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Environmentally Benign Halloysite Nanotube Multilayer 
Assembly Significantly Reduces Polyurethane Flammability

Ryan J. Smith, Kevin M. Holder, Sofia Ruiz, Wyatt Hahn, Yixuan Song, Yuri M. Lvov, 
and Jaime C. Grunlan*

In an effort to develop a more environmentally benign flame retardant for 
polyurethane foam (PUF), layers of halloysite clay nanotubes (HNT) stabilized 
by branched polyethylenimine (BPEI) or poly(acrylic acid) (PAA) are deposited 
from aqueous suspensions to create multilayered nanocomposite coatings. 
PUF is very flammable and widely used in upholstered furniture throughout 
the world. Foam treated with five BPEI-HNT/PAA-HNT bilayers, deposited 
using layer-by-layer assembly, is rendered self-extinguishing in open flame 
testing. Cone calorimetry reveals that this coating reduces the peak heat 
release rate (pkHRR) by 62%. Due to the tubular morphology of HNT, small 
volatile gasses given off during combustion are trapped, so total smoke 
release (TSR) is reduced by 60%. Infrared spectroscopy suggests this multi-
layer film survives during combustion, forming an HNT-rich barrier that pre-
vents mass and energy transfer during open flame testing and calorimetry. The 
significant reductions in pkHRR and TSR, along with the self-extinguishing 
behavior, indicate that these halloysite-based multilayer films have the poten-
tial to greatly improve PUF fire safety. The low cost and natural abundance of 
HNT makes this technology especially amenable to widespread use.
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1. Introduction

Polyurethane foam (PUF) is widely used 
in upholstered furniture, which means it 
can be found in homes across the world. 
While PUF exhibits many desirable prop-
erties (e.g., resiliency, flexibility, low 
cost), its inherent flammability cannot be 
ignored. From 2006 to 2010, upholstered 
furniture accounted for 19% of all home 
fire deaths per year and $427 million in 
property damage.[1] In 10% of structure 
fires the furniture was ignited by an open 
flame source (e.g., candles). In far more 
fire scenarios, upholstered furniture was 
not necessarily the initial point of igni-
tion but was a major contributor of flame 
spread. During combustion, polyurethane 
foam releases toxic smoke that includes 
isocyanate, diol precursors, and carbon 
monoxide.[2] The foam melts and exacer-
bates the spread of fire through rapid heat 
release from the burning melt pool. Foam 

manufacturers have traditionally used halogenated compounds 
to help reduce the flammability.[3] These halogenated flame 
retardants (FRs) are of concern because of possible adverse 
environmental and health effects.[4–6] In 2013, the California 
117B safety bulletin removed the open flame portion of the 
requirements for the flammability of PUF in an effort to reduce 
the use of halogenated flame retardants.[7,8] While this may 
have a positive impact on the environment and human health 
in the absence of a fire, PUF still poses a threat in a structure 
fire, as open flame ignition of upholstered furniture contributes 
significantly to ≈1/3 of these fires.[1] There is now a tremendous 
need for safe, environmentally benign flame retardants for 
polyurethane foam.

The complex structure of open cell PUF makes it diffi-
cult to apply a conformal coating to its surface. Layer-by-layer 
(LbL) deposition has been previously utilized to achieve con-
formal coatings without sacrificing the desired characteristics 
of foam. Several strategies have been investigated utilizing LbL 
assembly to decrease the flammability of polyurethane foam. 
One approach involves depositing carbon-rich materials (i.e., 
organic polymers,[9–11] graphene oxide,[12,13] and carbon nano-
tubes[14–16]), which reduce flammability primarily by reducing 
the heat release rate (HRR) during combustion by forming 
an insulating carbonaceous char barrier. Carbon nanotubes 
(CNT) have the added benefit of greatly reducing total smoke 
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