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Pickering particles play an essential role in stabilizing Pickering foams that can be utilized as templates for
making lightweight porous materials for thermal insulation purposes. With the shift from petroleum to
renewable-source-derived materials, particles synthesized from biomass are emerging but are typically too
hydrophilic to function as Pickering particles in foams. Here, we report the hydrophobization of lignin
nanoparticles (LNPs) by adsorption of an oppositely charged surfactant for air-in-water Pickering foam
stabilization. The surface tension and complex viscoelasticity of the aqueous dispersions were tunable by
varying the concentration of LNPs and the adsorption ratio of hexadecyltrimethylammonium bromide
(CTAB) onto LNPs, which were systematically studied with the pendant drop technique (DPT). Under the
optimum conditions, the achieved air-in-water Pickering foams were remarkably stable against
coalescence and coarsening, i.e., the bubble size distribution remained unchanged over 30 days. We

Received 20th March 2024, further utilized the Pickering foams as templates for making dry lightweight composite foams with the

Accepted 27th May 2024 introduction of cellulose nanofibrils (CNFs). The closed-cell composite foams, with lignin as the major
component, exhibited good thermal insulation properties and mechanical properties that were comparable
to commercial rigid polyurethane (PU) foams. We envision that the renewable Pickering particles could find

applications in many other areas beyond the templates for porous materials such as enhanced oil recovery.
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Introduction

Pickering foams are biphasic wet foams stabilized by particles.
Pickering foams are stable against coalescence (film rupture)
and coarsening (diffusion of gas molecules from small bubbles
to large bubbles due to differences in Laplace pressure, also
known as Ostwald ripening) as the particles can strongly adsorb
at the gas-liquid interface. The energy needed to remove the
particles from the interface can reach thousands of xT (kg and
T denote Boltzmann constant and temperature, respectively),
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which is three orders of magnitude higher than for conven-
tional surfactants."”” As a consequence, Pickering foams have
been widely used in various applications such as food,® froth
flotation of minerals,* enhanced oil recovery,” and as precur-
sors for the production of low-density and porous materials.®’

Traditionally, inorganic and synthetic polymeric particles
such as silica nanoparticles,® alumina particles,” and polystyrene
particles,'® have been mainly studied for Pickering foam stabili-
zation. These particles normally undergo partial hydrophobiza-
tion to function as Pickering particles. In recent years, there has
been growing interest in particles derived from biological origin
for Pickering foam stabilization."" Compared with inorganic or
synthetic polymeric particles, biomass-derived particles offer the
advantages of renewability, biodegradability, and biocompatibil-
ity, making them favorable for circular economy and a sustain-
able society. Among these particles, cellulosic particles made
from cellulose or cellulose derivatives have been mostly
reported.’* Alike inorganic and synthetic polymeric particles,
partial hydrophobization of cellulosic particles is required for
them to function as Pickering particles. This has been achieved
either by etherification or esterification of cellulose and further
conversion into spherical particles,>'* or by physical adsorption

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of oppositely charged surfactant or hydrophobic cellulose onto
cellulose nanofibrils (CNFs) or cellulose nanocrystals (CNCs).”**

Compared with cellulosic particles, lignin nanoparticles (LNPs),
an emerging biomass-derived particle made of lignin,">'® have not
been studied for Pickering foam stabilization. LNPs are typically
spherical in shape,"”” which gives them a lower aspect ratio
compared to CNFs or CNCs."® The aspect ratio also plays a relevant
role in Pickering foam stabilization with higher aspect ratio
leading to higher foam stability.” Lignin, the second most abun-
dant biomass photosynthesized in nature right after cellulose, has
been treated as a side stream in the pulp and paper industry.”>*'
Annually, approximately 98% out of 100 million tons of lignin are
burnt for energy purposes, causing premature CO, emission.>*
Nevertheless, lignin valorization for materials applications has
triggered tremendous interest in recent years, not only because
of its abundance, and non-competition with food sources, but also
due to its attractive properties such as antioxidant and UV blocking
properties.”>** Over the years, the underutilization of lignin for
materials applications has been mainly hindered by the hetero-
geneous molar mass, molecular structure, and functional groups
arising from different plant species and isolation processes.”® To
address this issue, one promising approach is converting lignin to
LNPs."”” Unlike raw lignin, LNPs have a well-defined surface
chemistry, large surface area per mass unit, and good dispersibility
in water from pH 3 to 10."** These improved properties enable
value-added applications of lignin,"” including Pickering emulsion
stabilization.>”>° However, to our best knowledge, no efforts have
been conducted to utilize LNPs as emulsifiers for Pickering foam
stabilization. The underlying reason is that LNPs are too hydro-
philic to be used for Pickering foam stabilization, similar to other
biomass-derived particles.*® Besides, generating Pickering foams is
more challenging than producing Pickering emulsions due to the
former (gas/liquid) exhibiting a higher interfacial energy compared
to the latter (liquid/liquid), hence more hydrophobic LNPs are
needed. One study reported the combination of LNPs and alpha
olefin sulfonate (AOS) for wet foam stabilization and found that
the foam exhibited 10 times longer halflife time than the foam
stabilized solely by AOS.*" However, the enhanced stability was not
a result of the Pickering effect, but due to the particle congestion in
the Plateau borders that slowed down the drainage and bubble
coalescence.*

In this work, we systematically studied the surface tension and
complex viscoelasticity of the aqueous LNP dispersion across a
broad range of LNP concentrations (0-5 wt%) and varying the
adsorption ratios of Hexadecyltrimethylammonium bromide
(CTAB) to achieve optimum conditions for generating Pickering
foams. CTAB, a quaternary ammonium cationic surfactant, has
been successfully utilized to hydrophobize anionic LAPONITE®™
and silica particles for Pickering foam stabilization.’*** One
recent study furthermore showed that CTAB meets the criteria
for ready biodegradability without sorbent, and its toxicity can be
mitigated when particle sorbents are used.’> On top of the
Pickering foam stabilization, we further demonstrate that the
Pickering foam system can be utilized as a template for making
lightweight, strong, closed-cell foams with the introduction of
cellulose nanofibrils (CNFs).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Experimental

Materials

Softwood kraft lignin (SKL) (Brand name: Biopiva 100) used in
this study was isolated from black liquor using LignoBoost
technology (UPM, Finland).?® SKL was well characterized in
previous studies,>”*® it has a sugar content of 0.05 mmol g™,
nominal number-average molecular weight (M,) and weight-
average molecular weight (M,) of 693 and 4630 g mol
(determined with gel permeation chromatography using poly-
styrene sulfonates as standards), respectively. The aliphatic OH,
phenolic OH, and carboxyl groups contents were 1.89, 4.05, and
0.38 mmol g~ ' (determined with *'P NMR), respectively. The
cellulose nanofibrils (CNFs) were prepared according to Oster-
berg et al.* In brief, never dried bleached hardwood kraft pulp
fibers were washed into sodium form and then subjected to
mechanical disintegration. The mechanical disintegration was
performed using an M-110P microfluidizer (Microfluidics, New-
ton, Massachusetts, USA) by six passes through a series of
400 and 100 um chambers at 2000 bar. The final obtained
CNF suspension had a solid content of 2.1 wt%, which was
stored at 4 °C before use. Hexadecyltrimethylammonium bro-
mide (CTAB) (purity >98%) was purchased from Sigma-
Aldrich. Deionized water was used throughout the experiments.
A commercial rigid polyurethane (PU) foam with the brand
name FF-PIR PLK was purchased from Finnfoam (Finland).

Preparation of lignin nanoparticles

LNPs were prepared following previously reported method with
slight modifications.>®*° In brief, 15 g of wet SKL (~33 wt%
moisture) was dissolved in 500 g of aqueous acetone (75 wt%)
under stirring for 4 hours, followed by vacuum filtration
through a paper filter (Whatman GF/F, pore size 0.7 pm) to
remove the undissolved solids. Afterward, lignin solution was
quickly poured into deionized water (1500 g) under vortex-
stirring to form LNPs instantly. The LNP dispersion was then
subjected to rotary evaporation at 45 °C under reduced pressure
to remove acetone and further concentrated to 5-7 wt%. The
final aqueous LNP dispersion consisted solely of LNPs dis-
persed in water.

Hydrodynamic diameter (D;,) and { potential analysis

The hydrodynamic diameter (Dy,) and { potential of the LNPs
were determined using a Zetasizer Nano ZS90 instrument
(Malvern Instruments Ltd, United Kingdom). Prior to measure-
ment, the LNP dispersion was diluted to 0.01 wt% with deio-
nized water and subjected to bath ultrasonication for 10
minutes. The Dy, was obtained at the scattering angle of 90°.
The { potential measurement were conducted with a dip cell
probe using automatic voltage and the { potential was calcu-
lated using Helmholtz-Smoluchowski equation.*’ Three mea-
surements were recorded for Dy, and { potential and the average
values were used for reporting. The LNPs prepared in this work
had the average hydrodynamic diameter D;, (intensity-based)
around 140 nm and the { potential around —37 mV at pH 5.
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Atomic force microscopy (AFM)

The AFM images of LNPs and CNFs were taken with a Multi-
Mode 8 AFM equipped with a NanoScope V controller (Bruker
Corporation) in tapping mode in ambient air using NCHV-A
probes (Bruker). The LNP sample was prepared by dropping
5 uL LNP dispersion (0.01 wt%) on a mica surface followed by
ambient drying, while the CNF sample was prepared by spin-
coating of CNF dispersion (0.1 wt%) on a silica surface. Image
processing (third order plane fit) was performed using Nano-
scope Analysis (version 1.5, Bruker).

Surface tension and dilational viscoelasticity

Theory. The pendant drop profile technique (DPT) was
adapted for measuring surface tension (y), dilational viscoelas-
ticity (E), and phase shift (¢).*>"** The shape of the droplet is
defined by the gravity force (which will elongate the droplet)
and surface tension (which strives to keep the droplet spheri-
cal), hence y can be calculated from the droplet profile using
Young-Laplace equation (detailed equations refer to Stauffer”?
and Yang et al.**). E is calculated based on the harmonic
response of y to a given harmonic oscillation of the interfacial
area A at a low frequency from its equilibrium state, which is
expressed as:

Ay Vo
= = — e'? 1
Ad/4y  A4/4o @

where AA varies in a harmonic manner (harmonic oscillation of
the droplet): AA = Ae®™ (4 is the amplitude and v is the
frequency), Ay responses as: Ay = 7e'>™*?) (7 is the amplitude
and ¢ is the phase shift), 4, is the surface area at equilibrium
state of the droplet. J/(4/A,) is usually reported in the term of
complex viscoelastic modulus |E|.

At a relative low oscillation frequency, e.g., at 0.1 Hz, 7 is low
for a droplet containing conventional surfactant, as the surfac-
tant can diffuse to/away from the interface that dampens the
external area perturbation, thus a relatively low |E| is expected. In
contrast, a relatively high |E| is expected for a droplet containing
particles at the interface due to strong adsorption, since a high
energy is required for the desorption of particles from the
interface."** ¢ on the other hand reflects how viscoelastic the
interface is.

Measuring procedure. y, |E| and ¢ of the LNP, CTAB-LNP
aqueous dispersions and CTAB aqueous solutions were analyzed
on an optical tensiometer (Biolin Scientific Attension Theta)
equipped with a pulsating drop module. The dispersion/solution
was expensed from a steel tip (diameter of 1.2 mm) forming a
pendant drop (8 pL) inside a sealed quartz cuvette covered with
parafilm to prevent water evaporation. A high-speed camera
started recording the droplet profile as soon as the droplet
formed at the recording speed of 5 frames per second. The
droplet was allowed to equilibrate for 10 min (dispersion) or
3 min (solution) and then sinusoidal oscillation perturbation was
applied to the droplet at the frequency of 0.1 Hz and amplitude of
5% (4/A,) for 1 min, hence 6 cycles of the sinusoidal oscillations
were recorded. To ensure data reliability, a deionized water
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droplet was expensed and the y was measured at 72 mN m™"
before switching to the dispersion/solution. One Attension soft-
ware was adapted for the data analysis. y was calculated from the
last minute of the droplet profiles during the equilibration, |E|
and ¢ were calculated from the recorded data of 6 cycles of the
sinusoidal oscillations. Three parallel measurements were con-
ducted and the average values were used for reporting.

Wet and dry foam preparation

Wet foams stabilized by CTAB-LNPs were prepared by first
mixing an aqueous CTAB solution (1 wt%) with a LNP disper-
sion (5-7 wt%) at different ratios (e.g., 0 to 15 mg g~ ' CTAB to
LNP) by gentle-stirring for 3 hours, followed by foaming using
an Ultra-turrax T18 (basic IKA homogenizer) for 3 min at 14 k
rpm. Wet foams containing CTAB-LNPs and CNFs were pre-
pared similarly as above with the only difference that CNFs
were added into the LNP dispersions right after adding CTAB
with a final concentration at 0.7-0.9 wt%. The detailed foam
formulations can be found in the ESIt (Table S1 and S2).

The dry foams were prepared by freeze-drying (Labconco,
freezone 2.5). Prior to freeze-drying, the wet foams were trans-
ferred into a round-shape poly(tetrafluoroethylene) (PTFE)
mold (80 mm in diameter and 28 mm in height), followed by
freezing at —20 °C in a freezer.

Wet foam characterization

The foamability was illustrated using the foaming index that
was calculated according to the following equation:

Foaming index (%) = 100% x (Foam volume/initial liquid volume)

(2)

The foam stability was estimated from the change of foaming
index over time.

The microstructure of the wet foams was observed with an
optical microscope (Leica Zeiss DM750) equipped with Leica
imaging software. The captured images were analyzed by Image].

The bubble size distribution and uniformity of the wet
foams were determined with a Mastersizer 2000 (Malvern,
UK). The refractive indices of the dispersed and continuous
phases were set at 1.6 and 1.33, respectively. The wet foams
were diluted with deionized water to reach the laser obscura-
tion of 5-10% prior to starting the measurement. The mean
droplet diameter was calculated according to volume-based size
distribution (d,3;, De Brouckere Mean Diameter). The unifor-
mity of the size distribution was calculated according to the
following equation:

> Xild(v,0.5) — dif
d(v,0.5)

Uniformity =

(3)

where d(v,0.5) is the median diameter in the volume-based
distribution, d; is the diameter in class 7, and X; is the corres-
ponding volume fraction in %. An average of five separate
measurements was used for reporting.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Dry foam characterization

The cellular structure of the dry foams was determined using
scanning electron microscopy (SEM) (Zeiss Sigma VP, Germany)
at an acceleration voltage of 2 kV. Prior to imaging, the samples
were deposited with a 4 nm-thick layer of gold-palladium alloy.
The images were taken from the cryo-fractured cross-section
areas and the top surfaces of the samples. Image] was used to
analyze the SEM images. About 50 cells per sample were
measured to determine the cell size distribution.

The closed-cell content was measured by determining the
actual density using gas pycnometer (Quantachrome, USA)
according to the ASTM D6226 standard and the following
equations.*®

Closed cells (%) = 100% — Open cell (%) (4)

Open cell (%) = (actual density — apparent density)/
apparent density x 100% (5)

The thermal conductivity measurement was performed on a
Hot Disk TPS 2500 S (Sweden). A Kapton sensor (model 5465)
was adapted for determining the thermal conductivity. The
sensor was placed in between two identical foam slabs
(~30 mm x 30 mm x 5 mm) and an extra force (2-3 N) was
applied to the foams to ensure good contact. The measurement
was performed at a heating power of 7 mW for 5 s at 22 °C. Data
points between 1 s and 4 s were selected for the thermal
conductivity calculation. Two parallel measurements were con-
ducted, and the average values were used for data reporting.
The thermal insulation behavior of the foams (~10 mm thick
for LNP-CNF foams, and 5 mm thick for the PU foam) was
further analyzed by placing them on a hot copper plate at
120 °C for 1 hour (see the setup in the ESIT). The copper plate
(155 mm x 155 mm x1 mm) was placed on the hot plate
to ensure thermal uniformity. An infrared camera (PIR uc 605,
640 x 480 pixels) was used to monitor the temperature change
at 1 frame per second. ThermaCAM™ Researcher Pro v2.10 was
used for data analysis. For data reporting, a colormap was used
to indicate the temperature change between 30 °C and 120 °C.
The thermal stability of the foams was analyzed via thermo-
gravimetric analysis using a TGA Q500 instrument (TA Instru-
ments, USA). The samples were heated at a heating rate of
10 °C min~" up to 800 °C under a nitrogen atmosphere. The
temperature corresponding to the highest rate of degradation
was determined by plotting the first derivative of the thermo-
gravimetric curves (DTG).

Compression tests were performed on a universal testing
machine (Instron 5944). The samples (~30 mm x 30 mm X
10 mm) were first conditioned for 48 h at 23 °C with a relative
humidity of 55%. Next, they were compressed up to 80% strain
at a tensile speed of 1 mm min " under a 2 kN load cell. The
compressive strength at 10% and 50% strain was used to
compare the samples. The toughness was calculated over the
strain from 0 to 80%. At least three samples were measured,
and the mean values were used for reporting.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

This work aimed to tune the wetting properties of LNPs by
adsorbing oppositely charged surfactants onto their surfaces
for creating durable Pickering foams. The Pickering foams were
further used as templates for lightweight porous materials
aiming at future use for thermal insulation and cushioning
applications. A general view of this work is shown in Scheme 1.

To obtain optimal performance in foams, the first step was
to fundamentally understand how the surface tension and
complex viscoelasticity of the aqueous LNP dispersions were
affected by the particle concentrations and adsorption ratios of
oppositely charged surfactants.

Hydrophobization of LNPs by adsorption of CTABs for durable
Pickering foams

Concentration effect on LNP hydrophobicity. Both concen-
tration and wettability of particles play an essential role in
forming stable Pickering foams." We first systematically studied
the concentration effect on the surface tension (y), complex
viscoelastic modulus (|E|), and phase shift (¢) of the aqueous
LNP dispersion. The particles were spherical (Fig. S1, ESIt) with
an average hydrodynamic diameter of around 140 nm, as deter-
mined using dynamic light scattering. As shown in Fig. 1a, the y
of LNP dispersion decreased from 72 mN m™' to around
50 mN m~" with an increase in LNP concentration from 0 to
5 wt%. The y decreased rapidly as a function of LNP concen-
tration up to 4 wt%, after that, the y did not seem to decrease
anymore. Meanwhile, the |E| and ¢ increased from 0 to 230 mM
m™ " and from 0 to w, respectively. The increase in |E| indicates an
increasing accumulation of LNPs at the air-water interface, while
the increase in ¢ suggests a more viscous interface. At 5 wt%,
both |E| and ¢ suggested that the LNPs formed closely packed
layers (network structures) at the air-water interface, which made
the interface “gel-like” and “inert” to area perturbation. The
accumulation of LNPs at the air-water interface at a high
concentration can be partially attributed to the protonation of
carboxyl groups of LNPs, which renders them more hydrophobic.
This is supported by the fact that the increase in proton concen-
tration follows a 0.74 power-law relationship with the increased

CTAB-hydrophobized

lignin nanoparticles Mixing

Stirring to form
Pickering foams

Lightweight and
strong foams

Cellulose
nanofibrils

Scheme 1 A general view of this work. The CTAB-hydrophobized LNPs
for durable Pickering foam formation with the presence of CNFs, which

were further dried for making lightweight and strong solid foams. Note
that the schematic drawing of CTAB- coated LNPs is not drawn to scale.

Mater. Adv., 2024, 5, 5802-5812 | 5805


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00295d

Open Access Article. Published on 10 June 2024. Downloaded on 6/17/2026 4:34:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

—O—y (mN/m)
—6— |E| (mN/m)
—O— @ (rad)

LNP concentration (wt%)

704
65+
~60-
£
Z 554
\E/50<
>
45
404

351G

CMC of CTAB

—O—y (mN/m)
—6— |E| (mN/m)
—O— ¢ (rad)

w
a

w
o

N
3]

N
(=]

-
[

a
o

14

|E| (mN/m)

r1.5

r3.5
r3.0
F2.5
r2.0 ;-_%\
r15=
r1.0
r0.5
0.0

3.0
r2.5

r2.0

¢ (rad)

r1.0

r0.5

L0.0

0 20 40 60 80 100 120 140
CTAB to LNP ratio (mg/g)

View Article Online

Paper

O pH F1.6
O Proton concentration

Proton concentration (mM)

0.8
L0.4
0.0
300 45
55 12 —Oo—y(mN/m)
:E —&— |E| (mN/m) L4.0
5 .
504 § —O— @ (rad) 250
—_ 3.5
3 o
2% 30 ®
£ =
>401 25 &
354 2.0
30 1.5

0 2 4 6 & 10 12 14 16
CTAB to LNP ratio (mg/g)

Fig. 1 Wettability of LNPs at different concentrations and adsorption ratios of CTAB. (a) Surface tension (y), complex viscoelastic modulus (|£]), and
phase shift (o) of LNP aqueous dispersions plotted against LNP concentration. (b) pH and proton concentration of LNP aqueous dispersions as a function
of LNP concentration. Proton concentration was calculated based on the pH data. Fitting function for proton concentration follows y = 0.46 x 0.74. (c)
and (d) y, |E|, and ¢ of CTAB-LNP aqueous dispersions at the LNP concentrations of 0.6 wt% and 5 wt%, respectively (egn (1)). The dashed lines denote the
critical micelle concentration (CMC) of CTAB in water. Note that the lines in a, ¢, and d are only added as guides for the eyes.

LNP concentration (Fig. 1b). If there was no change in level of
protonation of the carboxyl groups, the proton concentration
should increase linearly with the increase of LNP concentration.
While comparing our findings with the literature, Stocco et al.
has previously reported a decrease in y and increase in |E| with
increasing particle concentration for partially silanized silica
nanoparticles using the same measuring method.*

CTAB adsorption effect on LNP hydrophobicity. An increase
in LNP concentration resulted in a decrease in surface tension.
However, even at 5 wt%, the LNPs alone were not sufficiently
hydrophobic to stabilize a durable Pickering foam, as will be
discussed later. Theoretically, the highest stability of Pickering
foam is achieved when the interactions of the particles with air
and water are equally strong." Therefore, we next studied the
effect of CTAB to LNP ratio on 7, |E| and ¢ at a low (0.6 wt%)
and high (5 wt%) LNP concentration. We expected that the
adsorption of CTAB on LNPs would further improve the hydro-
phobicity of the particles. At 0.6 wt% LNPs, y decreased with an
increase in the CTAB to LNP ratio (Fig. 1c). However, |E|
initially increased and then decreased, reaching the highest
modulus of 33 mN m ™" at a CTAB to LNP ratio of 14 mg g~
This is because CTAB first formed a monolayer on the LNP
surface driven by entropy gain due to the release of both
counterions into the aqueous phase, rendering the particles
more hydrophobic and causing the diffusion of CTAB-LNPs to
the air-water interface.*>***” At 14 mg ¢~ CTAB to LNPs, the
particles reached the isoelectric point (IEP) and became the
most hydrophobic, and thus covered most of the air-water

5806 | Mater. Adv, 2024, 5, 5802-5812

interface (unfortunately the IEP could not be precisely mea-
sured by electrophoretic method when the particle concen-
tration was above 0.2 wt% (Fig. S2a, ESIT)). Further increase
in CTAB concentration made the LNPs positively charged due
to the formation of CTAB micelles on the LNP surfaces,
rendering the LNPs less hydrophobic and causing them to
diffuse away from the interface, and the vacancy was dynami-
cally refilled by the free CTAB molecules.®* As a result, after the
addition of 14 mg g~ ' CTAB-LNPs, |E| decreased and y further
reduced. The assumption that CTAB formed micelles on LNPs
at a ratio above 14 mg g~ ' was based on literature findings.
Kedzior et al. previously reported that CTAB formed micelles on
the acid-form CNCs and bilayers on the sodium-form CNCs at
0.5 times of CTAB critical micelle concentration (CMC), as
revealed by colloid-type AFM.*® In this study, the LNPs were
in acid-form and the CTAB reached its CMC of ~1 mM at the
CTAB to LNP ratio of 60.7 mg g~ " (see Fig. S2b and Fig. 1c,
ESIT). The transition of the particle surface charge from nega-
tive to positive with the increase of CTAB to LNP ratio was
supported by the { potential results determined at a relatively
low particle concentration (0.1 and 0.2 wt%) (Fig. S2a, ESIY). In
addition, the low ¢ values (<0.2n) indicated that the change in
y was in phase with the change in the droplet surface area (4),
suggesting that the particles formed a monolayer at the air-
water interface. For comparison, we also measured the y and
|E| of the aqueous droplets at the same CTAB concentrations
without LNPs. In this series, all the measured |E| were under
10 mN m ™' (Fig. S2b, ESIf), supporting the fact that the high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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|E| detected at 14 mg g~ ' CTAB-LNPs was due to the strong
adsorption of the CTAB-LNPs at the air-water interface. Pre-
viously maximum hydrophobicity at IEP has been reported for
the adsorption of CTAB molecules onto oppositely charged
LAPONITE® particles as determined with contact angle and
electrophoretic measurements.>?

Unlike the results observed with 0.6 wt% LNPs, at 5 wt%
LNPs, an increase in the CTAB to LNP ratio resulted in a
decrease in both y and |E|, and no obvious change in ¢ around
7 (Fig. 1d). The decrease in y was expected and the reason could
be similarly explained as for the CTAB adsorption onto LNPs at
a low LNP concentration (0.6 wt%). However, in contrast to the
situation for 0.6 wt% LNPs, the maximum |E| corresponding to
the highest hydrophobicity and IEP was not observed at 5 wt%
of LNPs. The relatively high |E| and the ¢ around = reflected
closely-packed particles at the air-water interface, regardless of
the CTAB amount. This might hinder the observation of the
maximum |E|. Nevertheless, we could estimate that the IEP for
5 wt% LNPs should be less than 14 mg g~ since a higher LNP
concentration corresponded to a lower number of dissociated
carboxyl groups per particle due to the protonation effect. In
fact, the foaming results discussed in the next paragraph
indirectly suggested an IEP of 5 mg g ' for CTAB-LNPs at
5 wt% LNPs.

Wet Pickering foams. For producing stable Pickering foams,
it is essential to know the IEP of the CTAB-LNPs as it
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corresponds to the highest hydrophobicity of the particles.*?
As expected, in our foaming experiments, we observed that, for
0.6 wt% LNPs, the most stable foam was formed when stabi-
lized by CTAB-LNPs around the IEP (14 mg g ' CTAB-LNPs).
This was indicated by the slowest growth of the mean bubble
area compared to foams stabilized by CTAB-LNPs at lower or
higher ratios, or foams stabilized with pure CTAB (Fig. S3,
ESIT). However, the same results also indicated that the CTAB-
LNP concentration at 0.6 wt% was too low to stabilize a foam
for several days. A high |E| is a necessity for the formation of
durable Pickering foams.*

Therefore, we focused on the Pickering foam formation at
5 wt% LNPs. We found that the initial foaming index increased
from 207% to 327% with an increased CTAB-LNP ratio from 0
to 15 mg g~ * (Fig. 2a and b), indicating improved foamability.
Interestingly, the foam stability first improved and then
decreased, and the most stable foam was stabilized by
5 mg g ' CTAB-LNPs, as indicated by the smallest change in
the foaming index over 30 days (Fig. 2b). Note that the decrease
in the foaming index during the first half hour was caused by
creaming effect. In contrast, the foams stabilized by the neat
LNPs, 12.5 or 15 mg g~ ' CTAB-LNPs were significantly weaker
and completely vanished after 24 hours (Fig. 2a, b and Fig. S4,
ESIT). In case of the neat LNPs, the particles were not
sufficiently hydrophobic to make the foam durable. For the
12.5 or 15 mg g~ " CTAB-LNPs, we speculate that only the free

b
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Fig. 2 Effect of CTAB to LNP ratio on foamability (egn (2)) and foam stability at the fixed LNP concentration of 5 wt%. (a) Foaming index over 24 hours for
the foams stabilized by the CTAB—LNPs (0-15 mg g~ and the neat CTAB. (b) Initial foaming indices (right after foaming) and foaming indices after
30 days. (c) Bubble size distributions of the Pickering foams stabilized by CTAB-LNPs (2.5-10 mg g~%), measured 3 days after foaming. (d) Bubble size
distributions of the 5 mg g~* CTAB—LNP-stabilized foam on day 1, 3, and 30 after foaming.
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Table 1 Mean bubble size distribution and uniformity (eqn (3)) of the wet
foams stabilized by CTAB—LNPs (5 wt%) at the ratios from 2.5 to 10 mg g™*,
measured three days after foaming

CTAB to LNP ratio (mg g™ ) Mean bubble size (um) Uniformity
2.5 25+3 0.6
5 28 £1 0.4
7.5 42 +1 0.5
10 37+£2 0.5

CTAB molecules adsorbed to the air-water interfaces. Since
CTAB reached its CMC at 7.2 mg g~ ' CTAB-LNPs (Fig. 1d),
there was likely excess CTAB in the aqueous phase after form-
ing micelles on the LNP surfaces. The assumption was sup-
ported by comparing to the foams solely stabilized by CTAB at
27.4 mM, which showed similar foam stability (Fig. 2a and b).
For the durable foams stabilized by 2.5 to 10 mg g~ ' CTAB-
LNPs, we further observed the bubble profiles with an optical
microscope (OM) and measured the bubble size distributions
with dynamic light scatting. The OM images displaced sphe-
rical “cells” with ruptured shells upon drying of the wet foams,
suggesting that the CTAB-LNPs adsorbed at the air-water
interface and provided air bubbles with high stability (Fig. S5,
ESIT). The average bubble size, along with the uniformity of
these bubbles, are summarized in Table 1. We found that the
foam stabilized by 5 mg g~ ' CTAB-LNPs exhibited the narrow-
est bubble size distribution, ranging from 9 to 80 pm, with an
average bubble size of 28 um and a uniformity of 0.4. At
2.5 mg g~ ' CTAB-LNPs, the LNPs were likely not sufficiently
hydrophobized, while at a CTAB-LNP ratio beyond 5 mg g,
the LNPs became slightly positively charged and hydrophilic
again due to CTAB micelle formation. As a result, the foams
stabilized by these particles exhibited a broader bubble size
distribution compared to the ones at 5 mg g~ " (Fig. 2c). This
result is consistent with the foam stability indicated by the
change in foaming index over time (Fig. 2b).

Choosing the foam stabilized by 5 mg g~' CTAB-LNPs, we
monitored the bubble size distribution for 30 days to evaluate
its long-lasting foam stability. It was found that the bubble size
did not change over this period (Fig. 2d). This result suggested
that the foam was surprisingly stable, with no coalescence or
coarsening occurring. Inspired by this excellent foam stability,
we selected the same CTAB-LNPs ratio of 5 mg g ' and
investigated if these modified LNPs could be used to produce
lightweight dry composite foams in combination with CNFs in
the next step.

Wet Pickering foams as templates for lightweight composite
foams

Direct drying of CTAB-LNP-stabilized Pickering foams led to a
collapsed foam structure due to the brittle nature of lignin and
the absence of a strong percolation network structure. Our
previous study showed that a composite film made of CNFs and
LNPs significantly improved the mechanical properties com-
pared to a neat CNF film, due to the synergistic effect of the two
nanomaterials.*® Furthermore, it has been reported that the
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addition of CNFs to the hydrophobized silica nanoparticles or
LNP dispersions significantly improved the Pickering foam/
emulsion stability, attributed to the formation of a CNF perco-
lation network structure.®*° We thus employed CNFs in our
Pickering foam system to enhance both the stability of the wet
Pickering foams upon drying and the mechanical properties of
the solid foams after drying.

CNF content effect on the dry foam stability. We first
examined the effect of CNF amount on the foamability and
foam stability of CTAB-LNPs-stabilized foams at a relatively low
CNF fraction. We varied the CNF fractions from 1 to 9 wt%
(relative to the total solid mass) at the fixed CTAB-LNP concen-
tration of 5 wt%, and observed that the foamability was slightly
reduced while foam stability improved with increasing CNF
fraction (Fig. S6, ESIt). The trend in foamability is opposite
from the findings of Abidnejad et al,*® who utilized hydro-
phobized silica nanoparticles as the Pickering particles and a
water-ethanol mixture as the liquid phase. The water-ethanol
solvent mixture displayed a lower interfacial energy with air and
a lower viscosity compared to water and hence the foaming was
easier. As a result, the presence of CNFs might facilitate the
foamability by enhancing the overall viscosity in their foaming
system. We further freeze-dried our CNF-containing foams, and
found that the dry foams showed less collapsed foam structures
with increased CNF fraction (Fig. S7, ESIt). However, even at
9 wt% CNFs, the dry foam was still brittle, probably due to an
insufficient CNF network structure.

To further improve the mechanical properties of the foams
after drying, we increased the CNF fraction up to 30 wt%,
40 wt%, and 50 wt% at a fixed CTAB-LNP ratio of 5 mg g . The
CTAB-LNP concentration was reduced to 1.7 wt%, 1.2 wt% and
0.9 wt%, respectively. The increase in CNF fraction resulted in a
reduced foaming index (Fig. 3a), primarily due to both increased
viscosity and decreased CTAB-LNP concentration. Nevertheless, all
the CNF-containing wet foams exhibited an unchanged foaming
index for 30 days. In contrast, the foams stabilized solely with CTAB-
LNPs (5 mg g~ ') at the concentrations of 1.7 wt%, 1.2 wt% and
0.9 wt% experienced a significant drop in the foaming index after
30 days (Fig. S8, ESIt). Meanwhile, the bubble size distribution of the
foams became slightly but not significantly broader with increased
CNF fractions (Fig. 3b). Overall, all the wet foams displayed a good
distribution of bubble size ranging roughly between 10 and 200 pm.

——230% CNF
——40% CNF

B Initial
l/ZDay 30

<5
1501 R 50% CNF

Foaming index (%)
g 3

3
\
\

w
S

1 1 10 100 1000

40 5
CNF content (%) Bubble size (um)

Fig. 3 Foamability and foam stability of the foams stabilized by CTAB-
LNPs (5 mg g~%) with the addition of CNFs (30 to 50 wt% relative to the
total solid mass). (a) Foaming indices at the initial stage and on day 30.
(b) Bubble size distribution of the foams, measured on day 3 after foaming.
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Pore morphology of the dry composite foams. Upon freeze-
drying, these foams retained their integrity with negligible
shrinkage (Fig. 4a, e and j). The SEM images further revealed a
honeycomb-like mostly closed-cell structures at the cross-sections
of the foams (Fig. 4b, f and j), which are crucial for thermal
insulation applications.>® The dried foams displayed similar cell
size distributions roughly between 50-250 pm that were slightly
larger than the wet foams (Fig. S9 and S10, ESIt), indicating well-
preserved cell structures upon drying. Moreover, the zoomed-in
SEM images of the cells and the top surfaces of the foams
revealed that, the CNFs were entangled and mostly embedded
beneath the CTAB-LNPs (Fig. 4c, d, g, h, k and i). The results
suggest that during the drying process, the CTAB-LNPs residing
at the air-water bubble interface provided a physical barrier that
inhibited bubble coalescence, while CNF network in the aqu-
eous phase enhanced the viscosity and further slowed down
coarsening.>**°

To validate the SEM observations, we further analyzed the
closed-cell contents of the LNP-CNF foams and a commercial
rigid PU foam (as comparison) using a pycnometer. The results
are listed in Table 2. As anticipated, the closed-cell contents of
the LNP-CNF foams dominated the cell structure, and
increased from 78.1% to 88.6% with the increased CNF

a b
30% CNF

e
40% CNF

i
50% CNF
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Table 2 Apparent density, actual density, and closed-cell contents
(egn (4) and (5)) of the LNF-CNF foams and the reference PU foam

Apparent density Actual density Closed-cell

Foam (kg m™?) (kg m™?) content (%)
30 wt% CNFs 32 +3 57 78.1
40 wt% CNFs 34+14 64 85.3
50 wt% CNFs 35+2 66 88.6
Rigid PU 43 85 97.6

content. This result confirmed that the pore structure could
be better preserved upon drying with increased CNF content
due to increased viscosity of the system. While comparing the
closed-cell contents of the LNP-CNF foams to the rigid PU
(97.6%), the highest closed-cell content of the LNP-CNF foam
was 9% lower than for PU. This explains partially the better
thermal insulation behaviour of the PU foam discussed in the
following section. Unfortunately, we could not find the closed/
open-cell contents of cellulose/lignin-based foams in the litera-
ture for comparison.

Thermal properties of the dry composite foams. The thermal
insulation properties of the dry LNP-CNF foams and the rigid PU
foam were evaluated using two methods: direct measurement of
thermal conductivity and monitoring of surface temperature

ross section d Top surface

Fig. 4 Macro- and microscopic morphologies of the dry lightweight composite foams comprised of CTAB—-LNPs (5 mg g~ and CNFs at the CNF
fractions of 30 wt%, 40 wt%, and 50 wt%, respectively (relative to the total solid mass). (a), (e) and (i) Photos showing the foam appearance. (b), (f) and
(j) SEM images of the cross sections of the foams (scale bar: 500 pm). (c), (g) and (k) Zoomed-in SEM images of the cross sections of the foams (scale bar:
1 um). (d), (h) and (k) SEM images of the foams on the top surfaces (scale bar: 2 um).
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changes by placing the foams on a hot copper plate at 120 °C for 1
hour. The LNP-CNF foams displayed similar thermal conductiv-
ities ranging between 0.03 and 0.04 W mK ' (Fig. 5a). These
values were about 1.5 times higher compared to the rigid PU
foam (0.023 W mK ), but very close to the expanded polystyrene
(EPS) at similar densities.>"> While comparing to the foams/
aerogels made of various types of CNF, values between 0.014 and
0.086 W mK * have been reported for the CNF-derived foams/
aerogels with a density ranging from 4 to 160 kg m>.>* Con-
sistently, the LNP-CNF foams also showed similar surface tem-
perature after being heated on a hot copper plate at 120 °C for 1
hour (Fig. 5a and b). The average surface temperature was about
65 °C for the LNP-CNF foams, and 51 °C for the PU foam (detailed
information can be found in Table S3, ESIt). Note that the
thickness of the LNP-CNF foams (~10 mm) was about twice
higher than the PU foam (5 mm). Overall, the good thermal
insulation properties of these foams were ascribed to both the
relatively low densities and the mostly closed-cell structures.”*

We further compared the decomposition temperatures of
the LNP-CNF foams to the PU foam in a N, atmosphere. Overall,
the LNP-CNF foams showed similar maximum decomposition
temperature at 354 °C, regardless of the CNF content. This value
was higher than for the PU foam (335 °C), indicating higher
thermal stability of the LNP-CNF foams (Fig. 5c). Interestingly,
the LNP-CNF foams yielded less carbon content compared to the
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PU foam, as indicated by the lower residue weight percentage at
800 °C. Comparing among the LNP-CNF foams with various CNF
contents, the more CNF that was added, the lower the carbon
content of the foam. This is reasonable, since lignin typically
exhibits a higher carbon content compared to cellulose.””
Mechanical properties of the dry composite foams. We
further examined the compressive stress of these solid foams
up to a strain of 80%. Overall, the LNP-CNF foams displayed a
gradual increase of compressive stress up to ~30% strain, and a
rapid increase thereafter due to densification (Fig. 5d).*° This
stress—strain profile differs from that of the rigid polyurethane
(PU) foam, which exhibited a distinct linear elastic region, stress
plateau, and densification region (Fig. 5d). Nevertheless, the
stress-strain profiles were similar to those reported for foams
made of CNFs or refined cellulose pulp.”*®*° While comparing
the foams containing various amounts of CNFs, an increase in
CNF fraction from 30 to 50 wt% resulted in an increase of
compressive stress (at 50% strain) and toughness from 31 kPa
to 43 kPa and from 28 k] m ™ to 39 k] m ™, respectively (Table 3).
Note that the corresponding specific compressive stress and
toughness also increased with the increasing CNF fraction
(Table 3). This demonstrates the role of CNF in providing
mechanical strength to the foams due to fibril-fibril hydrogen
bonding and additional mechanical entanglement. It needs to be
emphasized that the compressive stresses at 10% strain and the

30% CNF

40% CNF

d
——30% CNF ]
4001 40% CNF
—— 50% CNF /
S a00] - - - Rigid PU ;
300 /
=
B 200{
7 :
1004 |
,
lll
0+ ; : ;
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Fig. 5 Thermal and mechanical properties of the dry composite foams comprised of CTAB—LNPs (5 mg g~ and CNFs at the CNF fractions of 30 wt%,
40 wt% and 50 wt% (relative to the total solid mass), and a commercial rigid PU foam as a reference. (a) Thermal conductivities of the foams measured at
room temperature and the average surface temperatures of the foams after being heated on a hot copper plate at 120 °C for 1 hour. (b). Thermal camera
images of the foams after being heated on a hot copper plate at 120 °C for 1 hour. (c) The thermal stability of the foams, measured under a N,
atmosphere. The onset figure shows the first derivative of weight against temperature. (d) Representative compressive stress—strain profiles of the foams

up to 80% strain.
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Table 3 Mechanical properties of the lightweight LNP-CNF foams and the rigid PU foam

Compressive Compressive Specific compressive Specific compressive
stress at 10% stress at 50% Toughness stress at 10% strain stress at 50% strain Specific
Foam strain (kPa) strain (kPa) (k] m™3) (kPa x m® kg™) (kPa x m*® kg™?) toughness (kJ kg™")
30 wt% CNFs 6.1 + 3.1 31.3£7.9 28.0 £ 6.5 0.19 £ 0.10 0.98 £ 0.25 0.88 £ 0.20
40 wt% CNFs 54+ 1.3 40.0 £+ 8.7 354 £ 6.2 0.16 £ 0.04 1.18 £ 0.26 1.04 £ 0.18
50 wt% CNF's 7.6 £3.7 43.1 £ 20.0 39.3 +£21.1 0.22 + 0.11 1.23 + 0.57 1.12 + 0.60
Rigid PU 166.9 £+ 45.1 191.2 £+ 49.9 155.4 + 35.4 3.88 £ 1.05 4.44 + 1.16 3.61 £ 0.82

corresponding specific values did not exhibit statistically significant
differences among the various CNF fractions (Table 3). This suggests
that CNFs played a more dominant role in stress transfer during the
densification stage (strain > 30%) due to disentanglement. Com-
pared with the rigid PU foam, the specific toughness of the best
LNP-CNF foam (50 wt% CNF) was about 30% of the value obtained
for the PU foam. Future studies should be focused on the improve-
ment of the mechanic strength of the LNP-CNF foams. Nevertheless,
the compressive stress of our foams were superior to the results for
foams made of carboxylmethylated CNF prepared using a similar
strategy but without LNPs.”® This is encouraging since the major
component in our foams was the brittle LNPs (50-70 wt%).*’
Furthermore, our compressive stress results were about one magni-
tude higher compared to foams made of refined cellulose pulp.*

Conclusions

In this work, the wettability of LNPs was systematically analyzed
over a broad range of concentrations (0-5 wt%) and adsorption
ratios of CTAB using DPT. The hydrophobicity of LNPs
increased with the LNP concentration due to the protonation
of the carboxyl groups. Moreover, the adsorption of CTAB on
LNPs could further enhance the hydrophobicity of LNPs. The
highest hydrophobicity was achieved when the CTAB-LNPs
reached the IEP, as revealed by the highest |E| and the most
stable foam stabilized by CTAB-LNPs. At a high LNP concen-
tration (5 wt%) and an adsorption ratio of 5 mg g~' CTAB to
LNPs, the achieved Pickering foams were remarkably stable as
indicated by the unchanged bubble size distribution over 30
days. The Pickering foams were successfully utilized as tem-
plates for making lightweight, strong, and mostly closed-cell
foams with the introduction of CNFs. The obtained LNP-CNF
foams showed comparable thermal insulation behaviours and
better thermal stability compared to a commercial rigid PU
foam. The mechanical properties of the dry foams improved
with increasing CNF content. The specific toughness of the best
LNP-CNF foam (50 wt% CNFs) was about 30% of the value
obtained for the rigid PU foam. Overall, our study emphasizes
the critical role of interfacial design in leveraging the distinctive
properties of lignocellulosic materials for Pickering stabili-
zation in foam applications. By carefully tailoring the interface
between the lignocellulosic particles and the surrounding
medium, we were able to optimize the stability and perfor-
mance of the foams. These insights contribute not only to the
fundamental understanding of colloidal systems but also offer
practical implications for the development of eco-friendly and

© 2024 The Author(s). Published by the Royal Society of Chemistry

high-performing foams for applications such as thermal insu-
lation and cushioning.
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