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KEYWORDS Abstract Macroporous polymeric monoliths were prepared using, as main raw material, mixtures
Kraft black liquor; of hydrolysable and condensed tannins and Kraft black liquor from pulp industry. The process con-
Tannins; sists of mechanical frothing of aqueous solutions constituted with the different polyphenols, a hard-
Biobased porous materials; ener, and in the presence of a surfactant that maintains the foam stable before curing. The aim of
Physical characterizations this work was to study the contribution in the formulations of Kraft black liquor on physical prop-

erties for the foams. This objective was justified by the significantly lower cost of black liquor as
compared with that of tannins. The target application is the thermal and sound insulation in the
building industry. The materials obtained were characterized by scanning electronic microscopy,
mercury porosimetry and mechanical, thermal and acoustical measurements.

Solid, self-standing foams with an average porosity of 90% and an average cell diameter between
170 and 329 um were obtained. The measured values of compression modulus ranged from 1.8 up
to 21.6 MPa and the thermal conductivity was around 40 mW-K ' m~'. The materials showed also
good sound absorption characteristics at medium frequencies with coefficients of 0.5 (500 Hz) and
0.8 (1000 Hz) and at high frequencies with coefficients of 0.7 (2000 Hz) and 0.8 (4000 Hz).
© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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wood transformation industries such as lignin (Alekhina et al.,
2015) or tannins (Lee and Lan, 2006). The work presented here
investigates the possibility of converting the waste from different
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and paper industries generate several by-products such as tannins and
lignins. We know that such materials as foams have a wide range of
applications since they have a variety of properties compared to non-
foam materials. The use of polymeric foams is extremely widespread.
We find them in sports and leisure products, in military applications,
vehicles, aircraft, and at home. Most people encounter polymer
foams every day in one form or another, either in furniture, packag-
ing, in their car, etc. (Eaves, 2004). Among the most popular appli-
cations there are packaging and impact protection (energy
absorbing), decrease in structures weight and the thermal insulation
and sound absorption in the field of construction (Ashby and
Gibson, 1999; Gibson and Ashby, 1997).

If we consider waste from wood and paper industries, foams can be
produced from condensed tannins (Celzard et al., 2010; Sanchez-
Martin et al., 2013; Tondi et al., 2009) or lignins (Pan and Saddler,
2013; Stevens, 2010). Some works have focused on replacing petro-
chemical polyols by lignin in polyurethane foams (Chung and
Washburn, 2012; Hatakeyama et al., 2008) or replacing phenol by tan-
nin in phenolic foams (Link et al., 2011; Meikleham and Pizzi, 1994).
In a previous work we developed an original process based on mechan-
ical frothing allowing the manufacture of foam from hydrolysable and
condensed tannins mixed with lignosulfonate (Merle et al., 2016). Pre-
liminary tests revealed the high potential of our product for building
insulation applications. In the present work, we aimed to optimize
the formulation of the foams with the objective to use as much black
liquor as possible for a potential used as thermal and sound insulation
in buildings. Indeed, black liquor from the Kraft process can be con-
sidered as one of the cheapest and most available renewable waste
worldwide. The Kraft process has the advantage over other pulping
processes of accepting all types of softwood and hardwood. In 2009,
around 130 million tons of Kraft pulp were produced (Tran and
Vakkilainnen, 2009). The main by-product of the Kraft process is
black liquor: 1.3 billion tons of dilute black liquor (15% in water)
are industrially produced every year, resulting in 200 million tons of
dry black liquor being burned (Clay, 2008). Kraft black liquor is essen-
tially composed of alkali lignin, wood acids and polysaccharides inor-
ganic salts, resins, fatty acids, and methanol. When this black liquor is
burned, it releases sulfur compounds and methanol. Black liquor rep-
resents therefore a material available in large quantities around the
world, inexpensive and whose use as “energy recovery” leads to vola-
tile compounds such as sulfur compounds that can have health effects.
Indeed, pulp and paper industries can have important impacts on envi-
ronment and health. In North America, it is one of the most polluting
industries (Ritchlin and Johnston, 1999; Sources, 1998). Therefore, it is
important to treat this waste to reduce environmental impact while
promoting a product with great potential.

Previous works showed that it was possible to make porous mate-
rials from concentrated emulsions using unmodified Kraft black liquor
as the main starting biopolymer (Foulet et al., 2016, 2015). In the pre-
sent work we intent to study the replacement of lignosulfonates by
black liquor in the mechanical frothing of porous materials previously
developed (Merle et al., 2016). This method has already been known
for years (Pugh, 2005; Weaire et al., 1995), particularly in food science
(Davis et al., 2004; Yankov and Panchev, 1996). It was also used to
prepare biobased foams from mimosa tannin (Szczurek et al., 2014,
2013). As far as we know, no study has been carried out on the prepa-
ration of foams containing both tannins and unmodified black liquor
from Kraft process.

In this work, results were compared with tannin and lignin foams
results but also results of phenolic foams since tannins and lignins
are polyphenols. Finally, comparisons were also made with polyur-
ethane foams since they represent the largest market share in terms
of polymeric foams. In addition, the last two mentioned polymers
are found in the field of construction (Eaves, 2001).

The resulting foams were discriminated according to their porous
structure, compression tests, thermal conductivity and sound
absorption.

2. Materials — experimental

2.1. Materials

The condensed tannin was a commercial extract from mimosa
(Acacia mearnsii) kindly supplied by Tanac S. A. (Brazil),
under the commercial name Tanfood (T1). Oak tannin (T2),
hydrolysable tannin was kindly supplied by Silvachimica (Sil-
vateam, Italy) under their respective commercial names
Tan’activ QP (T2). Crude Kraft black liquor collected from
a local paper mill (Smurfit Kappa, Cellulose du Pin Kraft
paper mill, Biganos, France) was used as received. Its major
physicochemical properties were as follows: dry matter
amount = 50 wt%; dynamic viscosity p = 7000 MPas at
23 °C; density p = 1.3 g/mL; pH = 14 (solution diluted to
5 wt% dry matter). Hexamethylenetetramine (Hexamine), adi-
pic acid, phthalic acid, 1,3-octanediol and Tween 80 were pur-
chased from Fisher Scientific (France). All the products were
used as received.

2.2. Foam preparation

Firstly, tannin powders were mixed manually. The mixture was
then dissolved in water, together with the Kraft black liquor.
Hexamine and additives were then added and the solution
was mechanically stirred in a jacketed reactor at 60 °C,
obtained by water circulation. The stirring was performed
using an overhead motor at 250 rpm for 5 min and then at
500 rpm for another 5 min in order to obtain a homogeneous
mixture. Surfactant (Tween 80) was then added dropwise
before a final stirring, at 1800 rpm for 30 min, which enables
the formation of air bubbles. Finally, the foam is poured into
a mold placed in an oven at 85 °C for 24 h. After removal from
the oven, the cured foams were left at room temperature until
complete drying.

This approach was used to foam eight different aqueous
formulations containing the following: condensed tannin
(Mimosa/T1), hydrolysable tannin (Oak/T2), Kraft black
liquor, hexamine as curing agent, Tween 80 as surfactant.
The percentage of weight composition of these formulations
is reported in Table 1.

Previous studies showed that hexamine can harden phenolic
resins based on condensed tannin through benzylamine bridges
(Penia et al., 2006; Pichelin et al., 1999; Pizzi and Tekely, 1995).

Regarding additives, adipic acid is an aliphatic dicarboxylic
acid (CgH19Oy4). It has been used for decades in nylon 6.6 pro-
duction and as plasticizer (Castellan et al., 1991). This acid,
which was produced from benzene (a volatile carcinogen),
can now be synthesized from D-glucose (Niu et al., 2002).
The 1,8-octanediol is also an aliphatic compound (CgH;50,).
Together with adipic acid they are used to make aliphatic
polyester (Mahapatro et al., 2003; Vouyiouka et al., 2013).
This combination was supposed to give more elasticity to the
foams and avoids cracks. With this addition, the issue was
the lost of mechanical properties. Indeed without phthalic
acid, it wasn’t possible to handle the foams, which collapse
easily. Phthalic acid is an aromatic dicarboxylic acid
(CgHgO») used for the production of polyester such as poly
(ethylene terephthalate) (PET) (Guimardes et al., 2007).
Aromatic compounds enhanced mechanical properties.
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Table 1 Formulation of the different foams.
Sample M1 M2 M3 M4 M5 M6 M7 MS8
T1 (Wt%) 14.2 10.2 10.2 7.9 20.3 15.8 15.8 12.9
T2 (Wt%) 14.2 10.2 20.3 15.8 10.2 7.9 15.8 12.9
Black liquor (wt%) 7.1 15.2 5.1 11.9 5.1 11.9 4 9.7
Water (wt%) 53.3 53.3 53.3 53.3 53.3 53.3 53.3 53.3
Hexamine (wt%) 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7
Adipic acid (wt%) 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7
Phthalic acid (wt%) 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
1,8-octanediol (wt%) 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7
Tween 80 (Wt%) 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9

2.3. Foam characterization tension = 485 mN/m, maximum intrusion pres-

2.3.1. Electron microscopy investigations

The morphology of the foams was observed by scanning elec-
tron microscopy (SEM) using a Hitachi TM-1000 microscope.
Foam samples were manually broken in sections of about
0.5 cm? before being placed on a carbon tab to ensure a good
conductivity. Metallization of the foam was carried out by
sputtering a thin layer of gold-palladium onto the sample prior
to analysis.

Micrographs were taken at several different magnifications
between x50 and x200.

Two-dimensional (2D) circular cross-sectional cell diameter
was estimated from SEM micrographs after image processing
with ImageJ freeware (NIH, USA). Experimental data were
obtained by manual measurements of diameters from a popu-
lation of at least 150 cells, which represent between 15 and 20
micrographs for each foam. Several methods have been
devised to find a simple factor to convert the mean size of such
2D size distribution to the actual 3D mean size of the spheres
without a consensus. A standard assumption in the stereology
literature (Russ, 1986) assumes that the distance between the
center of a given sphere and a random plane that intersects
it has a uniform distribution on [—x, x], where x is the radius
of the sphere. An approximate solution from this entirely the-
oretical approach leads to the result that the ratio of the mean
diameter of a set of spheres (d3p) to that of its 2D intercept
(dap) 18 dsp/dop = 4/m =~ 1.27, irrespective of the particular
distribution of the 3D sizes (Kong et al., 2005). This correction
factor was used in this work to estimate the mean corrected
diameter (d,,). The mean corrected diameter (d,,) and the uni-
formity factor (U) were calculated from the following rela-
tions: dy, = Ind/En;, U = (1)) x (Z|d* — d| x nd}|Znd})
where n; is the number of cells of diameter d; and d" is the med-
ian diameter (the diameter for which the cumulative undersize
volume fraction is equal to 0.5).

This factor is usually used to obtain insight about droplets
homogeneity in an emulsion. Here, its determination provides
information concerning the dispersion of cell size. According
to Schmitt et al. (2003) an emulsion can be considered
monodisperse when U is smaller than 0.25.

2.3.2. Mercury porosimetry

Mercury intrusion porosimetry analysis was carried in a
Micromeritics Autopore IV 9500 porosimeter with the follow-
ing parameters: contact angle = 130°, mercury surface

sure = 124 MPa. This analysis was performed only once for
each foam and measured the bulk (apparent) density (p.),
the average interconnection diameter and the total open poros-
ity (®). The apparent density is defined as the mass of the
material divided by the total volume it occupies. ps, was also
calculated from the relationship (® = 1 — p,/ps) and repre-
sents the density of the solid, without porosity.

2.3.3. Mechanical properties

Compression testing was carried out on a texture analyser TA-
XT2. A 250N load-cell was used with a crosshead speed of
0.1 mm/s and a specimen size of 50 mm x 50 mm x 20 mm.
The probe was cylindrical with a diameter of 12.70 mm giving
a surface area of 126.62 mm>. The given values were averaged
from tests carried out on 3 replicates for each foam.

2.3.4. Thermal properties

Samples with dimensions of 20 mm x 20 mm x 10 mm were
placed for 20 s in contact with a flame of a Bunsen burner.
The time needed for the glow to disappear was measured. Each
foam was tested 5 times. Thermal conductivity measurements
were carried out using a Hot Disk TPS 1500 (ThermoConcept,
France) based on the transient plane source method. The
method uses a plane sensor that acts as both a heat source
and a dynamic temperature sensor. The plane sensor was fitted
between two identical samples. The thermal conductivity was
calculated by the Hot Disk software.

2.3.5. Acoustic absorption

Acoustic absorption coefficients o were measured with an
impedance Kundt tube. The samples were submitted to a pla-
nar acoustic wave emitted by a loudspeaker. The absorption
coefficient was derived from the transfer function between
the pressures measured by the microphone. The frequency gen-
erator was a RIGOL DG1022 and the oscilloscope a RIGOL
DS1102E. The tube had an interior diameter of 35 mm and the
microphone that crosses the wave had a diameter of 10 mm.
For each foam formulation, 3 replicates with a cylindrical
shape and a thickness of 15 mm were tested. The main issue
with a Kundt tube is the shape of the sample that must per-
fectly fit the tube.

A sample of commercial insulator such as wood fiber was
tested to control the impedance Kundt tube and to evaluate
the foams.
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Figure 1

3. Results and discussion
3.1. Solid foam preparation and characterization

3.1.1. Preparation

A dispersion such as a foam or an emulsion system is not ther-
modynamically stable over time, leading to a separation of the
components of the composition (Kitchener, 1964; Lam et al.,
2014). To overcome this problem, the formulation was heated
during foaming in order to prevent a too rapid coalescence by
a sufficient increase in the viscosity at the temperature of
curing.

Mechanical frothing through high shear mixing in the pres-
ence of air is a well-known process to prepare polyurethane
foams (Barron and Dunlap, 1974; Gribble et al., 2001). This
process, particularly easy to implement, has been recently
applied to the preparation of biobased foams (Lee et al.,
2011). The high speed stirring will cause the formation of air
bubbles in the aqueous solution, stabilized by the surfactant.
These bubbles are the template of the porosity of the foam.
Curing of the foam is obtained by hexamine before drying.
Pictures of foams after curing and drying are shown in
Fig. 1 (only one picture was taken for each foam).

After curing, it was observed that drainage occurred.
Indeed, under each foam a viscous liquid was observed.

First, one can notice that there is no crack in the foam.
Then, after drying, we can already see a difference between
the structures of different formulations. Indeed, M2, M5 and
M6 have cells with larger sizes than the other samples.

3.1.2. Electron microscopy investigations

The morphology of the foams was analyzed by SEM. In all
cases, an open macroporous cellular morphology was
observed, as can be seen in Fig. 2.

The dimensions of the cells and interconnections are
reported in Table 5. The diameter of the cells varies from
170 to 329 um. For comparison, phenolic foams have cell
diameter from 70 pum (Del Saz-Orozco et al., 2014) to
100-200 pm (Auad et al., 2007; Kim and Lee, 2008). Tannin
foams with an average cell size between 94 and 396 pm have

Optical photographs of foams after curing and drying.

been reported before (Szczurek et al., 2014; Tondi and Pizzi,
2009). Polyurethane foams were produced with cell size rang-
ing from 100 to 150 pum (Van Hooghten et al., 2014). Lignin
foam has voids around 100-1000 um (Stevens, 2010).

From the measurements in the SEM micrographs, (Fig. 2),
it was possible to estimate the cell diameter distribution. The
average cell size does not exceed 329 um, whatever the sam-
ple. The size of the cells from each material is shown in
Table 5.

The uniformity factor (U) is used to characterize emul-
sions. U gives a good indication of the dispersity of the dro-
plets. An emulsion is considered monodisperse when U is
smaller than 0.25 (Schmitt et al., 2003; Van Hooghten
et al., 2014). The U values of the cells of the solid foams were
calculated from the diameter measurements for each sample
and are also presented in Table 5. These values are the small-
est for M2 and M7, which means they are the best materials
in terms of size dispersion. Overall, the best dispersions are
obtained when the quantities of tannins are equivalent (M1,
M2, M7 and MS).

As shown previously (Merle et al., 2016), the foams
obtained formed a multitude of beads stuck to each other
(Fig. 2). Cells are empty with air between cells, which should
give good thermal and acoustical properties. Reported exam-
ples of such foams having the appearance of beads stuck to
each other and not connected through a solid matrix are alu-
minum spheres (Gibson and Ashby, 1999), macroscopic silica
beads (Castrodeza and Mapelli, 2009), PLA or polyurethane
foams (Mosanenzadeh et al., 2015) or inorganic monoliths
(Carn et al., 2004).

The main difference is that our foams have mostly intercon-
nected porosity when aluminum foams are closed cell materi-
als. The areas of contact between adjacent cells are a
continuous polymer film that forms the walls that enclose
the cells. Those walls are extremely thin (from 1 to 2 pm).

If we consider cell sizes, it gives some information about the
reactivity of the raw material.

In Table 2, the influence of black liquor is shown and it had
an effect on cell size when the amount of condensed tannin is
below 14.2 wt%. It gives higher cell diameters for the higher
quantity of lignin, whatever the amount of hydrolysable



Valorization of Kraft black liquor and tannins

4735

Figure 2 SEM micrographs of M1 to MS.

Table 2 Influence of the amount of lignin between two
formulations on cell diameters and compression modulus
M1-M2, M3-M4, M5-M6 and M7-M8).

Kraft black liquor

Average cell
diameter (pm)

Compressive
modulus (MPa)

MI - M2
M3 —» M4
M5 - M6
M7 - M8

e
|

X+ 0
RN N

tannin. However, when it comes to compressive modulus, the
impact of the amount of lignin is only obvious between M1
and M2. We can conclude that higher amount of hydrolysable
tannin reacts with the lignin.

Table 3 shows the influence of the hydrolysable tannin on
the formulation. Regarding the diameters, it tends to reduce
the cell size, which is consistent with the fact that the con-
densed tannin is the most reactive compound in the mixture
(Merle et al., 2016). Concerning M6 and M8, it doesn’t influ-
ence the cell size. In M6 formulation there is a better interac-
tion between all polyphenols leading to stabilization of the
cell diameter, whatever the amount of condensed tannin. How-
ever this is true only for cell diameter since the compressive
modulus is higher for M8. This shows that increasing con-
densed tannin leads to a better crosslinking. Again there is
an exception and it concerns M3, which has almost the same
modulus as M1.

Table 3 Influence of the amount of condensed tannin between
two formulations on cell diameters and compression modulus
M1-M2, M3-M4, M5-M6 and M7-M8).

Finally, Table 4 shows the influence the hydrolysable in
tannin. Increasing the amount of hydrolysable tannin increases
the cell sizes, except for M6.

For the compression modulus a higher amount of hydroly-
sable tannin tends to decrease the mechanical properties,
except for M6. This results show us that with the good propor-
tion of hydrolysable tannin and Kraft black liquor, a
crosslinking occurs.

Regarding the shape of the cells this structure is different
from most foams available. Indeed, polyurethane foams and
phenolic foams also have well distinct cell but there are no
voids between cells and the walls are thinner than the walls
of our foams (Del Saz-Orozco et al., 2014; Gu et al., 2013;
Sousa et al., 2014; Yang et al., 2012).

Closed and open cells are important in terms of thermal
conductivity. Some phenolic foams give the same results as
foams presented here, in terms of open-cell structure, thermal
conductivity and density (Kim and Lee, 2008), whereas com-
mercial phenolic foams have close cell structure with much
lower thermal conductivity and density (Auad et al., 2007;
Eaves, 2001).

3.1.3. Mercury porosimetry analysis

The porous structure of the foams was investigated using mer-
cury porosimetry. The overall results are reported in Table 5
One important property in foam is the apparent density
(Housel, 2004). According to Ashida and Iwasaki (1995), most
physical properties of plastic foams, both flexible and rigid, are
proportional to their density. They give examples of flexible
urethane foams and phenolic foams where density impacts

Table 4 Influence of the amount of hydrolysable tannin
between two formulations on cell diameters and compression
modulus (M1-M2, M3-M4, M5-M6 and M7-M8).

Condensed tannin Average cell

diameter (um)

M1 - M3 —
M2 - M4 —
M5 - M7 —
M6 - M8 =

Compressive
modulus (MPa)

4+ o+

Hydrolysable tannin Average cell

diameter (pum)

Compressive
modulus (MPa)

M1 - M5 aF -
M2 — M6 ~ +
M3 - M7 + —
M4 —» M8 + —
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Table 5 Morphological and physical characteristics of the foams.

M1 M2 M3 M4 M5 M6 M7 M8
Average cell diameter" (um) 236 £+ 75 315 + 74 170 + 54 186 + 51 329 £ 130 292 + 107 257 + 68 260 + 74
Uniformity factor® (U) 0.35 0.26 0.48 0.39 0.52 0.48 0.29 0.35
Apparent density” (g/cm?) 0.18 0.15 0.14 0.13 0.18 0.25 0.15 0.13
Average interconnection 27 42 24 33 58 32 28 48
diameter” (um)
% porosity” 88 89 90 91 89 80 89 91
Auto-extinguished time (s) 299 + 3 160 + 1 329.+3 284 + 3 142 £ 1 198 + 2 277 £ 3 260 =+ 2
Thermal conductivity 403+ 1.6 418+ 1.1 403+12 418+12 414+28 429+09 414+21 406+ 1.1

mW-K'm™1)

* From SEM image analysis.

® Estimated by mercury porosimetry (the relative uncertainty is 2-5%).

on properties such as compressive strength, tensile strength,
flexural strength or even thermal conductivity. Nasirzadeh
et al. reported that absorption energy is also function of the
density (Nasirzadeh and Sabet, 2014).

Apparent density of the foams prepared in this work is in
the range 0.13-0.25 g/cm®. These values are close to some phe-
nolic foams found in the literature, from 0.12 to 0.20 g/cm>
(Del Saz-Orozco et al., 2015). Concerning porous material
based on concentrated emulsions of Kraft black liquor, densi-
ties obtained were between 0.38 and 0.76 g/cm® (Foulet et al.,
2015). The lowest density is 0.13 g/em® for samples M4 and
MS8. Density is important when working on large volumes.
Indeed, in the field of construction, the best materials have
the best physical properties with the lowest density.

3.1.4. Mechanical tests

Mechanical properties of the resulting rigid foams were inves-
tigated by uniaxial compression tests. Results are shown in
Table 6. Usually, polymer foams show a compression stress-
strain curve corresponding to three behaviors of the material
(Eaves, 2004): first, the linear part is the elastic domain con-
trolled by cell wall bending. In the second region, the cells col-
lapse and a plateau is observed. Finally, when all the cell walls
are collapsed, a third phase occurs: densification.

The compressive strength of foams (except for M2) is
higher than 100 kPa, which is a sufficient value for many rigid
PU foam applications (Belgium, 2006).

Materials with the lowest compressive modulus (below
5 MPa) are M2, M5 and M6. In these samples, the black liquor
and/or hydrolysable tannins weight fractions exceed than
those of condensed tannin. If we consider that poor mechani-
cal properties are related to low cross-linking, this can explain
why those three foams have higher cell diameters. Indeed,
before curing, all components were mixed in a jacketed reactor
at 60 °C. Heat and acids are known to act as catalysts and
cross-linking is supposed to start before curing. If the kinetic
of cross-linking is slow, the viscosity of the mixture will need
more time to increase, and the ripening phenomena will occur
more easily, which explains cell sizes of samples M2, M5 and
M6, which have the lowest proportion of condensed tannin.
Then, M7 and M8 have the same compressive modulus around
11 MPa. In both cases, the proportion of black liquor has no
influence on the compressive modulus. Finally, testing M1,
M3 and M4 gives modulus higher than 15 MPa. To summa-
rize, the mechanical properties are better if the weight fraction
of condensed tannin is greater than those of black liquor and

hydrolysable tannin. This is consistent with previous studies
indicating that condensed tannins are very reactive with hex-
amine (Merle et al., 2016; Tondi et al., 2012). To get the best
mechanical results, the weight fraction of hydrolysable tannin
should not be greater than that of condensed tannin. At best,
both weight fractions may be identical.

In this work, unexpectedly, foams having the highest densi-
ties are not necessarily those with the best results in compres-
sion tests. The compressive modulus is higher with the highest
content of condensed tannin (M3, M4), with densities between
0.13 and 0.14 g/cm®. Furthermore, unlike previous work
(Eaves, 2004; Tu et al., 2008) compressive properties of foams
are not influenced by densities. As another example, M4 and
MBS have the same densities (0.13 g/cm®) but compressive mod-
ulus of M4 (21.6 MPa) is higher than that of M8 (11.4 MPa).

M3 and M4 contain greater proportions of condensed tan-
nin and studies showed that they react together to form pheno-
lic resins (Pefa et al., 2006; Pizzi and Tekely, 1995). Higher
percentage of condensed tannin gave lower cell diameter and
the foams obtained have the highest mechanical properties.
We can conclude that in these cases the cross-linking was faster
than in the other foams (lowest cells size) and with a greater
extend (higher mechanical properties).

3.1.5. Thermal properties

Auto-extinguished time of foams after exposure to a Bunsen
flame has been estimated and results are shown in Table 5.
No clear correlation appears between density and time of
extinction of the incandescence. Indeed, with an equivalent
apparent density (p, = 0.13 g/cm?), the estimated extinguish-
ing times for M4 and M8 are 284 s and 260 s respectively.
For M2 and M7 (p, = 0.15 g/em®) the values are 160 s and
277 s respectively. Finally, for M1 and M5 (p, = 0.18 g/em®)
extinguishing times are 299 s and 142 s respectively. The best
result is observed for the M3 (p, = 0.14 g/cm®) sample which
obtained the longest extinguishing times (329 s).

3.1.6. Thermal conductivity

Thermal conductivity measurements have been conducted on
the different foams prepared and results are shown in Table 5.
The thermal conductivity is similar for all samples having the
same cell size. Again, there is no clear correlation appears
between density and thermal conductivity.

According to Eaves (2004), when density decreases the con-
ductivity decreases.
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Table 6 Mechanical properties.
Sample M1 M2 M3 M4 M5 M6 M7 M8
Compressive 16.5 £ 2.5 1.8 £ 0.5 19.1 £ 3.7 21.6 £ 3.1 2.7 £ 0.6 3.8 £ 1.1 11.1 + 3.1 114 £ 3.6
modulus (MPa)
Maximum compressive 0.38 £ 0.10 0.062 £ 0.003 0.59 £ 0.13 0.51 £ 0.03 0.10 £ 0.06 0.13 = 0.04 0.33 £ 0.16 0.30 £ 0.11
stress (MPa)
Maximum force (N) 478 £ 12.7 315+ 14 78.8 £ 16.2 643 £33 129 £ 7.8 16.6 £ 5.1 41.6 £ 19.6 38.0 = 14.1

Moreover, the porosity of foams varies from 80% to 91%.
Yet, this difference may be due to two different phenomena:
the porosity decreases if the volume of expansion of the foam
decreases, and hence the thermal conductivity increases, which
could be the case for M6, and the total porosity is 80%, with
the higher density and thermal conductivity (0.25 g/cm® and
42.9 mW-K~' m™"). The second phenomenon may be due to
the fact that if more cells are closed, this would decrease the
total open porosity and decrease the thermal conductivity.
This last hypothesis is unlikely given that the pressure reached
in the mercury porosimeter is 124 MPa and the cell walls col-
lapse between 0.1 and 0.59 MPa.

Even if we take into account these assumptions it is still not
possible to explain the difference between the densities of foam
and thermal conductivity. This suggests that the solid material
itself has a different thermal conductivity depending on the
formulation.

These new kinds of biobased foams can be considered for
thermal insulation since thermal conductivity of most common
insulation materials ranges between 20 and 50 mW/K
(Belgium, 2006). An optimization of the formulation and a
better control of the final structure would give a better thermal
conductivity. Indeed, through the MEB micrographs, we can
see that all the foams are mainly open-cell foams and they
are filled with air. Open-cell foams exhibit high absorption
properties but closed cell foams have very good thermal insu-
lation properties (Cornick, 2010). Our foams exhibit a thermal
conductivity around 40 mW-K ' m~! with a porosity around
90% and an open-cell structure. If we can formulate a close
cell structure the thermal conductivity should drop
significantly.

3.1.7. Acoustic absorption

A good sound absorption is an important property of materi-
als for building conception, and the foams were tested and
compared to a commercial sound absorber (Pavatex). Results
are reported in Table 7. Only samples M1, M3, M4, M7 and
MBS did not crack until the end of the measurements. Other

samples did not resist the shaping necessary for the
measurements.

Results reported in Table 7 indicate that M1, M4, M7 and
M8 samples show acoustic absorption coefficient values close
to the commercial material, except for 2000 Hz. The differ-
ences between formulations do not induce a significant differ-
ence in terms of acoustic behavior between samples. The
materials developed in this work have good acoustic insulation
properties in medium range frequencies (500-1000 Hz) and
also in high frequencies (20004000 Hz). However, M3 shows
slightly lower performances at 1000 Hz and 4000 Hz with coef-
ficients of 0.72 and 0.74 respectively, and M7 has the lowest
coefficient at 2000 Hz (0.67). Considering acoustic absorption,
the best choices are M1, M4 and M8 that have similar coeffi-
cients but different densities. The most interesting material is
the one giving the best acoustic results while being the lightest,
such as M4 and M8, with a density of 0.13 g/cm?.

4. Conclusion

Insulating foams were already prepared based on lignosulfonate. The
use of Kraft black liquor was justified by the need to find raw sources
worldwide. This study showed that it is possible to value the industrial
Kraft lignin by integrating it directly and without modification into
porous material formulations. Indeed, modifying or purifying the
liquor involves costs, that is why a direct use was considered. The
results reported here represent a promising and innovative approach
toward new kind of biobased insulating foams from lignin, and con-
densed and hydrolysable tannins. The open-cell macroporous biobased
foams were prepared from low cost raw materials by mechanical froth-
ing and curing. Various combinations of formulation have been tested
to determine the optimal contribution of each phenolic compound.
The apparent density of the final foams varies from 0.13 to 0.25 g/
cm®. Thermal conductivities are around 40 mW/K’] m~!, acoustical
properties vary from 0.5 to 0.91 in medium and high frequencies and
mechanical properties are between 1.8 and 21.6 MPa.

Results are promising since those foams can be considered as ther-
mal insulating (REF), even if we are far from petro-sourced phenolic
foam with density range of 0.04-0.05 g/cm® and a thermal conductivity
around 18 mW/K ! m~!(Cornick, 2010).

Table 7 Absorption coefficient of the foams between 500 and 4000 Hz.

500 Hz 1000 Hz 2000 Hz 4000 Hz
Pavatex 0.52 + 0.02 0.84 + 0.03 0.89 + 0.005 0.89 £+ 0.01
M1 0.50 £+ 0.01 0.90 £+ 0.004 0.75 £+ 0.001 0.81 £+ 0.01
M3 0.50 + 0.03 0.72 + 0.01 0.74 £+ 0.005 0.74 £+ 0.005
M4 0.47 + 0.02 0.84 + 0.02 0.73 £+ 0.002 0.80 £+ 0.01
M7 0.47 + 0.01 0.83 + 0.0001 0.67 + 0.001 0.82 £ 0.005
MS8 0.52 + 0.01 0.91 £+ 0.02 0.70 £+ 0.005 0.85 £+ 0.0001

Values determined with 15 mm thickness foam.
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Small variations in the weight fractions of the three components of
the formulation provide significant variations in the morphological
and physical properties of the final dried foams. Kraft black liquor
should be in weight proportion lower than condensed tannin in order
to obtain good physical properties. Regarding hydrolysable tannin, its
weight proportion can be as high as or lower than condensed tannin.

The results of the tests conducted on the different formulations,
indicate overall the best samples in terms of physical properties are
those with the highest weight level of condensed tannins. One of the
main reasons of introducing black liquor into the foam formulation
was its very low cost. The results obtained during this work show that,
in order to maintain mechanical and thermal properties of the foam,
the highest possible percentage of black liquor to introduce in tannins
foam formulations is 12 wt%.

Finally, the best formulation for the foam appears to be that of
sample M4, i.e. condensed tannin (15.8 wt%), hydrolysable tannin
(7.9 wt%) and black liquor (11.9 wt%) (water, surfactant and additives
gsp 100 wt%). Indeed, this formulation leads to low density foam hav-
ing the best physical properties and the highest proportion of Kraft
black liquor.

If a possible application of the materials developed in this study is
the insulation of buildings, an optimization on the formulation as well
as the process should be done in order to decrease the density of the
final materials while maintaining good mechanical and thermal prop-
erties. Another issue is drainage. Indeed, the mixture is too liquid
before curing, but using a shear-thinning liquid such as alginate should
solve the problem.
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