

cations to Polymer Science, second ed., J. Wiley, New York, 1999.
21] H.B. Bohidar, S.S. Jena, J. Chem. Phys. 98 (1993) 8970–8977.
22] S. Nazal, Y. Wang, Pharmaceutics 230 (2001) 35–45.
23] F. Langmaier, K. Kolomaznik, M. Mladek, P. Mokrejs, J. Therm. Anal.

Calom., in press.
24] P.J.A. Sobral, A.M.Q.B. Habitante, Food Hydrocolloids 15 (2001)

377–382.

25] I.V. Yannas, A.V. Tobolski, European Polym. J. 4 (1968) 257–265.
26] P.V. Kozlov, G.I. Burdygina, Polymer 24 (1986) 651–666.
27] I.V. Yannas, J. Macromol. Sci.–Revs. Macromol. Chem. 1 (1972) 49–104.
28] R.C. Weast, M.J. Astle, W.H. Beyer, CRC Handbook of Chemistry and

Physics, 60th ed., CRC Press, Boca Raton, 1988.


	Plasticizing collagen hydrolysate with glycerol and low-molecular weight poly(ethylene glycols)
	Introduction
	Experimental
	Discussion
	Acknowledgment
	References


