New Closed- and Open-Cell, Aldehyde-Free Protein Foams
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ABSTRACT: New aldehyde-free and isocyanate-free biofoams have been obtained by reacting albumin chicken egg white
and dimethyl carbonate (DMC). The optimized formulations yielded lightweight foams whose densities were
evaluated as 0.016-0.16 g/cm®. Mechanical resistance was 0.023-0.34 MPa and residual pH nearly neutral.
The new foams presented up to 57% of closed cells as measured by helium pycnometry and good thermal
insulation. These new natural foams are environmentally friendly materials and show very promising

properties.

KEYWORDS: Aldehyde-free and isocyanate-free, biobased foams, closed- and open-cell, dimethyl carbonate, protein

1 INTRODUCTION

Polymer foams are employed in a wide range of appli-
cations such as thermal insulation, sound absorption,
packaging, structural use, buoyancy and more recently
in the biomedical field, etc. [1-3]. Polyurethane, phe-
nolic, polystyrene and polyoleofin foams are the main
types of cellular materials which are composed of raw
materials derived from petrochemical resources.

Nowadays, environmental and even economic
considerations have encouraged the development
of alternative materials from renewable resources
[2, 4, 5]. In this way, thanks to their ubiquity of
supply, abundance and high functionality, proteins
constitute an attractive raw material for polymeric
foam production [5]. Some old technologies exist to
crosslink proteins effectively. Protein skeletal amido-
groups, and also some amino-acid amino groups, i.e.,
in casein, react readily with aldehydes to form cross-
linked, stable networks once heated [6, 7]. Based on
this technology, some works concerning the prepa-
ration and properties of rigid/elastic foams derived
from albumin egg white and formaldehyde have
already been described [8, 9]. Further, tannin-albumin
foams have been produced under either acid or alka-
line conditions [10]. These materials showed densities
higher than 0.15 g/cm® and open-cell structure, like
classical tannin foams [11, 12].

*Corresponding author: cecilia-c-c@hotmail.com

DOI: 10.7569/JRM.2016.634124

48 J. Renew. Mater., Vol. 5, No. 1, January 2017

Recently, Basso et al. [13] studied a novel and
non-conventional crosslinking reaction of proteins,
such as albumin, and dimethyl carbonate (DMC).
This last compound reacts mainly with amino group
of the side chains of the lysine and the -OH group of
the side chain of glutamic acid, and not with the pep-
tide skeletal group of the protein. New bioplastics and
biofoams were so formulated which showed densities
of 0.1 g/cm® and open-cell structure.

In this context, the present work focuses on the
development of more lightweight and open- or closed-
cell foams from albumin chicken egg white and DMC,
without addition of either aldehydes or isocyanates.
Several formulations of the new albumin-based foams
are presented for the first time in this article and the
main properties of these biomaterials are characterized.

2 EXPERIMENTAL

2.1 Materials

Albumin powder (chicken egg white) and pentane
were supplied by ACROS (Geel, Belgium). Dimethyl
carbonate and polyethylene glycol sorbitan monooleate
(Tween 80) were purchased at Sigma-Aldrich
(Steinheim, Germany). TEA-lauryl sulfate (Sulfetal LT)
was provided by Zschimmer & Schwarz (Vercelli, Italy).

2.2 Foam Preparation

Several mixtures were prepared in order to obtain the
new biobased foams according to the compositions
shown in Table 1.
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Table 1 Formulations P1-P6 for the preparation of
new natural foams based on albumin egg white-DMC
reaction.

Sample name P1 P2 | P3 P4 P5 P6

Water (%) 4851702 | 543 | 56.9 | 59.5 | 53.2
Albumin (%) 242 | 14 174 | 182 | 19 27.7
DMC (%) 1211 7 1741 91| 95| 85
Pentane (%) 46 26| 33| 79| 37| 32
Tween 80 (%) 151 09| 11| 11| 12| 11
Sulfetal LT (%) 91| 53| 65| 68| 71| 64

For each case, the protein was added to the blend
previously prepared by mixing water and surfactants
(Tween 80 and Sulfetal LT). The mixture was strongly
beaten with an electrically driven mechanical whisk to
obtain a white foam similar to what is known in cook-
ing as whipped egg white. Subsequently, a mixture
composed of DMC and pentane were incorporated
and mechanically stirred for 20 s (pentane had to be
used as blowing agent because the addition of DMC
broke the aerated foam). Immediately, an endother-
mic reaction took place and the emulsion got dark and
became instantly very thick and sticky. This reaction
between albumin and DMC has already been properly
described [13]. Afterwards, it was quickly put into a
ceramic closed mold which was placed in a water bath
at constant temperature of 60 = 2 °C for 45 min to allow
foam formation thanks to the evaporation of pentane.
Finally, the specimen was deposited overnight in an
oven preheated at 78 = 2 °C where total hardening was
carried out. The samples were stored for further analy-
sis in a climatic chamber for one week using standard
climate conditions (23 + 2 °C and 65 + 5% RH).

2.3 Foam Characterization

Blocks of foam with dimensions of 2.5 x 2.5 x 1.5 cm
were weighed to obtain their bulk density. The cellu-
lar morphology of the foams prepared was observed
by scanning electron microscopy (SEM) (TM3000,
Hitachi, Japan) at x50 magnification (samples P4 and
P5) and x100 magnification (sample P6). Different mag-
nifications have been applied due to the differences
between cell sizes of the samples being evaluated. A
gas pycnometer (Model Accupyc 1330, Micromeritics,
Georgia, USA) was employed in order to evaluate the
proportion of closed/open-cells according to the ratio
between skeletal density of foam and skeletal density
of pulverized foam. The porosity ® (dimensionless)
is defined by: ® = 1 — (bulk density/skeletal density)
[14]. The mechanical resistance to compression was
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investigated with an Instron 4206 universal testing
machine (Instron Corporation, Norwood, MA, USA)
at a load rate of 2.0 mm/min. The thermal conductiv-
ity of the foam samples was measured by the transient
plane source method (Hot Disk Model TPS 2500S, Hot
Disk AB, Gothenberg, Sweden) at room temperature.
The pH measurements were recorded by means of a
Hanna pH meter (Hanna Instruments, Lingolsheim,
France) at room temperature. Residual pH of the foams
was measured after soaking and wringing a piece of
2 cm edge cubic sample in deionized water. To analyze
the foams” water uptake kinetics, specimens of 2.5 x 2.5
x 1.5 cm were weighed (M1) and then placed on a beaker
with water where water uptake by capillarity was eval-
uated for 2, 30, 120, 720 and 1560 min. After each time
period the samples were drained for 10 min on a metal
grid and then weighed again (M2). The percentage of
water uptake (WU, in vol%) was calculated as:

WU = (M2 -M1) x 100/BV (1)

where BV is the block volume.

No significant differences in results were noticed
within the specimens coming from the 4 foam repeti-
tions prepared for each case.

3 RESULTS

Mixture P2 (Table 1) did not yield a solid sample due
to its too high proportion of water. Crosslinking did
not occur even when the curing time in the oven was
extended to 36 h. Conversely, a non-foamed plas-
tic was obtained from mixture P3, which included a
very high proportion of crosslinking agent, i.e., DMC,
because in this case complete crosslinking occurred
before expansion took place. This plastic had a density
of 0.71 g/cm?® and was similar to the ones previously
presented by Basso et al. [13].

The aspect of sample P1 was very heterogeneous
because as the water content in the initial blend was
too low (Table 1), it became too viscous and it could
not be properly homogenized. Moreover, the average
density of the P1 foam was higher than 0.25 g/cm?
because the low water content did not lead to an
appropriate equilibrium between rates of foam expan-
sion and hardening. Thus, polymerization was too fast
in relation to expansion.

The optimized proportions in compositions P4,
P5 and P6 (Table 1) provided better control of the
expansion/hardening ratio and yielded lightweight
foams which were white-colored. Their main proper-
ties are shown in Table 2 and the macroscopic aspect of
sample P4 is shown in Figure 1a.

These new materials are derived from albumin
egg white and are completely aldehyde- and
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isocyanate-free. Therefore they are much more envi-
ronmentally acceptable than the albumin-derived
foams previously reported [8, 9]. Furthermore, they are
lighter than the biobased foams previously described
by Li et al. [8, 9] and Lacoste et al. [10] because their
foaming is based on the utilization of pentane as

Table 2 Properties of natural foams P4-P6 obtained
from albumin egg white-DMC reaction.

Sample name P4 P5 P6
Bulk density (g/cm?) 0.016 | 0.025 | 0.16
Residual pH 7.6 7.7 7.7
WA, (vol%) 29 35 87
Compression strength at 20% 0.023 | 0.055 [ 0.340
strain (MPa)
Average cell size (mm) 0.9 0.9 0.5
Porosity 0.979 | 0.978 | 0.881
Closed-cell content (%) 47 57 13
Thermal conductivity (W/mK) | 0.034 | 0.031 | 0.044

blowing agent, while the previous protein foams
were expanded by aeration when the protein was
mechanically beaten. Moreover, heat curing of these
new foams was more gradual than for the biofoams
prepared by Lacoste et al. [10]. Surfactants (see Table
1) were also used in order to improve the compatibil-
ity of the reactants and to prevent the cell wall from
becoming unstable during foaming [15, 16].

The densities of these new biofoams (Table 2)
were directly proportional to their albumin content
(Table 2). Thus, the densities of samples P4 and P5
were lower than 0.03 g/cm®. The density of sample P6
was higher because of its higher proportion of albu-
min. The albumin-DMC- pentane foams previously
prepared by Basso ef al. [13] have a density more than
three times higher than that of new foams P4 and P5.

The thermal conductivities of the new albumin
foams (Table 2) indicate good insulation properties as
they are comparable or better, especially for P4 and P5
samples, than those evaluated for other foams derived
from albumin and other natural renewable resources
[9-11,17, 18]. Such values are comparable with those of

(a)

(d)

Figure 1 New natural foams from albumin: (a) macroscopic examination of sample P4; (b—d) SEM images of samples P4, P5 and

P6, respectively.
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phenolic foams [2], e.g., 0.04-0.08 W/mK for densities
0.04-0.2 g/cm? [19], polyethylene foams and extruded
polystyrene foams [2]. According to Table 2, thermal
conductivity seems to decrease with the increasing
closed-cell content of samples (see below).

The residual pH of samples P4, P5 and P6 was
7.7 £ 0.1. Thus, contrary to acid-catalyzed foams, they
can be used as insulation in prolonged contact (i) with
wood structures, like panels, without risk of hydroly-
sis of cellulose and hemicelluloses [20] and (ii) with
metallic structures, without risk of acid corrosion [2].

The SEM images of samples P4, P5 and P6 are pre-
sented in Figures 1b, c and d, respectively. Samples
P4 and P5 showed mainly closed-cells which were
separated from their neighbors by thin membranes.
In some places, the membranes were cracked. This
occurred mainly in the structure of the P4 foam in
which the proportion of pentane was highest. The
average cell size of samples P4 and P5 was similar, but
higher than for sample P6 (Table 2).The microscopic
structure of sample P6 was rather different: the cell
size distribution seemed very uneven, heterogeneous
and irregular and most of the cells presented several
microbreaks in their walls.

According to Table 2, the closed-cell proportion was
higher when the content of DMC increased (Table 1),
i.e., P5 > P4 > P6: the rise in the proportion of the hard-
ener (DMC) favored crosslinking rather than expan-
sion. This has been reported already for sample P3
(see above) which was such an extreme case that foam-
ing did not take place at all. In sample P5, the poly-
meric network began to be generated before blowing.
Therefore, the structure in formation was already resis-
tant to supporting pentane evaporation without full
cell breaking. Conversely, sample P6 exhibited mainly
open-pore structure due to its low DMC content.
Contrary to most tannin-derived foams [10, 11, 21],
two factors seemed to contribute to closed-cell struc-
ture generation in the new biofoams: (i) the fast start of
polymerization when DMC was added to albumin (see
Section 2.2) and (ii) the lack of an abrupt exothermic
reaction which would have led to the fast evaporation
of volatiles and water and so to cell walls breaking.

Water uptake by capillarity (WA) of samples P4, P5
and P6 was evaluated at different times. From Figure 2
it was found that the great extent of WA was reached
during the first hours and it depended directly on the
albumin proportion in each formulation (Table 1).
Proteins include polar amino acids able to bind water
by hydrogen bonds. Thus, WA after 26 h (WA, ) for
sample P6, which included 27.7% of albumin, was 87%,
while for P4 sample (18.2% of albumin), it was 29%.
The WA, for sample P5, whose albumin content was
intermediate, was 35%. After the water absorption test,
the specimens became more elastic. This was already
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Figure 2 Kinetics of water uptake for new albumin-based
foams (samples P4, P5 and P6).
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Figure 3 Stress/strain curves of new albumin-based foams
(samples P4, P5 and P6).

observed by Lacoste et al. [10] for previously described
albumin foams. In order to reduce water absorption of
foams, the partial or total replacement by glycerol of
the water of the formulation should be envisaged. The
utilization of one catalyst, in order to increase cross-
linking of the materials, and/or the increase of DMC
content (and concurrently of pentane), could represent
other alternatives. Finally, the waterproofing of sam-
ples by post-treatment should be evaluated.

In order to compare the water resistance of new
albumin foams, the same test was performed for a
sample of albumin-DMC foam described previouly
[13] and for a sample of natural tannin-furanic foam
whose composition has already been presented
[14,22]. In these cases, WA, , was evaluated as 83% and
61% respectively. The behavior of these samples can be
explained because their nearly total open porosity pro-
moted water absorption, conversely to samples P4 and
P5, whose closed-cell porosity was close to 50%. The
same trends were established when WA was evaluated
by complete immersion of samples.

Figure 3 presents the stress/strain curves obtained
from compression tests of albumin-based samples
P4, P5 and P6, and indicate that their structure was
essentially rigid. As for several biobased foams, as for
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example those derived from tannin, the compression
curves show three typical phases, linear, elastic, col-
lapse and densification; and compression resistance
of materials was dependent on their density [18, 22].
Moreover, sample P6 behaved as typical brittle cellu-
lar solids and broke during compression tests, while
P4 and P5 samples were squashed and yielded new
compacted flexible materials which could be applied
as shock absorbers (cushion), e.g., in packaging.

4 CONCLUSIONS

New foams have been developed from egg white albu-
min and DMC with neither aldehydes nor isocyanate
in their composition. It was found that:

® The new foams presented very low densities
in the range of 0.02-0.2 g/cm?® and mechanical
resistance between 0.023-0.34 MPa.

® These biofoams showed closed-cell content
of up to 60% and good capacity for thermal
insulation.

e Their residual pH was practically neutral: this
enables their application in direct contact with
lignocellulosic or metallic materials without
any danger of substrate degradation.

These new natural foams were manifestly more
environmentally friendly materials and exhibited very
promising properties. In this way, the study exposed
herein represents a substantial contribution to a future
practical realization of protein-based foams.
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