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Abstract Actually, chicken feathers are considered as waste
from the poultry industry; however, 90% of feather structure
is constituted by a protein called keratin. In this research, the
properties of feather keratin and polyurethane are combined
in order to synthesize hybrid synthetic–natural membranes.
Both polymers are linked by urethane bonds which are sim-
ilar to peptide bonds found in proteins. Keratin is incor-
porated onto the polyurethane matrix by dissolving protein
in a salt solution (urea and 2-mercaptoethanol) at different
concentrations: 11, 13, 15, 17, 19, and 21% (w/w). In or-
der to know the effect of urea on membranes, keratin is
incorporated to polyurethane in two ways; as keratin salt
solution and after dialyzing. Both membrane types were
characterized by Scanning Electron Microscopy (SEM) to
observe their morphologic changes. Fourier Transformed
Infrared Spectroscopy (FT-IR), Termogravimetric Analysis
(TGA), and Differential Scanning Calorimetry (DSC) were
used to study membrane structures. Results show that ker-
atin is grafted in polyurethane and, therefore, there is an

V. Saucedo-Rivalcoba · G. Martínez-Barrera
Laboratorio de Investigación y Desarrollo de Materiales
Avanzados (LIDMA), Facultad de Química, Universidad
Autónoma del Estado de México, Km.12 de la carretera
Toluca-Atlacomulco, San Cayetano 50200, Toluca, México

A.L. Martínez-Hernández (�) · C. Velasco-Santos
Ingeniería en Materiales, Departamento de Metal-Mecánica,
Instituto Tecnológico de Querétaro, Av. Tecnológico s/n Esq.
Gral. Mariano Escobedo, Col. Centro Histórico, Querétaro 76000,
México
e-mail: analaura@fata.unam.mx
Fax: +52-442-2381160

V. Saucedo-Rivalcoba · V.M. Castaño
Centro de Física Aplicada y Tecnología Avanzada, Universidad
Nacional Autónoma de México, AP 1-1010, Querétaro 76000,
México

influence of amino acids through the amino and carboxylic
groups (NH and COOH) into the synthetic polymer struc-
ture. According with characterization results, the obtained
membranes are functional materials that can be useful in di-
verse applications, among them the separation process can
be emphasized.

List of abbreviation and symbols
% percent(s)
% (w/w) percent (weight/weight)
FT-IR Fourier transform infrared
TGA thermogravimetric analysis
DSC differential scanning calorimetry
PU polyurethane
TDI Toluene diisocyanate
PPG poly(propilenglycol)
M molar
mM milimolar
°C degrees Celsius
kV kilovolts
mBar milibar
nm nanometer(s)
°C/min degrees Celsius per minute
μm micrometer(s)
ATR attenued total reflectance
PUcoKES polyurethane keratin salt
PUcoKED polyurethane dialyzed keratin

1 Introduction

Poultry feathers are considered as a worldwide waste caus-
ing serious environmental problems. The feathers, from
where can be obtained fibers and also proteins, have been
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considered not only a waste, but rather a complicated dis-
posal challenge, in spite of their important characteristics.
Keratin, from poultry feathers, is a fibrous protein that has
high stability due to its self-assembled hierarchical struc-
ture [1]. This arrangement is formed from intra and inter-
molecular bonds, supported on the H-bonds, van der Waals
forces, and sulfur bonds; this last is due to the cystine amino
acid [2]. Keratin is composed by 18 different amino acids
that forms by condensation polypeptide chains with a mole-
cular weight in the range from 59,000 to 65,000 [3, 4].
Amino acids are the responsible compounds of protein func-
tionality and could be able to be considering as reactive
sites; such as OH, C=O, NH, S–S, S–H (Table 1), since
they are touchy to be modified through functional reactions
to increase their natural affinity toward metals, organic com-
pounds, and other materials [4–6].

Different studies in keratin using natural and modified
wool fibers show that the ideal grafting sites are located at
thiol groups on cystine amino acid [7]. However, NH and
OH groups through H-bond have also been found to act as
reactive sites [8]. In general, proteins show several kinds of
chemical groups that can be used as effective sites in order
to hold and, therefore, remove some toxic wastes [9–12].

On the other hand, an increasing research interest in poly-
mers containing characteristics of both natural biopolymers
and synthetic chains has been developed recently [1, 4, 7, 8,
13, 14]. Among these polymers, polyurethanes (PU) are a
unique class, because a large variety of them can be synthe-
sized with a wide diversity in physical and chemical prop-
erties. Biodegradable polyurethanes are generally achieved
by the incorporation of labile moieties susceptible to hy-
drolysis in the polymer chain. The most common method
for introducing these linkages into PU has been the incor-
poration of hydrolysable soft segments of natural polysac-
charides (chitin, starch, cellulose, and lignin) obtained from
renewable sources [13, 14]. Also, lipid and proteins into a

Table 1 Chemically reactive groups in wool and feathers (adapted
from Martinez-Hernandez [4])

Reactive group* Keratin

Wool Feather

Free carboxyl 58–66 27–44

Amide 79–98 78

Carboxyl plus amide 137–164 105–122

Phenolic hydroxyl 22–36 11–12

Aliphatic hydroxyl 124–148 134–174

Amino 20–24 7–12

Aromatic 27–43 13–14

Half-disulfide 92–114 57–68

Oxidizable 526–650 309–376

*Content as gram equivalents per 105 g of keratin

polyurethane matrix have been studied as other friendly en-
vironmental materials [15, 16].

In addition, polyurethanes have gained much attention,
mainly for manufacturing membranes, taking special atten-
tion in their inherent problems, including poor heat resis-
tance which limits their use as engineering materials [17].
Thermoplastic polyurethane elastomers are block copoly-
mers comprising of alternating soft and hard segments,
which are divided in two phases and could vary in terms of
the chain extender. Different polyols are generally used as
soft segments giving extensibility to the polymer, whereas
diisocyanates, which belongs to chain extender, form the
hard segment [18]. The latter acts as physical crosslinker and
has high influence on the final mechanical performances, in-
cluding toughness, elasticity and hardness. Zhang et al. [19]
have studied the behavior of three diamine chain extenders
and a specific hard segment, where certain bonds such as
H-bond or N–H and C=O can show changes depending on
diamine structure. The thermal stability is correlated to the
soft-segmented molecular weight and to the polyol struc-
ture [20]. Polyurethane membranes also have been studied
as interesting materials for water treatment because of the
easy to forming “foam” porous. In this sense Ciobanu et al.
[21], Rzeszutek et al. [22] and Das et al. [23] have devel-
oped different systems based on polyurethane membranes
and apply them successfully as a separation process.

Our research group has been interested in the develop-
ment of new materials that conjugate the interesting po-
tential of keratin to attract metals or organic compounds
with synthetic polymers that act as functional support for
the membrane separation process. Thus, considering the
amide groups present in both: keratin and nylon, Santiago-
Valtierra [24] synthesized nylon-keratin membranes to re-
move hexavalent chromium from water. However taking
into account this functional bond, not only nylon is related
with proteins, but polyurethanes also present the amide bond
(Fig. 1). Further polyurethane offers better characteristics
than nylon to be used as structural membrane.

Fig. 1 Amide bonds; (a) nylon, (b) polyurethane, and (c) polypeptide
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It is evident that polyurethane is a promising material
which can be modified with natural polymer in order to
increase its functionality. Keratin obtained from chicken
feathers is a functional biopolymer useful to form with
polyurethane novel synthetic–natural materials. This re-
search presents a series of hybrid polyurethane–keratin
membranes; the interactions between the synthetic and the
natural polymer are studied. Thus, in spite of polyurethane–
keratin membrane preparation method involves several
stages, synthesis of these materials presents advantages such
as: keratin source, water quantity employed (only few milli-
liters), membrane size and functional diversity. In addi-
tion, even though keratin solution preparation uses different
chemical agents, the whole synthesis process is very simple.
These membranes were developed taking advantage on the
functionality of amino acids from protein for potential use
in high flow rate waste removal, which can be the basis for
future developments with this interesting material in order
to introduce it in diverse material areas as a high structural
and adaptable component.

2 Experimental

2.1 Materials

Commercial Toluene diisocyanate (TDI) and poly(propilen-
glycol) (PPG) were provided by Poliformas Plasticas (Mex-
ico). (Ethylenedinitrilo) tetraacetic acid, disodium salt, de-
hydrate (EDTA) from J.T. Baker, Urea, 2-Mercaptoethanol,
and Tris(hydroxymethyl)aminomethane were purchased
from Sigma Aldrich. Spectra/Por dialysis membranes
MWCO 6-8000 were acquired from Cole Palmer and keratin
biofibers (obtained from chicken feathers) were kindly sup-
plied by Walter Schmidt (Agricultural Research Services,
USA).

2.2 Method

2.2.1 Preparation of feather keratin biofiber

The biofibers were obtained according to a patented process
by Schmidt (US 5750030) [25]. The wet feathers are washed
with ethanol and dried to be clean white, sanitized, and odor-
free. Afterward, the feathers are cut in small pieces by a
shredder, whose blades pulverize the quills. An air stream is
used to separate dense quill fractions from keratin biofiber,
which is constituted by barbules and some barb fragments.
The keratin biofiber extracted from feathers is used in this
study.

2.2.2 Keratin salt solution

Keratin was dissolved by mixing 30 g of biofiber in a
solution made of Urea 8 M 98%, EDTA 3 mM 90%,
2-Mercaptoethanol 125 mM 98%, and Tris(hydroxymethyl)
aminomethane 200 mM 97% in 750 ml deionized water. The
mixture was stirred at room temperature for 24 hrs [26].

2.2.3 Keratin dialyzed solution

Keratin salt solution was dialyzed using a MWCO 6-8000
membrane immersed in 1 L of distilled water. The water was
replaced completely after 16 and 24 hrs, and the dialysis was
stopped after 48 hrs [27]. Dialyzed solution was preserved
at 4◦C.

2.2.4 Synthesis of polyurethane–keratin membranes

The polyurethane membranes were synthesized mixing PPG
with keratin salt solution or dialyzed keratin solution. Pre-
cise volumes of the keratin solutions were added to the total
mass of PU to get membranes with different weight percent-
ages of keratin, as shown in Table 2. The keratin solution
quantity was calculated according to the pure polyurethane
membrane final weight of 15.4 gr. The PPG quantity added
was 11 gr and 6 gr of TDI, to get a ratio of 65% to the polyol
and 35% to the isocyanate, and obtain polyurethane flexible
foam. After mixing PPG with keratin salt or with dialyzed
keratin, the TDI phase was added. The whole solution was
mixed until overcome the viscosity. The resulting mixture
was poured into teflon dishes to finish the polymerization
reaction and later it was placed in a closed chamber at room
temperature for 24 hrs.

2.3 Characterization techniques

All synthesized membranes were analyzed by scanning elec-
tron microscopy in a JEOL model SM-6060LV microscope
at 20 kV and high vacuum. Before analyzing the morpholog-
ical surface, the membranes were vacuum-coated with gold
at 7 × 10−2 mBar using Argon in a Sputter Coater EMS
550 with a final coat of 120 nm. The spectroscopy was per-
formed in an Infrared spectrometer Bruker Vector 33 by the
attenuated total reflectance (ATR) mode, covering a range
from 400 to 4000 cm−1 and 32 scans at a spectral resolution

Table 2 Nomenclature of polyurethane–keratin membranes*

Keratin salt
membranes
nomenclature
(weight percent)

Keratin salt
solution
weight (g)

Keratin dialyzed
membranes
nomenclature
(weight percent)

Keratin
dialyzed
solution
weight (g)

PUcoKES11 1.7 PUcoKED11 1.7

PUcoKES13 2.0 PUcoKED13 2.0

PUcoKES15 2.3 PUcoKED15 2.3

PUcoKES17 2.6 PUcoKED17 2.6

PUcoKES19 2.9 PUcoKED19 2.9

PUcoKES21 3.2 PUcoKED21 3.2

*Nomenclature includes weight percent of keratin solution/
polyurethane. For instance: PucoKES11 is a membrane with 11
weight percent
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of 1 cm−1. Thermal analysis of membranes were carried out
through TGA and DSC, both under nitrogen atmosphere and
covering from 30 to 600◦C by a heat rate of 20◦C/min, in a
TA model Q600-0054-SDT.

3 Results and discussion

3.1 SEM

The properties of flexible polyurethane foams are strongly
influenced by their cellular structure. Cell diameters and av-
erage cell volumes are often used to characterize cell size,
since a distribution in cell size is always distinguished. An-
other important parameter for flexible foams is cell openness
degree. SEM has been used to study the detailed features of
cellular structure of slabstock foams. Thus, the morpholog-
ical and structural study of PU membranes obtained in this
research is detailed in SEM images reproduced in Figs. 2
and 3. As it can be seen in Fig. 2, the pure polyurethane
foam (none grafted) has closed-cell structure and very few
opened cells. In addition, a geometrical anisotropy in the
cell structure, parallel and perpendicular to the blow direc-
tion is presented (Fig. 2). This structural anisotropy is known
that having effect in bulk foam properties, such as load bear-
ing [28].

In Fig. 3, it is possible to observe that internal cell
size is above the conventional filtration and microfiltration
(>0.1 μm). This characteristic is formed during the first step
of polyurethane reaction which involves an isocyanate group
reacting with water in order to yield an unstable carbamic
acid (RNCO2H2). This later moiety decomposes rapidly
by an exothermic reaction to give amine and carbon diox-
ide (Fig. 4). The carbon dioxide is directly related to form
“foam” porous and cells in polyurethane membranes and
also is proportional to water quantity added in the reac-
tion [28].

Figure 3 shows diverse morphologies in the membranes
depending on the quantity and keratin type used in the syn-
thesis. Polyurethane–keratin salt membranes are shown in

Fig. 2 SEM images of polyurethane membranes frontal view, (a) 40×
resolution and (b) 100× resolution

Figs. 3a–c, in these images it is possible to appreciate that
membranes with keratin salt have the smallest cell size, but
if higher quantities of keratin salt are added homogeneous
and bigger opened cells are present (Figs. 3b and 3c). On
the other hand, when dialyzed keratin is used (Figs. 3d–3f),
cells are opened even bigger compared with those formed
by adding keratin salt. These last ones tend opening and
breaking, producing important holds with cell size upper
than 100 μm.

Thus, it is corroborated an important influence of keratin
solution quantity in cells size in all cases, as well as the mor-
phology of membrane is related to the treatment done to dis-
solved keratin: dialyzing or maintaining salt concentration.

It is important to mention that polyurethane chemical
reactions are divided in two steps: “blow” and “gelation”.
These reactions not only help to foam expansion but also
produce “hard urea segments.” Gelation step links cova-
lently polyols to hard segments. If the quantity of urea hard
segments is overloaded in system (according to solubility
limits), they split up and yield “urea micro-domains.” At the
same time when there are high water quantities at chemical
polyurethane reaction, it generates high urea microdomains
(aggregates) which form large urea rich regions called “urea
balls” [28]. In Fig. 5, it is possible to observe both sec-
tions in the chemical structure of polyurethane: hard and
soft segments. This is something to take into account, be-
cause membrane’s morphology is directly affected when

Fig. 3 SEM images of polyurethane–keratin salt membranes at 30×
resolution, (a) PUcoKES11, (b) PUcoKES15, (c) PUcoKES21 and
polyurethane–dialyzed keratin membranes at 30× resolution, (d) PU-
coKED11, (e) PUcoKED15, and (f) PUcoKED21

Fig. 4 Polyurethane chemical reaction, first step. Blow reaction [25]
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keratin salt (high urea quantity) and dialyzed keratin (low
urea quantity and high availability of amine groups) are
used. Polyurethane membranes synthesized from keratin salt
were more flexible than those obtained with dialyzed ker-
atin, even thought the presence of urea groups. This fact is
related with the results obtained by Coutinho and Delpech
[29], who reported that diamine chain extender groups in the
polyurethane chemical structure cause an increase in their
rigidity and brittleness.

3.2 FT-IR

Figures 6 and 7 correspond to the FT-IR spectra of polyur-
ethane–keratin salt membranes and polyurethane-dialyzed
keratin membranes, respectively. These figures clearly show
the interaction between urethane groups and keratin protein;
next both spectra are discussed in order to observe resem-
blance and differences.

In Fig. 6, the signals at 3445 and 3340 cm−1 are assigned
to v(N–H) free and v(N–H) bonded, respectively [18, 30,
31]. It is observed that sample of pure polyurethane mem-
brane does not have these bands, but they are present in
all keratin salt membranes, which indicates the presence of
amine groups from keratin protein linked to urethanes and
NH free groups that could work as reactive sites [4, 32]. In

Fig. 5 Chemical polyurethane zones, soft and hard segments

a similar way, a clear shoulder at 3220 cm−1 is observed
in hybrid membranes but not in pure polyurethane. This
signal is attributed to v(N–H) related with imide groups
found at allophanates formed in the crosslinking of PU [18].
The presence of this kind of moieties is attributed to the
high quantity of N–H of both, urea and keratin. A small
contribution of N–H groups bonded with ether oxygen in
polyurethane is observed at 3312 cm−1 (polyether soft seg-
ment in PU) [18, 33] confirming urethane linkage. Also, the
complete reaction of isocyanate and hydroxyl groups in all
polyurethane membranes can be corroborated by the lack of
a signal around 2275 cm−1 related with vas (CN) [34].

The bands at 2971 cm−1 vas(CH3),2933 vas(CH2) and
2862 vs(CH3) cm−1 increase in all spectra of hybrid mem-
branes with respect to PU spectrum; this is due to the ex-
istence of aliphatic chains from proteins, [35]. The signal
at 1731 cm−1 corresponding to v(C=O) from free ure-
thane shows clear differences in the spectra of membranes
in comparison with PU. These changes are related with the
broad signal at 1601 cm−1 v(C=O) that is affected by the
H-bonded urea due to NH in the urethane and urea group
from membranes with keratin salt [18], but also by the pres-
ence of keratin structure with the same vibration v(C=O)
[36]. The grafting of keratin in polyurethane is corroborated
with the shift from 1220 cm−1 in PU to 1235 cm−1 for hy-
brid membranes. This signal is associated to v(C=N) Amide
III of urethane and keratin protein [19, 37, 38]. These signals
increase their intensity with the concentration of keratin salt
solution.

The bands at 1710 cm−1 v(C=O) and 1531 cm−1

δ(N–H) are classical from polyurethane/polyether, as well
as 1084 cm−1 v(C–O–C); these bands suggest that hard and

Fig. 6 FTIR spectra of
polyurethane–keratin salt
membranes
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Fig. 7 FT-IR spectra of
polyurethane–dialyzed keratin
membranes

soft segments are linked via ether bonds [18] and this hap-
pens in both, pure polyurethane and polyurethane–keratin
copolymer, since these signals appear in all spectra. In ad-
dition, the last signal is clearly increased by the presence of
keratin salt.

Figure 7 shows spectra of the polyurethane-dialyzed ker-
atin membranes and pure polyurethane. Here, it is observed
that the band at 3312 cm−1 from PU shifts at 3345 cm−1

in the membrane spectra; this suggests that only v(N–H)
bonded is present, compared with spectra of polyurethane–
keratin salt. Thus, not only the urethane linkage is con-
firmed, but also the keratin grafting in PU is evident. In ad-
dition, there is no signal at 2275 cm−1 vas(CN) confirming
the complete PU reaction.

The bands at 2971 cm−1 vas(CH3), 2933 vas(CH2),
and 2862 vs(CH3) cm−1 show the same effect than poly-
urethane–keratin salt membranes, since these are increased
by the presence of aliphatic groups due to protein chain.

On the other hand, when the dialyzed keratin is present,
the band at 1731 cm−1 v(C=O) undergoes just an expansion
of the peak, indicating that dialysis process eliminates urea
salts in this kind of membranes [19, 29].

The bands at 1710 cm−1 v(C=O), 1531 cm−1 δ(N–H)
and 1084 cm−1 v(C–O–C), classical from polyurethane/
polyether [18], show the same behavior than PU-keratin salt
membranes, inasmuch as they increase their intensity with
keratin concentration.

It is important to notice that in both Figs. 6 and 7, pro-
teins confer high content of alifatic and shown in bands
at 1457, 1411, 1374, 1307, and 1235 cm−1 and aromatic
groups observed in a pair of bands at 860 + 814 cm−1

and 768 + 720 cm−1 whom correspond to the aromatic

ring bi and mono substituted, respectively; also, a signal at
757 cm−1 related with v(CC) skeletal [39]. All of them in-
crease their intensity because of keratin’s amino acids con-
tribution.

3.3 TGA

The thermogravimetric analysis of polyurethane–keratin salt
membranes is shown at Fig. 8. In these thermograms, two
phases and the start on the phase’s degradation (Tonset) are
observed, and are related to hard and soft segments. The
first phase occurs from 123 to 147◦C with a weight loss
of 6–8%. Thermogravimetric curves of membranes have a
decrement of weight at lower temperature compared with
pure polyurethane whose T onset is 240◦C and weight loss
is around 1%. In PU, this degradation phase is caused by
the breaking at the hard segments, seen in Fig. 5, mostly in-
fluenced by chemical structure of the components and the
NCO/OH ratio [14, 31]. The behavior is explained by the
presence of high oxygen content and the dehydration reac-
tion. Also, Herrera et al. [40], reported that carbon dioxide;
one of the most abundant products is observed during the
first phase of degradation, indicating the scission of urethane
bond. It is evident that premature degradation in membranes
is influenced by the presence of urea. As well, this indicates
that keratin salt is bonded to polyurethane segments and pro-
motes the early degradation in this stage.

The second phase of degradation is more notorious in
weight loss compared with the first phase. Here, the tem-
perature range varies from 418 to 424◦C with a weight loss
between 80 and 88% for PU–keratin salt membranes, and
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Fig. 8 TG curves of
polyurethane–keratin salt
membranes at different
concentrations membranes

Fig. 9 TG curves of
polyurethane–dialyzed keratin
membranes at different
concentrations

422◦C for PU. This phase is a complex mixture of prod-
ucts most probably due to polyol segments, and also more
carbon dioxide is presented [40]. The initial degradation
of this stage is also affected by the presence of keratin-
salt.

Figure 9 shows the thermogravimetric analysis of poly-
urethane–dialyzed keratin membranes. In these materials,
the first step occurs from 236 to 263◦C related with the free

water found in dialyzed keratin with a weight loss of 1–2%.
This step is not presented by pure polyurethane and verifies
the fact that the dialysis process eliminates the urea from
the solution; inasmuch as, the behavior of these thermo-
gravimetric curves is very different in comparison with the
polyurethane–keratin salt membranes (Fig. 8). Also, these
samples show a second stage that begin around 418 to 424◦C
and finish at the same time that PU (which thermal behav-
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Fig. 10 DSC curves of
polyurethane–keratin salt
membranes at different
concentrations

Table 3 Thermogravimetric analysis of polyurethane–keratin mem-
branes

Membrane 1◦ phase 2◦ phase

T onset Loss weight T onset Loss weight

(◦C) (%) (◦C) (%)

Keratin salt

PUcoKES11 135 6 421 88

PUcoKES13 130 6 421 86

PUcoKES15 142 6 425 80

PUcoKES17 123 8 424 83

PUcoKES19 138 7 421 82

PUcoKES21 147 7 418 85

Keratin dialyzed

PUcoKED11 236 1 421 81

PUcoKED13 259 2 424 81

PUcoKED15 260 1 423 81

PUcoKED17 263 1 418 83

PUcoKED19 262 1 418 84

PUcoKED21 260 1 423 77

Polyurethane 240 1 422 81

ior was explained before). It is possible observe that keratin
in polyurethane–dialyzed keratin membranes is integrated
into the synthetic polymer and promotes a second degrada-
tion large stage. Table 3 presents information related with
the thermogravimetric analysis of the membranes. The re-
sults corroborate the different thermal behavior due to the

grafting of two polymers, the synthetic polyurethane and bi-
ological protein (keratin).

3.4 DSC

Figure 10 shows the curves obtained in Differential Scan-
ning Calorimetry (DSC) for polyurethane–keratin salt mem-
branes. The influence of keratin and its concentration into
synthesized polyurethane hybrid materials is evident. The
curves of polyurethane–keratin salt membranes show en-
dothermic events. The first peak corresponds to the dissoci-
ation of short and long hard segment domains [41] at 50◦C,
for polyurethane, and 40 < T < 52◦C to polyurethane ker-
atin salt membranes. Also, the melting of urea at 133◦C
and decomposition of urea at 183–200◦C for polyurethane–
keratin salt membranes are presented [42]. The most abun-
dant product in the degradation stage is carbon dioxide
[40, 43], its production can be observed at 338 < T <

342◦C for both polyurethane and polyurethane–keratin
salt membranes. At 397◦C, a dehydration process occurs,
due to high quantities of oxygen for both polyurethane
and polyurethane–keratin salt membranes. The compo-
nents formed at previous steps are burned at 521◦C for
polyurethane and 522 < T < 539◦C to polyurethane–keratin
salt membranes [40]. Grassie et al. [44] proposed a mecha-
nism based on purely hard segment, where urethane groups
first undergo depolycondensation, resulting in individual
monomers, which further react to produce carbon dioxide,
followed by the subsequent reaction of these monomers to
form volatile products and a dehydration reactions promote
char yield (500–600◦C).
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Fig. 11 DSC curves of
polyurethane–dialyzed keratin
membranes at different
concentrations

Figure 11 shows DSC curves for polyurethane-dialyzed
keratin membranes. In these thermograms, it can be ob-
served endothermic peaks (as well as for polyurethane–
keratin salt membranes). The first transition related with dis-
sociation of short and long hard segments domains is pre-
sented from 42 to 48◦C. This thermal behavior is a little dif-
ferent from the behavior observed at Fig. 10. The changes
between both thermograms are due to urea is extracted from
keratin salt solution during dialysis process and the presence
of protein take part in thermal transitions at polyurethane–
dialyzed keratin membranes. Also, removal of urea was con-
firmed due to the peak of degradation of urea at 133 < T <

200◦C (melting and decomposition of urea) is not present
in Fig. 11. Dialyzed keratin solution and the type of polyol
used in these membranes also bring about a complex thermal
behavior; DSC curves shown a pair of endothermic peaks re-
lated with dehydration process at 402 < T < 426◦C and the
other related with char products at 510 < T < 533◦C [40,
43]. It possibly suggests that maybe a homogeneous graft
copolymer is formed with dialyzed keratin, inasmuch as all
endothermic peaks coincide in temperature. This effect is
not presented in polyurethane keratin-salt membranes.

4 Conclusions

A series of graft copolymer polyurethane–keratin mem-
branes were synthesized. Protein into the structure of
polyurethane causes cells and an opening of cell size due
to the presence of water, amino, and carboxylic groups from
the keratin solutions (salt and dialyzed). This produces so

novel hybrid membranes formed of synthetic and natural
polymers.

According to the characterization by FTIR spectroscopy,
two different types of membranes are developed. Polyur-
ethane–keratin salt membranes present groups and bonds
that are not found in polyurethane–dialyzed keratin mem-
branes. The presence of a high amount of NH and COOH
as well as aliphatic and aromatic groups from proteins plays
a key role on the graft linkage. The incorporation of dia-
lyzed keratin into PU brings about an increase in thermal
stability of these materials. The presence of keratin salt so-
lution decreases thermal degradation of the grafted polymer
observed in TGA analysis. These materials present differ-
ent thermal transition observed in DSC. The different en-
dothermic peaks obtained by this technique corroborate that
not only there exist urea linkages to polyurethane matrix,
but also there are other interactions of amino and carboxylic
bonds to the synthetic polymer from amino acids of protein
when it was dialyzed.

The results show that a synthetic polyurethane can be
joined to a natural protein due to similar peptide and ure-
thane bonds and functional groups. In addition, the protein
in PU generates possible reactive sites from amino acids and
increases their probable uses. Polyurethane–keratin mem-
branes synthesized from a waste like chicken feathers can
be used to remove toxic residues or pollutants from waters,
air, and sludge. Inasmuch as keratin protein extracted from
chicken feathers has been studied as a new biosorbent ma-
terial to remove heavy metals from wastewater [26, 45, 46].
Thus, these membranes can be applied in this context, allow-
ing getting a functional material with reactive sites found in
keratin. Therefore, a complete understanding on how keratin
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affects polyurethane characteristics is needed and reported
here as the principal aim of this article.
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