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ABSTRACT: Cellulose-based materials are gaining increasing attention in the packaging industry as sustainable packaging material
alternatives. Lignocellulosic polymers with high quantities of surface hydroxyls are inherently hydrophilic and hygroscopic, making
them moisture-sensitive, which has been retarding the utilization of cellulosic materials in applications requiring high moisture
resistance. Herein, we produced lightweight all-cellulose fiber foam films with improved water tolerance. The fiber foams were
modified with willow bark extract (WBE) and alkyl ketene dimer (AKD). AKD improved the water stability, while the addition of
WBE was found to improve the dry strength of the fiber foam films and bring additional functionalities, that is, antioxidant and
ultraviolet protection properties, to the material. Additionally, WBE and AKD showed a synergistic effect in improving the
hydrophobicity and water tolerance of the fiber foam films. Nuclear magnetic resonance (NMR) spectroscopy indicated that the
interactions among WBE, cellulose, and AKD were physical, with no formation of covalent bonds. The findings of this study broaden
the possibilities to utilize cellulose-based materials in high-value active packaging applications, for instance, for pharmaceutical and
healthcare products or as water-resistant coatings for textiles, besides bulk packaging materials.

■ INTRODUCTION
There is constantly increasing interest in replacing fossil-based
plastics with packaging materials from renewable sources.
Cellulose is a widely utilized packaging material, and it is
found, for instance, in the form of cardboard and cellophane.
The advantages of cellulose in packages are its renewable
origin, biodegradability, and recyclability.1−3 The regulations
and guidelines, such as UN sustainability goals, drive the
packaging industry to transition toward more and more
cellulose-based materials in the coming years.4

Low-density foam packaging materials are needed as
protection for a variety of products, such as sensitive
electronics, or as insulation material, for instance, for hot
and cold food products. Apart from the advantage of low
weight, the foam construct also provides insulation and a
cushioning effect. Currently, petroleum-based low-density
materials, such as expanded polystyrene and polyurethane,
are widely utilized in foam-based materials. In addition to thick

bulky foam packaging materials, foam films made from
polyethylene and polyurethane have been utilized as protecting
materials. In recent decades, foams made from cellulose-based
materials, including pulp and cellulose nanofibers, have been
investigated as sustainable alternatives.5,6 In contrast to plastic
foams, cellulose-based foams are sensitive to moisture and
water due to the hygroscopic nature of cellulose fibers with
hydroxyl group-rich surfaces.7,8 The water sensitivity has been
altered successfully with various surface modifications, such as
noncovalent adsorption of hydrophobic compounds or
covalent modification, including the esterification of cellulose

Received: November 9, 2023
Revised: January 24, 2024
Accepted: January 26, 2024
Published: February 9, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

8255
https://doi.org/10.1021/acsomega.3c08906

ACS Omega 2024, 9, 8255−8265

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

A
A

LT
O

 U
N

IV
 o

n 
M

ar
ch

 1
3,

 2
02

4 
at

 1
5:

02
:2

4 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tia+Lohtander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tetyana+Koso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ngoc+Huynh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tuomo+Hjelt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marie+Gestranius"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alistair+W.+T.+King"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Monika+O%CC%88sterberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Monika+O%CC%88sterberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suvi+Arola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c08906&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08906?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08906?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08906?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08906?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08906?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08906?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08906?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08906?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/7?ref=pdf
https://pubs.acs.org/toc/acsodf/9/7?ref=pdf
https://pubs.acs.org/toc/acsodf/9/7?ref=pdf
https://pubs.acs.org/toc/acsodf/9/7?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c08906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


and grafting of hydrophobic compounds to cellulose.9−11 In
paper production, the hydrophobicity of paper is commonly
increased with a low-cost, nontoxic, and biodegradable sizing
agent called alkyl ketene dimer (AKD). Previous studies
utilizing AKD as a hydrophobizing agent in biomaterials have
reported that the products are biodegradable.12,13 The AKD
can change the surface chemistry of cellulose fibers
permanently as it binds covalently to the cellulose hydroxyl
groups via an esterification reaction.14

The foaming of cellulose-based structures is commonly
achieved by utilizing surfactants that lower the surface energy
and stabilize the foam by accumulating at the air/liquid
interface.15 The available surfactants vary from cationic and
anionic to nonionic compounds, of which the latter two have a
less toxic character. The cellulose fibers themselves also
contribute to the stabilization of the wet foam structure; first,
by increasing the viscosity of the foam and second as stabilizing
additives, i.e., Pickering agents, physically preventing the
drainage of liquid from the foam’s continuous phase.16,17

The wet cellulose foams can be dried either by freeze-drying or
at elevated temperatures after foaming.18−20 Drying at elevated
temperatures is more feasible, as freeze-drying is slow, costly,
and less scalable compared to heating.
Occasionally, other properties, such as antimicrobial,

antioxidant, and moisture-scavenging properties, are highly
useful, and it is desirable to introduce these added
functionalities to be incorporated into the materials to create
active packaging.21 For instance, valuable nutritional supple-
ments, and healthcare products without preservatives can
benefit from active packaging, prolonging their shelf life.
Willows (Salix sp.) are fast-growing crops that have been
utilized, for instance, for medicinal purposes and energy
production.22,23 Instead of burning the valuable biomass, the
willow could be fractionated into fiber and extractive feeds for
more-resource wise utilization.24

In this work, we produced self-standing thin fiber foam films
from high-consistency cellulose nanofibrils (CNF), carbox-
ymethyl cellulose (CMC), and methylcellulose (MC). Willow
bark extract (WBE) was added to the system to bring bioactive
properties in the resulting fiber foam films. WBE is an aqueous
solution of polyphenols and monosugars, which increase the
viscosity of the CNF hydrogels.25 Therefore, it was
hypothesized that the WBE would influence the mechanical
properties of the dry foam as well. Herein, we show that the
WBE increased the mechanical strength of the fiber foams and
provided protection against UV radiation and oxidation to the

foams. Moreover, we show that the moisture sensitivity of the
dry foam can be tuned with AKD and that the combination of
AKD and willow bark can improve water resistance further. We
present a novel approach that utilizes the synergistic effect of
AKD and polyphenol-rich WBE for creating lightweight, self-
standing, cellulose-based fiber foam films with improved
hydrophobicity. The concept of functionalizing cellulose-
based films by WBE has been presented earlier.25,26 The
novelty of this work lies in creating a self-standing foam
structure from a high-consistency CNF with bioactive
functionalities. The foam structure enables the use of less
material compared to dense films, and the high solids content
of the CNF grade utilized here allows the formation of stable
wet foams. Additionally, due to the lower water content
compared to native CNF grades, the drying of the structures
requires less energy. The achieved properties, combined with a
simple and scalable process, enable new opportunities to use
cellulose-based foams in active packaging materials.

■ MATERIALS AND METHODS
Materials. High-consistency nanocellulose (CNF) was

prepared from never-dried bleached softwood pulp with
enzymatic fibrillation technology.27 Native cellulose nanofibrils
(nCNF) used for rheological tests were prepared from never-
dried bleached hardwood pulp from a Finnish mill, following
the procedure of Österberg et al.28 The wood pulp, after being
washed into sodium form, was refined using a Voith refiner
(Heidenheim, Germany) and underwent six passes of
mechanical fibrillation with an M-110P fluidizer (Microfluidics,
Newton, MA). WBE was prepared from the bark of two-year-
old willow hybrids (Klara, harvested in Kouvola, Finland),
kindly provided by Carbons Finland Oy. Briefly, the bark was
hot water extracted at 80 °C for 50 min according to the
previously published method.29 Then the extract was filtrated
(filter paper, retention 12−15 μm) and centrifuged (4.500 g,
20 min, 21 °C) to remove residual solids, and the extract was
freeze-dried to powder and stored at −20 °C. CMC, MC,
ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt), sodium persulfate, D-sorbitol, NMR
solvents (specifically CH3OH-d4 and DMSO-d6), and tannic
acid were obtained from Sigma-Aldrich. AKD (Aquapel 320)
was obtained from Solenis LCC (USA). A homologically
produced Trametes hirsuta laccase (ThL) with a catalytic
activity of 5533 nkat ml−1 and a protein concentration of 3.5 g
L−1 was purified with a method described elsewhere.30 Tetra-n-
butylphosphonium acetate ([P4444][OAc]) was synthesized as

Scheme 1. Schematic illustration of the foaming and fiber foam film preparation. The main constituents of the foam were high-
consistency nanocellulose, carboxymethyl cellulose, and methylcellulose. The foam was modified with willow bark extract and
hydrophobizing agent alkyl ketene dimer.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08906
ACS Omega 2024, 9, 8255−8265

8256

https://pubs.acs.org/doi/10.1021/acsomega.3c08906?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08906?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


described in the literature,31 from tetrabutylphosphonium
bromide (99%, obtained from TCI Europe) and silver(I)
acetate (99%, obtained from abcr). Deionized water was used
in all experiments.
Fiber Foam Preparation and Characterization. The

self-standing fiber foam film composites were produced
according to Scheme 1. Ten g of high-consistency CNF with
a dry solid content of 21.5%, 7 g of 1%(w/w) CMC aqueous
solution, 1.6 g of 50%(w/w) sorbitol aqueous solution, and
WBE and AKD were first dispersed thoroughly using a
Dispermat (VMA-Getzmann GmbH, Germany), followed by
the addition of 5 g of 1%(w/w) aqueous solution of MC, and
then foamed for 2 min using a Dispermat (6500 rpm). The
WBE was added to the system with a ratio of 1:2 or 1:4 (CNF/
WBE, dry solids weight), and the amount of AKD was 2% of
the CNF and CMC dry solid contents. The role of sorbitol in
foams was to bring flexibility, while the CMC was
hypothesized to stabilize foams further by hindering the
drainage of water. Based on previous work, the laccase enzyme
was also tested to improve WBE network formation.25 The
viscosity of foam systems, including CNF, CMC, sorbitol, MC,
and WBE, before foaming was measured using a Brookfield
Viscometer RVDV-III Ultra (Brookfield AMETEK Inc., USA)
with a spindle size of 06 and a speed of 50 rpm. The viscosity
reading was recorded at 10 s in duplicate. The complex
viscosity of the 1.2%(w/w) nCNF hydrogel with varying
concentrations of WBE was recorded with an Anton Paar
MCR302 rheometer with a smooth 25 mm plate-to-plate
geometry. The measurements were carried out in duplicate.
Foam Film Preparation and Characterization. The self-

standing fiber foam films were prepared on polyethylene
terephthalate (PET) films using a film applicator (Coatmaster
510, Erichsen, Germany) with a 2 mm comb and dried in an
oven (Model UF110 Memmert GmbH, Germany) at 105 °C
for 20 min. After drying, the fiber-foam films were peeled off
the PET substrate, and their dry thickness was measured using
an L&W micrometer (Lorentzen & Wettre, Sweden). The
percentage shrinkage in thickness was calculated by comparing
the achieved dry thickness to the wet thickness of 2 mm. The
air content of wet foams was defined gravimetrically by filling a
cup with a known volume of freshly prepared foam. The wet
foams were imaged with an optical microscope (Nikon Eclipse
Ci-POL, Nikon Instruments Inc., Japan) using 4× magnifica-
tion.
Mechanical Properties of Fiber Foam Films. The

density of dry fiber foam films was determined gravimetrically,
and the porosity of foams was determined using the following
equation

= ×
i
k
jjjjj

y
{
zzzzzPorosity (%) 1 100f

c (1)

in which ρf is the density of the dried foam, and ρc is the
density of cellulose (1.5 g cm−3). Although the foam films
contained small amounts of other additives, the main material
was cellulose (>50%), and thus, the density was compared to
the value of pure cellulose. The mechanical properties were
measured using a tensile tester (Lloyd LS5, Ametek, USA)
with a 100 N load cell, 50 mm gauge length, and 5 mm min−1

elongation rate. The dry-fiber foam films were cut into 15 × 70
mm specimens using a surgical blade. The samples were stored
at 23 °C and 50% relative humidity for at least 1 day before

running the measurements. All values were determined from
triplicate samples.

Characterizations of Fiber Foam Films. The micro-
structure of cross-sections of dry fiber foam films was imaged
using field emission scanning electron microscopy (FE-SEM,
Zeiss Merlin, Germany) at a 2 kV accelerating voltage in
secondary electron mode with an in-lens detector. For the
cross-sectional images, a small precut was cut on one side of
the film, followed by freezing the film in liquid nitrogen, and
finally, the film was pulled with pliers. The cut foams were fixed
on carbon tape and sputtered with a 3 nm-thick Au/Pd
coating.
The chemical structure of fiber foam films was analyzed in

duplicate using attenuated total reflectance Fourier-transform
infrared spectroscopy (ATR-FTIR, Nicolet iS50, Thermo
Fisher Scientific, USA) equipped with a single-reflectance
diamond ATR crystal.
Starting materials, such as CNF, WBE, and AKD, all single

compounds, as well as their composites, were analyzed to
determine if new covalent bonds were formed (CNF with
AKD, WBE with AKD, or all three components prepared in
ratios and conditions described earlier) by solution-state
nuclear magnetic resonance (NMR) spectroscopy. Spectra
were acquired using a Bruker AVANCE III 500 MHz
spectrometer equipped with a 5 mm broadband-optimized
BBO 500 MHz S2 probe head. Spectral data was recorded at
25 and 65 °C to reduce the viscosity of cellulosic solutions,
improve resolution, and assess changes in chemical shifts
caused by elevated temperatures. Samples were at first
dissolved, as described in the protocol, in the combination of
tetra-n-butylphosphonium acetate and deuterated dimethyl
sulfoxide (electrolyte [P4444][OAc]/DMSO-d6 in mass ratio
1:4), due to the difficulties with cellulose dissolution in the
conventional NMR solvents.31 Also, pure DMSO-d6 and
MeOH-d4 were used when possible for the samples.
For each of the samples, both the quantitative 1H spectrum

and the diffusion-edited 1H spectrum were acquired. The
standard “zg30” pulse program from the Bruker library was
used for 1H acquisitions, with relaxation delay D1 set to 10 s
for prolonged peak quantitation. For the diffusion-edited 1H
spectrum, a 1D sequence was applied for diffusion measure-
ment using stimulated echo and LED − “ledbpgp2s1d” pulse
program from the Bruker library.32 Bruker TopSpin 4.2.0
(https://bruker.com/) and MestReNova 14.3.1 (https://
mestrelab.com/) software packages were used for spectra
processing and formatting. Almost all chemical shifts in 1H
(proton) and 13C (carbon) scales were calibrated to the
DMSO-d6 signal of δ = 2.50; 39.52 ppm when applicable. Also,
for further characterization of compounds, additional experi-
ments were performed selectively (see the full data in Table
S1).

Bioactive Properties. The ultraviolet protection factor
(UPF) was determined according to the European standard
EN 13758-1.33 The transmittance of fiber foam films was
determined sing a spectrophotometer (UV2600, Shimadzu,
Japan) with an integrating sphere. The UPF was calculated
using the following equation

= =
=

=
=UPF

E

E T

( ) ( )

( ) ( ) ( )
290
400

290
400

(2)
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where E(λ) is the solar irradiance, ε(λ) is the erythema action
spectrum, T(λ) is the spectral transmittance at wavelength λ,
and Δλ is the wavelength interval.32

The antioxidant activity of dry fiber foam films and WBE
was determined using the ABTS assay method described by Re
et al. with small modifications.35 First, the stock solution of the
ABTS radical was prepared by mixing ABTS and sodium
persulfate in water, which was allowed to react in the dark for
12−16 h. The ABTS radical stock was diluted until an
absorbance of 0.7 au at 734 nm was reached. Circular fiber
foam films with a diameter of 6 mm were mixed with 2 mL of
diluted ABTS radical solution, and the absorbance was
recorded after mixing samples in a rotator for 30 min. Pure
WBE was mixed as a dry powder (2 mg) with the diluted
ABTS radical solution. The radical scavenging activity of the
samples was calculated using the following equation

= ×
A

A
Radical scavening (%)

(1 )
100

sample

ABTS (3)

where Asample is the absorbance of the sample after reaction
with ABTS radical solution, and AABTS is the absorbance of
ABTS radical solution stock at 734 nm. Tannic acid (TA) was
used as reference material, and the antioxidant activities of
foams and WBE were reported as tannic acid equivalents based
on the calibration curve from five TA concentrations between
0.1 and 2 μgmL−1. All measurements were performed in
triplicates.
Water Interactions. To assess the surface wetting

properties, the water contact angles (WCA) of the fiber
foam films were analyzed using an optical tensiometer
(Attension Theta, Biolin Scientific, Finland) with the sessile
drop method. The WCA was recorded from both sides of the
fiber foam film with a drop volume of 5 μL. The WCA was
determined from five parallel measurements. The water vapor
sorption capacity of fiber foam films was studied using a
gravimetric dynamic vapor sorption analyzer (DVS Resolution,
Surface Measurements Systems Ltd., UK). To evaluate the
effect of foam structure on water vapor sorption, a neat high-
consistency CNF film and a film from high-consistency CNF,

CMC, sorbitol, and MC were analyzed as control samples. The
samples were stabilized in a desiccator for at least 2 days before
the measurements. The measurements were carried out at 25
°C, and the relative humidity was increased from 0 to 90% and
reduced back to 0% using a 15% step size. The sample weight
was 10−13 mg, and each humidity step was continued until
the mass change rate of 0.002%min−1 was reached. The
equilibrium moisture sorption (%) was calculated as a
percentage change in mass compared to the dry sample at
0% RH. The water resistance of films was experimented with
by immersing the dry films in water for 24 h. The foams were
photographed immediately after immersion, after 12 h, and
after 24 h. The structural stability of the films was investigated
by removing the fiber-foam film pieces from the water using
tweezers.

■ RESULTS AND DISCUSSION
Fiber Foam Film Composites. Fiber foam films were

produced via cast coating from a foam consisting of high-
consistency CNF, CMC, MC, sorbitol, AKD, and varying
amounts of WBE. CNF was expected to bring structural
integrity to the foam, CMC to hinder gravity-driven drainage,
sorbitol to plasticize the dry foam films, AKD to improve water
tolerance, and WBE to both improve water tolerance and
introduce protection against oxidation and UV degradation.
The role of MC was to act as a foaming agent. Optimum
foaming conditions and concentrations of CMC and MC had
been established earlier, and for simplicity, these conditions
were all kept constant to obtain comparable foams. The
formed wet foams had spherical bubbles with an average
diameter of 63−109 μm and air content ϕ below 64%, making
them bubbly liquids by definition (Figure S1).36 The AKD had
an almost negligible effect on foam formation, but the addition
of WBE reduced the air content down to half of the original air
content (ϕ ∼ 34−12%). The lower foamability was considered
to be due to an increase in viscosity after the WBE addition.
The viscosity was determined using two different methods, and
they both indicated that incorporating WBE into the system
increased the viscosity in the neat CNF system (Figure S2).

Figure 1. (A) Cross-sectional SEM micrographs of fiber foam films show the layered foam structure, with insets displaying photographs of
corresponding dried films. (B) Tensile stress, (C) strain (%), and (D) density of fiber foam films from high-consistency cellulose nanofibers (CNF)
and willow bark extract (WBE) with two different concentrations.
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The increasing viscosity of the foam is commonly known to
reduce the foaming capacity of the system.37 A recent study
proposed that the underlying mechanism behind increased
viscosity is the reduced repulsion between cellulose fibrils due
to the adsorption of WBE onto the fibril surfaces, which leads
to the dehydration of hydrogel and consequently increased
hydrogel strength.38 As the viscosity increases in the system, it
is more difficult to get the material to flow even with high
shearing and to introduce air bubbles into the system.
However, this increase in viscosity could also help stabilize
the wet foam.
The wet foams were cast using a film applicator, and the

resulting structures were hybrids of traditional films and foams.
The dry fiber foam films had rough, porous surfaces, and the
color of the films changed from white to light brown upon the
addition of WBE (Figure 1A). The dried fiber foam films were
conformable and could be bent, but folding caused creases like
in paper (Video S1). On the microstructural level, the dry fiber
foam films showed a sheeted layerlike structure with closed,
elongated air pockets (Figure 1A). The mechanical properties
of packaging materials are highly relevant, as the material needs
to provide protection for the products that are packed in it, and
thus, the fiber foam films were subjected to tensile tests. The
tensile stress and strain values for the fiber foam films are
presented in Figure 1B,C. In addition to increasing the
hydrogel strength, the addition of WBE more than doubled the
strength of dry fiber foam films. Likewise, the strain values
were slightly higher when WBE was added to the composites.
The addition of WBE increased the density of fiber foam films
from 0.64 to 0.83−0.97, which is the main explanation for the
increase in the mechanical strength (Table 1). As the fiber

foam films’ air content decreased, the number of disconti-
nuities in the bulk matrix also decreased, resulting in an
improvement in strength. As a comparison, the density of
cellulose is ∼1.5 g cm−3, and the densest CNF films can reach
values close to cellulose.39,40 The dry density of the fiber foam
films correlated quite well with the air content of wet foams
(Figure S3). The density of fiber foam film with a higher WBE
concentration was slightly higher than that of fiber foam film
with a lower WBE concentration (Figure 1D), and this is in
line with the air contents of wet foams. As seen previously,
AKD did not influence the foamability significantly, and thus, it
did not have a notable effect on either mechanical properties
(Figure S4) or density (Table 1). In hydrogels, laccase has
been utilized to polymerize the phenolic compounds of WBE
and improve the gel strength.25 Laccase was also evaluated in
this study, but it did not show any additional advantage for the
foam as the film strength was not improved (Figure S4) and,
therefore, it was not applied in further experiments.

Bioactive Properties of Fiber Foam Films. Sunlight and
free radicals can damage sensitive molecules; hence, they can
shorten the shelf life of a variety of pharmaceutical and
healthcare products. The polyphenolic compounds found in
plant extracts can have antioxidant, antimicrobial, and sunlight-
protecting properties since the role of these extracts as
specialized metabolites is to protect the plant from external
hazards.41−43 The bark extractives of different wood species
have been previously utilized in a variety of applications,
including adhesives, absorbent materials, bio-oils, wood
protective coatings, composite films, and textiles.25,44−48

Herein, the polyphenolic-rich WBE was used to provide
bioactive properties to the fiber foam films, which were studied
in terms of protection from sunlight and antioxidant activity.
The sunlight protection was evaluated by the UPF.33 The UPF
of samples can be classified as low (<15), good (15 ≤ UPF <
24), very good (24 ≤ UPF < 39), or excellent (≥40).34 The
fiber foam films with varying concentrations of WBE effectively
blocked the radiation in the studied wavelength range (Figure
2A,B). The neat CNF foam showed a UPF value below 5,
indicating that the sunlight protection without WBE is poor.
The embedded WBE improved the fiber foam films’ sunlight
protection significantly, and the samples exhibited good UPF
values. The mechanism behind good sunlight protection is the
ability of WBE to efficiently absorb UV light, which is typical
for phenolic compounds.49 However, it is noteworthy that
doubling the WBE concentration did not significantly improve
the UPF values, and maximum sunlight protection was already
achieved with the smaller amount of WBE.
In addition to the sunlight protection, the fiber foam films

with WBE showed radical scavenging up to 80%, while WBE
alone was able to scavenge almost all ABTS radicals, as the
radical scavenging was ∼96% (Figure 2C). WBE alone was free
in the solution and, therefore, more accessible to interact with
ABTS radicals compared to WBE embedded in the CNF foam
matrix. CNF foam without WBE was also able to scavenge
some of the radicals, probably due to the physical entrapment
of the dye in the foam rather than the actual radical reaction,
but the addition of WBE improved the scavenging ability from
20 to 80%. Tannic acid was used as a reference compound in
the antioxidant activity determination (Figure S5), and as the
mass of samples was taken into account in the antioxidant
activity calculations, the difference in antioxidant activity
between free WBE and WBE embedded in the CNF matrix
was more notable (Figure 2D). The WBE concentration was
doubled to achieve the higher antioxidant activity; however,
the results presented in Figure 3C,D showed that the
increasing WBE content in the fiber foam film had only a
minor influence on the radical scavenging. The minor
difference is plausibly due to the more limited accessibility of
WBE embedded in the foam, and thus, the excess antioxidant
inside the fiber foam film matrix cannot participate actively in
scavenging the ABTS radicals.

Chemical Composition of Functionalized Fiber
Foams. The FTIR spectra of fiber foam films were measured
to determine the presence of WBE and AKD and to define the
changes in the chemical structure of fiber foam films upon their
addition (Figure 3). The spectrum of neat CNF foam (Figure
3A) showed the typical absorptions of cellulose backbone (υOH
3340 cm−1, υCH 2901, 1429 cm−1, υH2O1641 cm−1, υC−O 1160,
1054 cm−1, υβ-linkage 896 cm−1).50 The addition of WBE to the
foam introduced new absorptions at 1605 and 1515 cm−1

(Figure 3A), which are attributed to the aromatic rings of

Table 1. Density of dry fiber foam films and the shrinkage in
thickness after drying.

Thickness
(μm)

Density
(g cm−3)

Decrease in
thickness (%)

CNF 238.7 ± 15.5 0.64 ± 0.04 88.07 ± 0.78
CNF AKD 248.3 ± 10.0 0.60 ± 0.02 87.58 ± 0.50
CNF-WBE 1:2 206.7 ± 5.7 0.97 ± 0.10 89.67 ± 0.28
CNF-WBE 1:2
AKD

217.0 ± 8.2 0.83 ± 0.02 89.15 ± 0.41

CNF-WBE 1:4 265.7 ± 2.1 0.87 ± 0.03 86.72 ± 0.10
CNF-WBE 1:4
AKD

263.7 ± 4.0 0.87 ± 0.06 86.82 ± 0.20
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WBE. The interaction between polyphenolic WBE and CNF is
based on the physical bonding (hydrogen, hydrophobic
interaction, π−π interaction, and electrostatic interac-
tions51,52), and no sign of new covalent chemical bonds was
observed in the spectra. However, AKD can interact through
both physical and chemical interactions, according to the
literature. The chemical interactions can be seen as the
formation of β-ketone ester bonds at 1703 cm−1, and the
physical interactions of AKD can be seen at approximately
1600 and 1722 cm−1, which are assigned to symmetric
stretching of C�C and C�C stretching vibrations of AKD,
respectively.14,53,54 The absorption band at 1600 cm−1 due to
the physical adhesion of AKD is difficult to distinguish from
the spectra as a result of overlapping bands of CNF and WBE
(Figure 3A,B). However, upon the addition of AKD (Figure
3B), especially in combination with WBE, a new shoulder
appeared around 1720−1730 cm−1, which indicates the
presence of AKD in the foams. The intensity of the absorption
band is rather low, which is due to the low dosage of AKD (2%

of the CNF dry content). A similar absorption band was also
observed in the spectra of pure WBE and CNF with AKD
without the other compounds of the foam (Figure S6),
indicating that the absorption band is due to AKD.
The applied dosage of AKD was low; and therefore, the

amount of potential chemically bound AKD on CNF and WBE
would most probably be below the detection limits of the
FTIR technique. Consequently, the foams were further studied
with NMR. As all the analyzed materials had to be dissolved,
preferably in the same solvent as cellulose-containing materials,
an electrolyte [P4444][OAc]: DMSO-d6 was used.31 WBE
dissolution in the electrolyte with subsequent heating resulted
in a solution color change from brown to black, and spectral
data demonstrated signs of material polymerization as
broadened signals in the 6.0−7.5 ppm region of the proton
spectrum (Figures S7 and S8). This was expected, as the
electrolyte is a strong base, which, in combination with heating,
can activate the condensation of polyphenolic compounds.
Despite this, at least picein and triandrin were clearly identified

Figure 2. Bioactive properties of the fiber foam films made from high-consistency cellulose nanofibers (CNF) and willow bark extract (WBE). (A)
Transmittance (%) of fiber foam films over the wavelength range 280−400 nm and (B) UPF of fiber foam films. (C) ATBS radical scavenging (%)
ability and (D) antioxidant activity of fiber foam films as tannic acid equivalents.

Figure 3. ATR-FTIR spectra of fiber foam films. (A) Foam of high-consistency cellulose nanofibers (CNF) with willow bark extract (WBE) with
two different concentrations; and (B) same samples with the hydrophobizing agent AKD.
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as the main components based on known literature.29 The
sample was also characterized at lower temperatures to ensure
comparable assignments in relation to the literature. The
sample was additionally dissolved in pure DMSO-d6, and
spectra were recorded. However, this confirmed only previous
assignments, even with no colorization of the sample.
Saccharide resonances were not resolved as well as in the
electrolyte, which was also indicated by the poorer solubility of
WBE in the pure solvent.
Spectral data of dissolved cellulose nanofibers (CNF) did

not show any deviations from expected components with the
presence of cellulose and hemicellulose resonances (xylose and
mannose, Figures S9 and S10).55,56 To identify possible
chemical reactions among WBE, AKD, and CNF, their samples
were prepared with the ratios and conditions described in
Section 2.2. The product of the WBE and AKD combination
was dissolved in DMSO-d6 to avoid possible interference of the
electrolyte with WBE. We could easily identify saturated long-
chain peaks of AKD among proton resonances. Also, phenolic
signals of picein were present, as well as triandrin; however,
unsaturated signals CH-7, CH-8, and split CH2-9 of triandrin
were missing (Figure S11). Instead, the phenolic signals of
triandrin were broadened. This can be explained by the
reaction of (cross)polymerization at those moieties. Again, the
characteristic broadening of peaks in the aromatic region was
an indication that partial polymerization had occurred.
Acquired diffusion-edited 1H NMR spectrum of the AKD

and CNF reaction products was obtained. This experiment is
routinely used to potentially identify covalent attachments
between polymers and low-molecular-weight reactants. It
indicated the presence of broadened signals of saturated
AKDs’ alkyl chains and was initially in agreement with previous
literature data.57 However, an insoluble waxlike material was

persistent in the NMR tube and indicated the possible
presence of micelles, which might also contribute to the signal
in diffusion-edited 1H NMR. To ensure that these resonances
would not be micelle artifacts, a fresh sample was prepared
with DCM prewash to ensure that unbound AKD would be
removed. Spectral data for this new sample demonstrated a
significant decrease in alkyl chain signals-obtained resonances
indicated that the majority of the AKD was physisorbed to
CNF (Figure S12). Any signs of the expected covalent bond
characteristic CH signal (between two carbonyl groups) were
absent or below the detection limit (for 2D data sets).
Additionally, the CNF resonances overlapped with the sugar
resonances of WBE, complicating the picture even more
(Figures S13 and S14). Therefore, the formation of new
covalent bonds could not be verified (Figure S13), and the
interaction between CNF/WBE and AKD was assumed to be
mainly physical or weak bonds.

Water Interactions. Water resistance and interactions are
critical features of packaging materials. The major limiting
factor hindering the replacement of plastic-based packaging
materials with cellulose-derived materials is the hygroscopic
character of cellulose and its low water tolerance. Therefore,
both the surface-wetting properties and bulk sorption behavior
of fiber foam films were determined using WCA and DVS
measurements, respectively (Figure 4). It should be noted that
the fiber foam films produced herein had two sides with rather
different surface structures due to foam aging occurring during
the foam drying. As the foam ages, the liquid begins to drain
from the foam phase, and bubbles begin to grow, leading to the
coarsening of the foam. Therefore, the bottom side of the dried
fiber foam films, where the gravitation forces the liquid,
became a smooth, film-like structure, while the top side of the
fiber foam film has a coarse and porous surface structure

Figure 4. (A) Photograph of fiber foam film and a schematic illustration of their cross-sectional structure. (B) WCAs were measured at 10 s from
the top side and (C) from the bottom side of the fiber foam films. (D) Moisture content of CNF and CNF−AKD fiber foam films, and (E)
moisture content of fiber foam films with WBE and AKD measured using DVS. The adsorption curve is marked with a solid line, and the
desorption curve is marked with a dashed line.
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(Figure 4A). Due to this reason, the WCA and the wetting
properties were notably different for the top and bottom sides
of the samples (Figure 4B,C).
The WCA of neat CNF fiber foam films without any

additives indicated that the foam is hydrophilic on both sides,
although the WCA was slightly higher on the bottom side due
to the smoother surface. As expected, upon the addition of
hydrophobizing agent AKD, the contact angles increased on
both sides, even though the influence was greater on the
smoother bottom side than on the porous top side. On the top
side, the porosity of the material had a more dominant
influence on the wetting behavior than the surface chemistry of
the AKD-modified CNF fibers. The WCA measurements
revealed that the addition of hydrophilic WBE increased the
hydrophilicity of the fiber foam films compared with the CNF
fiber foam film. The WBE produced in the hot water extraction
process is a highly hydrophilic compound, and therefore, the
addition of hydrophilic WBE into the hydrophilic CNF matrix
increased the corresponding weight portions of the hydroxyl
groups on the surface that can interact with water molecules.
The combination of both WBE and AKD surprisingly reduced
the hydrophilicity of fiber foam films even more than AKD
alone and made the smooth bottom side of the fiber foam film
almost hydrophobic. The drying at elevated temperatures
made WBE less water-soluble and hydrophobic (Figure S15),
which alone did not increase the WCA of CNF-WBE films. On
the bottom side, simultaneous use of AKD and WBE showed a
synergistic effect, and the WCA increased notably. As the
foams were cast on smooth PET film and the foam evolved
during drying, we can expect that all the foams had similar
smooth film-like surfaces on the bottom side. Therefore, the
synergistic effect of AKD and WBE on the bottom side could
be explained through the reactions occurring between hydroxyl
groups rather than through the differences in the surface
topography. Based on NMR results, both WBE and AKD
interact with CNF only via physical forces. The physisorption
occurs mainly via hydrogen bonding,25 and this creates
competing adsorption for water molecules as there are a
limited number of OH sites available. The increased WCA
suggests that this competing interaction changes the alignment
of the WBE and causes the more hydrophobic domains of the
WBE to face toward the air interface. This view is supported by
another research, which argues that the hydrophobic domains
of a polyphenolic compound, tannin from Acacia mearnsii bark,
are oriented toward the surface while the hydrophilic domains
adsorb on cellulose.58 The bark of various Nordic tree species,
in general, is rich in amphiphilic compounds.59 Similar to any
polyphenolic compound, the WBE consists of hydrophilic parts

(OH groups) and more hydrophobic parts (aromatic rings).
However, more research is needed to verify the exact
mechanism behind the observed synergistic effects of WBE
and AKD.
In addition to the surface wetting behavior, the bulk

moisture sorption of fiber foam films was investigated using the
DVS technique. A similar moisture sorption isotherm shape
was observed for all fiber foam films despite the addition of
WBE or AKD (Figure 4D,E). The moisture sorption capacity
was higher in CNF fiber foam films and in CNF fiber foam film
with only WBE, while upon the addition of both WBE and
AKD, the sorption capacity of the fiber foam films was
reduced. The isotherm shape of fiber foam films was more type
III (Flory−Huggins) than the sigmoidal shape typical for
lignocellulosic materials, including CNF, and additionally, the
hysteresis, i.e., the difference between absorption and
desorption curves, was minimal.60 This indicates that the
water interactions of the materials analyzed herein differ from
the typical lignocellulosic behavior. The hysteresis commonly
observed for lignocellulosic materials is explained to be due to
sorption taking place in different material states, as the
adsorption of water molecules onto the dry and collapsed
matrix is lower than the desorption from the wet and swollen
matrix, in which the water molecules strongly interact via
hydrogen bonds.61 The lack of hysteresis in this study can thus
be assumed to be due to reduced dimensional changes during
adsorption and desorption cycles. The once-dried foam with a
porous structure retains a more open matrix structure and high
accessibility for water adsorption. A compact film made of the
same compounds and dried in the same conditions showed
lower moisture uptake and distinguishable hysteresis, verifying
that the lack of hysteresis in fiber foam films originated from
the porous structure (Figure S16). The influence of structural
swelling on sorption hysteresis has been addressed earlier
elsewhere.62 The fiber foam films were plasticized using
sorbitol, which improves ductility not only by disturbing the
intra- and intermolecular hydrogen bonding network but also
by increasing the ability to absorb moisture.63 The increase in
moisture absorption ability given by the plasticizer can also
contribute to the total moisture uptake of the fiber foam
films.64,65

In addition to the surface wetting properties and bulk
moisture sorption behavior, the water tolerance of the fiber
foam films was qualitatively evaluated by immersing pieces of
fiber foam films in water for 24 h. Without the hydrophobizing
agent AKD, the immersed fiber foam films were very delicate;
hence, the collection of intact films from the water bath after
the test period was impossible (Figure 5A). The addition of

Figure 5. Qualitative water resistance test of fiber foam films at the time of immersion (0 min, left side pictures) and after 24 h of immersion (right
side pictures) from (A, top panel) high consistency cellulose nanofibers (CNF, sample to the left on each image) and CNF with two different
willow bark extract concentrations (CNF + WBE 1:2 middle sample, CNF + WBE 1:4 sample to the right on each image) and (B, bottom panel)
the same fiber foam films also containing hydrophobizing agent AKD.
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AKD improved the water tolerance of the films, and intact
films could be collected and handled with a tweezer without
disintegration after the test period (Figure 5B). WBE leached
out of the films with and without AKD; however, in AKD-
treated films, it seemed to be more pronounced. This supports
the hypothesis about competing the physisorption of AKD and
WBE onto CNF, as the more pronounced leaching indicates
that WBE is more loosely bound when AKD is present in the
foams. Due to the leaching, the system is not yet suitable for
active packaging used for food or wet conditions, but it could
be useful for applications where resistance to humid air is
important.

■ CONCLUSIONS
This work presents a route to prepare lightweight, porous
composite nanocellulose fiber foam films with improved water
stability and functional properties, going beyond standard
packaging materials. Each element of the film serves a purpose:
high consistency CNF brings structural integrity, AKD
improves water stability, and WBE functionalizes the fiber
foam films. The fiber foam films were thoroughly characterized
regarding their mechanical strength, and SEM images revealed
a porous microstructure. The addition of AKD significantly
improved the water stability of the films, as demonstrated by
WCA, DVS, and immersion experiments. The addition of
WBE brought functionality through sunlight protection and
antioxidative properties. Interestingly, a synergetic effect
between AKD and WBE was observed with regard to the
surface hydrophobicity of the films. We hypothesize that due
to the competing hydrogen bonding between CNF, AKD, and
WBE, the hydrophobic domains of WBE oligomers face
toward the air interface, which enhances the surface hydro-
phobicity. The presented fiber foam film approach enables
hydrophobization and functionalization integrated into the
foaming process, predicting feasible scalability and possibilities
to expand the concept by introducing other functional
components. We envision that these fiber foam materials
could find use in novel applications where traditional fiber
materials cannot be used due to their high moisture sensitivity.
These applications could include, for example, active textile
coatings besides conventional packaging and insulating coat-
ings.
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