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Water based approaches aimed at the reduction of open cell foam flammability currently suffer from limited
efficiency and practicability. In order to address this issue, this paper exploits the unique features of bio-sourced
polyelectrolyte complexes (PECs) and high aspect ratio graphene oxide (GO), to deliver an efficient and high
performing solution to foam flammability. To this aim, PECs encompassing gelatin and phytic acid were
deposited on a brick-and-mortar graphene oxide polyacrylic acid (PAA) layer. This simple two-step deposition
produces a stacked GO-PAA/PECs conformal coating on the 3D structure of the foam. The assembly produces a
self-extinguishing behaviour during flammability tests in vertical configuration. The heat release rates are also
reduced up to 50 % as assessed by forced combustion tests at 35 kW/m?. This set of FR properties has never been
achieved before with such low number of deposition steps. In addition, the sound absorbing properties of the
coated foams were evaluated by impedance tube tests, highlighting how these foams could find application as
fire-safe sound-absorbing panel. The proposed approach thus represents an efficient step forward in the design of

multifunctional fire-safe foams with potential industrial scalability.

1. Introduction

Polyurethane foams (PU) are widely used in buildings and public
transports as either cushioning materials or acoustic panels due to their
low cost, versatility and performances [1]. In particular, the use of PU
acoustic panels is common in several application fields such as offices,
schools, theatres, cinemas, swimming pools, transportation etc. The
foams are installed on the building walls, ceilings, roofs, floors and doors
to address issues related to sound insulation and improve the acoustics
(i.e. improve well-being and reduce the noise effects on health) [2].
However, the low density and the organic nature of PU pose a severe
threat to safety as they can be easily ignited upon contact with a small
flame or a cigarette. During combustion, the structural collapse of the
foam and the production of incandescent droplets further increase the
fire risk of this material that has been indeed identified as one of the
main causes of a fire start and quick propagation [3]. To address this
problem, flame retardant (FR) additives are conventionally employed in
PU formulations in order to meet fire safety criteria. Halogenated flame
retardants have been widely used for this purpose [4]. Unfortunately,
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due to environmental and health issues, the use of such halogenated
compounds has been recently limited or prohibited in many application
fields [4-8].

The research on halogen-free flame retardant solutions has therefore
become a priority. Within this context, the development of FR solutions
based on the concept of PU surface modifications has attracted great
interest [9]. To this aim, the Layer by Layer (LbL) assembly has been
widely employed as it is a water-based technique that operates under
ambient conditions exploiting environmental benign substances. The
LbL deposition is based on the subsequent adsorption of oppositely
charged polyelectrolytes or nanoparticles on the substrate of choice,
yielding either highly stratified or interpenetrating coatings, where
electrostatic complexation occurs at molecular scale [10,11]. The LbL
technique is extremely versatile as the parameters controlling the
deposition (such as pH, temperature and ionic strength) can be finely
tuned in order to allow for the assembly of a plethora of chemical species
ranging from natural/synthetic polyelectrolytes to bio-macromolecules
or nanoparticles [12]. In particular, LbL assemblies encompassing
platelet-like nanoparticles, such as layered silicates [13-17] and

Received 28 March 2025; Received in revised form 5 June 2025; Accepted 6 June 2025

Available online 7 June 2025

0141-3910/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


https://orcid.org/0000-0003-4067-503X
https://orcid.org/0000-0003-4067-503X
mailto:federico.carosio@polito.it
www.sciencedirect.com/science/journal/01413910
https://www.journals.elsevier.com/polymer-degradation-and-stability
https://doi.org/10.1016/j.polymdegradstab.2025.111469
https://doi.org/10.1016/j.polymdegradstab.2025.111469
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2025.111469&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

L. Maddalena et al.

graphene related materials, [18,19] have been exploited for the prepa-
ration of FR PU characterized by low heat and smoke release during
forced combustion tests. The highly efficient stratification of the
employed nanoparticles as well as the formation of poly-
anion/polycation complexes at molecular scale have been suggested as
the main reasons behind the success of these LbL coatings [20].
Conversely, intumescent-like formulations have been proven to require
the support of a nanoparticle-based assembly in order to confer FR
properties [21]. For example, chitosan/ammonium polyphosphate sys-
tem has been reported to produce a self-extinguishing behaviour and
reduced heat release rates only when deposited on top of a chito-
san/vermiculite assembly [21]. However, despite the good results ach-
ieved, the relatively high number of deposition steps (i.e. 10-20)
required to obtain sufficient FR performances currently limits the
development of this FR approach [16]. The design of novel, high per-
forming and easy to scale-up coating approaches is therefore both highly
desirable and of applicative interest.

In this manuscript, we address this task by exploiting a two-step
deposition procedure that combines the concept of the LbL assembly
and the efficiency of water-soluble polyelectrolyte complexes (PECs).
Soluble or colloidal stable PECs can be produced by direct mixing of two
solutions containing oppositely charged polyelectrolytes under
controlled conditions (concentration, pH, ionic strength), thus enabling
the single-step deposition of coatings with LbL-like characteristics [22,
23]. Due to this unique feature and the potential dramatic increase in
deposition efficiency, PECs have rapidly attracted the interest of the
scientific community becoming a widely investigated research field
[24-28]. The use of PECs for the deposition of FR coatings has been first
attempted on textiles yielding results similar to previously developed
LbL assemblies [25,29]. Conversely, the development of FR PECs for PU
foams has yet to match the performances of conventional LbL coatings.
In order to address this performance gap, in this work, pre-formed PECs
encompassing gelatin (Gel) and phytic acid (PhA) were stacked on top of
a high aspect ratio graphite oxide nanoplatelets (GO)/polyacrylic acid
(PAA) layer to produce an efficient FR coating for PU foams (Fig. 1).

GO and PAA were selected as first layer in order to provide

1st layer

Neat PU

GO-PAA
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mechanical support to the subsequent PECs layer. Gel and PhA have
been chosen for the preparation of bio-based and environmentally
friendly PECs with intumescent features. Such PECs composition aligns
with the recent trend in the FR field that has witnessed a growing in-
terest towards the use of biomass FR solutions for water-based coatings
[25,30]. Indeed, Gel is a low-cost protein extracted from collagen, which
may be recovered from wastes and by-products generated by industrial
production based on animal origins [31]. Depending on pH, Gel can
behave as either positive polyelectrolyte (below isoelectric point) or
negative polyelectrolyte (above isoelectric point) [32-34]. PhA is a
molecule contained in cereal grains, oil seeds and beans and consists in a
six phosphateesters functionalized inositol with environmentally
friendly, biocompatible, and nontoxic characteristics [35,36]. When
compared to other biomass-derived FR chemicals, PhA represents the
most interesting molecule given its relatively high phosphorus content
(28 % wt) [37]. PhA can interact with positively charged poly-
electrolytes, [38] and has been previously employed for the preparation
of intumescent LbL coatings [39,40].

The formation of soluble Gel/PhA PECs and their adsorption on the
anionic GO/PAA layer has been investigated by means of IR spectros-
copy and SEM observations on model Si substrate. When transferred to
PU foams, the stacked GO-PAA/Gel-PhA coating dramatically improved
the FR properties by granting self-extinguishing behaviour during
flammability tests in vertical configuration and reduced combustion
rates during cone calorimetry, outperforming previously developed LbL
assemblies. A practical application of these foams as fire safe acoustic
panels is evaluated by impedance tube measurements.

2. Materials and methods
2.1. Materials

Open cell polyurethane foams of commercial grade with density 20 g
dm™ and 20 mm thick were bought from local warehouse, washed in
ultrapure water and dried at 70 °C before use. Graphene oxide 1wt %
dispersion (GO-X) was purchased from Avanzare Innovacion

Fire safe

2nd layer

~_

GO-PAA\Gel-PhA

Graphene oxide Polyacrylic acid

Phytic acid

:
.

Gelatin

Fig. 1. Schematization of the deposition approach developed in this manuscript.
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Tecnologica (Navarrete- La Rioja, Spain) and was used as received.
Polyacrylic acid (PAA, average Mw 250,000, 35 wt % in water), gelatine
(Gel, from cold water fish skin) and phytic acid (PhA, 50 wt % solution)
were purchased from Merck (Milan, Italy). All solutions/dispersions
were prepared with ultrapure water (resistivity 18.2 MQ cm) supplied
by Q20 Millipore system (Milan, Italy). A GO-PAA suspension was pre-
pared by diluting 11.42 g of PAA with 1wt % GO dispersion to a final
weight of 1000 g reaching a final PAA concentration of 0.4 wt %. Gel-
PhA PECs solution was prepared by adding equal volumes (1:1 vol./
vol.) of a 4 wt % phytic acid solution (pH 1.1, unmodified) to a 4 wt %
gelatine solution (pH 6.5, unmodified) under magnetic stirring,
achieving a final concentration of Gel-PhA equal to 2wt %—2wt %.
Figure S1 collects digital images of the neat Gel and PhA solutions and
snapshots acquired during their mixing for PECs preparation. Upon
mixing PhA to Gel, temporarily insoluble PECs are formed as the solu-
tion immediately turns turbid with cloudy white filaments (Figure S1c)
that eventually disappear leading to a homogeneous solution with pH
1.5 (Figure S1 d). At such pH, Gel behaves as a cationic polyelectrolyte
with most of the amine groups protonated [34]. Conversely, the
deprotonation of PhA is extremely limited as most of the phosphate
groups are largely undissociated [41]. These conditions thus favour the
formation of stable PECs where the protonated groups of Gel largely
overcompensate the nearly undissociated phosphate groups of PhA
therefore preventing the formation of insoluble PECs.

2.2. Coating deposition on model substrate

The coating was studied by FTIR in transmission mode on silicon
wafer as a model substrate. BPEI (0.1 wt %) solution was used as primer
in order to make the silicon surface prone to the GO-PAA adsorption.
The silicon wafer was dipped 10 min in BPEI solution, rinsed with ul-
trapure water by 1 min dipping and then dried with compressed air. The
negative layer of GO-PAA was deposited by dipping the silicon wafer 10
min and dried with compressed air and FTIR spectrum was recorded.
The same procedure was repeated for the Gel-PhA PECs deposition.

2.3. Deposition procedure on PU foams

PU foams were dipped in the GO-PAA dispersion and then squeezed
several times in order to allow the trapped air to escape while forcing the
dispersion to completely fill the volume of the foam. The deposition time
was set to 10 min. This condition is often employed in LbL assemblies in
order to promote a homogeneous deposition of the coating constituents
within the first layer pair [42]. After the deposition, the foams were
removed from the dispersion and squeezed in order to remove the excess
solution while targeting a wet pick-up of about 5 times the dry PU foam
weight. Then, the wet foams were dried in a ventilated oven at 70 °C to
constant weight. Once dried, the foams were then dipped in the Gel-PhA
PECs solution following the procedure already described for the GO-PAA
dispersion. Foams coated with this procedure are coded as
GO-PAA/Gel-PhA. In order to provide complementary information on
the effects of each deposition step, foams coated only by either the
GO-PAA dispersion (coded GO-PAA) or the Gel-PhA PECs (coded
Gel-PhA) were also prepared.

The coating add-on % was calculated as the dry weight gained after
the treatment divided by the original weight of the foam (both uncoated
and coated foam were dried in a ventilated oven at 70 °C to constant
weight). The add-on % was found to be 10+1 %, 12+1 % and 40+2 %
for GO-PAA, Gel-PhA and GO-PAA/Gel-PhA, respectively.

2.4. Characterization

The morphology of samples was investigated by scanning electron
microscopy (SEM, Zeiss Evo 15, equipped with a ULTIM MAX 40 probe,
Jena, Germany). The samples were positioned on conductive tape and
gold sputtered prior to observation at beam voltage set to 3 kV. The
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coating assembly on model Si wafer was characterized by means of a FT-
IR spectrometer (Perkin Elmer mod. Frontier, Waltham, MA, USA) in
transmission mode (resolution 4 cm'l, 16 scan). Flammability test were
performed on 3 specimens for each coating formulation in horizontal
configuration by the application of a 20 mm blue methane flame for 3 s
on the short size of the specimen (50 x 150 x 20 mm3) positioned on a
metallic grid. During combustion, the formation of molten incandescent
polymer drops was evaluated by placing dry cotton underneath the
specimen. Vertical flammability test was performed on GO-PAA/Gel-
PhA PU applying a blue methane flame on the short size of the foam
clamped vertically for 3 s. The final residues were evaluated by
weighting the specimens before and after the test. Prior to the tests,
specimens were conditioned 23.0 + 0.1 °C for 24 h at 50.0 %+0.1 R.H.
in a climatic chamber. Forced combustion tests were performed on an
oxygen consumption cone calorimeter (Noselab, Milan, Italy) using 100
x 100 x 20 mm® under 35 kWm radiative flux. Measurements were
performed 3 times for each formulation to obtain representative aver-
ages and experimental deviations. Time to Ignition (TTI), peak of Heat
Release Rate and its average (pkHRR and avHRR, respectively), Total
Heat Release (THR), Smoke Production Rate (SPR), Total smoke release
(TSR) and final residue were evaluated. Average values are presented
with their experimental deviations. The mechanical properties were
evaluated by compression tests on a dynamometer (Instron 5966, 2 kN
cell, Canton, MA, USA) by compressing 2 stacked samples of 200 x 200
x 18 mm? between two horizontal plates and following the EN ISO 2439
standard (60 % compression, deformation speed 100 mm/min). An
additional set of GO-PAA/Gel-PhA coated samples (80 x 60 x 18 mm?)
was also compressed (60 % compression, deformation speed 10 mm/
min) and then tested by vertical flammability tests. Prior to the tests,
samples were conditioned 23.0 & 0.1 °C for 48 h at 50.0 %+0.1 R.H. ina
climatic chamber.

Acoustic measurements have been performed in an impedance tube
in accordance with ISO 10,534-2 (two-microphone technique) in order
to measure the normal-incidence absorption coefficient (ag). The ad-
vantages of this method rely on the possibility to obtain measurements
using small specimens suitable to the aim of this investigation. These
measurements were conducted by means of an impedance tube HW-
ACT-TUBE (Siemens, Munich, Germany), which has a diameter of 35
mm and is equipped with two % inch flush mounted GRAS 46BD (GRAS,
Holte, Denmark). The method allows to have accurate sound pressure
amplitude and phase measurements in the whole frequency range of
interest, i.e. 100-5000 Hz. The measurements have been performed on
10 specimens for each formulation evaluated. The specimens were cut
from uncoated and coated foam panels (thickness 20 mm) with a cir-
cular cutter with a diameter of 35 mm.

3. Results and discussion
3.1. Coating assembly on model substrate and PU foam

The occurrence of electrostatic interactions between the anionic GO-
PAA dispersion and the cationic Gel-PhA solutions was preliminary
investigated by directly mixing the two components (Figure S2). The
formation of non-soluble complexes from a given set of polyelectrolytes/
nanoparticles is considered a preliminary condition for their exploita-
tion in a LbL assembly. Upon adding the Gel-PhA solution to the GO-PAA
dispersion, complexes are produced leading to the formation of
macroscopic aggregates (Figure S2), thus suggesting the interactions
between GO-PAA and Gel-PhA may be sufficiently strong to drive a LbL
assembly. The coating assembly was then investigated by FTIR in
transmission mode on silicon wafer as model substrate, after BPEI was
deposited as a primer layer. Fig. 2 collects a schematization of the
adopted procedure, the acquired FTIR spectra and the SEM micrograph
of the coating cross section. Figure S3 collets the spectra of the neat
components deposited by drop-casting on Si Wafer.

The adsorption of the anionic GO-PAA layer yields a spectrum
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Fig. 2. Coating assembly on model Si substrate: (a) schematization of the coating procedure, (b) FTIR spectra of the GO-PAA and GO-PAA/Gel-PhA assembly and (c)
high magnification SEM micrograph of the cross-section of the assembled GO-PAA/Gel-PhA.

characterized by the signals of both components. The most intense peaks
are linked to the COOH functional groups of both GO and PAA. C = O
stretching is clearly observable at 1716 cm™, the carboxylate signal is
found at 1580 cm™ whereas a less intense signal occurring at 1250 cm™
is attributed to the C—O stretching coupled with O—H in-plane bending
[43]. A broad band in the 3500-2500 cm! region is due to the O—H
stretching of hydroxyl groups and adsorbed water. The broadness of this
latter band reflects the hydrogen bonding between OH groups, which is
well documented for PAA [43]. The subsequent adsorption of the
Gel-PhA PECs layer significantly modifies the spectrum yielding new
signals related to both Gel and PhA functional groups. In particular, Gel
characteristic amide I and II peaks are found at 1655 and 1550 cm™,
respectively [44]. Meanwhile, a new set of signals (1300-900 crn'l)
appears in the finger print region and is ascribed to the PhA phosphate
ester groups, including P = O stretching and P-O deformation modes
[45,46]. The coating cross section was also investigated by SEM
(Fig. 2¢). The collected micrographs highlight the deposition of a ho-
mogeneous and dense coating (ca. 1 um thick) where the Gel-PhA PECs
and the GO-PAA layers are clearly observable. These results confirm the
occurrence of bi-layer stacked structure displaying Gel-PhA PECs sup-
ported by a GO-PAA layer where the GO platelets are oriented parallel to

the surface. The deposition of GO-PAA/Gel-PhA assembly was then
applied to open cell PU foams. Samples coated by either GO-PAA or
Gel-PhA were also prepared as references. The coating morphology on
PU foams was investigated by means of SEM (Fig. 3).

Neat PU exhibits the typical 3-dimensional (3D) structure of open
cell foams characterized by a uniform and smooth surface. The GO-PAA
deposition considerably modify this morphology by producing a rough
and homogenous coating that wraps the 3D structure of the PU foam.
The presence of GO nanoplates embedded within PAA is clearly visible
in high magnification micrographs (Fig. 3b), causing an increase in
surface roughness. The deposition of the Gel-PhA PECs alone does not
produce a continuous coating but leads to the formation of PECs ag-
gregates that appear to be randomly distributed on the PU walls (as
pointed out by EDS analyses in Figure S4). Conversely, when the Gel-
PhA PECs are stacked on the GO-PAA layer, a homogeneous and
smooth coating is achieved (Fig. 3d). This result is ascribed to the
presence of the previously adsorbed GO-PAA layer that, thanks to the
formation of hydrogen bonds between undissociated COOH groups of
PAA/GO and PU[47], acts as a functional activation layer for deposition
of Gel-PhA PECs.

Fig. 3. SEM micrographs of untreated and treated PU.
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3.2. Flame retardancy of coated PU foams

The flame retardancy performance was assessed by evaluating the
coated foam reaction to the exposure to a small flame (flammability test)
or an impinging heat flux typical of developing fires (forced combustion
test in cone calorimeter) [48]. This approach provides a complete set of
information on the coated foam propensity to initiate or spread a fire
[49]. The uncoated and coated foams behaviour during flammability
tests are reported in Fig. 4, while Fig. 5 collects cone calorimetry plots.
Table S1 and Table S2 summarize flammability and forced combustion
data, respectively.

Horizontal flammability was first evaluated as this represent com-
mon testing condition for foamed materials in many application fields
[50]. Upon flame application the neat PU immediately ignites and burns
vigorously, releasing incandescent molten droplets that are able to ignite
the dry cotton positioned underneath the foam. This latter setup rep-
resents a common practice of flammability standards (e.g., UL 94 stan-
dard) aimed at evaluating the ability of the tested materials to propagate
the flame to other ignitable materials. This behaviour is particularly
dangerous as it can lead to a detrimental increase in fire spreading rates
in real fire scenarios [51]. The flame almost completely consumes the PU
leaving a brittle and thin residue, at the end of the test, in the range of 8
% of the initial specimen mass.

The deposition of the GO-PAA layer considerably reduces the flame
spread rate (from 4.9 to 1.8 mm/s for neat PU and GO-PAA treated PU,
respectively) while suppressing the melt-dripping and largely preserving
the structure of the foam. Although the flame spread is not blocked, only
the outer portion of the foam is actually damaged as demonstrated by
the high final residue (70 % wt) and visual observation of the foam cross-
sections (Figure S5). Conversely, the presence of the Gel-PhA layer alone
barely suppressed melt-dripping but did not preserve the structure of the

Ignition

PU

GO-PAA/
Gel-PhA

Ignition End of test

Melt-dripping

End of test
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foam that collapsed in a thin and brittle residue accounting for 27 % of
the starting weight. Interestingly, the stacked GO-PAA/Gel-PhA assem-
bly showed a behaviour where no flame persists on the specimen after
the removal of the methane flame (Fig. 4a). Such impressive result
points out the great FR efficiency of the stacked configuration that leaves
the coated foam almost undamaged at the end of the test (final residue >
99 %wt). The observed behaviour is in agreement with previously
developed conventional LbL coatings encompassing intumescing for-
mulations deposited on top of clay rich layers [21].

Since the GO-PAA/Gel-PhA treated foams displayed an optimal FR
behaviour during flammability tests in horizontal configuration, the
vertical setup was also investigated. This latter represents a more severe
testing condition, required for the evaluation the fire safety of dense
materials for many practical applications (e.g. transportation, buildings,
etc.) [52]. In this configuration, the neat PU is immediately ignited with
flames reaching the top of the specimen. During combustion, a con-
spicuous melt-dripping takes place and eventually leads to the complete
detachment of the burning foam from the clamp. Conversely, the
GO-PAA/Gel-PhA foams display a self-extinguishing behaviour, while
showing no melt-dripping. At the end of the test, the foam appears
almost undamaged with minimal weight loss (i.e., <2 %), thus high-
lighting optimal FR performances. Notably, these properties are main-
tained even after being compressed to 60 % deformation thus suggesting
a good adhesion and flexibility of the deposited GO-PAA/Gel-PhA
coating (Figure S6). Indeed, while the coated foams are stiffer than
the uncoated ones, the ability to recover the deformation after a
compressive loading/unloading cycle is maintained. Cone calorimetry
tests were performed to investigate the combustion behaviour of neat
and untreated foams (Fig. 5). Figure S7 collects the images of the resi-
dues collected at the end of the test.

When exposed to the heat flux in forced combustion test, the neat PU

Flame
spread

Melt-

dripping
100

Flame spread
prevented

(=3 (=
o o

Residue (%)
3

® gvv" \gx\v Qv‘?\%. va.\ Ry
& & & o
S
Add-on% @ 10x1: 12zx1 40+2

GO-PAA/Gel-PhA

Ignltlon Self-extinguishment End of test

Fig. 4. Flammability test of untreated and GO-PAA/Gel-PhA treated PU: a) snapshots during horizontal test, b) average residues after flammability tests in horizontal

(H) and vertical (V) configuration, ¢) and d) snapshots during vertical test.
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background comprising LbL and PECs coating on open cell PU foams.

quickly ignites while its 3D structure rapidly collapses producing a pool
of low viscosity liquid with a sudden increase in combustion rate
(pkHRR is 371 + 44 kW/m?). The foam is completely consumed leaving
almost no residue at the end of the test (Figure S7). In strong contrast
with neat PU, the presence of the GO-PAA layer is capable of limiting the
foam collapsing thus modifying the PU burning behaviour and eventu-
ally reducing the pkHRR to 214 + 5 kW/m? (- 42 %). The HRR plot
broadens (Fig. 5a), which is typical when high aspect ratio nanoparticles
are included within the coating [20]. Smoke parameters are also
affected with reduced SPR values and a substantial decrease in TSR from
112 + 7 to 32 + 9 m?/m? (- 72 %) (Fig. 5b). The Gel-PhA PECs do not
produce beneficial effects when deposited as a stand-alone layer. Indeed,
the pkHRR (347 + 29 kW,/m?) remains within the experimental error,
whereas TSR is increased to160 m2?/m2 Conversely, the stacked
configuration GO-PAA/Gel-PhA displays the same burning behaviour of
GO-PAA PU with improved reductions in combustion rates (pkHRR is
186 + 4 kW/mZ, i.e. =50 % in with respect to neat PU). THR values
remain within the experimental error measured for neat PU. This sug-
gests that the PU is almost completely consumed and the presence of the
coating mainly affects the volatile release rate thus producing reduced
HRR values. Despite the unaffected THR values, the ability to preserve
the structure of the foam (Figure S7) coupled with greatly reduced HRR
would improve the fire safety of the coated foams as the structural
collapsing and the high HRR of PU foams have been often correlated
with a propensity to increase fire spread rates in a real fire scenario [51].
Smoke parameters remained equivalent to PU, within the experimental
uncertainty. The obtained FR results evidence how the
GO-PAA/Gel-PhA coating delivers a noticeable FR performance when
applied to PU foams. Indeed, the coated foams achieve rapid

self-extinguishment in both horizontal and vertical configurations as
well as combustion rates below 200 kW/m?,

The stacked bilayer coating developed in this work was further
benchmarked with other coating formulations deposited in a LbL fashion
on PU foams (Fig. 5e) [15,21,53-64]. As reported in Fig. 5e, most of the
coating formulations developed in the literature can achieve pkHRR
reductions in the 40-70 % range. However, very few systems are re-
ported to grant a self-extinguishing behaviour in vertical configuration
and such performance is linked to large deposition cycles (e.g. 18
deposition steps). In strong contrast, to the best of the authors’ knowl-
edge, the coating developed in the present study is currently the only
one capable of achieving a substantial reduction in pkHRR and a
self-extinguishing behaviour in vertical configuration with only 2
deposition steps. The stacked GO-PAA/Gel-PhA assembly thus represent
the optimal balance between FR properties and processing conditions.

3.3. Post combustion residue analysis

During combustion, the presence of either the GO-PAA or GO-PAA/
Gel-PhA coating preserved the macroscopic structure of the foams as
demonstrated by digital images of the residues collected after cone
calorimetry tests (Figure S7). In order to further analyse these residues,
their microscopic structure has been imaged by SEM (Fig. 6 and
Figure S8). The GO-PAA PU displays the formation of a charred residue
resembling the original 3D structure of the foam. Struts and joints are
replaced by thin and compact shell made of GO nanoplatelets held
together by a continuous charred matrix produced during PAA and PU
thermal decomposition. The presence of multiple cracks and partially
collapsed sections suggests that the produced structure is extremely
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Fig. 6. Post combustion residue SEM investigation of GO-PAA (a) and GO-PAA/Gel-PhA (b) coated foams after cone calorimetry tests. Digital images of GO-PAA and
Gel-PhA PECs dried films when exposed to a flame (c) and SEM micrograph of GO-PAA/Gel-PhA on model Si wafer after 35 kW/m? heat flux exposure (d).

brittle. The GO-PAA/Gel-PhA PU also preserves its original open cell
structure by producing a porous and expanded shell having dimensions
greater than the one produced by GO-PAA. EDS analyses and maps
pointed out the presence of C, P and O as the main elements constituting
the expanded structures (Figure S9). This suggests a somewhat intu-
mescent feature of the Gel-PhA PECs, that, thanks to the GO-PAA sup-
porting layer, can fully develop an expanded protective barrier during
combustion.

Indeed, as reported in Fig. 6¢, the application of a direct flame to a
dried PECs film results in the formation of a carbon-based expanded
structure due to the release of carbon dioxide and ammonia from gela-
tine decomposition catalysed by the presence of phytic acid [65]. A
similar behaviour is also observed for the stacked GO-PAA/Gel-PhA
deposited on model Si wafer that, after being exposed to the cone
calorimetry heat flux, produced an expanded structure averagely 10
times thicker than the original coating. It is worth mentioning that the
Gel-PhA PECs alone cannot achieve the same intumescent effect when
deposited as a stand-alone layer on PU where a collapsed structure with
no substantial FR effects is instead produced during combustion
(Figure S7). Based on the collected FR results and post combustion
residue investigation, it is possible to preliminary discuss a general FR
mechanism for the GO-PAA/Gel-PhA coated foams. Upon exposure to a
flame or a heat flux, the GO-PAA layer prevents the foam structural
collapsing and provides support to the intumescence process of the
Gel-PhA PECs. This latter develops an expanded carbonaceous structure
that, in combination with the layered structure of the underlying
GO-PAA, limits heat and mass transfer from and to the flame. In turns,
this reduces the heat flux from the flame, allowing to reach
self-extinguishment in flammability test and a significant reduction of
the combustion rate in forced combustion test. In addition, it is worth
considering that, while it appears that the main FR mechanism is exerted
in the condensed phase, a gas phase action related to PhA might also be
possible. Indeed, PhA has been shown to act as a flame inhibitor and

exert a gas phase FR action when employed in FR coatings deposited on
PU [37,66].

3.4. Acoustic properties

The effects of the GO-PAA/Gel-PhA coating on the foam sound
absorbing properties have been preliminary investigated aiming at
practical application as fire safe acoustic panels. Uncoated and coated
foams were tested in the 100-5000 Hz frequency range, which is where
most everyday sounds fall and is therefore widely employed for evalu-
ating insulating materials for building applications [67]. The typical
mechanisms for flexible PU sound absorption is linked to the vibration of
the material that physically disperse the gas molecules in air, thus
generating frictional forces that dissipate sound energy [68]. Fig. 7 re-
ports the digital images of the employed impedance tube apparatus and
the normal-incidence sound absorption coefficient (xg) vs frequency for
the uncoated and GO-PAA/Gel-PhA coated foams.

The results of the acoustic test showed some differences between the
uncoated and coated PU foams. Indeed, as reported in Fig. 7, the un-
modified foam reaches a sound absorption of 0.9 at about 3500 Hz while
it can be observed that the sound absorption properties improve at lower
frequencies up to 3000 Hz after the deposition of the GO-PAA/Gel-PhA
coating. Above this frequency, the performance of the GO-PAA/Gel-PhA
foam is slightly lower than the untreated PU. As reported in literature,
[69] such effect is usually observed when the deposition of a coating
increases the amount of the foam closed pores eventually producing a
tortuous and longer path for the acoustic waves. This phenomenon was
not observed for the GO-PAA/Gel-PhA foam (Fig. 3). The observed
behaviour can be instead related to the increase in density of the coated
foam (from ~ 20 kg/m? to ~ 28 kg/m>) that has been reported to pro-
duce a similar impact in the absorption efficiency vs frequency plots
[70]. In addition, the increase in stiffness of the coated foams (Figure S6)
and the decrease in the foam mean pore size might also lead to an
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Fig. 7. Specimen inserted in the impedance tube and set-up of the HW-ACT-TUBE (a-c). Measured normal-incidence sound absorption coefficient and standard

deviation for PU and GO-PAA/Gel-PhA (d).

increase in the airflow resistivity and therefore in the sound absorption
performance [71].

4. Conclusions

A novel flame retardant coating solution to reduce the fire threat of
PU foams has been developed by exploiting bio-sourced PECs and high
aspect ratio graphene oxide. To this aim, PECs with intumescent-like
behavior encompassing gelatin and phytic acid have been deposited
on top of a brick-and-mortar graphene oxide polyacrylic acid layer by an
easy and efficient two-steps deposition approach. When applied on PU
foams, the procedure yields a homogeneous and continuous coating that
conformally adapts to the complex 3D structure of the foam. The GO-
PAA/Gel-PhA coated foams are capable of self-extinguishing the flame
and considerably reduce combustion rates (—50 % in pkHRR) during
flammability in vertical configuration and cone calorimetry tests,
respectively. A comparison with the literature background further
pointed out the efficiency of the proposed coating design that delivers a
unique set of FR properties with only 2 deposition steps. A possible FR
mechanism was also proposed based on the performed FR character-
ization and post-combustion residue investigation. The GO-PAA layer
has been found crucial in preventing the foam structural collapsing and
in providing mechanical support to the formation of an expanded pro-
tective structure from the Gel-PhA PECs. The so-formed barrier hinders
the release of flammable volatiles feeding the flame eventually pro-
ducing the observed excellent FR performances. The effects of the
coating on the foam acoustic properties have been investigated by
impedance tube tests. The presence of the coating improves the sound
absorption properties at low frequencies up to 3000 Hz thus suggesting a
possible application of the coated foams as fire safe and sound absorbing
panel. Future works might be focused on in-depth investigations of
airflow resistivity as well as porosity and tortuosity measurements in

order to correlate the coating morphology to the observed acoustic
behavior. In conclusion, by exploiting the versatility of a LbL-derived
assembly and the efficiency of PECs, this paper presented a novel
strategy for the design of functional coatings with tailorable FR actions.
The proposed approach opens up to the development of efficient, high
performing and industrially viable coating solutions, that could be
possibly applied to other porous materials.
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