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ABSTRACT: A new method for preparing alginate foams with progressive release of copper in the presence of sodium lauryl sulfate

(SLS, foaming agent) has been designed. Copper acts as the ionotropic gelling agent through the reaction of copper carbonate with

gluconolactone. The process does not require freeze-drying contrarily to the conventional method used for preparing macroporous

alginate foams. The new materials investigated in this study have remarkable thermal properties, including thermal conductivity lower
than 0.041 W m~' K" and low heat release (below 2 kJ g~'), which allows labeling these foams self-extinguishing materials. An
experimental design methodology, based on a Box-Behnken plan with three parameters and three levels, is successfully used for evalu-

ating the impact of the amounts of alginate, SLS, and copper carbonate on the productivity, apparent density, and shrinking at air-

drying. It yielded an optimization of the process for the manufacturing of light, and stable/rigid insulating and thermally stable mate-

rials.
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INTRODUCTION

The increasing demand for alternative materials produced from
renewable resources is driving an intense research for substituting
oil-based products with agriculture or marine subproducts. For
example, in environmental applications biosorbents are being
investigated for replacing synthetic resins for the removal and/or
recovery of metal ions from dilute solutions. Biomass can be also
used for binding metals and then used for supported catalysis. In
the field of safety and fire protection, materials of biological ori-
gin have also received a great attention for the last decades.'™
Synthetic materials, especially chlorine and aromatic-containing
ones as poly(vinyl chloride) and polystyrene, may produce toxic
subproducts such as volatile organic compounds during combus-
tion (even in well-ventilated conditions),”™ while the thermal
degradation of agriculture waste or marine resources is generally
more environmentally friendly.” Recently, alginate, a polysaccha-
ride extracted from brown algal biomass has also retained a great
attention due to its promising properties in terms of fire retard-
ancy.*™"? Alginate is a heteropolymer constituted of guluronic
acid and mannuronic units; this biopolymer rich in carboxylic
acid is ionotropically gelled with divalent or trivalent metal cati-
ons to form stable hydrogels. The properties of the hydrogels
strongly depend on the metal cations used for gelling.'*™'® Zhang
et al. investigated the flame retardancy properties and pyrolysis

products of calcium alginate'®: they highlighted the relatively
high value of the limiting oxygen index, close to 34, and the fact
that alginate fibers do not show combustion in air. The heat
release rate (HRR), effective heat of combustion, and total heat
release (THR) are even lower than the relevant values of most of
synthetic or natural polymers. The gelling of alginate with cobalt
and manganese allows reducing HRR®: the presence of these
metal ions is supposed to decrease the release of combustible
gases. Similar trends were previously reported in the case of
nickel- and copper-gelled alginate.” Zinc was also successfully
used for preparing alginate-based materials with enhanced fire
retardancy properties.'”™"® Kong et al. observed that the shape of
calcium alginate fibers remained stable after limit oxygen index
test (LOI) and that the rigid char contributes to form a barrier
between the flame or heat and the material.?® The incorporation
of clay also contributes to improve thermal degradation proper-
ties.'"! The HR values are decreased when the proportion of clay
increases in the composite.’’ The freeze-drying procedure of
alginate-based hydrogel leads to the formation of foam-like mate-
rials with good fire properties. While increasing clay proportion
the apparent density of the composite obviously increases.

Foams, which are constituted by a continuous polymeric phase
and a gaseous phase (as dispersed bubbles) have several advan-
tages in comparison with unfoamed polymers: lightweight, high
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strength to weight ratio, thermal insulation property, and high
thermal stability.® Apart synthetic industrial foams made of
polypropylene (PP), polyethylene, or polystyrene base matrices,
alternative materials have been used for preparing bio-based
foams, for example poly(lactic acid).”” Pantani et al. reported
the combination of foaming agent with physical and tempera-
ture variations for elaborating biopolymer foams.* The elabora-
tion of porous biopolymer scaffold has focused abundant
research for the last decade using chitosan,” alginate,®®*” or
starch-based materials for biomedical application although the
concept is now expanding to other applications, such as envi-
ronmental use for metal recovery,”® " or manufacturing of fire
retardant materials.”’ Usually sophisticated or expensive drying
methods are required using, for example, freeze-drying®' or dry-
ing under supercritical CO, conditions.”®*' An alternative
method has been developed for preparing alginate-based foams
without freeze-drying process, for lower cost. The foaming of
the alginate-based material is improved using a foaming agent,
such as sodium lauryl sulfate (SLS) to produce lighter foam
with improved properties of fire retardancy, lower thermal con-
ductivity. The in situ gelling of the foam is operated in the pres-
ence of copper ions and gluconolactone; the slow dissociation
of gluconolactone produces protons that react with copper car-
bonate, which, in turn, release copper ions in the core of the
solutions and causes the progressive ionotropic gelation of the
biopolymer. The copper-gelling allows producing more stable
and rigid structure than conventional calcium gelling.'"*™'
Despite, other metal cations can be used for alginate gelation,
such as barium, zinc, which are very efficient for improving fire
retardant properties of alginate (see above), the copper-alginate
system is one of the most frequently used, and it is character-
ized by a high strength and rigidity. Calcium is even more fre-
quently employed for manufacturing alginate-based gels;
however, testing the selected procedure with calcium salt did
not allow elaborating rigid gels; at air-drying (oven-drying) the
porous structure irreversibly collapsed and the materials lose
their morphology and shape limiting the possibility to use these
materials for target applications. Another advantage at using
copper salts is that copper bring bactericide properties that
could contribute to prevent the early degradation of the foams.

The principal novelty brought by this study consists of the com-
bined use of a foaming agent, the homogeneous ionotropic
copper-based gelation mode, and the cost-effective air-drying
method. The drying at 50 °C allows producing dried foams with
stable structure that were characterized in terms of foam pro-
ductivity, measured as the volume of dried foam produced with
a given volume of preparation, apparent density and processing
efficiency, qualified as the shrinking percentage at drying. A
Box-Behnken (B-B) experimental design was designed for opti-
mizing the synthesis procedure of alginate-based foams using
copper carbonate, SLS: the concentration of alginate, SLS, and
copper carbonate have been varied at three levels (-1, 0, and
+1, see below) and the target characteristics are systematically
determined in order to design the surface responses that fit
experimental data. The processing equations (characterized by
10 specific coefficients, reflecting the individual impact and the
cross-effects of experimental parameters) for the different

responses are established, on the basis of a quadratic model
equation. The iso-response curves are plotted to illustrate the
effects of these parameters and suggest optimum conditions for
highest production of light and stable alginate-foams. The dis-
cussion of these curves helps in identifying the relative impor-
tance of these experimental parameters on the different
responses. The main criteria for evaluating thermal insulating
foams are characterized by low thermal conductivity, low den-
sity, and low flammability.>* Selected samples are also tested for
thermal conductivity, thermal degradation, and mechanical sta-
bility. Scanning electron microscopy (SEM) is also used for
characterizing the opening of foam cells.

EXPERIMENTAL

Materials

Alginate (Manugel DMB, sodium alginate) was supplied by
FMC (Cork, Ireland). The commercial characterization of this
material corresponds to a viscosity of 263 mPa s (for 1% w/
w concentration at 20°C). Calcium chloride (CaCl,.2H,0) was
obtained from Chem-Lab (Zedelgem, Belgium). Calcium car-
bonate, gluconolactone, copper chloride (CuCl,.2H,0) were
supplied by Sigma-Aldrich Chemie GmbH (Steinheim, Ger-
many). SLS was purchased from Carlo Erba (Milano, Italy).
Sodium carbonate was supplied by VWR Prolabo (Fontenay-
Sous-Bois, France). The extruded polystyrene foam (EPS) tested
as a reference material is commercialized by Raja France (Roissy,
France) as a packing material (reference PSE50C).

Preparation of Copper Carbonate

Copper carbonate was synthesized by reaction between
CuCl,.2H,0 and Na,CO; under pH control using the following
procedure: 14 g of copper chloride were dissolved in 300 mL of
demineralized water; the pH was adjusted to 10 using a 10%
(w/w) solution of sodium carbonate. The solution was aged for
2 h before controlling the pH to 8 with 0.25 M HCI solution.
The solution maintained under agitation and pH control for
3 h was finally adjusted to a final volume of 400 mL with dem-
ineralized water. Copper being in excess compared to carbonate
the suspension contains copper carbonate and free copper: free
copper will contribute to partial external ionotropic gelation of
alginate while CuCOj; will contribute to the delayed in-core ion-
otropic gelation (gluconolactone dissociation releases protons
that will react with copper carbonate, see below). This suspen-
sion will be called CuCOj; suspension in the next sections. It is
noteworthy that commercial copper carbonate is not stable: it is
rapidly dissociated in presence of moisture to form the so-called
basic copper carbonate associating copper, carbonate, and
hydroxide. In addition, the dried product appeared to be non-
operable when mixed with alginate; instantaneous precipitation,
and agglomeration make impossible the processing of the mix-
ture. The actual fraction of solid precipitate in the suspension
has been quantified to 20 g L™' by weight loss at 105 °C.

Manufacturing of Alginate Foams

The principle of the synthesis of alginate foams consists in the
homogeneous ionotropic gelation of foamed alginate.'"?"??
Foaming was facilitated by the addition under strong agitation
of SLS. The slow release of copper (for ionotropic gelation) was
operated by the introduction of copper carbonate and



Table I. Levels of Selected Parameters for Box-Behnken (B-B) Design

Coded variable level

Low Center High
Variable Symbol -1 0 +1
Alginate (amount, g) X1 140 (2800) 150 (3000) 160 (3200)
SLS (volume, mL) Xo 3.5 (35) 6.5 (65) 9.5 (95)
CuCO3 (volume, mL) X3 2.5 (50) 5(100) 7.5 (150)

Into brackets: amounts in mg for alginate biopolymer, SLS salt and CuCO3 “equivalent” solid for a total volume of preparation of 200 mL.

gluconolactone in the alginate solution by analogy with the cal-
cium carbonate/gluconolactone procedure of gelation: the pro-
gressive dissociation of gluconolactone releases protons that will
interact with carbonate and, in turn, induces the release of cop-
per and carbon dioxide, contributes to the internal ionotropic
gelation of alginate in its expanded form (foamed suspension).
Copper carbonate was preferred to calcium carbonate since the
copper gelation of alginate gives stronger and more rigid
hydrogels.'®

Sodium alginate was first dissolved in demineralized water (4%,
w/w) under agitation using a mixer/kneader (velocity: 150 rpm)
for 12 h (until complete dissolution). SLS solution (1%, w/w)
was added to a variable amount of the alginate solution (i.e.,
140, 150, or 160 g): the volume of SLS (3.5, 6.5, and 9.5 mL;
i.e., 35, 65, and 95 mg of SLS, respectively) and the amount of
alginate solution (140, 150, and 160 g; corresponding to alginate
dry weights of 5.6, 6, and 6.4 g, respectively) were varied for
preparing different series of materials. Homogeneous copper
carbonate suspension (10%, w/w; agitated) was introduced in
the reactor varying the volume of suspension (i.e., 2.5, 5, and
7.5 mL, that corresponds to amounts of precipitates of 50, 10,
and 150 mg of CuCOs, respectively). Demineralized water was
added to a final volume of 200 mL. The suspension was main-
tained under agitation for 30 min. Then, 2 mL of CaCOj; sus-
pension (10%, w/w) were added to the mixture under agitation
for 1 min and 3 g of gluconolactone were introduced under
strong agitation (300-400 rpm) for 30 s and the wet foam was
dropped into a rectangular mold (110 X 145 mm). This excess
of carbonate (added as CaCOs) serves to improve the fire retar-
dant properties: the thermal degradation of carbonate produces
carbon dioxide through endothermic reaction that may help in
controlling fire behavior’; or by heat absorption that increases
to time to reach high temperatures around 500 °C.*> The molds
were finally dried for 72 h in an oven at 50 °C.

The slow release of copper, mediated by the weak organic acid,
is important for preventing the formation of aggregates, the het-
erogeneous gelation of the biopolymer. Weak acid promotes the
slow release and lightly delayed gelation, which, in turn, allows
processing the preparation for dipping in the molds. Adding a
stronger acid would not allow getting the desired homogeneous
structure for the foams and would make the processing of the
materials complex with a partial gelation of the mixture before
it is dropped in the mold. The protons (released during gluco-
nolactone dissociation) convert carbonate anions in carbonic
acid and carbon dioxide, which contributes to a kind of

porogen effect in addition to the foaming effect of SLS during
the strong agitation phase.

Preliminary tests allowed identifying three critical parameters
for the manufacturing of alginate foams: the amounts of the
biopolymer, the foaming agent (SLS), and ionotropic agent
(copper carbonate). In order to optimize the manufacturing of
the foam an experimental design methodology has been used:
B-B design with three variables and three levels (see Table I).
Fifteen formulations were prepared, including three replicates of
the centered point; they are reported in Table II.

Several criteria were used for qualifying the production of the
alginate foams: the volume of foam generated, both wet and
dry, the density (kg m ™), and the shrinking percentage (%).
The responses to variable parameters are also reported in
Table II.

A first B-B experimental design was carried out with wider
ranges of values; it served to focus on more precise selected
values.

The model follows the equation’®:
Y =Bot Bt Bt B3+ B X% +B13xx5+By50x
2 2 2
B T B2nxy +B33x5;

where y is the predicted response vector, x; are the independent
variables, {3; are the linear coefficients, 3;; are the cross product
coefficients, and B;; are the quadratic coefficients. The units of
these parameters depend on the tested parameter (apparent
density, volume, shrinking percentage), since in the equation
the centered coded values are dimensionless. The values of the
parameters have been estimated by matrix calculation’®:

(1)

(2)

where B is the vector of coefficients (B; By Bi), X is the so-
called experimental matrix (15,10) (see Supporting Information
section), X' is the transposed experimental matrix.

B=(X'X)"'X" Y

It is noteworthy that a specific set of parameters (B; B Bii)
was established for each vector of response; that is, dry volume,
apparent density, and shrinking percentage.

The central point, repeated three times (runs 13, 14, and 15),
shows a relatively good reproducibility for apparent density
(ie, 249+ 1.8 kg m % variation percentage: 7%), dry
volume (i.e., 405 = 20 mL; variation percentage: 5%), and wet
volume (i.e., 490 =9 mlL; variation percentage: 2%). On the
other hand, for the shrinking percentage the variation is much



Table II. Box-Behnken (B-B) Design with Actual Values of Variables and Experimental Corresponding Results (for a Total Volume of Preparation of

200 mL)
Actual values of variables Experimental results
Apparent Dry Shrinking Wet
x1 (alginate) X5 (SLS) x3 (CuCOg) density volume percentage volume

Run # (mL) (mL) (mL) (kg m~3) (mL) (%) (mL)
1 140 8.5 5 50.5 251 26.1 339
2 160 3.5 5 145.7 168 38.8 275
3 140 9.5 5 31.6 425 431 748
4 160 9.5 5 22.0 408 37.7 654
5 140 6.5 25 18.9 504 12.8 578
6 140 6.5 7.5 20.0 441 17 531
7 160 6.5 2.5 22.4 294 243 388
8 160 6.5 7.5 28.4 289 25.4 388
9 150 8.5 2.5 71.0 176 427 307
10 150 9.5 2.5 31.6 404 40.7 681
11 150 8.5 7.5 95.0 148 459 275
12 150 9.5 7.5 23.8 431 30 616
13 150 6.5 5 22.5 434 11.7 492
14 150 6.5 5 254 390 20.2 500
15 150 6.5 5 26.9 392 18 478

greater (i.e., 16% * 4%; variation percentage: 27%): surface
deformation makes difficult the accurate determination of this
parameter.

Characterization of Materials

The volumes of the foams were measured before and after dry-
ing for 72 h in an oven at 50°C and the shrinking percentage
was calculated by the volume loss after drying (in percentage).
The apparent volumetric density was calculated by the measure-
ments of weight and volume of dried foams. Obviously the
shrinking during the drying step may cause, under certain con-
ditions, a deformation of the surface of the dried foams; espe-
cially the surface that was in contact with the atmosphere; that
is, not in contact with the mold. As a consequence the volumes
may be determined with a certain “inaccuracy”; the maximum
error is evaluated to 10%.

In addition, the macroporous structure (cell opening) of the
foam has been characterized using SEM. Inner structure of
foams was observed with a SEM (FEI Quanta 200 SEM). All
images were obtained under high vacuum at a voltage of 10 kV
and a working distance of 9-12 mm.

The analysis of the viscosity of alginate solutions was performed
on a Visco Plus viscometer (Fungi Lab, Sant Feliu de Llobregat,
Spain), changing both the mobile and the rotation speed with
measured viscosity, in order to remain in the range of linearity
of the equipment (scale 15%-90% of measurement range, as
supplied for each mobile).

Fire Retardant Characterization

Fire behavior was assessed using UL94 vertical burning test.>’
Sample dimensions were 100 X 10 X e mm?, where e is the
thickness of the foam. The pyrolysis combustion flow

calorimetry (PCFC) was also used to measure the flammability
of samples at microscale (2-3 mg). This device was developed
by Lyon and Walters.”® The sample was first heated from 80 to
750°C at 1°C/s in a pyrolyzer under nitrogen flow (anaerobic
pyrolysis—method A according to the standard ASTM D7309)
and the degradation products were sent to a combustor where
they were mixed with oxygen in excess at 900 °C. Under selected
conditions, all gases were fully oxidized. HRR was then calcu-
lated by oxygen depletion according to Huggett’s relation: 1 kg
of consumed oxygen corresponds to 13.1 M] of released

energy.”

Mechanical Characterization

Compression properties were measured using a Zwick THO010
apparatus at 5 mm/min. 16 mm diameter samples were care-
fully cut from foams. The dimensions of the foams (including
their thickness) depend on the conditions used for the prepara-
tion of the materials due to different shrinking percentages. The
actual thickness of the sample was systematically measured and
used for the determination of mechanical properties. Three to
six samples were tested for each formulation.

Thermal Conductivity Analysis

Among the remarkable properties of EPS, which is extensively
used as insulating material, its low thermal conductivity can be
considered an appropriate reference for testing the alginate-
foams produced in this study. Making profit of the equipment
available in our research center some preliminary tests have
been carried out for comparison with the reference material but
also for evaluating the potential impact of foam density. Ther-
mal conductivity was measured at room temperature using a
thermal conductivimeter based on hot wire method (FP2C
from Neotim).
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Figure 1. SEM observations of three foams. Effect of density on cell observation [top row, general morphology of foams at the lowest magnification

(X60); bottom row, view focused on the thickness of cell walls, and fine surface aspect of the scaffold at highest magnification (>X2000); pressure in the

SEM chamber: 0.53 Torr; accelerating voltage: 10.0 kV].

RESULTS AND DISCUSSION

Morphology of Alginate Foams—SEM Analysis

Due to their brittleness, foams were damaged to a certain extent
during cutting and preparation for SEM observations. Figure 1
shows the inner structure of three foams with various densities.
These cells can be roughly considered as having a closed-cell struc-
ture.”® The air-drying process is favoring the formation of closed-
cells compared to freeze-drying process that forms more open
cells. Actually, the freeze-drying was especially used for preparing
macroporous alginate foams that were used as highly-percolating
materials for the sorption of metal ions.”® The freeze-drying con-
ditions improve the release of the gas dissolved in the gel and the
breaking of the bubbles leads to the formation of an intercon-
nected porous network. This effect is even reinforced when using a
blowing agent as SLS. With air-drying the interconnected porous
network is not formed and the cells mainly remain closed. The
open/closed cell structure may have a strong impact on (a) ther-
mal insulating/fire retardancy properties by controlling the diffu-
sion of gases and heat, but also on (b) mechanical properties.*’

It is noteworthy that the denser foams exhibit smaller cells. For
the foams of lower density (8.2 kg m ™) the order of magnitude
of the cell size is higher than 4 mm while for intermediary den-
sity (i.e., 14.1 kg m ) the cells have size between 1 X 1.5 mm
and 1.5 X 3 mm. The smallest cells are obtained at the highest
density; for density of 34.7 kg m > the cells are more regular
with a size close to 1 X 1.5 mm. Mohebbi et al. classified, in
the case of PP foams, the materials in several types depending
on the cell size and the cell density*’; by analogy with PP foams
and based on their size the cells can be qualified as conventional
close cells (cell size being greater than 300 um and the cell den-
sity being obviously lower than 10° cells/cm®).

The thickness of the cell walls also increases when density
increases. This is particularly obvious when comparing the
densest foam to the least dense one. This may be related to the

higher mechanical properties of denser foams (thickness from
about 5 um up to 18 um); however, the actual mechanical
behavior of the foams is controlled by both the changes in the
thickness of the walls and the cell size (cross section). This
would deserve a more complete study for optimizing these
mechanical properties. Holes can be also found into cell walls
(see top row of Figure 1). Higher magnification highlights the
roughness of the scaffold (see for example, pictures for the
foam with intermediate density).

Photographs of the size face of the foams (vertical cut) shows
that the structure is globally homogeneous; however, for certain
formulations, a thin layer of the foams appears less expanded at
the center of the block (Figure S1, see Supporting Information
section).

Characterization of Thermal Conductivity, Mechanical, and
Fire Retardant Properties of Foams

Fire Retardant Properties. The main benefit of alginate-based
foams compared to expanded polystyrene foams is their low
flammability. The flammability of alginate foams, fibers, or films
has been already addressed. Depending on the divalent or triva-
lent cation used for gelation, VO rating in UL94 test and LOI
higher than 50 can be reached.*®'”*"** High char contents
(>30 wt %) both in air and nitrogen were also measured using
thermogravimetric analysis. Gelation with calcium and barium
cations was found as very effective for flame retardancy.*>™*
Lyon et al. have studied correlations between PCFC and various
fire tests from a large set of polymers.*® For example, the proba-
bility to obtain VO rating in UL94 test is high for THR and
heat release capacity (HRC); that are lower than 17.8 kJ g~ !
and 340 J g~ ' K™, respectively. The HRC is the peak HRR div-
idied by the heating rate.

The measured properties in PCFC for alginate are much lower
than the threshold values determined by the authors to pass UL94
test. HRR curve measured in PCFC is shown in Figure 2 for raw



alginate powder (the analytical procedure is independent of the
shape and size of the sample). There is no influence of the physical
state (powder vs. film vs. foam) on the data measured by PCFC.
Probably the exact composition (presence of SLS or other compo-
nents) may have an influence. But, it must be noted that the HRR
is very low and the very small differences from one sample to
another one cannot be interpreted. Then a change from 10 to 20
W g~ ! appears nonsignificant. Two main peaks are observed. Other
small peaks can be considered as noise. Keep in mind that peak of
HRR for common polymers for which PCFC was designed is gen-
erally comprised between 200 and 1200 W g~ ',*/
50 times the value measured here. First peak is observed at 240 °C
and the second one occurs at 440 °C. These two peaks correspond
to two different steps in the thermal degradation profile as it would
appear on TGA analysis. The first step consists of the thermal
degradation of the material with simultaneous formation of a
poorly stable residue, which will be degraded in a second step.
However, it is noteworthy that an important fraction of carbon-
based product remains in the residue that will be only thermally
degraded under aerobic pyrolysis (with a heat release that may
exceed 10 kJ gfl). Under anaerobic pyrolysis conditions, the THR
is around 3 kJ g~ ' and the weight loss does not exceed 70%. This
means that the effective energy of combustion is close to 4 kJ g~ '
This value is very low; this means that released gases are highly
oxidized even before the combustion. This is probably due to the
presence of significant amounts of carbon dioxide and/or water
(and possibly low amounts of carbon-containing gas poorly
oxidized and that will be oxidized during combustion with supple-
mentary heat release). Anyway, it is important to point out that the
quantities of heat released during the anaerobic pyrolysis are very
low; close to the detection limit, which makes the interpretation
debatable. The THR (which represents the surface area under the
curves) is below 2 kJ g~' for the foams versus 15-44 kJ g~ ' for
common polymers,*” and 8-9 kJ g~ ' for cellulose.*® For formu-
lated foams, both peaks are also observed at similar temperature
but their intensity is lower, especially for the second peak. The resi-
due content is close to 70 wt %.

this means 10 to

All foams exhibit self-extinguishing behavior according to UL94
test and are VO ranked, irrespective to their thickness or density.
In some cases, some parts of burnt materials fall but do not
ignite the piece of cotton located below. Actually, the differences
observed on different series were not considered sufficient for
considering the fire retardant properties to be significantly
affected; all the materials are characterized by VO ranking
(UL94) and low THR.

Actually, according literature, sodium alginate materials are not
self-extinguishing (regardless of the form; i.e., foams or films)
based on tests such as UL94 or LOIL The nature of the gelling
agent (metal ion) affects this behavior, while copper and man-
ganese cations do mnot bring self-extinguishable properties,®
metal ions such as Fe(IIl), Cr(III), AL(III),*" Co(II),® Zn(II),"”
Ni(1I),> or Ba(ID)*® allows converting alginate to self-
extinguishable material after metal gelation.

Figure S2 (see Supporting Information section) shows the
change in the aspects of a foam block subjected to three succes-
sive flame exposition (individual irradiation time: 10 s). Though
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Figure 2. HRR curve for raw alginate in PCFC.

the block progressively degrades it appears that the material
maintains its global structure compared to expanded polysty-
rene that melts and drips as soon as its temperature exceeds
100°C.

Thermal Conductivity. Thermal conductivity is a key property
of foams for insulating properties. Thermal conductivity was
measured at room temperature for a set of foams exhibiting
various densities. Values were measured in the range 0.028—
0.039 Wm™' K™, corresponding to highly insulating materials.
Similar value (0.041 W m™! K™') was measured for commercial
EPS foam with apparent density of 10 kg m™>. The analytical
procedure used for the characterization of thermal conductivity
does not allow detecting significant differences below 0.005
W m™' KL As a consequence, the differences observed
between the different samples cannot be considered representa-
tive. However, it is important to remind that the objective of
this test consisted of demonstrating that the thermal conductiv-
ity is of the same order of magnitude than the values obtained
with a conventional commercial sample. These data are suffi-
cient to confirm the interest of these foams in terms of insulat-
ing properties: thermal conductivities are comparable to the
values of a critical reference material like expanded polystyrene
foam.

Mechanical Properties. Mechanical properties are also impor-
tant properties for foams. Among the different tests existing for
characterizing the mechanical properties of polymer foams,*’
the uniaxial compression test is a relatively simple test that can
be readily used with appropriate reproducibility for the prelimi-
nary testing of mechanical strength and comparison of selected
foams. Obviously more complete tests would be necessary for
standard qualification of the materials.*>**° However, this sim-
ple test is sufficient for evaluating the relative impact of operat-
ing parameters through the correlation of the compression
properties with the apparent density of the foams. Compression
tests were carried out on a set of foams with apparent density
ranging from 7 to 35 kg m™>. Typical “stress—displacement”
curves are shown in Figure 3. Curves for alginate foams are
characterized by several peaks due to the brittle behavior of the
foams. On the contrary, expanded polystyrene shows a smooth
curve. Both maximum stress and modulus (measured typically
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when the force is between 0.04 and 0.4 N) increase with appar-
ent density increase. This expected result gives an indication on
the importance of optimizing the density of the foams taking
into account mechanical resistance in addition to the apparent
density of the materials; for the next step in the optimization of
foam production see Optimization of Foam Manufacturing
section.

Figures 4 and 5 show the change in modulus and maximal
stress with apparent density. Modulus is low for low-density
foams (<200 kPa). A significant increase is observed for denser
foams. For 15 and 35 kg m™ >, modulus is 430 and 840 kPa,
respectively. In the case of EPS, the modulus is slightly higher
(around 300 kPa) than corresponding alginate foams with simi-
lar density.

Linear increase of maximum stress with apparent density is
more obvious for alginate foams. The maximum stress increases
from 2 to 45 kPa when density increases from 7 to 35 kPa. Nev-
ertheless, EPS exhibits a much higher maximum stress: at least
62 kPa versus 5 kPa for comparable foams (data not shown
because the maximum stress for EPS was not reached at the
end of the test). This critical issue is currently investigated with
both the incorporation of cellulose-based fibers and the
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Figure 4. Modulus versus apparent density for several alginate foams and
EPS (the solid line shows the linear regression plot of modulus vs. appar-
ent density for alginate-based foams).
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Figure 5. Max stress versus apparent density for several alginate foams
(the solid line shows the linear regression plot of max stress vs. apparent
density for alginate-based foams).

optimization of alginate concentration with the objective to
increase mechanical resistance of composite material.

Optimization of Foam Manufacturing

B-B Design. Table II summarizes the main results obtained in
the morphological characterization of alginate foams in relation
with the variation of experimental parameters (B-B design).

The coefficients of the model for the four responses are
reported in Table III. In addition, the predicted and experimen-
tal values are compared in Figures S3—-S6 (see Supporting Infor-
mation section) for the density of the foam, the dry volume,
the shrinking percentage, and the wet volume, respectively. The
calculated equations fit relatively well experimental data, espe-
cially for the apparent density and the volume of production of
wet foams: the determination coefficients are close to 0.986 and
0.991, respectively; much better than for the shrinking percent-
age (R* = 0.885).

The main objectives for processing optimized foam, in terms of
practical characteristics, concern the apparent density of the
foam and the shrinking percentage that should be as low as
possible and the volume of dried foam produced that should be
the highest possible. Obviously, the experimental parameters
should take into account, in a second step, criteria such as the
mechanical properties of elaborated materials, as well as fire
retardant properties and insulating performance. Ongoing
research will consider the incorporation of additives (fibers, fire
retardant compounds) to improve relevant properties, based on
the optimization of foam production.

In order to get a better visualization and understanding of the
effect of individual parameters on these three criteria a series of
iso-response curves has been plotted using the general equations
(B;j) for the three parameters at the three levels (-1, 0, and
+1). In addition, Figures S7-S15 (see Supporting Information
section) show the three-dimensional curves at centered values
of the third circular parameter.

Evaluation of Processing Parameters on Apparent Density.
Decreasing the apparent density below 20 kg m ? (i.e., compa-
rable to usual EPS materials; the tested EPS herein has a density
of 10 kg m™’) requires using low amounts of alginate and



Table III. Coefficients of the Model [eq. (1)] for the Four Responses (Apparent Density, Dry Volume, Shrinking Percentage, and Wet Volume)

Coefficient Apparent density Dry volume Shrinking percentage Wet volume
Bo 24.93 408.33 16.63 490.00
B4 1219 -57.75 3.40 -61.43
Bz -31.65 115.63 -0.25 187.91
Bs 2.91 -8.63 -0.28 -17.96
Bi2 -26.20 16.50 -4.53 =7.39
Biz 1.23 14.50 -0.78 11.80
B2z -7.95 13.75 -3.48 -7.98
Bi1 2.30 -1.54 -0.08 7.71
Boo 35.22 -93.79 19.87 6.34
B3z -4.81 -24.79 3.32 -26.71
R? 0.954 0.938 0.885 0.985

intermediary amounts of SLS, regardless of the amount of cop-
per carbonate introduced in the composition of the production
batch (Figure 6). When increasing the alginate concentration
the amount of SLS should be increased to reach target objective.

These results mean that a key parameter for the design of
“light” materials is strongly controlled by the critical parameter
alginate/SLS, while the relative value of copper carbonate has a
limited effect on this parameter.
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Figure 6. Isoresponse curves for the effect of experimental parameters (coded variables) on the volume of apparent density (kg m™?) (=1/0/+1 levels:
alginate: 2800/3000/3200 mg; SLS 35/65/95 mg; CuCOs; equivalent solid: 50/100/150 mg for the preparation of a volume of 200 mL wet foam). [Color
figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

Alginate: - 1 Alginate: 0 Alginate: + 1
£ T 1.0 = 1.0 g 1.0
I T
0.5 0.5 0.5
-
' . 0.0 SLS 0.0 SLS
T T = =
| 1 .| -
- 0.5 -0.5
BT L] = P11
=TT £ g et 1
-1 -0.5 0.0 0.5 1.0 -1 -0.5 0.0 0.5 1.0
Copper carbonate Copper carbonate
SLS:-1 i SLS: +1 i
T " & PR
] IS i -
- ESammme= | = 1
s 0.5 0.5 S0
B j f Il
Y= 0.0 Alginat ooy L FY 0.0 Alginate 1 0.0 Algi
I 0 N W N I HEE R |
e 05 - ] 05 DfEETE] 1T o5
faassie: SERsiinisanis ' Sane:
I i i I = 4 Ctaso |
-1 -0.5 0.0 0.5 1.0 -1 -0.5 0.0 0.5 1.0 -1 -0.5 0.0 0.5 1.0
Copper carbonate Copper carbonate Copper carbonate
Cu(COy):-1 Cu(CO,): 0 Cu(CO;): +1
0.0 - T 1.0 1.0
marTmar T yTuErEEEEEEEESuEs uy
| ! /
/ 0.5 / ALY 0.5 ] 0.5
7 ] T
/ 1 F I i Fi o}
- -1.0 Alg y 0.0 A i 0.0 Alg
7 I [
. -1.5 FH 0.5 J,i ] 7 05
7 ] I i [ 1
Ay 2 oy ga 4 H i) 4
-1 -0.5 0.0 0.5 1.0 -1 -0.5 0.0 0.5 1.0 -1 -0.5 0.0 0.5 1.0
SLS | SLS | SLS
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[Color figure can be viewed at wileyonlinelibrary.com]

At low SLS level (i.e., 3.5 mL, 35 mg/200 mL of preparation)
whatever the amounts of alginate and copper the materials are
very compact and the apparent density largely exceeds target
level. At intermediary SLS level, alginate should be set at low
level below 150 mL for 200 mL of preparation. A reciprocal
trend is observed at high SLS level where the amount of alginate
should exceed 150 g for 200 mL of preparation.

The levels of copper carbonate have a limited impact on the
apparent density; however, best results are obtained with SLS in
the range 6.5-9.5 mL (or 35-95 mg) for 200 mL preparation.
The amount of alginate is not critical. Nevertheless, the optimal
surfaces for the three levels of copper carbonate delimit a
median axis that shows a relatively stable slope that corresponds
to a mass ratio between alginate and SLS close to 40.

With the target of maintaining apparent density below 20
kg m ™ the best conditions correspond to the following propor-
tions for 200 mL of preparation:

e Alginate solution: 140 mL (4% w/w solution; i.e., 5.6 g)
e SLS solution: 6.5 mL (1%, w/w solution; i.e., 65 mg)

e CuCOj suspension: weak impact (centering on 5 mL of 10%
w/w suspension; i.e., 100 mg).

Evaluation of Processing Parameters on Dry Volume of
Obtained Foams. Figure 7 reports the iso-curves for the pro-
duction of dry foams. This is also a critical parameter for opti-
mizing the productivity of the process. Low levels of SLS are
crippling: when SLS is set to 3.5 mL for 200 mL of preparation,
whatever the levels of copper carbonate and Alginate the pro-
duction of foams remains below 300 mL. At levels 0 and +1,
(i.e., 6.5 and 9.5 mL of SLS) the production of foams increases
with decreasing Alginate volume, while the amount of copper
carbonate has a weaker impact.

When examining the effect of alginate amount at three levels it
appears that the biopolymer should be below 150 mL (i.e.,
below 6 g) for SLS higher than 6.5 mL (i.e., 65 mg), while the
amount of copper carbonate has a limited impact. This conclu-
sion is corroborated by the last row of Figure 7 that examines
the effect of copper carbonate: for the three levels, best results
were obtained for amounts of alginate below 6 g and SLS higher
than 65 mg.
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In the case of foam productivity the ratio alginate/SLS also
sounds to be a crucial parameter. Best conditions correspond
for 200 mL of preparation to:

e Alginate below 150 mL (4% w/w solution; ie., 6 g of
alginate)

e SLS above 6.5 mL (1% w/w solution; i.e., 65 mg)

e Copper carbonate (5 mL 10% w/w suspension; i.e., 100 mg).

Evaluation of Processing Parameters Shrinking
Percentage. The shrinking percentage is also an important crite-
rion in terms of operability of the manufacturing. An important
shrinking is frequently associated to a large deformation of the
size and planarity of the foams that will make the material diffi-
cult to use for final application. In this section, the shrinking is
roughly calculated as the reduction (in percentage) of the pro-
duced volume with reference to wet volume. Obviously, this
parameter is not independent of the other parameters analyzed
above but it seems interesting discussing the results under this

on

specific criterion. Figure 8 shows the iso-response curves for
shrinking percentage; the objective being to maintain this
shrinking percentage below 20%.

The first row of Figure 8 illustrates the effect of SLS and copper
carbonate at three levels of alginate. The optimum for the
reduction of shrinking is clearly located at the center of the fig-
ures with intermediary values for SLS and copper carbonate.
The optimum surface is considerably reduced in size when
increasing alginate amount; this requires a more drastic control
of the other compounds. The shrinking decreases when alginate
amount decreases.

When considering the effect of SLS level on shrinking it appears
that SLS should be around 6.5 mL (1% solution; i.e., 65 mg)
with copper carbonate close to 5 mL suspension (10% w/w; i.e.,
100 mg); under these conditions the amount of alginate has a
limited impact on shrinking. However, when the SLS amount
moves from this central value the shrinking strongly increases
regardless the values of the other parameters.
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The third row of Figure 8 shows the iso-response curves for the
three levels of copper carbonate amount; similar profiles are
observed with a minimized shrinking obtained at the central
value of SLS and with low levels of Alginate.

Optimal conditions are roughly found close to:

o Alginate: below 150 mL (4% w/w solution; i.e., 6 g)
e SLS: 6.5 mL (1% w/w solution; i.e., 65 mg)
o CuCO;: 5 mL (10% w/w suspension; i.e., 100 mg).

Effect of Alginate/SLS Ratio. The analysis of iso-response
curves has demonstrated that the critical parameters are alginate
and SLS levels, while copper carbonate has a lowest impact on
the global productivity, apparent density, and morphological
stability (shrinking). The macroscopic observation of the differ-
ent series also subjectively identified a number of materials hav-
ing “appropriate properties,” such as general aspect (correlated
to shrinking), handling stability (correlated to mechanical sta-
bility), and apparent density. In Table II, the data in italics iden-
tify the experimental conditions that fit individual selected
criteria; that is: Apparent density around (or below) 20 kg m™;
dry volume around (or higher) 400 mL; and shrinking percent-
age <20%. Data in bold correspond to conditions that satisfy
all criteria. Actually, the best results correspond to the condi-
tions for the preparation of 200 mL:

o Alginate: 140 mL (4% w/w solution; i.e., 5.6 g)
e SLS: 6.5 mL (1% solution; i.e., 65 mg)
e Copper carbonate: 2.5 mL (10% suspension; i.e., 50 mg)

Under these conditions, the three criteria are satisfied. Several
other points also give relatively good manufacturing perfor-
mance and stability properties as shown in Table II: including
the central point: coded values (0, 0, 0) corresponding to algi-
nate: 150 mL (i.e., 6 g), SLS: 6.5 mL (i.e., 65 mg), and CuCOs:
5 mL (i.e., 100 mg). The point (alginate: 140 mL; SLS: 6.5 mL,
CuCOs: 7.5 mL) also gives good production parameters.

Copper carbonate appears to have a marginal effect on the syn-
thesis and properties of produced foams (at least in the tested
experimental range). Actually all the positive conditions corre-
spond to a mass ratio between Alginate and SLS around 42-46.
The capacity of the alginate-based system to form foam is obvi-
ously correlated to its viscosity: a highly viscous biopolymer
solution (corresponding to high alginate concentration) has
more difficulties to foam in the presence of the foaming agent
(SLS) than a “fluid” solution. Figure S16 (see Supporting Infor-
mation section) shows the evolution of viscosity with alginate
concentration: the viscosity should be below 4000 cP. Other
parameters such as the surface tension of the alginate/SLS solu-
tion are probably playing an important role on the foaming of
the suspension and then the morphological properties of the
foams.

CONCLUSIONS

The foaming of alginate solution using SLS (foaming agent) in
the presence of copper carbonate and gluconolactone (iono-
tropic gelation system) allows preparing expanded macroporous
structures that retain their shape after air-drying. The

production of foams, their apparent density, and their shrinking
(during the drying step) are critical parameters in terms of pro-
ductivity and processing. These materials have remarkable char-
acteristics in terms of thermal conductivity (below the
corresponding value of expanded polystyrene foam; i.e., 0.041
W m~ ! K'), and fire properties (self-extinguishing behavior
according to UL94 test and classified as VO ranked materials;
THR below 2 kJ g~ '). The mechanical properties, roughly
defined by compression tests but also by the shrinking percent-
age and the collapse of the foam structure during the drying
step, are logically correlated to the apparent density and the
operating conditions should be selected taking into account a
compromise between the mechanical stability and the apparent
density. The SEM characterization shows that the “opening” of
the cells of the foams decreases with apparent density.

According to the criteria selected for the optimization of the
synthesis, the best conditions were determined. For the prepara-
tion of 200 mL of suspension, alginate should be set below 6 g,
SLS should be around 65 mg while copper carbonate should be
around 500 mg (in mass of active product; i.e., 150 mL of 4%
w/w alginate solution, 6.5 mL of 1% SLS solution, and 6.5 mL
of 10% w/w CuCOs; suspension). These conditions allow main-
taining the shrinking below 20%, the apparent density below 20
kg m >, and the production of dry foam exceeds 400 mL (for
an initial volume of preparation of 200 mL). The critical mass
ratio between alginate and SLS is around 42-46.

Current development consists of incorporating fibers and other
additives in these alginate foams in order to increase their
mechanical and fire retardant properties. An effort will be made
for using green products (PLA, natural fibers, bioplasticizer) for
improving the mechanical properties of the foams but also their
surface properties (with more specifically the objective of
decreasing the wettability of the material). A special attention
will be also focused on testing the acoustic properties of these
foams. The mechanical properties of the gel, the manufacturing
conditions are strongly controlled by intrinsic parameters asso-
ciated to the biopolymer such as the viscosity of the solution.
Playing with the type of alginate (G/M ratio) and the concen-
tration is the key for appropriate processing; but a low concen-
tration of the biopolymer would lead to a dramatically collapse
of the foam structure during the drying step. The strength of
the gel and the dried foam could be also controlled by the type
of metal salt used for ionotropic gelation. These are parameters
that could be tested with profit for improving the properties of
the foams in addition to the incorporation of other adjuvants
(as reported above).
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