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ABSTRACT: In an effort to reduce the flammability of polyurethane foam, a
thin film of renewable inorganic nanoparticles (i.e., anionic vermiculite [VMT]
and cationic boehmite [BMT]) was deposited on polyurethane foam via layer-
by-layer (LbL) assembly. One, two, and three bilayers (BL) of BMT-VMT
resulted in foam with retained shape after being exposed to a butane flame for 10
s, while uncoated foam was completely consumed. Cone calorimetry confirmed
that the coated foam exhibited a 55% reduction in peak heat release rate with
only a single bilayer deposited. Moreover, this protective nanocoating reduced
total smoke release by 50% relative to untreated foam. This study revealed that 1
BL, adding just 4.5 wt % to PU foam, is an effective and conformal flame
retardant coating. These results demonstrate one of the most efficient and renewable nanocoatings prepared using LbL assembly,
taking this technology another step closer to commercial viability.
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■ INTRODUCTION

The extensive use of flexible polyurethane (PU) foam in
bedding, household furnishings, packaging, and automobiles
has created an unintended fire hazard. Because of its chemical
nature, air permeability and high burning velocity, PU foam is
highly flammable.1,2 In an effort to meet various fire regulation
standards, PU foams are often filled with flame retardant
materials to limit their flammability and to provide longer
escape times in the event of fire.3 Organohalogen compounds
continue to be the most commonly used flame retardants for
foam and they have played a critical role in reducing number of
fire related fatalities and property damage.4 Nevertheless,
growing concerns about the potential negative environmental
and health impacts of these flame retardants has prompted
efforts to find safer replacements.5−7

Layer-by-layer (LbL) nanocoatings have proven to be an
effective means to impart nonhalogenated flame retardant
materials to highly flammable substrates like polyurethane,8−10

cotton,11−13 nylon,14 polycarbonate,15 and PET fabric.16,17 LbL
assembly is a versatile and inexpensive method to prepare
nanocomposite thin films via alternate adsorption of positively
and negatively charged polyelectrolytes from aqueous solutions
through noncovalent interactions.18−24 This assembly process
can make use of polymers,25,26 nanoparticles,27,28 and
biomolecules29,30 to deposit multilayer thin films without
altering the bulk substrate mechanical properties. These films
have recently demonstrated sensing,31,32drug delivery,33,34

antireflection,35,36 charge storage,37,38 oxygen barrier,39−41 and

antimicrobial properties.42,43 Flame retardant nanocoatings
prepared with this technique continue to attract immense
interest due to easy fabrication, relatively safe chemistry and
tremendous efficacy.8−17,44−47 LbL deposition of polymer−clay
or polymer−small molecule thin films (<100 nm) on foams or
cotton, respectively, can completely extinguish flame and
significantly reduces heat release rate (>50%) when exposed
to flame. These nanocoatings form either a char-promoting
thermal barrier, in the case of polymer−clay composites,9,46 or
extinguish fire by an intumescent mechanism in the case of
polymer−polymer composites.11,47 The only significantly
drawback of the previously reported LbL coatings is the
number of bilayers (each positive and negative pair deposited
on the substrate is referred as a bilayer [BL]) necessary to
impart a desired level of flame retardant performance, which
increases processing cost.
In the present work, a highly efficient nanocoating comprised

two naturally occurring inorganic nanoplatelets is studied.
Cationic boehmite (BMT) and anionic vermiculite (VMT)
were used to produce a thermally insulating barrier, as shown in
Figure 1, which eliminates polyurethane foam melt-dripping
and extinguishes fire. All three bilayers of these coatings (<20
nm thick) were effective enough to maintain the integrity of PU
foam upon 10s exposure to the direct flame from butane torch
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(Figure 1). A single BL nanocoating adds 4.5 wt % to the foam
and reduces peak heat release rate (pkHHR) by 55% compared
to an uncoated control in a cone calorimeter test. This unique
“all inorganic” nanobrick wall provides an effective renewable
flame retardant coating for complex substrates with very few
layers, making it one of the most promising flame retardant
recipes to-date.

■ EXPERIMENTAL SECTION
Materials. Natural vermiculite (trade name HTS-XE) clay,

provided by Specialty Vermiculite Corp. (Cambridge, MA), was
used as received. These nanoplatelets (∼1 nm thick) have a negative
surface charge in aqueous solution. An anionic solution was prepared
by adding 1 wt % of vermiculite to deionized water and rolling. After
12 h, the solution was allowed to settle for 15 min in order to remove
the insoluble aggregates. The unaltered supernatant was collected and
measured to be pH ∼7.5 with 1 wt % VMT. Light scattering suggests
these platelets have an effective diameter of 1.1 μm. Boehmite
nanoparticles (AlOOH·xH2O; B8013) were provided by Esprix
Technologies (Sarasota, FL) and used as received. These cationic
platelets have an average characteristic length of 180 nm in aqueous
dispersion (crystallite size 30−60 nm; hexagonal schistose shape with a
bulk density of 0.4−0.6 g/mL). The cationic solution was prepared by
adding 0.5 wt % of boehmite to deionized water and rolling overnight.
The pH of this solution was adjusted to 6 by adding 1 M NaOH prior
to deposition. Branched polyethylenimine (PEI) (Mw = 25 000 g/mol,
Mn = 10 000 g/mol) was purchased from Sigma−Aldrich (Milwaukee,
WI). A 0.1 wt % PEI solution was prepared using 18.2 MΩ deionized
water and rolling for 24 h. Poly(acrylic acid) (PAA), also purchased
from Sigma-Aldrich (Mw = 100 000 g/mol, 35 wt % in water), was
prepared as a 1 wt % solution using deionized water that was pH-
adjusted to 2 using 2 M HNO3.
Substrates. Ti−Au quartz crystals, with 5 MHz frequency

(Maxtek, Inc., Cypress, CA), were used to monitor mass deposition
per layer using a quartz crystal microbalance (QCM). QCM crystals
were plasma cleaned in a PDC-32G plasma cleaner from Harrick
Plasma (Ithaca, NY) for 5 min at 10.5 W, prior to use. P-doped, single
side polished (1 0 0) silicon wafers (University Wafer, South Boston,
MA), with a thickness of 500 μm, were used as substrates for
ellipsometer thickness measurements. These wafers were cut to 4 × 1

in. and plasma cleaned under similar conditions. Melinex ST505
poly(ethylene terephthalate) (PET), with a thickness of 179 μm, was
purchased from Tekra (New Berlin, WI) and used as the substrate for
TEM imaging. The PET was rinsed with deionized water, methanol,
and water again, then dried with filtered air and finally corona treated
using a BD-20C Corona Treater (Electro-Technic Products, Inc.,
Chicago, IL). Polyether-based polyurethane foam (type 1850) with a
density of 1.75 lbs/ft3 was purchased from Future Foam (High Point,
NC). This type of foam did not contain any flame retardant additives.

Layer-by-Layer Deposition. Treated substrates were dipped in
the positively charged BMT solution for 5 min, rinsed in a stream of
deionized water, and dried in a stream of filtered air. This procedure
was followed by an identical dipping, rinsing and drying cycle in the
VMT suspension. After this initial bilayer (BL) was deposited, the
same procedure was followed with 1 min BMT and 1 min VMT dip
times for each subsequent bilayer until the desired number of layers
were deposited. Films measured with the ellipsometer, QCM, and
TEM were placed in an oven for 1 h at 70 °C prior to characterization.
To deposit BLs on polyurethane foam, a 4 × 4 × 1 in. piece was
soaked in 1 wt % PAA for 30 s to induce a negative charge. The
carboxylic acid groups on the PAA polymer chains remain largely
protonated at pH 2 and hydrogen-bond to the polyurethane surface,
depositing in a coiled, globular manner. After washing with DI water,
the foam was soaked in 0.1 wt % PEI primer to impart a positive
surface charge on the foam. Primer treated polyurethane foam was
then soaked in oppositely charged VMT and BMT, respectively, for 1
min as described above (the initial bilayer was 5 min in each mixture).
Each deposition was followed by the substrate being dip-rinsed in
deionized water and wrung out to remove excess particles. All
substrates were stored in a 0% RH box for a minimum of 18 h prior to
testing.

Characterization. Film thickness was measured (on silicon
wafers) using an alpha-SE Ellipsometer (J.A. Woollam Co., Inc.,
Lincoln, NE). Mass deposition was measured (on Ti/Au crystals)
using a Research Quartz Crystal Microbalance (Maxtek, Inc., Cypress,
CA). Control and coated foams were exposed to the direct flame of a
butane micro hand torch (Model ST2200, Benzomatic, Huntersville,
NC) for 10 s (the approximate blue flame temperature is 2400 °F) to
provide a visual demonstration of coating effectiveness. Cone
calorimetry was performed at the University of Dayton Research
Institute, using a FTT Dual Cone Calorimeter, with a 35 kW/m2 heat
flux and an exhaust flow of 24 L/s, using a standardized procedure
(ASTM E-1354-07). The samples were wrapped in aluminum foil on
one side as required by ASTM E-1354-07.

Microscopic Imaging. Transmission electron microscope (TEM)
samples were prepared by embedding the thin film (3 BL of
nanocoating on 179 μm PET substrate) in Epofix resin (EMS,
Hatfield, PA) overnight and cutting sections, using an Ultra 45°
diamond knife (Diatome, Hatfield, PA), onto 300 mesh copper grids.
TEM micrographs of the thin film cross sections (∼50 nm thick) were
imaged using a Tecnai G2 F20 (FEI, Hillsboro, OR) at an accelerating
voltage of 200 kV. Coated thin films, deposited on PU substrates, were
mounted on aluminum imaging stubs and thinly sputter coated with 5
nm of platinum/palladium (Pt/Pd) alloy in preparation for surface
images that were acquired with a field-emission scanning electron
microscope (FESEM) (Model JSM-7500F, JEOL; Tokyo, Japan).
Surface topography was imaged with an atomic force microscope
(AFM; Nanosurf Easy Scan 2 system, Nanoscience Instrument, Inc.,
Phoenix, AZ) in tapping mode.

■ RESULTS AND DISCUSSION
Nanocoating Growth and Microstructure. Thickness of

BMT-VMT assemblies, as a function of bilayers deposited, was
measured with ellipsometry, as shown in Figure 2a. The
deposition is associated with electrostatic interaction between
positively charged boehmite and negatively charged vermiculite
platelets. This inorganic, nanoplatelet-based film exhibits linear
growth with a thickness of ∼150 nm for 30 BLs. The same
trend was observed when growth was measured as a function of

Figure 1. (a) Schematic of LbL assembly on PU foam using BMT and
VMT. (b) A cross sectional schematic of the LbL assembled film on
PU foam (particle size not to scale). (c) Flammability reduction of
coated foam using butane torch test.
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weight deposited (Figure 2b), using a quartz crystal micro-
balance. A semiquantitative assessment of thin film composition
was obtained from QCM and it revealed the deposited film to

be 38 wt % VMT and 62 wt % BMT. A high resolution TEM
micrograph of a 3BL film, shown in Figure 3a, reveals the
discrete multilayer nature of the VMT and BMT platelets
(∼300 and ∼60 nm in length, respectively). The flexible VMT
in the micrograph is shorter than its original length (∼1000
nm), but sectioning is not necessarily performed along its
longest length. Higher resolution micrographs of the VMT
(Figure 3b) and BMT (Figure 3c) confirm characteristic d-
spacings of 1.4 nm (001)48 and 0.6 nm (111),49 respectively, in
agreement with the literature. There were fewer VMT layers
observed than the number of deposition cycles (e.g., only two
VMT layers are shown in Figure 3a, although 3 BLs were
deposited). This seeming discrepancy could result from
desorption of VMT platelets due to weak adhesion between
the oppositely charged nanoparticles. The surface morphology
of the thin film was imaged by AFM (Figure 3d), where phase
contrast reveals partial coverage of VMT on top of the BMT
layer, which supports the previous TEM analysis (Figure 3a).
The RMS surface roughness was calculated (based on AFM
images) to be 12 nm.

Flame Retardant Behavior on Polyurethane Foam.
This BMT-VMT recipe was deposited onto flexible polyur-
ethane foam with varying number of bilayers (1, 2, or 3). The
weight added to the foam was determined by weighing before
and after coating (reported as percentage of original mass).
Figure 4 shows the SEM micrographs of uncoated and coated
foam. The uncoated control is very smooth (Figure 4a), while
coated foam has a rough nanotexture throughout the foam
thickness that verifies the conformal nature of LbL deposition
process. Figure 4c−h also shows the nanocoating texture
getting thicker with increasing number of bilayers deposited.
Foam flammability was initially tested by exposing samples to
the direct flame from a hand-held butane torch for 10 s. The
uncoated control foam ignited and started to melt drip
immediately upon exposure to the flame, being completely
consumed after removal of flame (see video in Supporting
Information). No melt dripping was observed with any of the
coated samples and the flame was extinguished after it traveled
across the foam surface. A char was formed over the coated
foam’s surface with a complete retention of the original shape,

Figure 2. (a) Thickness and (b) mass of BMT-VMT assemblies as a
function of bilayers deposited.

Figure 3. (a) TEM cross-sectional micograph of a 3BL assembly of boehmite and vermiculite. Characteristic d-spacing of (b) VMT and (c) BMT
platelets. (d) AFM phase map of the film surface (RMS roughness ≈ 12 nm). The scale bar refers to phase (deg).
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as shown in Figure 5a. When cut through the middle, flexible,
undamaged foam was observed underneath the char (Figure
5b). All the charred regions were analyzed by SEM, which
revealed that the cells of the foam were distorted, but not
completely damaged due to the presence of protective
nanocoating (Figure 5c−h). All coated samples showed similar
results, regardless the number of bilayers deposited (or weight
gain). A single bilayer nanocoating added 4.5 wt % to the foam,
while 3 bilayers added 8.8 wt %. Table 1 summarizes weight
gain and char results from all samples tested. All three samples
had similar char residue (∼64 wt %) after the flame was
extinguished.
In an effort to more quantitatively analyze the influence of

BMT-VMT nanocoatings on polyurethane foam, cone

calorimetry was performed on both coated and uncoated
samples. Cone is a standard test to evaluate flammability under
a constant external heat flux (35 kW/m−2), which is meant to
simulate a developing fire scenario. Figure 6 shows heat release
rate (HRR) as a function of exposure time to this heat flux. The
uncoated foam curve consists of two peaks associated with

Figure 4. SEM images of control foam (a and b). Inset of panel a shows 2 × 2 in. PU foam used for coating. SEM images of coated foam: 1 BL (c
and d), 2 BL (e and f), and 3 BL (g and h).

Figure 5. Digital micrographs of (a) charred foam and (b) vertically cut foam after butane torch exposure. SEM images of char residues: 1 BL (c and
d), 2 BL (e and f), and 3 BL (g and h).

Table 1. Butane Torch Test and Cone Calorimeter Results
for Polyurethane Foam

sample

weight
gain
(%)

residuea

(%)
pkHRR
(kW/m2)

total HR
(MJ/m2)

total
smoke
release
(m2/m2)

MARHE
(kW/m2)

control 716 19.8 144 316
1 BL 4.5 63 340 18.5 77 190
2 BL 5.6 64 333 17.6 69 183
3 BL 8.8 66 342 18.3 69 191

aChar residue from butane torch test; pkHRR = peak heat release rate;
release rate; total HR = total heat release; MARHE = maximum
average rate of heat emission.

Figure 6. Heat release rate of BMT-VMT coated foam, and uncoated
control, as a function of exposure time to 35 kW/m2 heat flux in a
cone calorimeter.
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combustion of polyisocyanate (first peak at 20s) and polyol
(second peak at 45s).9 It should be noted that the coated foam
samples had lower pkHRR (330−340 kW/m2), but produced a
higher first peak than the uncoated control. This larger first
peak may be due to the presence the poly(acrylic acid) primer
used to impart a negative surface charge to the foam and
improve nanocoating adhesion. All coated samples were able to
significantly diminish the second pkHRR, which indicates that a
more durable residue was formed during combustion. More
importantly, these nanocoatings were able to reduce peak heat
release rate by 55% with a single bilayer (two bilayers was
slightly better). Additionally, the hydrated nature of these
nanomaterials (BMT and VMT) reduced total smoke release
by 50% (see Table 1), which is just as important as heat release
rate in many applications. It is well-known that the water
present in these hydrated inorganics oxidizes carbon, thereby
reducing the oxygen to fuel ratio and suppressing smoke
formation during pyrolysis.50

Table 1 summarizes the important cone calorimeter
parameters related to flammability of polyurethane foam that
were greatly improved by these BMT-VMT nanocoatings. For
example MARHE (maximum average rate of heat emission) is
an ignition modified rate of heat emission, which can be used to
rank material in terms of ability to support flame spread to
other objects. There is no statistical significance in the decrease
of total heat evolved (i.e., area under the HR curve) for both
uncoated and coated samples. As noted above and supported
by the data in Table 1, increasing the number of bilayers did
not significantly improve the thermal stability of the open-
celled foam. This was not surprising based on the patchy
appearance of the 3 BL coating that has an uneven, cracked and
flaking appearance (Figure 4). These LbL nanocoatings are
believed to act as a condensed phase flame retardant that
disrupts the pyrolysis process of the foam. Vermiculite and
boehmite platelets create a “nanobrick wall” structure that
effectively shields the foam from a heat source. Boehmite
decomposes at 450 °C to release water vapor via an
endothermic reaction that also serves as a heat sink to
extinguish fire. During its degradation, boehmite transforms to
aluminum trioxide (Al2O3) that can additionally act as an
insulating barrier. Any open areas on the foam created by
cracking and flaking would be expected to reduce the ability of
the nanocoating to protect the foam. With no polymer between
inorganic layers, this fully inorganic nanocoating is relatively
weak from a mechanical standpoint. There is clearly room for
improvement but the results shown here have demonstrated
the ability of one or two bilayers, adding less than 6 wt % to the
foam, to significantly reduce flammability.

■ CONCLUSIONS

LbL assembly of a fully inorganic nanoparticle coating was
successfully applied to PU foam without altering open cell
structure. The foam coated with a single BMT-VMT bilayer
was able to self-extinguish the fire from a butane torch, with
only the outermost surface being charred. Cone calorimetry
revealed that this protective nanocoating reduced peak heat
release rate, total smoke release and MARHE by a factor of 2,
relative to uncoated foam. Foam coated with additional bilayers
showed similar FR behavior, making it evident that 1 BL (4.5
wt % added to PU foam) is efficient enough to provide
significant thermal protection. These results provide an
opportunity for low cost, renewable, scalable, and efficient FR

coatings on foam that could replace current halogenated FR
additives.
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