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1. Introduction

Polymer foams are dispersions of gas in a continuous polymer
phase.[1] Foamed polymer materials display a vast range of advan-
tageous properties as low densities, good heat and sound insula-
tion, high specific stiffness and strength, and buoyancy, among
others.[2] Due to their high-quality properties, the global market

of foamed polymer products is continu-
ously increasing. It was valued at USD
128.0 billion dollar in 2022 and it is
expected to reach 170.1 in 2030.[3] The com-
plex properties of these products are driven
by their density and cellular structure with
parameters such as cell size, cell size distri-
bution, anisotropy ratio, etc. To obtain their
particular cellular structure, there exist a
vast number of foaming procedures such
as gas dissolution foaming, extrusion foam-
ing, or reactive foaming to name a few. In
some cases, such as polyurethane or latex
foams, it is necessary to start from a liquid
foam which acts as a precursor of the solid
foam product.[2] In these cases, a deep
understanding of the stability of the liquid
foams to control the final solid sample is
required.[1]

The main degeneration mechanisms
that must be controlled in liquid foams
are coarsening, coalescence, evaporation,

and drainage.[1] Drainage is of particular importance in liquid
foams because it can be affected by the effect of the gravity which
provokes the liquid flowing from the top to the bottom of the
foam (macroscopic drainage).[4–7] There could be also micro-
scopic drainage, that is, the liquid flowing through the struts
of the foam.[8] Both types of drainages may occur simultaneously
in a liquid foam and if nothing is done to prevent them, they may
cause cell degeneration and finally the collapse of the foam.

The conventional method used to avoid or delay the degener-
ation mechanisms in foams produced from liquids, especially
drainage, is, on the one hand, the use of surfactants to stabilize
the bubbles when the foam is still liquid. These surfactants are
typically amphiphilic molecules that arrange at the interphase
air/water delaying drainage and enable bubble maintenance
and in consequence, foam formation. For instance, surfactants
based on silicones[9,10] are used generally in the production of
PU foams and surfactants based on potassium oleate[11,12] are
used in the production of latex foams. On the other hand, curing
agents such as sulfur[13] are used to crosslink the polymeric
matrix in the cell walls and struts, increasing its viscosity and
stabilizing the cellular structure of the final solid foam.
However, the use of these additives makes the formulations
to produce these foams very complex and the final solid foam
not easily recyclable due to the high crosslinking degree of
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The global plastic consumption, as one of the paramount concerns of our society,
opens new paths of investigation in green materials. This study presents con-
tribution to the field with the obtention of natural rubber latex foams (NRLF using
egg white powder (EW) as the biostabilizing agent. The route followed to develop
these samples is based on a two-step process, a previous aeration, followed by
microwave dehydration. This synthesis route is greener and ecofriendlier than
conventional ones due to the use of bio-based bulk materials, the utilization of
microwave radiation which reduces the energy consumption in comparison with
conventional heating methods, and the elimination of the vulcanization process
typically used when producing latex foams. Herein, a deep study of the effect of
EW on NRLF obtained at three water content levels (i.e., 40, 70, 90 phr) is carried
out. The density and cellular structure parameters are measured for the for-
mulations of liquid and solid foams to comprehend the stabilization mechanisms
due to the presence of the EW and the effect of water content. It has been possible
to produce open-cell natural rubber latex foams with densities as low as
53 kg m�3 and cell sizes as low as 114 μm.
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the polymeric matrix. Thus, one of the main industrial and aca-
demical challenges in the production of these foams is to find
new sustainable alternatives for the additives used to stabilize
liquid foams which may promote the development of new bio-
based foams able promote circularity and better end-of-life
options for foamed products.

Proteins are the most widespread surfactants in edible prod-
ucts.[14] Particularly, egg white powder is one of the most desir-
able proteinaceous surfactants used in the food sector because of
it excellent foaming, emulsifying, heat setting, bonding, and gel-
ling properties.[15,16] On a weight basis, EW consists of ≈88%
water and 12% of solid matter whose 10% are proteins and the
rest are minerals, sugars, and only a trace of fat. The paramount
proteins present in the EW are ovalbumin (OVA, 54%w/w of EW
protein), ovotransferrin (12%w/w), ovomucoid (11%w/w), lyso-
zyme (3.5% w/w), and ovomucin (3.5% w/w).[17,18] EW proteins
are amphiphilic molecules that in their native state are folded,
forming aggregates in which the majority of the hydrophobic
and hydrophilic regions are oriented toward the inside of their
structure.[19] When gas is introduced into the liquid blend,
protein molecules suffered a conformational change in their
structure named surface denaturalization. This process is driven
by the unfolding of the protein aggregates and the reorientation
of their hydrophobic regions toward the gas phase forming cohe-
sive viscoelastic films via large intermolecular interaction which
enables aeration and promotes liquid foam stabilization.[20–22]

The exceptional foaming ability of the egg white is connected
to the great interaction between the various constituent
proteins.[21] Moreover, proteins also denature while they are
heated,[15] losing their initial conformation which led to intermo-
lecular interaction creating a 3D gel network in which water
molecules are entrapped, enhancing stability of the final dried
sample. The gelling ability of EW proteins and the characteristics
of the resulting gels are usually affected by protein concentration,
the characteristics of the aqueous medium, and processing
conditions.[19,21] These properties and change of state of the pro-
tein molecules in the presence of air bubbles and during heating
could be used to produce stable foams from natural liquid latex
without synthetic surfactants or crosslinkers.

Natural rubber latex (NRL) is a stable colloid dispersion that
contains different isomers of polyisoprene and diverse proteins
in an aqueous medium.[23] NRL is a green nature product whose
paramount source is the specie of tree Hevea brasiliensis.[24] It is
normally processed into high-ammonia NRL (HA-NRL) for its
preservation and stabilization.[24,25] Its great strength, flexibility,
and elasticity turn latex into a very attractive material for medical
and industrial applications.[26] Also, it is an important material to
produce low-density flexible foams for the cushioning sector and
other applications because of their open-cell structure and resil-
ience characteristics.[27] The conventional routes to obtain natu-
ral rubber latex foams (NRLF) are Dunlop and Talalay methods.
According to the Dunlop process, the samples are obtained from
a two-steps process based on whipping the initial liquid com-
pound to be subsequently heated to finally produce the stable
solid sample.[26,28] Due to its simplicity, reliability, and cost effec-
tivity, the Dunlop method is commonly used to manufacture
NRLF.[29] Talalay process is also used in the foam industry to
obtain softer NRLF with better flexibility and mechanical
properties.[30] Despite that, Talalay is more expensive and

complex because it requires vacuum and a freezing system to
stabilize the sample.[31] In both processes the liquid foam is sta-
bilized by crosslinking agents such as sulfur and using surface
heating methods for dehydration and curing, which require high
energy consumptions and promote a heterogeneous heating of
the liquid foam. In addition, the use of crosslinking agents
results in a crosslinked material at the end of the process, which
makes very difficult its recycling after use. This usually leads to
cellular degeneration and in the end, to heterogeneous cellular
structures. Some attempts have been made in literature to
improve the structure of these foams. For instance,
Sirikulchaikij et al.[28,30] prepared latex foams via the Dunlop
method using bubbling technology to obtain foams with lower
densities, spherical and interconnected cells, and crack-free
structure, typical foam network obtained by the Talalay process.
Their results showed the relation between these parameters with
the increment of the air flow rate: density is reduced, cell size
increases, and compression testing is enhanced. Other works
are focused on improving structure and properties using more
sustainable approaches, for instance, using electron beam
irradiation,[32] ultrasonic irradiation,[31] replacing the normal
vulcanization accelerator with a more sustainable complex,[33]

or introducing fillers as reinforcement such as silver nanopar-
ticles, egg shell powder, chitin, cellulose or bamboo and kenaf
fibers.[23,25,29,34–39] For instance, Bashir et al.[23] improves the
mechanical properties of their samples introducing egg
shell powder, Phomrak et al.[29] obtained low-density samples
with elevated porosity and interconnected cells and also
enhanced the mechanical properties of the resulting foams by
adding micro and nanofibers of cellulose, Mam et al.[35] devel-
oped NRLF with density of 700 kgm�3 available for cushioning
applications with antibacterial properties due to the effect of
silver nanoparticles, and Kudori et al.[38,39] improved the value
of tensile modulus at 100% elongation of NRLF developed by
Dunlop method adding kenaf core and bast fibers in the samples.
Furthermore, NRLF has not only applications in the comfort
sector, there are also innovative researches such as the use of
recycle scraps from NRL for supercapacitor applications[40] or
the fabrication of conductive polymer composites based on
NRL, polydopamine, and silver nanoparticles to obtain piezore-
sistive sensors.[41]

Microwave radiation is a sustainable heating method which
offers fast foam processing due to its centered heating generation
from inside-out reducing energy consumption.[42] It has been
used in literature to produce natural rubber foams[27,43] but from
dry natural rubber and chemical blowing agents which are
compounded in the solid state before foaming. However, as
far as the author knows, the bibliography available about the
use of microwave radiation to produce natural rubber foams
from latex is very scarce.[44,45] In both articles, microwave irradi-
ation is used to vulcanize the composite to obtain NRL foams
through Dunlop method with cushioning performance for pack-
aging applications. These studies illustrated the possibility of
improving the sustainability of packaging cushion, reducing
the energy consumption, and using sustainable bulk materials.

In this study, the use of egg white proteins as biostabilizing
surfactants to replace typical crosslinkers used in the production
of NRLFs is investigated. A two-step process based on liquid aer-
ation by stirring, and a final dehydration process based on
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microwave radiation to increase the dehydration speed and pro-
mote a more homogeneous heating, is used in this work. The use
of different egg white protein concentrations and the use of latex
with different initial water/solid contents are analyzed in detail.
The liquid and solid foams are characterized to understand how
the concentration of proteins and water influences the expan-
sion/density and cellular structure of the foams and to under-
stand the possible stabilization mechanisms occurring during
the process.

2. Experimental Section

2.1. Materials

High-ammonia (HA) NRL including 60% dry rubber content and
40% water, employed as the polymer matrix, was supplied by
LATEXA (Barcelona, Spain). Egg white powder used as stabilizer
was purchased from Harrison Sport Nutrition S.L. (HNS,
Granada, Spain). Tap water was used to dilute latex to different
solid contents.

2.2. NRLF Production Process

The lab route to obtain these NRLF was based on a two-step pro-
cess (Figure 1): an aeration to produce a liquid foam followed by
dehydration using microwave radiation to produce the final solid

and stable foam. First, 100 phr of latex with different water con-
tents were blended with the corresponding amount of protein
(egg white powder from 0 to 25 phr) in a whipping machine
(MUM 50123 StartLine, Bosch) during ten minutes at full power
(800W). The liquid foamed sample was immediately transferred
into a 60mL syringe to fill a teflon mold and fill its cavity (diam-
eter of 6.0 cm and height of 5.4 cm) maintaining this weight
(10 g) in each experiment. The mold was used to control the
growing of the foam and give it a final cylindrical shape. Teflon
was used because it is transparent to microwave radiation.[46]

Then, the mold was introduced into a microwave (SHARP R-939
with specifications: 40 L capacity, 2.45 GHz frequency, 900W
output power) in which the liquid foam was heated for 2min
at 900W to finally obtain the solid samples. The time for micro-
wave radiation was set in 2min to ensure a complete dehydration
of the foamed samples. It was important to remark that the time
between aeration and dehydration was always maintained
in 2min to avoid air bubble losses and the collapse of the
liquid foam.

For the preparation of high-water-content latex, the initial NRL
(40% water) was diluted with the corresponding amount of tap
water to obtain the water contents required before the blending
process with proteins and aeration. Three foam series changing
the water content present in the natural latex, 40 phr (undiluted
original latex), 70 phr, and 90 phr, were studied. The formula-
tions employed for the fabrication of NRLF are summarized
in Table 1. The colored boxes were the foamed samples produced

Figure 1. Lab route to obtain the NRLF developed through this work.

Table 1. Formulations of the NRLF developed in this work.

Type of latex [100 phr]a) Total water [phr]/total
solids [phr] in latex

Protein [phr]a)

0 0.5 1 2.5 5 7.5 10 12.5 15 17.5 20 25

40WC
(original non-diluted latex)

40/60 – – – – x x x – – – – –

70WC 70/30
(50 phr original latexþ 50 phr tap water)

– – – – – – – – x x x –

90WC 90/10
(17 phr original latexþ 83 phr tap water)

– – – – – – – – – x x x

a)Parts per hundred of NRL.
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and characterized in this work. The green ones were liquid foams
that resulted in a stable solid foam after dehydration, that is, the
solid foam did not fully collapse. The red ones were unstable
liquid foams with no protein added, which collapsed before
the microwave process. Therefore, a solid foam was not produced
from them. However, the liquid foam was characterized. The
nonfilled boxes or white boxes corresponded to liquid foams
which were neither characterized nor processed into the micro-
wave oven for several reasons. In the case of the 40WC series of
foams (original nondiluted latex), concentrations of proteins
above 10 phr led to very dense liquid foams (very low aeration)
which were not tested for dehydration. This also occurred with
the 70WC foam filled with 25 phr protein. In the case of the
diluted latex (70 and 90WC Series), protein contents below
5 phr led to nonstable solid foams that fully collapsed during
microwave heating.

The cross sections of the final stable foams after microwave
heating are shown in Figure 2. Some of them presented an inter-
nal collapsed structure, that is, noticeably big cells can be
observed with the naked eye, especially those produced with
the lowest protein contents within each series of foams produced
from different initial water contents. These were the 40WC
foams filled with 0, 0.5, 1, and 2.5 phr of protein. The 70WC
foams were filled with 5, 7.5, 10, and 12.5 phr of protein and
the 90WC foams filled with 5, 7.5, 10, 12.5, and 15 phr of pro-
teins. Others were very homogeneous in the cross section and
did not present internal cellular collapses. They were highlighted
with an orange box in Figure 2. The cells in these foams present
micrometric sizes which were evaluated and measured in this

work using Scanning electron microscopy (SEM). These were
the ones produced with the highest protein contents and are
marked with an x in Table 1. These foams are the ones that
are characterized in more detail in this work. Both the liquid
and solid foams corresponding to these formulations were char-
acterized by density and cellular structure measurements so that
it is possible to assess the foaming mechanisms throughout the
whole process.

3. Characterization Techniques

3.1. Density

Density measurements of liquid and solid foamed samples were
performed by the geometric method, that is, by dividing the
weight of each specimen between its corresponding volume
(ASTM standard D1622-08). A precision balance (AT261
Mettler-Toledo balance) is used for the weight measurements.
The liquid foam density was obtained by dividing the weight
of the sample required to fill the teflon mold (prior to the dehy-
dration process in the microwave) with the volume of the syringe
displaced. For the density measurement of solid foams, small
prismatic samples are extracted from the middle of the final
dehydrated foams. At least three replicates per samples are mea-
sured. The volume of these samples is measured using a caliper
and their weight using a precision balance.

The relative density of the foams (ρr), both liquids and solids,
was in turn calculated as the ratio between the density of the final
foam (ρf ) and that of the corresponding liquid or solid material
comprising the foams (ρs), as shown in Equation (1).

ρr ¼
ρf
ρs

(1)

For liquid samples, ρf is the density of liquid foam after whip-
ping and ρs is the density calculated by the rule of mixtures of the
initial liquid blend based on latex at different water contents and
the corresponding amount of protein. The density of the undi-
luted latex was experimentally measured as 982 kgm�3, and
in the case of the diluted latex, the calculations were done taking
into account the correct proportions water/latex considering
1000 kgm�3 as water density. The density of egg white protein
is 1230 kgm�3.

For solid samples, ρf is the density of solid foam after the
microwave dehydration process and ρs is the density of the solid
matrix in the cell walls and struts of the foam, which is a blend of
the dry natural rubber present in the latex and the protein added.
The calculations were done by the rule of mixtures assuming the
density of dry natural rubber as 930 kgm�3.[32] Besides, for for-
mulations with diluted latex, the amount of dry natural rubber
must be recalculated considering the correct proportions of
water/latex.

The volumetric expansion ratio (ER) of the foams was calcu-
lated inversely, that is, as the ratio between the solid or liquid
density and the solid and liquids foam density, respectively
(Equation (2)).

ER ¼ ρs
ρf

(2)Figure 2. Solid NRLF series developed through this work at different water
contents: a) 40WC, b) 70WC, and c) 90WC.
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In addition, the porosity of the foamed samples (Vf ), which
represents the gas fraction in the material, was calculated using
Equation (3).

V f ¼ 1 � ρr (3)

3.2. Cellular Structure

The cellular structure of the liquid and solid foamed samples was
evaluated by means of optical micrograph analyses for liquid
foams, which were taken by a polarized light optical microscope
(DM2500 M, Leica) with a digital camera (EC3, Leica) and for
solid foams by a scanning electron microscope (FlexSEM 1000
VP-SEM, Hitachi). For liquid foams, optical microscopy images
were taken 2min after the aeration process in order to represent
the moment just before microwave heating and 10min after to
study the temporal stability of the foams. For SEM micrographs,
the foams were cut in their middle zone and the surface was
coated with gold using a sputter coater (model SDC 005,
Balzers Union, Liechtenstein) to finally visualize the growth
plane (z) of the solid foam.

These micrographs were analyzed by an image analysis soft-
ware ImageJ/FIJI[47] in which a binarization process was per-
formed so as to isolate each bubble or cell from the rest,
allowing the software to measure bubble or cellular structure
parameters such as the bubble/cell size in 2D (ϕ) and anisotropy
ratio (R).

For measuring the size of each bubble/cell, the software deter-
mined its center and then measured its length in eight different
angles. Finally, it calculated the average diameter. The foam cell
size is the average for all the cells considered in the image and
the average cell size in 3D (ϕ3D) was obtained by multiplying the
2D values by the correction factor 1.273.[47]

The homogeneity of the cellular structure was described by the
normalized standard deviation (NSD) parameter, which repre-
sents the ratio between the standard deviation of the cell size
distribution and the average cell size of each foam sample
(Equation (4)).

NSD ¼ SD
ϕ3D

(4)

In addition, cell density (Nv) which is referred to the number
of cells per unit volume of foam (cells cm�3), was determined
according to Equation (5), which takes into account the relative
density (ρr) previously described and the cell size in 3D (ϕ3D).[47]

Nv ¼
6ð1� ρrÞ
πðϕ3DÞ3

(5)

3.3. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) measurements were con-
ducted on the solid foams under nitrogen atmosphere using a
Mettler Toledo TGA/SDTA 851. In the experiment, a sample
of the solid foams (≈10mg) was placed in an aluminum pan
and was heated from 50 to 850 °C at 20 °Cmin�1.

3.4. Dehydration of Solid Samples

To quantify the water loss after microwave, the percent of dehy-
dration of the solid samples was measured using Equation (6).

%Dehydration ¼ W l:f �Ws:f

W l:f

� �
� 100 (6)

where Wl.f is the weight of the liquid foam before microwave
heating and Ws,f is the weight of the solid foam after microwave.

This value (% dehydration in the process) is compared with
the water content of the initial blend latex or diluted latex with
egg white proteins before aeration. The parts of water are the
sum of the phr of tap water introduced in the case of diluted sam-
ples added to the amount of water present in the latex (40% of the
initial parts of latex). These are the values of water content used to
name the samples through the text (40, 70, and 90; see Table 1).
Finally, to calculate the percent in weight of water content, the
phr of water previously obtained with respect to the total parts
of the mixture (phr water contentþ phr latex solidsþ phr egg
white protein) must be considered.

3.5. FTIR Spectroscopy

The Fourier-Transform Infrared (FTIR) spectra were recorder on
a Bruker Tensor 27 spectrometer using the ATR mode over the
wavenumber range of 400–4000 cm�1 at 25 °C. The resolution of
the device was 4 cm�1, and air was scanned as the background
of each sample. Each measurement was a superposition of
32 scans.

3.6. Mechanical Tests

Compression tests were performed by a universal testing
machine (Instron model 5.500R6025) according to the standard
ASTM D1621-00[48] at room conditions 23� 2 °C and 50� 10%
of relative humidity, as indicated by ISO 291:2005.[49] The dis-
placement rate was [height/10] mm/min and a load cell of
≈1 kN was used.

The elastic modulus (E) was calculated from the slope of the
linear region of the compression curves.

4. Results and Discussions

Results and discussion is split up into two sections. First, the
results and discussion, corresponding to the liquid foams, is
the first step in the foaming process and second, the results
and discussion corresponding to the solid foams is the second
step in the foaming process.

4.1. Liquid Foams

The first step of the process to produce stable latex foams using
proteins is the aeration step, in which the liquid latex together
with egg white proteins are stirred and air becomes entrapped
in the form of bubbles producing a liquid foam. An initial char-
acterization of the liquid foams (NRLF) was carried out in order
to better comprehend the events during the aeration process and
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the role that egg white proteins play in this step of the process.
The density values of the liquid foams whose formulations were
described in Table 1 are shown in Figure 3; the labels marked in
black are the formulations which led to stable solid foams
(orange boxes in Figure 2 and boxes filled with an x in
Table 1), which are also characterized by optical microscopy
and image analysis.

Several results and tendencies can be observed in the graph of
Figure 3. Firstly, at 0 phr protein content, the density of 40 and
70WC liquid foams is very similar (≈230 kgm�3). The value of
the foam with 90WC could not be measured because the liquid
foam was not stable enough and collapsed before the measure-
ment. Therefore, the difference in water content in the foams
without proteins (0 phr proteins) does not seem to vary the level
of aeration or the amount of air entrapped into the foam.

Second, the addition of egg white proteins to the three differ-
ent latex systems with different water contents resulted in differ-
ent density evolutions with the increment of the protein content.
In the 40WC series (original nondiluted latex), the increment of
the protein content led to an abrupt increment on the density.
Contents of protein around 10 phr led to very dense liquid foam
samples (400–450 kgm�3). The tendency is different for the latex
with higher water contents (70 and 90WC). At low protein con-
tents (below 10 phr), the density decreases and even a minimum
in density at 7.5 phr protein content is detected in both systems.
This is what would be expected considering the role of egg white
proteins as surfactant and the stabilization mechanism by which
they arranged themselves at the air–water interphase. They
should allow the entrapment of more air bubbles and density
reductions. In addition, this is also what has been observed in
previous works where egg white proteins were used as surfac-
tants but in different liquid media.[50,51] However, from 10 phr
content, the density increases with the addition of more proteins,
but this increment is not as abrupt as the one detected in the
40WC foams. The explanation for this density increment
detected in the three systems could reside in the high values
of solids, which are present in the latex even at high water con-
tents, creating an initial blend with high viscosity, which will

reduce its aeration capacity and the ability to entrap air bubbles.
When more proteins are added, in the case of 70 and 90WC latex
above 10 phr content, the content of solids becomes higher and
hence, the viscosity of the liquid blend. Besides, the whipping
process may promote a surface denaturalization of the proteins,
which may in turn promote the formation of protein aggregates
and the creation of viscoelastic films between bubbles, which
may increase further the viscosity of the liquid blend.[14,52]

Finally, the increment of the water content in the 70 and
90WC latex in the presence of egg white proteins clearly pro-
motes more aeration with respect to the 40WC latex, diminish-
ing the density of liquid foams even at very high EW contents. In
fact, the lowest densities (≈100–150 kgm�3) are obtained for the
formulations with 90WC. The sharp reduction in the density of
formulations with high water load could be related with the pres-
ence of less solids in the initial blend in comparison with the
original nondiluted latex (40WC), which will diminish the vis-
cosity of this mixture increasing the space available to entrap air.

Before dehydration, the liquid foams and their internal bubble
structure are observed by optical microscopy for 2min (Figure 4)
after aeration, which is the time set to introduce them into the
microwave oven for dehydration, and are analyzed by image anal-
ysis and their structural parameters are collected in Table 2. The
liquid foams used in this study are those leading to stable solid
foams with no internal structural collapse, according to Table 1
and Figure 2.

A qualitative analysis of the micrographs allows to observe a
higher number of bubbles or higher aeration level in the 70 and
90WC foams, which is linked to the lower densities measured in
these foams (Figure 3). The bubbles entrapped in these high-
water liquid foams are also bigger or at least more heterogeneous

Figure 3. Density of liquid foams.

Figure 4. Optical microscopy images of a) 40WC-5EW, b) 40WC-7.5EW,
c) 40WC-10EW, d) 70WC-15EW, e) 70WC-17.5EW, f ) 70WC-20EW,
g) 90WC-17.5EW, h) 90WC-20EW, and i) 90WC-25EW 2min after aeration.
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bubble size distributions are observed. There do not seem to be
clear differences with the protein contents in the high-water sys-
tems analyzed (70 and 90WC). However, in the original latex
(40WC), a clear reduction in aeration, or a reduction in the num-
ber of bubbles, is observed with the increment of protein content,
which is also linked to the abrupt density increment measured in
these foams (Figure 3).

The bubble size distributions obtained by image analysis and
shown in Figure 5 confirm the previous qualitative analysis. The
foams with higher water contents present broader bubble size
distributions and they also appear to be more asymmetric.
Bubbles with sizes lower than 50 μm and around 200 μm are
present in the foams. On the contrary, the bubble size distribu-
tions of the liquid foams produced from the nondiluted latex
(40WC) are narrower and appear to be less asymmetric and
closer to Gaussian distribution. The density in these foams is
higher which may have promoted less degeneration and less het-
erogeneity in the bubble size distribution.

The main average gas-phase parameters linked to the bubbles
formed in the liquid foams, together with the correspondent den-
sity (ρ) and relative density (ρr) values, are collected in Table 2.

On the one hand, formulations produced from the 40WC
latex, which present the highest relative densities, have cellular
structures characterized for having bubble size 3D ranging from
0 to 200 μm, with average bubble size around 50 μm, the mini-
mum values obtained. On the other hand, as water content
increases, histogram bars shift to the right, that is, the number
of bubbles with higher sizes grow. The average bubble size
increases as well in comparison with the values achieved by
40WC formulations. As a consequence, the bubble density val-
ues are reduced accordingly with the increment of the water con-
tent. Besides, the rather inhomogeneous cellular structure is also
supported by the values of the NSD coefficient, in all cases

Table 2. Density and average structural parameters of liquid foams
formulations which led to stable solid foams measured 2min after
aeration.

Formulation
[phr WC-phr EW]

ρ
[kg m�3]

ρr Φ3D

[μm]
NSD R Nv� 106

[cells cm�3]

40WC-5EW 280 0.281 56 0.48 0.99 7.70

40WC-7.5EW 377 0.376 51 0.50 0.98 8.87

40WC-10EW 414 0.410 40 0.54 1.01 17.56

70WC-15EW 167 0.162 73 0.56 1.00 4.06

70WC-17.5EW 190 0.184 61 0.56 0.98 6.94

70WC-20EW 214 0.206 53 0.56 1.02 10.26

90WC-17.5EW 137 0.132 77 0.72 0.98 3.69

90WC-20EW 141 0.135 65 0.79 1.01 6.11

90WC-25EW 159 0.151 64 0.63 0.99 6.22

Figure 5. Bubble size distributions of a) 40WC-5EW, b) 40WC-7.5EW, c) 40WC-10EW, d) 70WC-15EW, e) 70WC-17.5EW, f ) 70WC-20EW,
g) 90WC-17.5EW, h) 90WC-20EW, and i) 90WC-25EW 2min after aeration.
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around or even higher than 0.5, which, added to the histograms’
distributions, confirms the heterogeneity of the foams.
Qualitatively, microscopy images exhibit a vast range of bubble
sizes in all samples but the bubble size distribution heterogeneity
increases (higher NSD values) as the water content increases.
Regarding the anisotropy ratio, these values are around 1 for
all the formulations which are related to the spherical shape
of the bubbles of liquid foams. In the three series of foams pro-
duced from different water contents, the increment of the pro-
tein content promotes a slight reduction of the bubble size and
increment of the bubble density. In Figure S2, Supporting
Information, a more detailed analysis of the evolution of the bub-
ble size with the protein content for the 40WC foams is included,
in which an increment of the protein content promoted a reduc-
tion of the bubble size as well. Therefore, this trend is main-
tained at higher water contents. A bubble size reduction may
promote stability to the liquid foam since these bubbles may
be less prone to degeneration mechanisms.

The time stability of the liquid foams is another important
aspect which is worth analyzing in more detail. Liquid foams
are unstable systems in which drainage and coalescence could
occur simultaneously, leading to the disappearance of bubbles
through time, and this could be accelerated in the microwave
process due to the rapid heating of the liquid. Therefore, a study
of the temporal stability of those liquid foams leading to stable
solid foams with no internal structural collapse is also carried out
because it could be important to understand what occurs before
and during the heating stage. This is done by comparing micro-
graphs taken in liquid foams 2min after aeration (when the liq-
uid foam is put into the microwave oven for dehydration) and
10min later (see Figure 6).

The qualitative observations that can be extracted from this
figure are that EW proteins promote time stability because the
liquid foams produced with high protein quantities (above
10 phr) seem to be still highly aerated 10min after aeration.
The number of bubbles in these foams is still high after this time.
This stability is especially critical in the high-water-content foams

(70 and 90WC) in which less solids are present and are more
prone to drainage and degeneration mechanisms. However,
the higher contents of proteins used in these foams allow to pro-
mote time stability and the liquid foams do not seem to lose aer-
ation, although a tendency to increase the heterogeneity of the
bubble size distribution is observed. Bigger bubbles are formed
which are likely due to coarsening mechanisms. Furthermore,
foams with an elevated content of protein are denser and more
stable due to the enhancement of the thickness of the interfacial
films.[51] In fact, some previous studies on the effect of different
types of proteins in food foams and the evolution of the drainage
of EW protein foams confirm this behavior.[14,52] These studies
prove that the foam stability increases and the drainage becomes
slow when protein aggregates are present in the foams. On the
other hand, formulations with low quantities of protein (5 and
7.5 phr) and low water contents (original latex. 40WC) present
clear bubble losses. However, this reduction of the time stability
in these two foams does not avoid the formation of a stable solid
foamwith no internal collapsed structure after dehydration in the
microwave oven. This could be due to the high amount of solid
present in the original latex, which counteracts the lower amount
of proteins used in these foams and helps to promote stability
during microwave dehydration. Moreover, these liquid foams
are denser (Figure 3) so the cell degeneration process in the
microwave oven may be less intense. (The liquid phase between
bubbles is thicker.)

Figure S1 and S3 in Supporting Information provides more
information about the time stability of liquid foams. A more
complete study is carried out in the liquid foams produced from
the original latex (40WC) in which it is possible to observe
how the time stability of the liquid foams is improved by increas-
ing the content of proteins.

4.2. Solid Foams

The second step of the process is the production of solid foams by
dehydrating the initial liquid foams obtained by aeration using

Figure 6. Optical microscopy images 2 and 10min after aeration of a.1) 40WC-5EW, a.2) 40WC-7.5EW, a.3) 40WC-10EW, b.1) 70WC-15EW,
b.2) 70WC-17.5EW, b.3) 70WC-20EW, c.1) 90WC-17.5EW, c.2) 90WC-20EW, and c.3) 90WC-25EW.
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microwave radiation. During this step, the liquid foam is quickly
heated and water is evaporated, leading to the growth of the bub-
bles present in the liquid foam, due to the steam generated, and
to the dehydration of the liquid lamella between bubbles, which
becomes thinner as dehydration progresses. At the end, and as
long as the thin polymeric phase between cells has enough sta-
bility, a solid foam is obtained with an internal cellular structure.

From now on, a detailed characterization of the stable foams
(without internal collapse, Figure 2) obtained with each type of
initial latex (40, 70, 90WC) after microwave dehydration will be
carried out. The formulations of these stable NRLF are the fol-
lowing: 40WC-5EW, 40WC-7.5EW, 40WC-10EW, 70WC-15EW,
70WC-17.5EW, 70WC-20EW, 90WC-17.5EW, 90WC-20EW,
90WC-25EW (the ones within the orange boxes in Figure 2).

First, it is important to know the dehydration levels of the solid
foamed samples in order to determine whether the final sample
is completely dried and therefore, stable. Figure 7a collects the
theoretical water content and experimental dehydration values
obtained following the procedure described in Section 3.4.
Regarding both parameters, it can be concluded that the dehydra-
tion is completed after the process, as the two measurements
achieve practically the same values for all the samples.

Figure 7b shows the TGA of the solid foam samples under
evaluation. Two references have been included to better under-
stand the thermograms: a solid foam just produced with latex
and no egg white protein added (the same observed in
Figure 2a) and an additional solid foam produced just with water
(no latex) and egg white protein (100WC-20EW). These studies
help to understand the different weight drops linked to egg white
protein and to latex in the foams produced from both. In the
foam produced just with latex (no stable), there is only one sig-
nificant weight drop at 383.75 °C, which is linked to the thermal
degradation of isoprene.[53] The content of residues left after the
isoprene thermal degradation is scarce. In the foam produced
just with egg white proteins, the main weight drop occurs at
312 °C, which is linked to the thermal degradation of egg white
proteins,[51,54] in this case the amount of residues is much higher
(≈40%). This graph showed how there are no significant changes
in the weight at 100 °C (water vaporization temperature), which
means that most water is evaporated in the microwave process,

as already observed in the dehydration measurements
(Figure 7a). The solid foams produced from latex and egg white
proteins present in general two degradation steps, the first one at
a lower temperature (around 315 °C) associated with the egg
white protein thermal degradation and the second one at a higher
temperature (around 380 °C) related to the thermal degradation
of the solid components of the latex (isoprene and other constit-
uents[25]). The solid foam with the minor water content (40WC)
has also lower protein content so the step associated with EW is
barely inexistent, whereas their degradation step coincides totally
with the degradation of the latex. Therefore, while water content
increases and as well as the egg white protein, there appears the
step of the protein that will become closer to the reference step
when the amount of additive of the sample becomes higher. In
addition, the second step of these samples is the same as the latex
reference. Particularly, TGA thermograms of 70 and 90WC for-
mulations with high quantities of egg white present a huge
amount of residues which may be related to the remnant of
the protein after thermal degradation.[55,56] The solid matrix in
the final solid foams is therefore a combination of egg white pro-
tein aggregates and natural rubber. The more egg white protein
and the more diluted the initial latex is, the lower the thermal
degradation of the foams since egg white proteins are less ther-
mally stable.

FTIR was used to investigate possible modifications of the
chemical structure of the raw materials in the formulations to
produce foams. Figure 8a shows the FTIR spectra of the raw
NRL and egg white powder.

For NRL (Figure 8a.a), the vibrational spectrum of pure NRL
resembles the characteristic FTIR spectrum reported in the liter-
ature,[57,58] which mainly corresponds to that of the cis-isoprene
structure, the main constituent of the NRL. The paramount
bands are associated with the C–H stretching at 2960 cm�1,
the symmetric and asymmetric stretching of the CH3 group at
2920 and 2855 cm�1 (region 1), and the symmetric and asymmet-
ric bending of the same group at 1447 and 1376 cm�1 (region 3).
The domains associated with the rest of constituents (regions 2
and 3) of the NRL are described by the amine in 3282 cm�1,
amide I in 1630 cm�1 and amide II in 1541 cm�1 bands for
the proteins, and by the ester and carboxyl band around

Figure 7. a) Graphic representation of theoretical water content and dehydration values of the stable formulations under study and b) TGA curves of the
stable solid foams, foam obtained from 100 phr of undiluted latex and 0 phr EW (100 L) and foam obtained from 0 phr of latex and 20 phr of protein
(100WC-20EW) used as reference to compare.
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1700 cm�1 for the phospholipids. For egg white protein, the
main vibrational bands shown in Figure 8a.b are reported
as well in the literature.[59,60] Broad bands in the range of
3600–3100 cm�1 are related with O–H stretching, N–H stretch-
ing vibration at 3291 cm�1 (region 1), stretching vibrations of the
C═O bond are represented by the amide I region between 1700
and 1600 cm�1, and the amide II region between 1600–1500 is
related with bending vibrations of the N─H bond (region 2).

Figure 8b shows the FTIR spectra of different stable solid
foams of NRLF under study. The formulations were selected
to see differences in the spectra between stable solid foams at
the same water content varying the amount of protein (40WC-
5EW, 40WC-7.5EW, and 40WC-10EW), and stable solid foams
with high protein content changing the amount of water
(70WC-20EW and 90WC-25EW). Those spectra presented bands
related with both NLR and EW rawmaterials. Regarding the sam-
ples at the same water content (Figure 8b.a,b,c), the bands
belonging to the region 1 and 3 of the NRL spectrum
(Figure 8a.a) appear with the same intensity for the three foams,
whereas the bands included in the region 2 of the EW
(Figure 8a.b) become more intense when the amount of protein
of the formulation increases. Comparing the three water con-
tents (Figure 8b.a,d,e), the intensity of the bands of the region
1 and 3 of the NRL decreases with the amount of water content,
the peaks belonging to 90WC-25EW sample being the lowest.
However, the intensity of the bands related with EW (region 2
of EW spectrum) increases.

The FTIR spectra obtained in this work do not show clear evi-
dence neither of any important chemical modification in the ini-
tial raw materials, latex, or egg white, nor of the unfolding
suffered by the proteins during the production of the foams.
According to literature, the study of the unfolding of proteins
requires a more detailed analysis of the amide I band frequencies
(1600–1700 cm�1). In previous works where the effect of micro-
wave heating on egg white was studied, it was proved that the
order of proteins is modified by the microwave radiation, sug-
gesting the unfolding of the proteins during heating treatment.
This is what could also be happening in the foams produced in
this work which helps to stabilize the structure.[61]

The density of the liquid foams and the correspondent stable
solid foams without internal cellular collapse are compared in
Figure 9a. A density ratio for both foams, liquid and solid, which
is shown in Figure 9b., is calculated as the density of the solid
foam is divided by the density of the liquid foam. This ratio indi-
cates whether there has been a density increment or reduction in
the microwave step. Ratios lower than 1 indicate a density reduc-
tion; therefore, a density reduction during the microwave dehy-
dration step was detected. The sample suffered a mass reduction
as the water of the liquid foam is evaporated through the micro-
wave process.

In all the solid foams analyzed, regardless of the initial water
content of latex, the density of the solid foam is much lower than
the density of the initial liquid foam. This is confirmed in the
density ratio parameter which is much lower than 1 for all the
foams analyzed. This density reduction can be explained consid-
ering the quick dehydration and steam generation process that
the foam undergoes during the microwave heating process. The
loss of water from the liquid phase may promote the thinning of
the liquid lamella between bubbles and at the same time, either
the growing of the initial air bubbles present in the liquid foam
by the steam pressure generated inside or the creation of new
cells by nucleation in the dehydrated phase between them.
Moreover, as explained previously, heating EW protein led to
its denaturalization and gel formation.[18] Therefore, the viscosity
of the liquid phase between bubbles increases because the pro-
teins form a viscous gel which helps to stabilize the cellular struc-
ture and the foam until it gets fully dehydrated. Therefore,
proteins are not only stabilizing the air bubbles in the liquid,
but they are also stabilizing the solid while it is being dehydrated
due to the formation of a more viscous gel. The tightness of the
3D gel network depends on the protein content.[19,21] The higher
the amounts of EW, the tighter the network, which will promote
stability to the final foam, although it seems that foamability is
reduced. As observed in Figure 9a, the higher the protein con-
tent, the higher the density of the final solid foams (except for
those produced from the most diluted latex, 90WC). The obten-
tion of low density and noncollapsed structures for formulations
with high water loads could be related with the elevated contents

Figure 8. a) FTIR spectra of (a) NRL and (b) egg white powder, and b) FTIR spectra of the following stable solid foams: (a) 40WC-5EW, (b) 40WC-7.5EW,
(c) 40WC-10EW, (d) 70WC-20EW, and (e) 90WC-25EW.
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of protein used to obtain these samples, which enables the foam
to retain most of the water steam generated through the micro-
wave process and expand properly.

The trend followed by 40WC solid foam series is the same as
liquid foams, the density increases with the amount of egg white
protein, achieving densities higher than 200 kgm�3. It seems
that the level of aeration achieved in the initial liquid foam influ-
ences the final density of the solid foam. The more the air in the
liquid foam, the lower the density in the solid foam. Therefore,
the foams produced from the diluted latex (70 and 90WC) which
are the ones that aerate more (the density of the initial liquid
foams is lower) are also the ones with the lowest solid foam den-
sities, reaching values as low as 50 kgm�3.

The lowest density ratio values (Figure 9b) are obtained for the
foams produced from 70WC. This may mean that this is the
combination of initial water content and protein content, which
promotes more stability during the microwave dehydration pro-
cess, since the density reduction obtained is higher.

The microstructure of the solid foams is also analyzed in
detail. SEM micrographs and cell size distributions of the differ-
ent stable solid foams are shown in Figure 10 and 11. The micro-
graphs show partially open cellular structures in which many
cells are interconnected by ruptures of different sizes in the cell
walls. This partially interconnected structure may be formed dur-
ing the dehydration step. The walls become thinner as drainage
progresses and as the bubbles grow and at a certain point they
break. Moreover, the structures are highly heterogeneous in
terms of cell shape and size. Some foams present elongated cells
(for instance 40WC-10EW), which may be formed due to the pro-
duction of the foam inside a mold and the restriction of the
expansion to one direction. In other cases, such as in foam
70WC.15EW cells are more spherical.

The cell size distributions (Figure 11) become broader than in
the initial liquid foams. In the solid foams, cell with sizes lower
than 50 μm and cells with sizes as high as 1mm can be found. All
the foams, regardless of the initial water content and the protein
content present very heterogeneous cell size distributions and no
clear differences are observed in this aspect.

The main average gas-phase parameters linked to the cells
formed in the solid foams, together with the correspondent den-
sity (ρ) and relative density (ρr) values, are collected in Table 3.

Regarding the average cell size (Table 3), these foams present
values in the range of 110–275 μm, lower than the ones obtained
in other study for NRLFs produced by Dunlop method.[28] It
seems that increasing the water content promotes cell degenera-
tion and a cell size increment This is especially clear in foams
90WC-20EW and 90WC-25EW. This may be due to the lower
density of foams produced with more diluted latex (70 and
90WC). The cellular structure is less stable at low densities
and tends to degenerate more, leading to bigger cells.
Qualitatively, these samples present a heterogeneous structure
justified by the values of NSD, which are in most cases higher
than 0.5 and the shape of histograms which cover a huge interval
of cell size values. In general, the foams exhibit anisotropy ratios

Figure 9. a) Density of stable liquid and solid foams developed in this investigation and b) density ratio of the stable formulations.

Figure 10. SEM micrographs of a) 40WC-5EW, b) 40WC-7.5EW, c) 40WC-
10EW, d) 70WC-15EW, e) 70WC-17.5EW, f ) 70WC-20EW, g) 90WC-
17.5EW, h) 90WC-20EW, and i) 90WC-25EW.
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greater than one, indicating a slight degree of orientation
through the growth direction, which may be because the liquid
foam is dehydrated within a mold and expansion is restricted to
one direction. Finally, in terms of cell density for solid foams,
there are no dependencies between this parameter with the
amount of protein or water content.

The cell size and cell density values of both liquid and solid
foams are compared in Figure 12. It is possible to observe how in

general terms the cell size increases, and the cell density
decreases during themicrowave step, regardless of the water con-
tent of the latex being analyzed. It seems that the degree of vari-
ation is similar for the three types of latex. Moreover, the
corresponding ratios of these magnitudes calculated as same
as the density ratio (Figure 9b) are represented in the same
Figure 12b,d. These ratios allow to observe the degree of cell size
increment and cell density reduction, so it is possible to analyze
the cellular structure stability of the foam during the microwave
step. It is interesting to note that the foams produced from latex
with higher water contents seem to be more stable since the cell
size ratios are similar or even in some cases lower and the cell
density ratios are higher. This is clearer in the 70WC foams,
which seem to be the more stable system in structural terms dur-
ing the microwave step. The fact of using higher content of pro-
teins in these foams and the fact of having more water, which
may contribute to foaming in the microwave step, could be
the reason why these foams are more stable during the micro-
wave step.

Mechanical properties of some NRLF developed through this
work are displayed in Figure 13 and in Table S1 of Supporting
Information. For the selection of the samples under study, the
same criteria followed in the FTIR section are taken into account.

Density presents a huge influence on the mechanical proper-
ties of the NRLF chosen. The solid foams with the highest

Figure 11. Histogram distributions of a) 40WC-5EW, b) 40WC-7.5EW, c) 40WC-10EW, d) 70WC-15EW, e) 70WC-17.5EW, f ) 70WC-20EW, g) 90WC-
17.5EW, h) 90WC-20EW, and i) 90WC-25EW.

Table 3. Density and average structural parameters of stable solid foams
formulations with 40, 70, and 90 phr water content.

Formulation ρ
[kg m�3]

ρr Φ3D

[μm]
NSD R Nv� 105

[cells cm�3]

40WC-5EW 159 0.166 207 0.73 1.11 1.80

40WC-7.5EW 165 0.170 143 0.52 1.06 5.45

40WC-10EW 211 0.215 150 1.01 1.36 4.41

70WC-15EW 67 0.064 143 0.91 1.19 6.09

70WC-17.5EW 81 0.076 114 0.73 1.26 11.89

70WC-20EW 63 0.059 192 0.63 1.06 2.54

90WC-17.5EW 70 0.061 137 0.77 0.96 6.91

90WC-20EW 53 0.046 202 0.67 1.11 2.22

90WC-25EW 54 0.047 275 0.65 1.08 0.88
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densities (165 kgm�3 for 40-7.5EW and 211 kgm�3 for 40WC-
10EW) require higher values of stress to perform the compres-
sion tests (Figure 13a), which led to an increment of the
magnitude of their elastic modulus. Stress–strain curves show
that the amount of protein seems to affect themechanical strength
of the foam as it is necessary to increase the stress applied to carry
out the experiments (see the curves for 40WC-5EW, 40WC-7.5EW,

and 40WC-10EW in Figure 13a). Besides, the modulus value
associated with those three formulations suffered a sharp
increment (Figure 13b), reaching 1.32MPa for 40WC-10EW.
Increasing the water content promotes the obtention of less mod-
ulus value even for the samples with highest amounts of protein
(70WC-20EW and 90WC-25EW). In addition, the trend followed
by their stress–strain curves is similar to 40WC-5EW. From these

Figure 12. a) Cell size of stable liquid and solid foams developed in this investigation, b) cell size ratio of the stable formulations, c) cell density of stable
liquid and solid foams developed in this investigation, and d) cell density ratio of the stable formulations.

Figure 13. a) Stress–strain curves and b) elastic moduli for the solid NRLF under study.
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results, it can be concluded that the amount of solid contents
present in the sample highly affects the mechanical properties
of the foam.

5. Conclusion

Stable solid foams without internal structural collapse could be
produced from noncured latex using egg white protein as the
only stabilizing additive in the initial formulation. They are pro-
duced from a two-step process: liquid aeration and microwave
dehydration. During the first step, proteins act as surfactants pro-
moting aeration and time stability. In this liquid system, the
increment of the protein content does not increase aeration.
This may be due either to high solid content of latex, even when
it is diluted, and to the possible formation of protein aggregates
due to the stirring process. Both factors may increase the viscos-
ity of the liquid and to prevent aeration. The dilution of latex
helps to reduce the initial viscosity of latex and promote more
aeration, but density still increases with the addition of high
amounts of proteins (above 10 phr) although at a much lower
extent than in the original latex. The time stability of the liquid
foams increases with the addition of more protein.

In the second step, the quick dehydration of the liquid foams
using microwave heating allows density reductions with respect
to the liquid foams and a stabilization of the solid foams before
collapsing. At high protein contents, the stability is very high, and
the interior of the foams do not present internal collapses. For
high water content latex, the content of proteins is needed to pro-
mote internal stability increase with respect to the original non-
diluted latex. This good stability may arise from different factors,
on the one hand, because of the higher liquid foam densities at
high protein concentrations, and on the other hand, because pro-
teins in the liquid phase may denature and aggregate during the
heating process, creating a 3D gel network which leads to very
sudden and high-viscosity increments stabilizing the cells in
the foam.

These results prove that proteins may play two stabilizing roles
in the production of bio latex foams: one as a surfactant providing
time stability to the liquid foams and the other as stabilizing par-
ticles in the solid foams by increasing the viscosity of the matrix
during foam expansion by steam generation. The more stable
foams are the ones produced with 70 phr water content (a diluted
latex) since these are the ones suffering from higher expansion
increments and lower cell size increments during microwave
heating. They are likely the ones presenting the right balance
between initial solid contents and initial liquid foam density
before the microwave foaming step. In this case, foams with den-
sities as low as 63 kgm�3, and cell sizes as low as 114 μm and
with an interconnected cellular structure, were obtained, which
may be promising for applications where latex foams are typically
used such as in cushioning.
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