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ABSTRACT: The highly flammable character of cellulose-rich fibers from wood
limits their use in some advanced materials. To suppress the flammability and
introduce flame-retardant properties to individual pulp fibers, we deposited
nanometer thin films consisting of cationic chitosan (CH) and anionic
poly(vinylphosphonic acid) (PVPA) on fibers using the layer-by-layer (LbL)
technique. The buildup of the multilayer film was investigated in the presence and
absence of salt (NaCl) using model cellulose surfaces and a quartz crystal
microbalance technique. Fibers were then treated with the same strategy, and the
treated fibers were used to prepare paper sheets. A horizontal flame test (HFT)
and cone calorimetry were conducted to evaluate the combustion behavior of
paper sheets as a function of the number of bilayers deposited on fibers. In HFT,
paper made of fibers coated with 20 CH/PVPA bilayers (BL), self-extinguished
the flame, while uncoated fibers were completely consumed. Scanning electron microscopy of charred paper after HFT revealed
that a thin shell of the charred polymeric multilayer remained after the cellulose fibers had been completely oxidized. Cone
calorimetry demonstrated that the phosphorus-containing thin films (20 BL is ∼25 nm) reduced the peak heat release rate by
49%. This study identifies a unique and highly effective way to impart flame-retardant characteristic to pulp fibers and the papers
made from these fibers.
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■ INTRODUCTION

A growing environmental concern and the depletion of
petroleum resources have increasingly drawn attention to the
need for alternatives to oil-based products by using natural and
renewable resources. Cellulose obtained from wood and cotton
is our most abundant natural polymer.1 Wood-based cellulose
has been the primary raw material for the pulp and paper
industry for more than a century. Paper can be described as a
three-dimensional fibrous network formed from a dilute water
suspension of pulp fibers, and it is considered to be a
biodegradable, recyclable, and inexpensive material. It is for
these reasons that paper and fibrous networks have been used
in many application areas such as corrugated fiber board,
packaging materials, printing substrates, cleaning and hygiene
products, and as insulation in, for example, high-voltage
transformers.2 Despite their many advantages, the highly
flammable character of cellulosic fibers is a significant drawback
that limits their application and many studies have focused on
improving the flame-retardant behavior of cotton and cellulosic
materials.3 Paper-based products show reduced flammability
after the incorporation of flame-retardant additives into the
bulk of the fiber wall, either during the paper making process or

as a post treatment of the paper. The most widely used
additives contain elements such as phosphorus, halogens, and
boron, or inorganic compounds such as silicates, hydroxides,
and hydro-talcites.4−6 Halogenated flame-retardants are the
most commonly used and most effective, but studies have
shown them to be persistent, bioaccumulative, and environ-
mentally toxic for animals and humans.7,8

In recent years, layer-by-layer (LbL) assembly of polyelec-
trolytes and/or nanoparticles has been proposed as an
alternative and eco-friendly flame-retardant treatment for
several substrates such as cotton,9−11 polyurethane foam,12

plastic thin films13,14 and PET fabrics.15,16 LbL self-assembly
was first presented by Iler in 1966 for microparticles17 and
gained more attention after its rediscovery and extensive
development toward polyelectrolytes by Decher et al.18 in the
early 1990s. It consists of a multistep deposition process
capable of forming multilayered thin films of oppositely charged
polyelectrolytes and/or nanoparticles on nearly any solid

Received: August 31, 2015
Accepted: October 12, 2015
Published: October 12, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 23750 DOI: 10.1021/acsami.5b08105
ACS Appl. Mater. Interfaces 2015, 7, 23750−23759

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b08105


surface.19 This entropy-driven process has been used to form
thin films mainly from electrostatically charged polymers/
nanoparticles,20 but a variety of other interactions have been
exploited such as donor/acceptor,21 hydrogen bonds,22 and
covalent bonds.23 Thin films are most commonly built up on a
selected substrate through sequential dipping24 or spraying.25

Moreover, the properties of LbL assemblies based on
electrostatic attraction can be tuned by altering the chemistry
of the polyelectrolyte,26 polymer molecular weight,27 temper-
ature,28 counterions,29 ionic strength,30 and pH of the
solution.31 In addition, the LbL technique offers several
advantages such as multifunctionality of the deposited coatings,
ambient application conditions and an eco-friendly nature due
to the use of low (typically ≤1 wt %) concentration aqueous
solutions or suspensions. In addition to flame-retardant
characteristics,10,11 the layer-by-layer self-assembly technique
has been used to impart gas barrier,32 antibacterial,33

antireflection,34 and electrical conductivity to a variety of
solid surfaces.35

As far as flame retardancy is concerned, it is possible to target
different surface flame-retardant mechanisms by the appropriate
choice of the layer constituents and the deposition parameters.
One of the most promising mechanisms is intumescence, a
chemical process activated in the condensed phase (typically
within a few microns of the surface) by flame or heat radiation.
Due to the increase in temperature, the decomposition of a
substance on the surface, typically a polymer, produces a
swollen carbonaceous char layer that thermally insulates the
underlying substrate and limits the release of flammable
volatiles and oxygen transfer between the gas and condensed
phases, resulting in a flame-retardant effect.36 The LbL
technique has been exploited in an effort to design intumescent
nanocoatings by simultaneously providing the three ingredients
needed for intumescence (i.e., a carbon source, an acid source,
and a blowing agent). Li et al. have demonstrated the first

intumescent coating on cotton,37 and Carosio et al. have
investigated an intumescent LbL assembly on polyester-cotton
blends.15 Laufer et al. have studied more eco-friendly LbL
intumescent nanocoatings on cotton using renewable mole-
cules.38

Wood fiber surfaces have also been exploited for LbL
deposition to impart functionalities such as hydrophobicity,
conductivity and improved mechanical properties of networks
formed from the treated fibers.39−41 The mechanical properties
of paper materials prepared from LbL-treated pulp fibers are
greatly improved due to the enhanced adhesion between the
fibers.40,42,43 In the present work, the LbL assembly technique
has been employed for the first time to deposit chitosan (CH)
and poly(vinylphosphonic acid) (PVPA) onto pulp fibers in an
attempt to improve the flame-retardant properties of paper. A
schematic representation of the deposition process used in this
work is presented in Figure 1. The deposited bilayers of CH/
PVPA provide an intumescent system in which CH38,44 acts as
both carbon source and blowing agent and PVPA can generate
in situ phosphoric acid at elevated temperatures and act as the
acid source.45 The LbL model experiments were performed
with silicon oxide surfaces and well-defined model cellulose
surfaces and the thin film formation was studied as a function of
layer number and electrolyte concentration. The most
promising deposition conditions were then used to coat pulp
fibers that were subsequently used for the preparation of paper
sheets, as shown in Figure 1. The flame-retardant properties
achieved were assessed by horizontal flame testing and cone
calorimetry. The results showed that the flammability and
combustibility of the sheets were significantly reduced.

■ EXPERIMENTAL SECTION
Materials. Fibers used were from a kraft soft wood pulp with

average dimensions of 2 mm length, 20 μm diameter, and 4 μm fiber
wall thickness, provided by SCA Forest Products (Östrand Pulp Mill),

Figure 1. Schematic representation of layer-by-layer assembly of chitosan and poly(vinylphosphonic acid) onto pulp fibers, with washing and
filtration between each deposition (one cycle deposits one bilayer). After the desired numbers of bilayers have been deposited, paper sheets can be
prepared with the LbL-treated pulp fibers, as shown in the image (right).
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Sundsvall, Sweden, bleached with a chlorine-free (TCF) bleaching
sequence: (OO)Q(OP) (ZQ) (PO), where O stands for oxygen, Q
stands for chelating agent, P stands for hydrogen peroxide, and Z
stands for ozone. The pulp was supplied as dry sheets that were
disintegrated according to ISO 5263:1995 in deionized water. The
pulp was washed, and the carboxyl groups present on fibers were
converted to their sodium form according to a previously described
procedure.46 The surface charge of the fibers was found by the
polyelectrolyte adsorption technique47 to be 7.9 μequiv/g and the total
charge by conductometric titration48 to be 74 μequiv/g.
Chitosan (CH) with a molecular weight of 60 000 Da (according to

the supplier) and 95% deacetylation was purchased from G.T.C Union
Corporation (Qingdao, China). Poly(vinylphosphonic acid) (PVPA)
with a molecular weight of 24 000 Da (according to the supplier) was
purchased from Polysciences, Inc. (Eppelheim, Germany). CH was
delivered as a powder and PVPA as a 30% aqueous solution. All
chemicals were used as received without further purification. Cationic
chitosan solutions were prepared by adjusting the pH of Milli-Q water
to 2 with hydrochloric acid (HCl, 6 M), after which 0.1 wt % chitosan
was added and the solution was magnetically stirred and left for 24 h
to ensure complete dissolution. PVPA was diluted to a 0.1 wt %
solution using 18.2 MΩMilli-Q water. Both solutions pH was adjusted
to 4 with sodium hydroxide (NaOH, 1M) prior the deposition.
Polyvinylamine (PVAm) with a molecular weight of 45 000 Da, used
as the anchoring layer for model cellulose surfaces, was supplied by
BASF (Ludwigshafen, Germany). PVAm was dialyzed prior to 0.1 wt
% solution preparation, the solution pH was adjusted to 7.5 prior to
deposition. NaCl, HCl, and NaOH were all of analytical grade.
Polyelectrolyte Multilayers on Model Surfaces. Model

cellulose surfaces were prepared according to a procedure described
by Gunnars et al.49 The fibers were dissolved and the solution spin-
coated on a QCM quartz crystal with a 50 nm thick SiO2 layer
(QSX303) that had been saturated with a molecular layer of
polyvinylamine (PVAm). PVAm was used as an anchoring layer on
silicon wafer in order to enhance the homogeneous cellulose film
formation. This procedure produces cellulose films with a thickness
about 30 nm.49 The consecutive deposition of CH and PVPA on this
model cellulose surface was monitored with QCM-D (Qsense AB,
Vas̈tra Frölunda, Sweden) following a procedure earlier described.50

QCM has been described by Rodahl et al.51 and it was here used to
monitor the real time adsorption kinetics of the polyelectrolytes. The
change in oscillating crystal frequency (Δf) is proportional to adsorbed
mass, and the mass deposited was calculated using the Sauerbrey
equation:52

Δ =
Δ

m C
f

n (1)

where m is adsorbed mass per area (mg m−2), C is the sensitivity
constant, −0,177 (mg m−2 Hz1−), Δf is the change in oscillation
frequency of the crystal (Hz) and n is the overtone number. The
results from the third, fifth, and seventh overtones are shown in the
present work. By measuring the decay in the oscillations with time
after the driving current has been disconnected, it was also possible to
determine the energy dissipation of the adsorbed layer and hence to
collect information on the viscoelastic properties of the adsorbed layer.
The dry thickness of the multilayer thin films (1, 5, 10, and 20 BL)

deposited on silica substrate was determined using an ellipsometer
(Rudolph Research, Fairfiled, NJ) equipped with a mercury lamp and a
filter for determination of an optical wavelength at 546.1 nm. A
Nanoscope IIIa AFM, (Bruker AXS, Santa Barbara, CA) equipped
with an E type piezoelectric scanner was used to image the surface
morphology of the CH/PVPA films and determine the dry thickness
by scratch height analysis. The silicon cantilever with a spring constant
of 5 N/m (TAP 150, Bruker, Camarillo, CA) was used for tapping
mode imaging in air. The thickness of the film was determined using
step command in the AFM software, Nanoscope analysis.
Determination of Polyelectrolyte Adsorption onto Fibers.

The polyelectrolyte adsorption isotherms for CH and PVPA on pulp
fibers were determined by polyelectrolyte titration.47 The adsorption
time for chitosan was set to 30 min, and the CH remaining in solution

was determined via back-titration of the filtrate with potassium
polyvinylsulfate (KPVS), similar to that described by Terayama et al.,53

with different initial chitosan concentrations. The adsorption
saturation was calculated by extrapolating the isotherm to zero
equilibrium concentration.47 The surface charge of the pulp fibers was
determined by polyelectrolyte titration following the adsorption of
high molecular weight polydiallyldimethylammonium chloride
(PDADMAC), which is not able to penetrate through the nanoporous
fiber wall, and the surface charge was calculated from the adsorbed
amount at saturation adsorption.47

For LbL formation on fibers, the fibers were treated alternately with
cationic chitosan (CH) and anionic poly(vinylphosphonic acid)
(PVPA). For each adsorption step, a fiber suspension with a
background electrolyte concentration of 10 mM NaCl at pH 4 was
prepared. The fibers were treated by adding 10 mg polyelectrolyte/g
fiber for 10 min at room temperature. Between each treatment step,
the fibers were washed twice using deionized water with the same
electrolyte concentration (10 mM NaCl) and the same pH as the
polyelectrolyte solutions (pH 4) (Figure 1). Excess rinsing water was
removed using vacuum filtration. Polyelectrolyte titration was
performed on the filtrates to determine the amount of polyelectrolyte
adsorbed. Chitosan was titrated with analytical grade potassium
polyvinylsulfate (KPVS) from Wako Pure Chemicals, Japan, while
poly(vinylphosphonic acid) was titrated with polydiallyldimethylam-
monium chloride (PDADMAC), supplied by Sigma-Aldrich (Stock-
holm, Sweden).

Hand Sheet Preparation. Sheets made from CH/PVPA-treated
fibers were used to investigate the influence of the adsorbed polymers
on the flame retardant properties of paper. Sheets were prepared
according to ISO 5269-2:1998, from a fiber dispersion (3.6 g/L) with a
Rapid Köthen sheet former from PTI, Vorchdorf, Austria. The sheets
were pressed at 95 kPa and dried at 93 °C for 15 min. In accordance
with ISO 187:1990, paper sheets were conditioned at 23 °C and 50%
relative humidity prior to testing. The target grammage of the sheets
was 120 g/m2, and the exact value was determined according to ISO
536:1995, and the thickness and density according to ISO 534:1998.

Thermal and Flame-Retardant Analysis. Thermal and thermo-
oxidative degradation of wood fibers were investigated by
thermogravimetric analysis (TGA) under nitrogen and air, respec-
tively, (60 mL/min) from 50 to 800 °C, with a heating rate of 10 °C/
min. Thermal analyses were conducted with ∼10 mg samples in open
alumina pans, using a TA Instruments Q500 instrument, Laboratory
for Emerging Material and Technology, South Carolina.

The flame-retardant behavior of the paper sheets were evaluated
using the horizontal flame test (ASTM D 4986) with samples (30 ×
100 mm) on a horizontal metallic frame. The samples were ignited on
the short side by a 20 mm methane flame for 3 s. The test was
repeated three times. The burning time, after-glow time, and amount
of residue were determined. SEM images from some of the tested
samples were also collected and analyzed.

The combustion of sheets made from untreated and LbL-treated
fibers (100 × 100 mm) were investigated under irradiative heat flux
(35 kW/m2) using cone calorimetry (Fire Testing Technology, FTT,
West Sussex, United Kingdom), following the procedure described
elsewhere.54 Time to ignition (TTI, s), heat release rate (HRR, kW/
m2), peak heat release rate (pkHRR, kW/m2), total heat release (THR,
kW/m2) and final residue were measured.

The surface morphology of paper sheets prepared with untreated
and LbL-treated fibers was investigated before and after the
flammability test using a Hitachi S-4800 field emission scanning
electron microscope (FE-SEM) to obtain secondary electron images.
Test pieces from the sheets were fixed to conductive adhesive tape and
coated with 5 nm thick platinum/palladium layer using a Cressington
208 HR High Resolution Sputter Coater.

■ RESULTS

Film Growth. Chitosan was selected as the cationic part and
PVPA as the anionic component of this LbL system. PVPA
shows excellent solution properties over a wide pH-range. It has
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previously been shown12,38 that it is necessary to keep the pH
below 6.5 to achieve good solubility of the chitosan (pKa

6−6.5), so the LbL formation was conducted at pH 4 in this
study. This pH was also maintained for the PVPA adsorption
and rinsing stages to ensure a good stability of the chitosan.
The ionic strength was kept constant at 10 mM NaCl to
achieve a high adsorption of polyelectrolytes in each adsorption
step. The use of an acidic pH is not ideal for the adsorption of
cationic polyelectrolytes onto cellulose but it was a compromise
in the present system to ensure a good solubility and
adsorption of the chitosan which is favorable for char
formation.12,38,55

The multilayer thin film on the model cellulose surfaces49

was characterized using QCM-D. Figure 2 shows the
normalized frequency shift and the change in energy dissipation
for the third overtone for assemblies of cationic chitosan and
anionic poly(vinylphosphonic acid) with and without 10 mM
NaCl as a background electrolyte concentration. The decrease
in frequency is caused by the adsorbed polyelectrolyte and
immobilized solvent in the adsorbed layer, while the dissipation
provides information on the viscoelastic behavior of the thin
film. Figure 2 shows a relatively low decrease in frequency with
increasing number of bilayers regardless of ionic strength. The
development of the dissipation is similar to that described
earlier for the buildup of polyallyalmine hydrochloride (PAH)
and poly(acrylic acid) (PAA) on SiO2 surfaces,

56 and the odd−
even effect of the dissipation is similar to that of the PAH/PAA
system where a higher dissipation is achieved when the cationic

polyelectrolyte is in the external layer. Figure 2c summarizes
the change in normalized frequency for the experiments with
added salt for three different overtones (third, fifth, and seventh
overtone). The close similarity between the curves indicates the
buildup of a rather homogeneous LbL structure. Figure 2d
summarizes the adsorbed amount calculated with the Sauerbrey
equation for the third overtone (eq 1) where both the solid
amount of polymer and immobilized solvent are included.
There is a significant increase in adsorbed amount with
increasing ionic strength and these latter deposition conditions
were therefore selected for further characterization and
assembly onto cellulose fibers.

Morphology of Coated Surfaces. The surface morphol-
ogy, thickness and roughness of the LbL assembled thin films
were characterized using tapping mode AFM images, as shown
for the CH/PVPA pair with different numbers of bilayers (1, 5,
10, and 20 BL) in Figure 3a−c. The thickness of the film at 20
BL was also determined by scanning the area scratched with a
needle to remove a section of the LbL (Figure 3d). The height
(Figure 3a) and phase (Figure 3b) images of CH/PVPA on
silica surfaces show an uneven film formation in the early
bilayers. The surface appears to be rough, on a nm level, and
discontinuous for the first bilayers, with an average roughness
value (rms-value) of 6.8 nm at 5 BL. When the BL number was
increased to 10 and 20, the film became smoother with a
continuous character and the rms value for the 20 BL film
decreased to 2 nm. This is consistent with previously published

Figure 2. QCM-D normalized frequency shift and energy dissipation change for the third overtone upon LbL buildup of (CH/PVPA)9 on a model
cellulose surface (a) without salt and (b) with 10 mM NaCl; (c) the change in normalized frequency as a function of LbL formation for the third,
fifth, and seventh overtone for the situation with added salt; and (d) the adsorbed mass including immobilized solvent calculated using the Sauerbrey
equation for the third overtone with and without added salt. The CH and PVPA concentrations were kept constant at 1 g/L and the pH was
constant at pH 4. (Inset) Thickness as a function of the number of bilayers deposited (CH/PVPA) on silica wafers measured using ellipsometry.
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results.57 The thickness measurement on the scratched film
shows that the thickness of 20 BL film was 25 nm.
Adsorption of CH and PVPA onto Cellulose Fibers

Using Polyelectrolyte Titration. Chitosan and poly-
(vinylphosphonic acid) are both weak polyelectrolytes with
charge densities that are pH-dependent. The charge densities of
the polyelectrolytes were determined by polyelectrolyte
titration (PET) using KPVS for CH and PDADMAC for
PVPA, and the values obtained were utilized to establish the
adsorption isotherm for the chitosan in the first layer
(Supporting Information, Figure S1) and the total adsorbed
amounts of PVPA and CH in the following layers. The
adsorption isotherm for the CH reached a plateau at 2.6 mg
chitosan/g fiber. We therefore used 10 mg CH/g fiber to
ensure a recharging of the fibers in the LbL treatment and 10
mg/g of the PVPA was used for the anionic layer. The amount
of polymer adsorbed in each layer was then determined by
polyelectrolyte titration of the nonadsorbed polymer in the
residual solution after the adsorption, as shown in Figure 4.
After 20 BL, the adsorbed amount was 61 mg/g of CH and 97
mg/g of PVPA, and this follows the trend detected in the
QCM-D measurements.

Thermal Stability of Fibers. The thermal and thermo-
oxidative stability of the cellulose fibers and the LbL-coated

Figure 3. AFM tapping mode: (a) height, (b) phase, (c) 3D morphology images of (CH/PVPA) on silica substrates with increasing number of
bilayers (left to right 1, 5, 10, and 20 BL), and (d) height profiles of a scratched 20 BL thin film. The images are 1 × 1 μm and the z-range is
indicated in the scale bar to the right in the figures.

Figure 4. Cumulative adsorbed amount of CH and PVPA onto
cellulose fibers as a function of layer number determined by
polyelectrolyte titration. The pH was kept constant at 4, and the salt
concentration was 10 mM NaCl.
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(CH/PVPA) cellulose fibers were investigated by thermogravi-
metric analysis under both nitrogen and air. The data are
summarized in Table 1, and Figure 5 shows weight loss and

derivative curves in (a) nitrogen and (b) air. From earlier
investigations,58 it was expected that the cellulose pyrolysis
would proceed in one step under nitrogen. The degradation of
the uncoated reference fibers occurs around 350 °C and is the
result of two competitive pathways: the depolymerization of
glycosyl units into volatile products (levoglucosan) and the
decomposition of the same units to thermally stable aromatic
char (residue). The degradation of the multilayer-treated fibers
also occurred in a single step, but the weight of the residue at
the end of the degradation increased significantly with 10 and
20 BL, as shown in Table 1.
In air, the thermal oxidation of cellulose occurred in two

steps.59 The first step between 300 and 400 °C is due to
formation of both volatiles and aliphatic char, and this latter
substance is further oxidized during the second degradation
step (400−600 °C) to produce both CO and CO2. As in the
case of nitrogen, untreated and treated fibers show a similar
degradation pattern, but the residue produced after the first
degradation step increased with increasing BL number to 10
and 20, while the second degradation step was shifted toward

higher temperatures, as shown by the Tmax2 values in Table 1.
The final residue at 600 °C increased in proportion to BL
number.

Flame-Retardant Behavior. Sheets prepared from un-
treated and LbL-treated wood fibers were subjected to
horizontal flame testing. This test evaluates the propensity of
a material to propagate fire when exposed to a small flame.
Table 2 shows the results, and Figure 6 shows photographs of

Table 1. TGA Data of Pure and CH/PVPA-Treated Paper
under Nitrogen and Air

sample
Tonset 10%
(°C)

Tmax1
(°C)a

Tmax2
(°C)a

residue at 600 °C
(%)

nitrogen paper 323 365 13
1BL CH/PVPA 332 365 13
5BL CH/PVPA 332 371 13
10BL CH/PVPA 329 354 20
20BL CH/PVPA 328 350 25
air paper 310 341 471 1
1BL CH/PVPA 316 341 476 1
5BL CH/PVPA 317 341 503 2
10BL CH/PVPA 314 332 508 6
20BL CH/PVPA 318 332 521 9

aFrom derivative weight loss curves.

Figure 5. Weight loss and derivative weight loss plots of untreated and CH/PVPA-treated paper measured under (a) nitrogen and (b) air
atmospheres.

Table 2. Flammability Data for Untreated and CH/PVPA-
Treated Paper

sample
burning time

(s)
after-glow time

(s)
burning rate
(mm/s)

residue
(%)

control 60 ± 6 5 ± 1 1.5 ± 0.1
1BL 57 ± 2 7 ± 2 1.6 ± 0.1
5BL 52 ± 2 1.9 ± 0.1 9
10BL 53 ± 5 1.9 ± 0.2 11
20BL 38 ± 8 1.7 ± 0.1 70

Figure 6. Photographs taken 20 s after ignition with a methane torch
of untreated and CH/PVPA LbL-treated paper and of the residues at
the end of the horizontal flame test. The numbers to the left show the
number of bilayers added to the fibers before sheet preparation.
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the tests on the different samples. When exposed to a direct
methane flame untreated paper sheets immediately ignite and
burn completely in less than 1 min, leaving no residue. After the
flame was extinguished, the afterglow combustion completely
consumed the residue. Afterglow is considered dangerous
because, even without a flame, the high temperatures reached
can still spread the fire. LbL-treated wood fibers show a
significant reduction in the total burning time and a larger
amount of coherent residue at the end of the test. There was no
afterglow in the case of the CH/PVPA at 5, 10, and 20 BL. The
20 BL samples showed a self-extinguishing behavior, with the
advancing flame was gradually restricted to a smaller portion of
the sample showing a reduction in size and spread rate and
eventually vanishing (Figure 6). As a consequence, the final
residue left at the end of the test was as high as 70%.
Morphological Analysis. Scanning electron microscopy

(SEM) was employed to investigate the surface morphology
and structure of the fibers before and after treatment of the
CH/PVPA LbL-assembly. The SEM micrographs of untreated,
1, 5, 10, and 20 BL of CH/PVPA-coated fibers are shown in
Figure 7a-e. The change in the surface morphology of the fibers
due to polyelectrolyte adsorption is shown in the high
magnification SEM images. Fibril-like aggregates on the fiber
surface at higher BL numbers clearly demonstrate the
deposition of the polyelectrolyte thin film. The size of the
aggregates and their surface coverage increase become more
visible with increasing BL number. Fractured fibers were
investigated in order to clarify structure of deposited layers and
fiber−fiber interactions after LbL treatment (Supporting
Information, Figure S2). The residues after the flammability
tests were also examined by SEM in order to see whether the
treatment had resulted in any significant changes. Untreated
sample burned completely leaving a small ash residue (Figure
7f), and the dimensional and structural losses caused by
combustion are gradually prevented by increasing the BL
number. The best protection is observed with fibers containing
20 BL and, as shown in Figure 7j,k, these fibers preserve their
original texture and shape. Cross-section imaging of the residue
of the 20BL samples (Figure 7k) demonstrates a remarkably

preserved structure of the BL coating, showing hollow fibers
where basically all the cellulose is removed.

Cone Calormietry. Cone calorimetry was used to evaluate
the sheets prepared from LbL-treated pulp fibers because it can
show quantitative differences between differently treated fibers.
Thus, the combustion behavior of the samples was evaluated
using cone calorimetry under an irradiating heat flux of 35 kW/
m2, which is typically found during fire development. As a
consequence of the high temperature reached under the cone,
the sample starts degrading, releasing combustible volatile gases
that, after a certain time, lead to ignition and flaming
combustion. The time to ignition (TTI, s), total heat release
(THR, MJ/m2), peak heat release rate (pkHRR, kW/m2) and
residue (%) are summarized in Table 3. The combustion of the

paper sheet is clearly influenced by the presence of the
polyelectrolyte thin film. The pkHRR was gradually reduced by
increasing the BL number. The final residues collected at the
end of the test followed a similar trend. The fire growth rate
index (FIGRA) has been introduced as an indication of the
burning tendency of a material exposed to heat. FIGRA is the
peak heat release rate divided by the time to reach to peak heat
release rate (pkHRR). It is shown in Table 3 that CH/PVPA 20
BL coatings can reduce the FIGRA value by up to 38%.
Additional cone calorimetry tests data concerning the weight of
the samples before the test can be found in the Supporting
Information (Table S1).

Figure 7. SEM images of fibers before and after LbL treatment and before and after horizontal flame test; (a) control and coated with CH/PVPA (b)
1BL, (c) 5BL, (d) 10BL, and (e) 20BL. SEM images of pulp fibers after horizontal flame test, (f) control, (g) 1BL, (h) 5BL, (i) 10BL, (j) 20BL, and
(k) cross section of 20BL.

Table 3. Cone Calorimetry Data for Pure Paper and Paper
Prepared with (CH/PVPA)-Treated Pulp

sample TTI (s)
THR

(MJ/m2)
pkHRR
(kW/m2)

FIGRA
(kW/sm2)

residue
(%)

control 38 ± 7 1.2 ± 0.2 83 ± 5 2.1 ± 0.4
1BL 32 ± 4 1.2 ± 0.3 76 ± 3 2.1 ± 0.2 1 ± 1
5BL 37 ± 5 0.8 ± 0.3 65 ± 11 1.7 ± 0.5 6 ± 1
10BL 39 ± 3 0.6 ± 0.3 59 ± 14 1.4 ± 0.3 9 ± 2
20BL 32 ± 12 0.8 ± 0.2 42 ± 7 1.3 ± 0.6 12 ± 1
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■ DISCUSSION

Multilayer Film Characterization. The buildup of CH/
PVPA bilayers on the pulp fibers have been investigated using a
combination of QCM-D measurements with model cellulose
surfaces and adsorption studies on fibers using polyelectrolyte
titration. The results show the same trends, so that the QCM-D
measurements can be used to forecast the properties of the
layers formed on the fibers. The results in Figure 2 show that
there is a steady buildup of the layers both under salt free
conditions and in 10 mM NaCl. On the other hand, the
decrease in frequency was much higher with 10 mM NaCl than
without salt, indicating a larger adsorbed mass at the higher
ionic strength, and suggesting that polymer chains are more
densely packed on the surface. The energy dissipation increases
with the adsorption of CH and decreases with rinsing which is
probably due to the formation of a more compact and rigid
layer due to a relaxation or reconformation of CH chains
toward the interface during the washing stage, since the change
in frequency is small during the rinsing stage. The change in
energy dissipation is smaller for LbL assembly in 10 mM NaCl,
which implies that the CH and PVPA layers are more firmly
and densely attached to the underlying surface at this salt
concentration. Furthermore, the change in frequency is
essentially independent of the number of the overtone
throughout the assembly, which suggests that the structure of
the films is the same at a given distance from the solid substrate.
The Sauerbrey relation can be used to estimate the adsorbed
mass from the observed frequency shift even though care must
be taken not to overinterpret the collected data considering the
measuring principle.60 Figure 2d shows the adsorbed amount of
polyelectrolyte including associated solvent. It is also possible
to compare the buildup of the LbL on SiO2 surfaces using
ellipsometry (i.e., showing only the solid adsorbed amount)
with the adsorption given by the QCM-D giving both the solid
adsorbed amount and the immobilized liquid in the adsorbed
layer. Assuming that the buildup of the layers is similar on both
types of surfaces, this comparison indicates that the amount of
water associated with the adsorption is lower in the more
external layer because adsorption shows a constant increase
with increasing layer number in QCM-D, but a more
superlinear development according to the ellipsometry
measurements. By combining these results with the results
from the AFM measurements, it can be suggested that it is
necessary to deposit a number of BLs between 5 and 10 to
obtain a film formation on the surface. This is in agreement
with recently published results using chitosan and poly-
(sodiumphosphate) for the LbL formation.55 Once this film
formation has been achieved, the films become smoother with
increasing layer number and there is a very close correlation
between the results of ellipsometry measurements and the
AFM measurements showing the formation of a 20−25 nm
thick, dry LbL film with 20 BLs. Assuming a density in the
adsorbed layer of 1 × 103 kg/m3, the average solids content of
the 20 BL film is 50%, which is a rather dense LbL film. All
these results taken together mean that in order to form a film of
CH/PVPA on the fibers, more than 10 BLs have to be
adsorbed and with 20 BLs, a 25 nm thick film is achieved. In
addition, SEM observations performed on the cross section of
20BL samples demonstrated that, despite the heterogeneity of
fiber fracture, the fiber−fiber interaction was not affected by the
LbL coating.

Thermal Stability and Flame-Retardant Properties. All
CH/PVPA-coated pulp fibers show an initial degradation
temperature similar to that of the unmodified fibers. However,
(CH/PVPA) LbL-treated fibers exhibit an increased char
forming ability as demonstrated by the residue found in the
range of 400−600 °C, that significantly increases with
increasing number of deposited BLs. This can certainly be
ascribed to the presence of the LbL coating, where the PVPA
can act as a phosphoric acid source favoring char formation
from chitosan and creating a protective char layer on the
surface of each treated fiber. With the protective layer
generated by the LbL-coating, the degradation of cellulose
fibers is retarded and the formation of char is favored.12,15,37,59

The same mechanism was demonstrated during flammability
tests and, the char barrier generated by the coating is capable of
retarding the heat and mass transfer between the flame and the
fibers. This effect increases with increasing number of deposited
BLs, and 20 BLs are sufficient to decrease the release of volatile
species and provide heat shielding leading to a self-
extinguishing behavior. This excellent result is linked to the
good surface coverage achieved with the LbL coatings, as
demonstrated by the model adsorption studies and by the SEM
micrographs (Figure 7c−e). SEM micrographs of the paper
sheets after the flame test (Figure 7f−j) show that the fibers
retain their structure as a result of the flame-retardant
behaviors. Interestingly, the protective char layer did not
show the traditional bubbles observed in intumescent flame-
retardant systems, which can be ascribed to the low thickness of
the LbL assemblies (25 nm at 20 BL) due to the high charge
densities of the polyelectrolytes in the deposition conditions
adopted.59 Moreover, hollow fibers were found (Figure 7k) in
the 20 BL CH/PVPA-treated pulp fibers, indicating the
formation of coherent and intact charred layer on the fiber
wall. The amount of CH adsorbed, 61 mg/g fiber and of PVPA
97 mg/g fiber (20 bilayers), was sufficient to impart self-
extinguishing properties to the paper sheet (Figure 4b).
By cone calorimetry the char-forming ability of the LbL

coating has been found responsible for a decrease in the
pkHRR value proportional to the number of deposited BL (i.e.,
an increase in the BL number lowers the combustion rate of
cellulosic materials). It is important to note that the
incorporation of CH/PVPA did not change the TTI value of
paper sheets. This was also supported by TGA measurements,
where an increase in the number of deposited bilayers did not
alter the degradation temperature (Tonset) of cellulose. Such a
finding is interesting because one of the peculiar characteristics
of intumescent systems deposited by LbL is that the time to
ignition under cone calorimetry is reduced. This detrimental
reduction has been explained by the presence of a strong acid.
No reduction in TTI in the CH/PVPA system can thus be
considered positive and may be related to the particular
structure of these LbL assemblies. This is also reflected with
decrease in the FIGRA values with increasing number of BL,
revealing the suppression of the possible flame spread.

■ CONCLUSIONS
A novel approach for the production of flame-retardant paper
via layer-by-layer assembly has been presented. LbL assemblies
of CH and PVPA have been thoroughly characterized through
model studies, using both cellulose and SiO2, and have been
successfully formed on wood-based fibers. The addition of 10
mM NaCl as background electrolyte increased the total
adsorbed amount of polymer, and the pH was kept constant
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at 4 to ensure good solubility of the chitosan. The thin film
surface coverage improved as a function of the number of
bilayers, and to achieve full surface coverage, it was necessary to
form between 5 and 10 BL. At 20 BL, the film reached a dry
thickness of 25 nm. By comparing ellipsometry and QCM-D
measurements the solids content of the formed film was found
to be around 50% for 20 BLs. Thermogravimetric analysis
revealed an increase in the char-forming ability of treated fibers
compared with uncoated ones. During the horizontal flame
tests, the flame self-extinguished on a paper sheet coated with
20 bilayers of CH/PVPA due to the formation of a coherent
and intact char layer on the fibers. After the flammability test,
the treated wood fibers retained their shape and structure, while
the unmodified fibers were completely destroyed, as shown in
SEM images. Cone calorimetry revealed a strong reduction in
the peak heat release rate with increasing number of deposited
BL, reaching the best performances at 20 BL. The application
of 20 bilayers will naturally be difficult in large scale paper
production but probably a similar flame-retardant effect can be
achieved with considerably fewer numbers of bilayers.
Furthermore, we are currently evaluating different addition
strategies to achieve similar results with fewer treatment steps,
and at the same time, Pettersson et al. showed where the LbL
technology can indeed be used in pilot scale paper production
without any major difficulties.61 All the above considerations
make this LbL CH/PVPA nanocoating an effective and
environmentally benign flame-retardant system for wood-
fiber-based paper sheets.
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