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Microalgae Chlorella vulgaris and kraft lignin
stabilized cellulosic wet foams for camouflage†
Nina Forsman, a Tia Lohtander, a Juha Jordan,b Ngoc Huynh, a
Ari Seppälä, c Päivi Laaksonen, *b Sami Franssilad and Monika Österberg

*a

Plants, animals, and humans use camouflage to blend in with their surroundings. The camouflage is
achieved with diﬀerent combinations of colors, patterns, and morphologies. In stealth applications, the
simplest camouflage uses textiles colored similarly to the environment to create an illusion. However,
often, visible light range camouflage is not enough since the multispectral detection technologies of
today are readily utilized for identification. Foams can be created with a straightforward fabricating
process, and lightweight material exhibits good thermal insulation properties, providing stealth in the
infrared light region. Herein, we produce cellulosic wet foams from surfactant and bleached pulp or
cellulose nanofibrils. The visible light camouflage is created with green microalgae, Chlorella vulgaris,
and brown kraft lignin, which also stabilized the foams. The thermal and spectral camouflage
performance of foams was influenced by the cellulose content as well as the stability and water content
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of foams. Overall, these results give insight into how stability impacts the thermal and spectral properties
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performance. While there is plenty of data on dry foams, the functional behavior of wet foams is

of wet foams and provide a solid base for further material development to improve camouflage
currently not well known. Our method, using plant-based components can be exploited in a variety of
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other applications where simplicity and scalability are important.

1. Introduction
Animals and plants use camouflage to stay safe from predators
by utilizing colors, patterns, and morphological structures
to blend into the environment.1 Nature’s clever protection
mechanism has also been adapted to human action. The most
prominent example is military equipment, although nature
photographers and guides frequently use camouflage materials
as well. Similar to wildlife, the most basic human camouflage is
patterned clothing designed to match natural surroundings,
mostly green and brown shades in boreal forests and yellow
and brown shades for sand lands. New coloring techniques
are being developed all the time, including electrochromics2,3
and adaptive materials.4 Other camouflage techniques
include structured textiles of metal incorporated yarn5 and
a
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synthetic biology for advanced camouflage and protection
materials.6
Military equipment for detection and identification are
evolving, and due to widely utilized multi- and hyperspectral
cameras capturing broader spectral ranges than simply the
visual range,7 camouflage materials nowadays need to be
undetectable in greater spectral ranges than simply the visual
range. Humans emit thermal radiation, and to conceal human
activity, the infrared range needs to match the surroundings.
Hence insulating materials – those with low thermal conductivity
– need to be used. Due to the low thermal conductivity of air and
their high air content, different kinds of foams, like polyurethane
foams8,9 are commonly used as insulators. Nanocellulose is a
particularly interesting material for insulating foams due to the
formation of extensive networks with plenty of voids in between,
i.e., porous systems.10,11 Composite foams, such as polyurethane
foams with cellulose nanocrystals,12,13 is a way to tune the
properties even further.
A simple way to produce an insulator is to use foam, i.e., a
colloid of gas bubbles dispersed in liquid or solid. A foam can
be generated by mixing air and water or by leading gas through
the water. Often a surfactant is needed to stabilize the foam;
dispersed lignin can act as a surfactant.14 Compared to stabilizing
an emulsion, stabilizing a foam is more diﬃcult due to the higher
surface tension at the air/water interface than at the oil/water
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interface, the larger density diﬀerence between a gas and a liquid
than between two liquids, as well as the higher solubility and
diﬀusivity of a gas in water than of typical oils in water.15 Over
time, the water drains from the foam phase, enabling the bubbles
to coarsen and transfer gas from smaller to larger bubbles. To
counteract these eﬀects, a few measures can be taken. First,
cellulosic fibers can be used to stabilize the bulk phase while
surfactants decrease the surface tension at the interface.16,17
Second, modifying the viscosity, either of the bulk liquid or by
adding particles18,19 or cellulose nanofibers20 that assemble at the
interphase, increasing the viscosity locally,21 and slowing down
the drainage.
To address the UN’s Sustainable Development Goals (SDG
12.5 especially) and reduce reliance on limited sources of fossil
raw materials and their negative eﬀects on the planet, we strive
to use non-toxic biomaterials.22 While many conventional
foams are made of fossil raw materials, in this work we focus
on foams made from plant-based materials. As already
discussed, both cellulose and CNF can be used in foams
providing structure and delaying gas transfer between bubbles.
Carbon nanotubes (CNCs) can be used in a variety of foam
applications.23,24 To stabilize the air–water interface, starch,
both in the form of nanoparticles25 or as such reinforced with
CNF,26 can be used. Proteins can also act as stabilizers.27,28
Lignin has been used in composite foams for insulating
purposes with both fossil and bio-based raw materials, but
the structural complexity of lignin hampers its use.29,30 To
provide the color needed for stealth, there are a plethora of
natural dyes, however, many dyes suffer from poor stability,
limiting their applicability.31 In the boreal forest, the most
important colors are green and brown. The typical brown color
is found in the tree trunks that obtain their coloration from
lignin. Lignin is a readily available side stream from pulp
production and could thus be used as the brown colorant.
Additionally, lignin has been shown to possess amphiphilic
properties and could hence act as a surfactant.32 The green
color of leaves is attributed to the photosynthetic chlorophyll
a and b pigments.33 One advantage of using biocolorants is
that colorants derived from natural sources are likely to have

Fig. 1
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similar spectral properties as the surroundings in the boreal
forest.
Herein we present lightweight cellulosic biocolored foams as
camouflage materials. To generate our foam, we used sodium
dodecyl sulfate (SDS) as a surfactant and bleached kraft pulp
and cellulose nanofibrils (CNF) as stabilizers. Since foams
including cellulose are whiteish or colorless depending on
the size of the cellulose fibrils/fibers, biocolorants are needed
to obtain more natural colors. Lignin and microalgae Chlorella
vulgaris were used as biocolorants to obtain a brown and green
shade, respectively. The use of bio-colorants in foams is scarce
and it is not known how they aﬀect the foam formation and
stability of wet and dry foams. The aim of this study was to
assess and optimize the foamability and foam stability of green
foams and evaluate the spectral and thermal properties of the
foams. The foams were not dried prior to use, and to the best of
our knowledge, the functional properties of wet foams have not
been studied and the knowledge about the subject is lacking.

2. Experimental
2.1

Materials

Never-dried bleached birch pulp with 12.35% dry weight was
obtained from UPM, Finland, and used as such in the pulp
foams. The fibers’ width were in the range of mm.34 Never-dried
bleached kraft birch pulp, washed into sodium form according
to the method by Swerin,35 was used to prepare cellulose
nanofibrils (CNFs) using a high-pressure microfluidizer (Model
M-110Y, Microfluidics, USA). The CNF fluidization method has
been described comprehensively by Farooq et al.36 In short, the
Na washed pulp was passed through a series of 400 and 200 mm
chambers, after which it was passed six times through a series
of 400 and 100 mm chambers at a pressure of 2000 bar. CNF
prepared in previous works according to the same procedure has
had a fibril width of 5–20 nm37 and a z-potential of 3 mV at pH
8.38 Sodium dodecyl sulfate (SDS) was purchased from SigmaAldrich and used without further purification. Purified BioPiva
kraft lignin was obtained from UPM. A powder of microalgae

Schematic illustration of the foaming process.
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Chlorella vulgaris, intended for use as a dietary supplement, was
purchased from a local organic food shop Ruohonjuuri. Deionized
water was used in all sample preparations.
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2.2

Preparation of foams

The schematic illustration of the foaming process is shown in
Fig. 1. The desired amounts of bleached pulp or CNF, SDS, and
microalgae or lignin were measured into a cup. Deionized water
was added so that the total water volume was 12.5 mL. The
water content in the pulp/CNF dispersion was taken into
account. The mixture was then foamed using an Ultra-Turrax
homogenizer (IKA T18, IKA Works GmbH & Co. KG, Germany)
for 2 minutes at 1600 rpm. For the optimization experiments, the
foam was immediately transferred into a measuring cylinder.
This preparation method was used for all experiments except the
thermal conductivity experiments, for which a slightly modified
preparation method, described later, was used.
2.3

Modeling and optimization

The software Modde 8.0 (Umetrics, Sweden) was used for the
foam composition optimization. Initial maximum and minimum
concentrations for the diﬀerent constituents were determined in
previous experiments.39 The same concentrations were used for
microalgae as for lignin. A response surface model, based on the
quadratic face-centered central composite (CCF) design, with
three center points and two replicates, was used. Based on the
maximum and minimum concentrations and the model, the
software provided a test series, which were then carried out.
In short, the minimum, average, and maximum concentrations of
all three foam constituents were tested in 17 diﬀerent combinations.
The responses of the tests were initial foam volume and drainage
after 5 minutes and 2 hours, all measured in milliliters (mL). In the
software, the outliers were removed and the model was fitted, from
which the response surfaces and optimal concentration ranges were
obtained. For the optimization, the initial foam volume was maximized, whereas the drainage of the liquid volume was minimized.
2.4

Optical microscopy

The bubble size and microalgae properties were imaged with a
Leica DM750 transmitted light microscopy. The right block of
Fig. 4 and 5 were imaged with an Olympus BX53M with a DP74
camera with reflected and transmitted light and polarization.
2.5

Microalgae characterizations

The zeta-potential and size of the microalgae particles
suspended in water were measured using a Malvern Zetasizer
Nano ZS90. The chemical structure was measured using an
attenuated total reflection Fourier-transform infrared (ATR
FTIR) spectroscope (SpectrumTwo, PerkinElmer).
2.6

Viscosity measurements

Six samples were prepared according to the concentrations
given in Table S2 (ESI†), and one extra sample was prepared
by adding 132 g L 1 of microalgae into the 10.4 g L 1 of CNF to
investigate the eﬀect of chlorella on the viscosity of the CNF
system. The samples were not foamed before the measurement.

2062 | Soft Matter, 2022, 18, 2060–2071

Paper
The viscosity measurements were performed at 23 1C with a
controlled rate rheometer MCR 302 (Anton Paar) using a plain
plate–plate geometry (diameter 25 mm). The apparent viscosity
data was collected using rotational methods (shear rate range
of 0.001–1000 s 1) and the system was allowed to stabilize for
15 seconds before each measurement. Each sample was measured with three repetitions.
2.7

Thermal conductivity analysis

Thermal conductivity measurements were conducted with a
CTherm TCi device exploiting a modified transient plane
source technique. The device was calibrated with distilled
water, LAF 6720 foam, and Pyrex. All chemicals were mixed
with a homogenizer for 2 minutes to prepare B270 ml wet
foam samples. After the preparation, a 12 minute waiting
period followed to allow most of the additional water to drain
to the bottom of the container. Next, the measurement sensor
was immersed approximately 2 cm deep in the sample.
The sensor surface was oriented downwards to prevent water
stratification on the sensor surface. Conductivity values were
recorded for 2 hours. Additionally, we measured the change of
height of foam layers as a function of time for analyses of the
decay and the thermal resistance of the foam. The layer height
was measured with a ruler. Three samples of each type of foam
were prepared and tested.
2.8

Multispectral properties of wet foams

All foams and natural materials were photographed with a
Specim IQ hyperspectral camera operating at wavelength range
400–1000 nm to examine spectral characteristics of the foams
in comparison to natural materials.

3. Results and discussion
3.1

Optimization of microalgae foams

The goal of this work was to produce foams with appropriate
camouflage characteristics. In other words, the requirements
for the foams were suﬃcient foamability and stability, thermal
insulation capability, and multispectral optical appearance
similar to a boreal forest environment. Further in development,
the system should be eﬀortless to use in field conditions, and
the components should be non-toxic and biodegradable in
case the foams are not removed from nature. To achieve these
characteristics, SDS, pulp/CNF, and dry microalgae Chlorella
vulgaris in water was used. The optimization model was used to
facilitate understanding of how the components influence the
foam system and to obtain a recipe for an optimum foam in
terms of maximum foamability and minimum drainage. The
basis of the model was the minimum, medium, and maximum
concentrations of each component, which were tested in a total
of 17 diﬀerent combinations according to the experimental
matrix obtained from the software. The data gained was then
fitted to the model, and response surface models, as well as an
optimized foam formulation, was obtained. The foamability

This journal is © The Royal Society of Chemistry 2022
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and stability of lignin-containing CNF and bleached pulp foams
were investigated earlier.39
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3.2

Factors aﬀecting foam stability

Almost any liquid can be temporarily foamed, but after a
certain time, the foam begins to age through drainage of liquid
from the foam phase and coalescence and coarsening of the
bubbles. Investigating the stability of foams was essential for
the application to maximize the durability of camouflage
properties. The stability of foams was determined based on
the drainage of the foams, measured as the amount of visible
liquid under the foam (Fig. 2). The response surfaces of the
drainage optimization showed that the most stable foams
were achieved with high concentrations of pulp or CNF and
microalgae. For all samples, the microalgae played an important role in the stability: the more microalgae added, the less
drainage, and thus the better the stability of the foam. The
eﬀect of the microalgae was so significant that the drainage of
the microalgae-containing foams was in some cases predicted
to reach zero drainage, even after 2 hours (Fig. S1, ESI†). For the
pulp samples, both higher SDS and pulp concentrations were
contributing factors to counteract the drainage, even though
the eﬀect of the SDS concentration was stronger. The eﬀect of
cellulose concentration was also evident because more pulp or
CNF led to lower drainage of the foam. CNF showed a better
stabilizing eﬀect than pulp since both the predicted minimum
and maximum drainage for the CNF foams were lower than for
the pulp foams. The main diﬀerence between pulp and CNF is
the dimensions of the fibrils, which influence the surface area
and rheology. The better stabilizing eﬀect of CNF is probably

Soft Matter
due to the higher aspect ratio of CNF than of pulp, which allows
nanosized fibers to form a tighter network around the bubbles.
CNF also has a larger accessible area for stabilization, which also
contributes to the cohesive interaction between the cellulose
fibers themselves and increases the viscosity both at the interface and in bulk. The viscosity of foams is discussed later.

3.3

Factors aﬀecting foaming

In addition to the stability of foams, the foamability of the system
was considered to be a primary target since the do-more-with-less
approach is desired in field conditions. The response surfaces of
the foam volume optimization showed that increasing the SDS
concentration led to larger volumes of initial foam for the pulp
and CNF containing foams (Fig. 3). With both foam types,
increasing the concentration of cellulosic material led to smaller
foam volumes, although with pulp foams, the cellulose concentration range yielding maximum foam volume was wider than for
CNF. Although the CNF is known to form more viscous gels than
pulp, already at low concentrations, the maximum foam was
generated within similar concentration ranges of SDS and either
CNF or pulp. This is most likely due to the shear-thinning
behavior of CNF,40 meaning that the applied shear forces during
the foaming reduce the viscosity of CNF allowing it to form a
high volume of foam. Usually, increasing solids content and
consequently increasing viscosity decreases the amount of
trapped gas.41 Interestingly, for CNF containing foams (Fig. 3
lower row), the foaming eﬃciency was slightly more dependent on
the combinational concentrations of CNF and SDS rather than on
CNF and SDS concentrations individually, as opposed to the pulp
foams, although the diﬀerence was small. This diﬀerence can be

Fig. 2 The stability of foams containing bleached pulp (upper row) or cellulose nanofibrils (CNF) (lower row) with and without microalgae 5 minutes after
foaming. The stability was investigated in terms of drained liquid (mL) using the response surfaces. The highest drainage volumes are marked with red and
the lowest volumes with blue. The higher the microalgae content, the better the stability against drainage.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 The foamability of foams containing bleached pulp (upper row) or cellulose nanofibrils (CNF) (lower row) with and without microalgae. The
foamability was investigated in terms of generated foam volume (mL) using the response surfaces. The highest foam volumes are marked with red and
the lowest volumes with blue. The foams with high surfactant concentration, low cellulose, and microalgae concentrations led to the highest foam
volumes with both pulp and CNF foams.

distinguished as a steeper slope for CNF foams in response
surfaces (Fig. 3 lower row). This phenomenon was observed
when a combination of high concentrations of pulp or CNF and
microalgae were foamed where also the microalgae contributed to
the viscosity increase. The response surface models for neat pulp
and CNF foams diﬀer slightly from our previous study,39 which is
most likely due to minor diﬀerences in the foaming process. The
role of SDS in foaming is not surprising since SDS is a surfactant
designed to stabilize the interface of a bi-phase system. Nanocellulose and pulp have to some extent been used to stabilize foams,
although most often for the stabilization of dry foams.11,18,42,43
The most interesting observation was the significant eﬀect
of microalgae on the foaming of the system. Higher amounts of
microalgae led to lower amounts of foam, regardless of applied
cellulosic material. The trend was very clear for both pulp and
CNF stabilized foams. Within this system, the maximum foam
formation was obtained with a combination of low cellulose
content and a high SDS concentration. It is possible that by
going beyond the concentration limits used herein, the foam
generation would have been even higher. These concentrations
were initially optimized for systems with pulp/CNF, SDS, and
lignin39 and not for microalgae. The foaming was not either
tested without SDS since the results shown here indicate the
importance of surfactant for the foamability. From Fig. 1 it can
be seen that the more microalgae added, the less foam was
generated. Lignin did not improve foamability, which was
addressed in our previous study.39 A detailed description
of the fitting and validity of models is presented in ESI,†
(Tables S1–S3). The concentration limits of SDS were not
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increased due to economic reasons and to obtain comparable
results. The microalgae consist of several chemical compounds,
including lipids, and differs structurally from lignin and would
thus require a slightly modified model. Even though the
concentrations might not have been fully optimized for the
microalgae foam, an understanding about the components’
effect on the foaming process was still gained.
The eﬀect of the microalgae was very interesting as it
reduced the foamability, while it still significantly improved
the foam stability over longer periods of time. It should still be
kept in mind that the stability was only measured for 2 hours,
which still is a relatively short period of time. However, the
foams were placed in measuring cylinders and not spread over
a surface as it is intended for the application. The geometry of
the foam can influence its stability over longer periods of time.
None of the studied foams were stable for several days but had
drained almost completely (results not shown). Considering the
intended application, the lack of long stability might not be a
problem. For the intended use as a temporary camouflage
material in the field, a few hours might be enough, and if
longer coverage is needed, the foam can just be reapplied.
3.4

Bubble size and properties of microalgae C. vulgaris

The stability of foams investigated with response surface
models showed the foams’ ability to resist drainage. To evaluate
the changes taking place in the foam phase during their aging,
the optimized microalgae stabilized foams were imaged using a
light microscope (Fig. 4). The lignin foams were evaluated in
our previous study.39 The bubbles of the foams made with

This journal is © The Royal Society of Chemistry 2022

View Article Online

Open Access Article. Published on 24 February 2022. Downloaded on 3/25/2022 7:24:59 AM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper

Soft Matter

Fig. 4 Light microscopy images of the optimized pulp-microalgae and CNF-microalgae wet foams (left block). All images in the left block were taken at
the same scale. Images were also taken with a microscopy with transmitted and reflected light and polarization (right block). A small amount of freshly
generated foam was placed onto a glass slide, hence the foams have dried already after 20 minutes. The CNF-microalgae foam showed better stability
than pulp-microalgae foam.

microalgae were generally in the range of 50–200 mm, but some
bubbles fell outside this size distribution. Especially in the pulp
foam, there was plenty of liquid between the bubbles. In the
CNF foam, there seemed to be slightly less liquid between the
bubbles, but the continuous phase was still clearly distinguishable.
All bubbles were also round and not polyhedral. The liquid-filled
space and spherical shape of bubbles indicate that both foams can
be classified as wet foams.44 Over time, there were some barely
notable changes in the bubble size of the pulp foam due to
coalescence and coarsening since the bubbles generally appeared
to be slightly larger at 10 minutes than when freshly prepared.
Interestingly, at 20 minutes, the bubble size had reduced compared
to 10 minutes. However, the density of bubbles in the liquid
medium was reduced, which implies that the gas trapped in larger
bubbles seen at 10 minutes had evaporated from the foam phase
through coalescence leaving only the smaller bubbles to the dry
foam. The CNF foam stabilized with microalgae showed better
stability than pulp foam as the bubbles in the CNF foam seemed to
be growing only minimally with time. This finding is in agreement
with the results from drainage response surface models that
showed the CNF-microalgae foams exhibited smaller drainage than
the pulp-microalgae foams (Fig. 2 and Fig. S2, ESI†). It should also
be noted that individual pulp fibers, unlike CNF, could be seen in
the foam phase, which was due to the larger dimensions of pulp
fiber bundles compared to nanosized CNF.45,46
Green particles could be seen at the interface of the bubbles
forming a darker green ring around the gas bubbles (Fig. 4 left
panel). In general, the darker edges in microscopy images can
be artifacts from over or under focus. However, the images in
Fig. 4 right panel taken with polarization showed that there was

This journal is © The Royal Society of Chemistry 2022

material around the air bubbles. The material adsorbed to air
bubbles was concluded to be microalgae since CNF cannot
be seen with an ordinary microscope due to its nanosized
dimensions. The length of CNF is typically 0.1–2 mm and the
diameter 5–60 nm.47 The effect of adsorbed microalgae was
especially evident when the foam had dried and suggests that
the spherical microalgae particles (Fig. 4) acted as Pickering
stabilizing particles for both CNF and pulp foams. Plenty of
research has been done on Pickering emulsions stabilized by
various bio-materials,15 and also some on foams generated from
Pickering emulsions48–50 with only a few works on Pickering
foams.25,51,52 Microalgae have not been previously applied as
such stabilizers, however, it is likely that these microalgae
particles irreversibly adsorbed onto the air–water-interface,
stabilizing the bubbles long-term.19 The microalgae used in
this study had an average size of 1.9 mm and a zeta potential
of 19 mV (Fig. 5A). The size distribution of the particles was
quite wide, and they had a tendency to aggregate in water.
The average particle size of 1.9 mm is very large compared to
nanoparticles previously utilized for Pickering stabilization.
Smaller particles are known to delay coalescence more efficiently
than larger particles.15 A study with starch nanoparticles as
Pickering emulsion stabilizers showed that the optimal particle
size was 100–220 nm and the contact angle yOW was near neutral
(B901) at that particle size.25 While that study was done on
emulsions, we can assume that there is some correlation to foam
stabilization as well. It is thus likely that the long-term stabilizing
effect in our foams came from microalgae particles rather than
larger pulp fiber bundles in the pulp-microalgae foams, as was
also suggested by the optimization experiments. Even though the
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Fig. 5 (A) Light microscopy image of microalgae C. Vulgaris in water and
the average size and surface charge of the microalgae. (B) ATR-FTIR
spectrum of C. Vulgaris. The spectrum showed bands typical for microalgae.

size was not in nanoscale, the dimensions of microalgae particles
were small enough compared to the bubble size of foams,
allowing them to coat the bubbles.
The chemical composition of microalgae C. vulgaris was far
more complex than any other material used in this work. The
chemical structure of C. vulgaris was investigated using ATR-FTIR
(Fig. 5B). The FTIR spectrum of C. Vulgaris showed a fingerprint
typical for microalgae (nNH,OH 3270 cm 1, nCH 2920 cm 1, nCQO
1635 cm 1, nNH,CN 1525 cm 1, nCH,CO 1385 cm 1, nPnO 1230 cm 1,
nC–O–C 1030 cm 1).53,54 The composition of C. vulgaris can be
tuned by changing the growing conditions, but it falls within the
following range: 42–58% amino acids, 5–40% lipids, 12–55%
carbohydrates, 1–2% pigments (chlorophyll), and minerals and
vitamins.55 The C. vulgaris used in this work was purchased as a
dietary supplement and thus it is likely it contained a lot of amino
acids and few carbohydrates. While proteins have hydrophobic
and hydrophilic parts, they have no clearly defined ‘‘head and
tail’’ and cannot by themselves reduce the surface tension of the
water enough to stabilize foam.28 However, protein-stabilized
emulsions are generally more stable than those stabilized by
small surfactants, due to forming of a gel-like phase around the
dispersed phase, hindering coalescence.28 It is not clear whether
the algae has been broken down into its molecular constituents
during the foaming process or if the cells are whole. Harvesting
of C. vulgaris is performed by either centrifugation, filtration,
flotation, or flocculation,55,56 and the morphology of C. vulgaris
permits high centrifugal stress without damaging its structure
during the centrifugation process.55 It is thus to be expected that
the cells were intact in the material purchased for this research.
The size of C. vulgaris cells is generally 2–10 mm, and the
measured size in this work was 1.9 mm, indicating that there were
whole cells present at least before generating the foam. Hence it is
possible that some of the algae cells were left intact, while some
others were broken down due to applied shear forces during foam
generation. Algae cells have lipid layers that can adsorb onto the
bubble surface creating a stabilizing layer, further enhancing the
foam stability through reducing the surface tension at the gas–
liquid interface.57
3.5

Viscosity of liquid phase

Viscosity is an important factor in the generation of foams.
Usually, the viscosity influences the trapped gas content, in
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Fig. 6 The viscosity versus shear rate for pulp and CNF with and without
lignin and microalgae. The viscosity of increased along with increasing
pulp or CNF solid content.

other words, the volume of generated foam, which in turn
determines the physical properties of the foam.41 From
response surface models (Fig. 2 and 3), it was evident that
increasing the cellulose and microalgae concentrations influenced
both foamability and stability of the foam. The decreasing foamability and increasing stability were speculated to be due to changes
in the viscosities of the liquid phase since the general understanding is that the viscosity of pulp and CNF suspensions increase
along with the cellulose concentration.58,59 Hence, the viscosity of
the systems prior to introducing air and forming the foam was
studied. The samples were prepared according to the volumeoptimized foams (Table S1, ESI†). In principle, the viscosity of
the foams increased along with pulp or CNF concentration (Fig. 6).
With pulp foams, the highest viscosity was observed for pulpmicroalgae (pulp concentration 12.65 g L 1) foam followed by pulplignin (6.1 g L 1) and neat pulp (7 g L 1). The pulp concentration of
neat pulp was slightly higher than for pulp-lignin, although the
latter showed higher viscosity. This suggests that also the lignin
concentration influenced the viscosity of the pulp system. With
CNF, the trend was similar and CNF concentration was the major
factor influencing the viscosity. Neat CNF (10.4 g L 1) exhibited
the highest viscosity followed by CNF-lignin (8.5 g L 1) and
CNF-microalgae (0.1 g L 1). CNF-microalgae had significantly lower
CNF concentration compared to other systems with CNF and
consequently also significantly lower viscosity. However, CNFmicroalgae, despite its low CNF concentration, showed almost
the same viscosity as neat pulp, most likely due to the properties
of the microalgae. The microalgae showed a reducing eﬀect on the
CNF foam viscosity since the sample containing the same
CNF concentration as neat CNF foam (CNF g L 1) and microalgae
(132 g L 1) had approximately 800 Pas lower viscosity than neat
CNF (in ESI† Fig. S2).
3.6

Thermal conductivity

The thermal conductivity of the foams was assessed to evaluate
the thermal insulation performance, which was one of the main
targets for these camouflage foams. Fig. 7A shows the bulk
thermal conductivity of the foams with compositions defined in
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Fig. 7 (A) Thermal conductivity of the diﬀerent foams. (B) Heat resistance if the initial foam thickness was assumed to be 10 cm at t = 0 min (left axis) and
percentual foam volume of 270 mL (right axis). At other times than 0 minutes, the heat resistance was calculated according to percental loss of 10 cm.
Neat, lignin- and microalgae pulp/CNF are the optimized foams, which compositions can be found in Table S2 (ESI†). Maximum pulp has the same SDS
concentration as neat pulp and the maximum concentration of pulp, as the pulp-microalgae foam. The denser the dotted pattern, the longer the time.
Conductivity for the neat samples was not measured at 120 minutes due to their substantial change in volume. The resistance of neat samples at 120
minutes is evaluated from the conductivity at 60 minutes and foam volume at 120 minutes. The relationship of thermal conductivity to viscosity for C)
Pulp foams and (D) CNF foams. Viscosity was determined at a shear rate of 0.1 s 1. The pulp/CNF solid content of foams is assigned in the graph. The
thermal conductivity was found to be higher in foams with good stability against drainage.

Table S1 (ESI†). In addition to these foams, one additional neat
pulp sample with higher solid content, referred here as
maximum pulp, was prepared for the experiments. Generally,
the thermal conductivity was higher for foams that had high
stability in terms of low drainage due to high cellulose content.
The smaller the drainage, the more water retained in the foam
phase. Since water has higher thermal conductivity than air, the
thermal insulation was found to be poorer in the more stable
foams. The maximum pulp had a higher pulp concentration
than neat pulp, 12.65 g L 1 versus 7 g L 1, and consequently
had better drainage stability (Fig. 2) and more water retained in
the foam phase. Thus, the maximum pulp sample exhibited
higher thermal conductivity than the neat pulp sample. A
similar relationship of good stability and high thermal
conductivity was also observed for the other foams. The stability
of the pulp-microalgae foam was increased thanks to the microalgae content (Fig. 2), and thus the higher water content led to
even higher thermal conductivity. The addition of lignin to some
extent increased the conductivity, however, pulp-microalgae
showed higher stability and thermal conductivity than pulplignin foam containing 6.1 g L 1 of cellulose. The stabilizing

This journal is © The Royal Society of Chemistry 2022

eﬀect of microalgae and lignin was evident since the foams
without them collapsed faster, and measuring their thermal
conductivity at 120 min was impossible.
The CNF foams in general had higher thermal conductivity
compared to pulp foams. Even though the cellulose content of
CNF-microalgae foam was extremely low compared to pulp foams,
its thermal conductivity was around 18% higher than the highest
thermal conductivity for pulp foams. The higher thermal conductivity of CNF foams was considered to be due to its hygroscopic nature and fine fibril network that allows it to gel at low
concentrations. Neat CNF (10.4 g L 1) had a higher CNF concentration than CNF-lignin (8.5 g L 1), which led to higher conductivity. The dry nanocellulose foams and aerogels have been shown
to display thermal conductivities from 20 to 40 mW m 1 K 1.60–62
Herein, only the neat pulp foam (B50 mW m 1 K 1) reached
close to those values. But as the foams presented here were
measured as wet, the comparison to dry foams and aerogels is
not straightforward. The dry nanocellulose-based foams with
excellent thermal conductivities however exhibit an increase
in thermal conductivity, too, if the relative humidity is elevated
up to 80%.61 Commonly used current insulating materials exhibit

Soft Matter, 2022, 18, 2060–2071 | 2067

View Article Online

Open Access Article. Published on 24 February 2022. Downloaded on 3/25/2022 7:24:59 AM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Soft Matter
thermal conductivity values as follows: expanded or extruded
polystyrene (30–44 mW m 1 K 1), mineral wood (30–
40 mW m 1 K 1), and cork (40–50 mW m 1 K 1).63 Many of
the samples presented here are relatively far from these values
but they are all dry materials. Removing some water, e.g. by
drying, could thus help the insulating properties.
Heat resistance describes the foam’s ability to resist the heat
transfer and takes the foam thickness into account. Thus, it
shows the stability of insulation properties better than
conductivity when foams degrade. Neat and maximum pulp
samples showed high heat resistance values at first but their
resistance decreased after 60 minutes. On the other hand,
lignin and micro-algae samples showed lower resistance but
no loss in resistance during 120 minutes. All pulp foams had
higher heat resistance than the CNF foams. The values for all
CNF foams were similar and quite close to pulp-microalgae.
From the application point of view, materials with lower
thermal conductivity and higher heat resistance are better
insulators than more conductive and less heat resistant materials.
This favors using pulp over CNF, in addition to economic aspects.
Microalgae seemed to decrease the heat resistance, which
hampers the insulating properties. There is plenty of literature
on dry foams, but to the best of our knowledge, the conductivity of
wet foams has not been measured before. As the foams were
measured wet, structural changes occurred during the tests. This
caused a quite large deviation in conductivity and volume for
some of the foams (see standard deviation bars in Fig. 7A and B).
3.7

Reflectance spectra

The reflectance spectrum is of utmost importance for camouflage materials. The optical camouflage performance of the
foams was investigated by evaluating the average reflectance
spectra of the pulp foams compared to natural reference
materials from the boreal forest. The thermal conductivity of
pulp foams was found to be lower than CNF, and since the pulp
is economically more feasible for large-scale foam production,
pulp foams were selected for the application. The reflectance
spectra across visible to near-infrared light ranges (400–
1000 nm) were determined from freshly generated foams and
aged foams after 7 days (Fig. 8). As seen in the figure, the
reflectance of the neat pulp foam decreased substantially over

Paper
time in all wavelengths during the 7 day follow-up period,
whereas reflectance spectra of lignin and microalgae containing
foams changed only subtly (in ESI† Fig. S3). This can be
attributed to the neat pulp foam turning transparent during
foam aging, whereas the lignin and microalgae foams retained
their pigments even though the foam structure was lost. The
colorant absorption can be observed from the visible region
(400–700 nm) region. It can be observed that the reflectance of
the microalgae foam decreased over time. The chlorophyll a and
b pigments giving the green color for microalgae have a characteristic absorption band around 550 nm, which was found also
from the foam samples.64 The observed decrease and shift in
reflectance suggest that the structures of the chlorophylls change
with time. Chlorophylls are sensitive compounds, and they
degrade easily due to air, heat, and light.65 The reflectance
spectra of lignin foam altered less than the spectra of microalgae
foam, although some small alterations took place as the reflectance slightly increased over 7 days.
The reflectance spectral characteristics of the colored foams
were compared to natural green and brown reference materials.
Lignin foams had the closest spectral fingerprint to the natural
reference materials. The slope of the brown curve is similar to
published requirements for the L boreal woodland camouflage
materials.64 With microalgae, the diﬀerences in visible light
wavelengths were quite large compared to reference materials,
most likely due to the diﬀerent pigment compositions of
samples. In green photosynthetic biomasses, chlorophylls are
often present with other pigments, such as carotenoids and
anthocyanins, which influence the overall absorption and color
properties.66,67 Birch bark and aged neat pulp foam showed
relatively similar spectral properties. However, all foams exhibited
a distinctive drop in reflectance at 950 nm, which was not present
in the spectra of any natural materials. This band at 950–970 nm
is attributed to water absorption.68 It suggests that the foam
samples had higher water content than the natural reference
materials. This indicates that the visible light spectral performance of the foams is satisfactory to camouflage targets to the
forest environment. However, the presence of this distinctive
reflectance band due to the water content reveals the camouflage
foam when imaged with a hyper- or multispectral camera.
However, continuing the research to develop dry foams from

Fig. 8 Average reflectance spectra of (A) bleached pulp as fresh and after 7 days, (B) lignin stabilized pulp foam as fresh and after 7 days, and (C)
microalgae stabilized pulp foam as fresh and after 7 days. The natural reference materials are marked with dotted lines to correspondingly colored foam.
All foams showed a band around 950 nm, which can be attributed to the presence of water. (D) Photograph of patterned foam.

2068 | Soft Matter, 2022, 18, 2060–2071

This journal is © The Royal Society of Chemistry 2022

View Article Online

Open Access Article. Published on 24 February 2022. Downloaded on 3/25/2022 7:24:59 AM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper
these substances could both increase insulation properties and
enhance the reflectance spectral characteristics.
In this work, only one green and brown shade were used and
in nature there are a plethora of shades. The green and brown
foam were mixed together, however, the resulting foam was
mostly predominantly green and the hysperspectra resembled
the spectra of the green foam. A better strategy to obtain a
realistic camouflage foam was patterning the two colors
(Fig. 8D). In forests there are few solid-colored surfaces, so
engineering a suitable camouflage pattern using the colored
foams would be needed for these foams to work in camouflage
applications.

4. Conclusions
In this work, cellulosic wet foams from surfactant, bleached
pulp or cellulose nanofibrils (CNF), and microalgae or kraft
lignin were prepared for creating lightweight material for
camouflage application to be used in a boreal forest environment.
Increasing the solid content of pulp or CNF improved the stability
of wet foams, but microalgae and lignin stabilized the foams even
further. On the other hand, increasing the pulp and CNF solids
content simultaneously decreased the foamability of the system.
In addition to cellulose solid content, the stabilizing lignin and
microalgae reduced the foam yield as well and the influence of
microalgae was more significant than lignin. The camouflage
properties of wet foams were investigated in terms of thermal
conductivity and spectral properties. The thermal insulation
performance varied depending on the stability and water content
of the foam but even thermal conductivity comparable to dry
nanocellulose-based foam was observed. The visual appearance of
the foams was found to be similar to natural reference materials
from the boreal forest. However, the water content of the foams
made them distinguishable from natural references in the nearinfrared (NIR) region. To improve the NIR spectral range camouflage properties further, decreasing the water content of foams
could be considered. Overall, this work demonstrated that wet
cellulose-based foams stabilized using microalgae and lignin are
fast and scalable renewable materials applicable for camouflage.
Due to the strong dependence between foam stability and
camouflage performance, some compromises are needed while
designing the optimal foam system for the application.
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