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Foams, known for their diverse material properties, are extensively utilised in fields ranging from food and
cosmetics to environmental remediation and mineral processing. Stable foam formation typically requires
surface-active substances, such as surfactants, to lower the surface free energy at the air-liquid interface.
However, many current foam stabilisers pose environmental risks due to toxicity and non-biodegradability.
This study presents cellulose nanofibers (CNF) derived from agricultural waste, as an eco-friendly foam
stabiliser. The less dense structure of non-wood biomass yields high aspect ratio and flexible nanofibers,
positioning agricultural waste-derived nanofibers as a potential foam stabilising agent. To achieve varying
foam stabilities for different applications, the foam generation and stability of 0.1 wt% CNF with different
amounts of octylamine (OA) are examined. Insights into the stabilising effect of CNF and OA are drawn from
the interfacial tension and dilational rheology of OA and CNF adsorbed layers. Results showed that foam

stability peaked with OA concentration at 630 ppm; beyond this, stability decreased because of nanofiber
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Accepted 23rd October 2023 aggregation. The enhanced foam stability is attributed to the increased surface hydrophobicity with OA
concentration, which promotes nanofiber adsorption at the air—water interface and improves the interfacial

DOI: 10.1039/d3ta04917e tension and dilational viscoelasticity. Overall, this study provides valuable insights into using agricultural
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1. Introduction

Composed simply of bubbles dispersed in water, aqueous foams
exhibit a diverse range of material properties, making them
integral to an array of applications. This seemingly simple
structure belies its significant role in various industries." Foams
for example, play a pivotal role in environmental remediation,
particularly in the treatment of contaminants like per- and poly-
fluoroalkyl substances (PFAS), a group of persistent compounds
used widely in consumer products, leading to contamination of
groundwater and surface water systems.>* In the resources sector
foams are particularly utilised under challenging conditions,
such as high temperatures and elevated salt concentrations for
oil and gas recovery.>® Additionally, the mineral processing
industry utilises foams in several separation techniques,
including foam fractionation, ion flotation, and froth flotation.”®
These techniques rely on the creation of bubbles, which provide
a large surface area (air-liquid interface) for separating different
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waste-derived nanocellulose as an efficient, eco-friendly, and economical stabilising agent for wet foams.

substances by adsorbing them to the air-liquid interfaces with
the assistance of substances like foamers or collectors.

Stable foam formation necessitates the presence of surface-
active substances such as surfactants, which act to reduce the
surface free energy at the air-liquid interface. Beyond surfac-
tants, particles have also demonstrated their capacity to sta-
bilise foams. This has led to a growing interest in particle-
stabilised, or Pickering foams, encouraging numerous studies
on their formation and unique characteristics. The multifaceted
nature of Pickering foams is shaped by a variety of factors,
including particle size, charge, hydrophobicity, and concentra-
tion, as well as the charge and concentration of the system's
surfactants and salts. A recent comprehensive review by Amani
et al.® delves into the specifics of Pickering foams.

Despite the widespread use of foams in various applications,
there are environmental concerns associated with the use of
commonly used stabilising substances in applications such as
energy, minerals processing. Many commercially available
reagents could have adverse environmental or hazardous effects.
Additionally, many of these chemical reagents are not biodegrad-
able, further contributing to their potential negative impact on the
environment.'*" For instance, in the mineral processing industry,
xanthates and methyl isobutyl carbinol (MIBC) are commonly used
as collectors and frothers in the flotation of valuable minerals.
However, they are hazardous (irritating to the skin, eyes, and
respiratory system) and flammable decomposition products.>**
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This paper aims to investigate a green foam stabiliser,
comprised of a plant building block, nanocellulose (NC),
extracted from agricultural wastes to generate a stable foam
which can be potentially employed in various applications,
replacing hazardous reagents. Agricultural waste/residues
present a significant environmental challenge when burned
because the combustion process releases harmful pollutants
and greenhouse gases into the atmosphere. However,
advancements in nanotechnology have opened up new possi-
bilities for utilising such waste. One promising nanomaterial
derived from biomass is nanocellulose. Nanocellulose (NC)
refers to cellulose fibres (CNF)* or crystals (CNC) that have been
broken down to the nanoscale,” which possesses exceptional
mechanical properties, high surface area, high aspect ratio, and
biodegradability. The unique properties of nanocellulose make
it highly versatile and suitable for numerous applications.'®"
One notable application of nanocellulose is its use as a stabil-
ising agent or Pickering agent, particularly within the pulp and
paper industry, replacing petrochemical-derived foaming
agents that have been employed to generate and stabilise
foams.”®?° Using NC as a stabilising agent in a technique
similar to Pickering emulsions, where the nonpolar phase is air
instead of oil, results in the formation of low-density cellulose
foams or aerogels with good mechanical properties. While most
research on nanocellulose-based foams has primarily focused
on dry foam and aerogels, several studies have delved into the
surface modification of cellulose nanofibers or cellulose nano-
crystals. Such modifications control their wettability, which in
turn facilitates the formation of nanocellulose-stabilised wet
foams.™ High aspect ratio and anisotropic NC have been shown
to stabilise wet foams more efficiently than spherical particles,
due to their higher surface coverage and the possibility of
forming intertwined networks of high mechanical stability to
prohibit the bubbles coalescence.”*** Partially hydrophobic NC
can improve the stabilisation of surfactant and NC at the air-
liquid interface by the formation of a thick nanofibre network
layer on the air bubbles.”*** Another important factor that needs
to be considered for the stability of foam when nanocellulose is
used as a stabilising agent, is the electrostatic charge density of
NC to prevent flocculation and induce a repulsive disjointing
pressure.” Therefore, the particle size, hydrophobicity, and
surface charge of NC play a vital role in the foam stability.

Nanocellulose can be extracted from various sources,
including agricultural waste, such as sugarcane bagasse, rice
straw, grasses, or wood pulp. The utilisation of agricultural
waste-derived nanocellulose offers several advantages when
compared to wood as a raw material. Due to their different cell
wall compositions, e.g., the type of hemicelluloses and lignin
and their content, the production of NC from non-wood
resources including agricultural waste does not require inten-
sive chemical and mechanical pulping and fibrillation methods
and is more cost-effective.”* In addition, they are abundantly
available as waste products from farming and other agro-
industrial processes. By valorising these waste materials, we
not only reduce their environmental impact but also tap into
a cost-effective and readily available resource.
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This work particularly demonstrates the stabilising effect of
a small amount of nanocellulose derived from sugarcane waste
as the foam stabilising agent in the presence of octylamine (OA).
Utilising comprehensive dynamic and static foam analyses, the
influence of OA-treated cellulose nanofibers on wet foam
stability is evaluated. To provide insights into the effect of OA on
the dynamic adsorption of NC to the air-water interface, the
interfacial tension and dilational rheology of air-water inter-
faces is examined in the presence of OA and nanocellulose.
Considering the different structural composition and crystal-
linity of nanocelluloses derived from non-wood resources, this
work demonstrates how the high aspect ratio and flexible
sugarcane-derived nanofibres promote shear thinning and
thixotropy. These properties result in a gel formation at a rela-
tively low concentration. Further, these properties make
sugarcane-derived nanofibres a promising foam stabilising
agent, effectively delaying drainage, coalescence, and coars-
ening, and allows for a significant reduction in the quantity of
foaming agents required. By utilising nanocellulose as a foam
stabilising agent, we not only minimise the environmental
impact associated with excessive foaming agent usage but also
harness the unique properties of nanocellulose to enhance
foam stability.

2. Experimental

2.1. Materials

The sugarcane trash used in this study was received from
Sunshine Sugar. Chemicals employed in this study, sodium
hydroxide 99% (Chem-supply), glacial acetic acid (Merc),
sodium chlorite-Technical Grade 80% (Sigma-Aldrich), sodium
bromide 99% (Sigma-Aldrich), 2,2,6,6-Tetramethylpiperidine 1-
oxyl radical (TEMPO) 98% (Sigma-Aldrich), sodium hypochlo-
rite — Technical Grade 8-14% (Ajax Finechem), hydrochloric
acid 32% w/w (Chem-supply), and octylamine (OA) 99% (Sigma
Aldrich) were used as received. Milli-Q water was used in all
experiments.

2.2. Preparation of CNF

For preparing cellulose nanofibres, purified sugarcane pulp was
first produced using a method reported before.*® Briefly, washed,
air dried at room temperature for three days and finely ground
sugarcane trash was first soaked in water overnight and deligni-
fied with a 2% (w/v) sodium hydroxide solution at a solvent to
solid ratio of 10: 1 at 80 °C for 2 h followed by rinsing with hot
water to completely remove soluble lignin and low molecular
weight structural components. Delignified fibres were then
bleached twice using an acidic solution of 1% (w/v) sodium
chlorite (pH = 4, the pH decreased with glacial acetic acid) at 80 °
C for one hour at a 30: 1 solvent to pulp ratio. The bleached pulp
was washed with hot water before storing it in the refrigerator.
The lignocellulose content of sugarcane biomass analysed by
NREL standards demonstrates the relative content of cellulose,
hemicellulose, and lignin are 60, 24, and 4 wt%, respectively.
Chemical pre-treatment of bleached pulp was performed
using 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)

This journal is © The Royal Society of Chemistry 2023
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mediated oxidation,*® where 500 ml of 1 wt% pulp dispersion
was firstly mixed with TEMPO (0.08 g) and NaBr (0.5 g). The
oxidation reaction was initiated by adding 10 mmol g~" of
cellulose NaClO solutions at room temperature, pH = 10 for 4
hours. TEMPO-oxidised cellulose pulp was then rinsed with
water to remove unreacted TEMPO, inorganic salts, and acids.
To produce TEMPO oxidised cellulose nanofibres (CNF), a 0.6%
(w/v) dispersion of TEMPO oxidised cellulose pulp was passed
through a high-pressure homogeniser for one pass at 400 bar,
one pass at 700 bar and three passes at 1100 bar (GEA Niro-Soavi
Panda NS1001L 2K Homogeniser).

2.3. Foaming procedure

TEMPO-oxidised cellulose nanofibres-stabilised foams were
prepared by adding octylamine (OA) to 0.1 wt% CNF disper-
sions. First, 50 ml mixtures of OA and CNF were stirred at
600 rpm for two minutes. Then, the mixture was placed in
a glass column with an inner diameter of 40 mm and a height of
250 mm. For foam generation, a fixed gas (air) flow rate of 0.2
L min~' was injected into the 50 ml of dispersion through a frit
plate with a porosity of G3 (16-40 um pore sizes) placed inside
the glass column. The glass column's height allowed
a maximum of 20 cm of foam generation. Therefore, the gas was
sparged until the foam height reached the 20 cm height limit. In
cases where the maximum foamability of the solution was less
than 20 cm of the foam height, the gas was sparged for 2
minutes, ensuring that the maximum foam height is reached.
The foam height was recorded over time as the gas was sparged,
to evaluate the foamability of the CNF and OA mixtures.

2.4. Foam stability tests

The foam stability of CNF and OA mixtures was assessed by
stopping the gas injection and monitoring the foam structure
including its height, bubble size and distribution for up to 60
minutes in a 20 cm glass column. A side-mounted prism on the
glass column and a high-resolution camera facilitated clear
observation of bubble dynamics over time. The foam height
decay rate and the evolution of the bubble size over time were
analysed using image analysis to assess the foam stability of
each dispersion. All experiments were conducted at a fixed
room temperature of 19 °C.

2.5. Sample characterisation

2.5.1. Degree of oxidation of TEMPO-oxidised cellulose
nanofibres (CNF). The carboxyl content of oxidised cellulose
nanofibres was determined by conductimetric titration using
a submersible conductivity cell (9382-10D, HORIBA). 50 mg of
treated fibre was suspended in 15 ml of 0.01 M hydrochloric
acid solutions for 2 hours followed by titration with 0.005 M
NaOH solution. The sample was stirred, and the conductivity
was monitored throughout the titration process. The titration
was terminated when the pH reached 11 (ref. 27) and the degree
of oxidation (DO) was calculated using eqn (1)

162C(Vy — 1)

DO= —F———
w — 36C(V2 - V])

(1)
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where C is the concentration of NaOH (M), 162 represents the
molecular weight of an anhydrous glucose unit (AGU), V; and V,
are the cumulative volume (L) of NaOH added at the first and
second inflection points, respectively, w is the mass of cellulose
in the solution (g), and 36 represents the difference in molec-
ular weight between the AGU and sodium salt of the glucuronic
acid moiety.*®

2.5.2. Attenuated total reflectance - Fourier transform
infrared spectroscopy (ATR-FTIR). ATR-FTIR spectra were ob-
tained using a horizontal, single bounce, diamond ATR acces-
sory on a Nicolet Nexus 870 FT-IR. Spectra were recorded at
room temperature over a wavelength range of 400-4000 cm™*
for 128 scans at 4 cm™ ' resolution. All samples were freeze dried
and pressed directly onto the diamond internal reflection
element without further sample preparation.

2.5.3. X-ray powder diffraction (XRD). XRD analysis was
conducted on a Bruker D8 Advance X-ray diffractometer
(Bruker, Karlsruhe, Germany) with a 0.2 mm slit. Graphite-
filtered Cu Ka radiation was generated at 30 kV and 20 mA. A
sample was put in the sample holder and scanned over a range
of 26 = 5°-60° at a scan speed of 1° min~". The crystallinity
Index (CI) of CNF was measured using the following equation.

Cl= (L’"I— I‘“‘“) x 100 ©)

200

where Iy, represents the intensity of both amorphous and
crystalline regions, and I,y is the intensity of amorphous parts
in the XRD spectra.

2.5.4. Transmission electron microscopy (TEM). 10 uL of
a 0.005 wt% dispersion of nanofibre was spotted onto a For-
mvar-coated 200 mesh copper/palladium grid (ProSciTech,
Queensland, Australia) and allowed to dry at room temperature.
The sample was then stained with a 2% (v/v) uranyl acetate
aqueous solution for ten minutes in the absence of light. The
images were taken using a Hitachi HT-7700 transmission elec-
tron microscope at an accelerating voltage of 100 kv and spot
size 1.

2.5.5. Contact angle (WCA) measurement. The surface
wettability of CNF and CNF/OA mixtures was evaluated by water
contact angle (WCA) measurement using a drop shape analyser
(Kriiss DSA10). To create the samples, thin films were formed
through vacuum filtration of 10 ml of a 0.1 wt% dispersion of
each sample, both CNF and OA mixtures. Subsequently, a water
droplet of 10 uL was deposited onto the surface of each film,
and the static contact angles were measured promptly after
deposition.

2.5.6. Surface tension and dilational rheology measure-
ments. Surface tension and dilational interfacial viscoelasticity
measurements were conducted using a drop profile analyser
PAT-1 (SINTERFACE Technologies, Germany). The surface
tension measurement was performed optically using pendant
drop shape analysis based on the Young-Laplace equation.
After calculating the equilibrium surface tension, a sinusoidal
signal was applied to a pendant drop to create expansion/
compression of the drop surface at a controlled frequency and
amplitude. In this study, the pendant drop was oscillated at
a fixed frequency of f= 0.01 Hz with an amplitude range of 10%
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of the surface area of the droplet. The frequency of these
experiments should be kept small to avoid disturbances
generated due to wave propagation.”**® Then, the gradient in
surface tension with respect to the change in the drop's surface
area was recorded and used to calculate the interfacial dila-
tional modulus (E) using eqn (3)

do
E=dma G)

where E is the dilational modulus; and ¢ and A represent the
surface tension and the droplet surface area. The viscoelastic
modulus, E, can be expressed as a complex number consisting
of the real part, representing the dilational elastic modulus (E),
and an imaginary part, representing the dilational viscous
modulus (E”). This can be described as follows:

E = |E|cos ¢ + i|E[sing = E' + iE” (4)

where, ¢ represents the phase angle: the ratio of the viscous
modulus over the elastic modulus. The value of ¢ indicates
whether the surface behaves more solid-like (elastic) or more
liquid-like (viscous).

2.5.7. Zeta potential measurements. The surface charge of
the CNF in mixtures containing different concentrations of OA
was measured using a zeta-potential and molecular size analy-
ser (Zetasizer Nano ZS90, Malvern Panalytical, Malvern, UK). It
is important to acknowledge the limitations of the instrument.
Specifically, the measured values may be influenced by the size
and length of the fibres, particularly at higher concentrations of
OA, which results in the nanofibres agglomerations.

3. Results and discussion

3.1. CNF surface characteristics

TEMPO-oxidation treatment selectively oxidises the primary
hydroxyl groups while leaving unaffected the secondary
hydroxyl groups. Here, 1 mol of the C6 primary hydroxyl group
is converted to 1 mol of the C6 carboxylate group via C6 alde-
hyde by consuming 2 mol of NaClO.?® The degree of oxidation
(DO) of cellulose determined from the conductometric titration
is 27%, and the carboxylate content calculated was 1.7 mmol
g~ " of cellulose. The XRD pattern of CNF in Fig. 1b represents
the Cellulose I structure with the peaks at 20 = 18.5° and 22.4°
and the crystallinity index value of 75%. Various amounts of OA
were added to the CNF to achieve different levels of surface
modification. The objective of this modification was to inves-
tigate its impact on the stability of the resulting foam. Since the
interaction between OA and nanofibres occurs via electrostatic
adsorption, it is anticipated that the addition of OA would not
alter the crystalline structure of CNF.

Fig. 1a features an intensive band around 1610 cm," which is
attributed to the carboxylate group that has been introduced
through TEMPO oxidation.*® The peaks at approximately
2905 cm ™' and 3300 cm ™" are assigned to the sp*-hybridised CH
stretching and OH stretching, respectively.®> The observed
peaks between 1000-1060 cm ' correspond to C-O-C stretch-
ing vibrations, while the peak at 1201 cm ™" is associated with —
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OH in-plane bending. Additionally, the peaks at 1112 cm ™" and
1165 cm ™' correspond to C-H deformation stretching vibration,
and asymmetry stretch vibration, respectively. All these peaks
are characteristics of the cellulosic polymer.>* Octylamine
attaches to the CNF through electrostatic adsorption. The
appearance of a peak at 2855 cm ™" and a slight shift of peak
from 2897 to 2922 cm ™" with increasing octylamine content and
an increase of the intensity in this peak confirm the presence of
octylamine groups on the surface of nanofibres.

Fig. 1c shows the contact angle value measured for the CNF
and CNF mixed with different OA contents. The contact angle of
CNF is 23.2°, demonstrating the hydrophilic nature of CNF due
to its COOH and OH surface functionalities. As the concentra-
tion of OA in the mixture increased from 30 ppm to 1000 ppm,
the contact angle rose by 22%. For the films prepared with
30 ppm OA + 0.1 wt% CNF, the contact angle is 55.8, and it
continued to increase to 67° for the 1000 ppm OA + 0.1 wt%
CNF. A higher concentration of OA (e.g. 1400 ppm and above)
leads to the agglomeration of fibres, and the formation of
bundles, which could affect the roughness of paper films ulti-
mately the CA value.

The increase in the hydrophobicity is attributed to the
coverage of hydroxyl groups by OA containing long carbon
chains, as well as partial dissociation of the charges on CNF and
octylamine. This observation is supported by the zeta potential
measurement of CNF (Fig. 2), where the charge density of
nanofibres decreases from —59 mV to —45 mV with increasing
the OA concentration from 0 ppm to 1000 ppm.

Fig. 1d-h shows the high aspect ratio and flexible nanofibres
obtained from sugarcane waste. The residual hemicellulose in
pulp, protects the fibres' structure during the TEMPO treat-
ment, retaining the fibres' flexibility and length. The addition of
low concentrations of OA does not affect the morphology of the
nanofibres. However, at the OA concentration of 1000 ppm,
significant agglomeration of the nanofibres occurs, leading to
the formation of bundles (Fig. 1h). It was not feasible to capture
TEM images of nanofibres at higher OA concentrations, as the
nanofibres aggregates were too big to fit onto the TEM grid.

3.2. Foam characteristics

The foamability and foam stability of OA and CNF mixtures
were investigated to evaluate the potential synergistic behaviour
between OA and CNF for obtaining a stable wet foam. These
experiments were conducted for 0.1 wt% CNF dispersions
containing different concentrations of OA ranging from 30 ppm
up to 3200 ppm. Surface tension measurements and dilational
interfacial rheology for OA and CNF mixtures were also con-
ducted to provide better insights into the surface activity of OA
treated CNF particles and their dynamic adsorption behaviour.

3.2.1. Foamability. The foamability of OA and CNF
mixtures was investigated by measuring the generated foam's
height as a function of time during the gas sparging period. The
evolution of foam height for OA and CNF mixtures is shown in
Fig. 3a in comparison with that for OA-only solutions. No foam
formation was observed for 0.1% CNF dispersion. The OA-only
solutions also had a very limited foamability at concentrations

This journal is © The Royal Society of Chemistry 2023
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Fig. 1

(a) FTIR spectra of CNF and CNF mixed with different concentrations of OA ranging from 100-3200 ppm, (b) XRD graph of CNF and

bleached cellulose, (c) contact angle value of CNF and CNF with various OA concentrations, and TEM images of: (d) CNF, (e) CNF mixed with
100 ppm OA, (f) CNF mixed with 250 ppm OA, (g) CNF mixed with 630 ppm OA, (h) CNF mixed with 1000 ppm OA (the scale bar is 500 nm).

between 30-250 ppm which is the solubility range of OA in
water. However, dispersions containing 0.1 wt% CNF with up to
1000 ppm OA were found to form stable Pickering foams. The
high aspect ratio CNF forms a network to cover the air bubbles
and stabilise them more efficiently than the OA. Bubbles usually
go through various processes such as coalescence, coarsening,
and rupturing, leading to their eventual destruction. However,
the accumulation of CNF on the interfaces between air and

This journal is © The Royal Society of Chemistry 2023

water can hinder this destruction. Nanocellulose similar to
particles benefits foam stability by increasing the free energy of
adsorption at the air-water interface, compared to the adsorp-
tion of individual surfactant molecules at the interface.’
Increasing the OA concentration from 30 ppm to 1000 ppm
monotonically increased the foamability, peaking at around
1000 ppm OA. The partially hydrophobic CNF adhered to the
interface between air and water, encouraging the development
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Fig.2 Zeta potential data as a function of OA concentration in 0.1 wt%
CNF dispersions at their associated natural pH. Due to the formation of
large aggregates at OA concentrations above 1400 ppm, the surface
charge is measured only at lower OA contents.

of a dense and intertwined CNF coating on the surface of the gas
bubble. However, at and above 1400 ppm of OA, a decline in the
foamability of OA and CNF mixtures was observed, indicated by
a lower rate of foam generation and reduced maximum foam
height. This decline was attributed to the formation of large
aggregates or bundle formation of CNF at high OA concentra-
tions as shown in (b) and the neutralisation of the CNF and OA
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charges.** These effects resulted in a significant change in the
network of foam as visualised in Fig. 4. Therefore, although
enhancing the hydrophobic nature of the nanocellulose
encourages CNF accumulation at the air-water interface, it is
equally crucial to retain an adequate surface charge density on
the CNF to avoid agglomeration and induce a repulsive dis-
joining pressure.

In addition to the foam generation rate, the Sauter mean
bubble size of the combined CNF and OA foams network at the
maximum foamability was measured and is presented in Fig. 3b
to provide information on the dynamic foam structure and
available surface area. The data presented in Fig. 3b demon-
strates that as the OA content increases from 30 ppm to
400 ppm, there is a consistent reduction in the Sauter mean
bubble diameter from 1.8 mm to 0.45 mm. With further
increasing the OA content from 400 to 630 ppm, the Sauter
mean bubble diameter appears to stabilise, remaining relatively
constant. However, upon increasing the OA content above
630 ppm, the average bubble size exhibits an increase, which
could be assigned to the formation of CNF aggregates resulting
from the enhanced hydrophobicity of nanofibers and reduced
electrostatic repulsion between CNF. Fig. 4 shows the behaviour
of 0.1 wt% CNF dispersions containing 30-3200 ppm OA before
and after foam generation. It clearly illustrates the escalation in

. —+— 3200 ppm OA + 0.1% CNF
o —>x— 1400 ppm OA + 0.1% CNF
- %-~-1000 ppm OA + 0.1% CNF
= = =630 ppm OA + 0.1% CNF
—&— 250 ppm OA + 0.1% CNF
- - - 100 ppm OA + 0.1% CNF
----- - 30 ppm OA + 0.1% CNF

Fig. 3

(a) Evolution of foam height during gas injection and (b) the Sauter mean bubble diameter of foams generated from CNF and OA solutions
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as a function of OA concentration at the maximum foamability, just before stopping the gas injection.
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Fig. 4 Images of 0.1 wt% CNF dispersions containing 30-3200 ppm OA before and after the foam generation through gas sparging. At
1000 ppm OA, the formation of larger aggregates was visually observed and by increasing the OA concentration to 1400 ppm and 3200 ppm, the
majority of the nanofibers were precipitated, clearly evident at 3200 ppm OA. This resulted in less amount of CNF being available to stabilise the
foam, resulting in a reduction in the foam stability at higher OA concentrations.
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Fig. 5 (a) Normalised foam height, and (b) normalised Sauter mean bubble size over time for different OA concentrations at fixed 0.1% CNF.
Foam height and the average bubble size data were normalised with respect to the initial data right after stopping the gas sparging.
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bubble size within the foam network and the precipitation of
CNF at elevated OA concentrations, more than 630 ppm OA.

3.3. Foam stability

To investigate the stability of the foams formed, two charac-
teristics were used: (I) foam decay rate (the change in the foam
height over time), and (II) the evolution of the average bubble
size over time. The decay rate better characterises the foam
stability in applications where the total volume of the foam is
important, while the change in the bubble size represents the
evolution of the foam network over time. The latter is particu-
larly important in applications where the mass transfer between
two phases or particle attachment onto the surface of bubbles is
the main concern.

(a) 630 ppm OA +0.1% CNF

View Article Online

Paper

The decay rate and the evolution of the average bubble size of
the generated foam from each combined CNF and OA disper-
sion over 2200 seconds after stopping the gas injection are
presented in Fig. 5a. The foam height and bubble size were
normalised with respect to the initial foam height and bubble
Sauter mean diameter (d3,) at the inception point when the gas
injection was stopped. As shown in Fig. 5a, the normalised foam
height increases with the addition of OA content, peaking at
250-630 ppm. Despite the occurrence of liquid drainage and
coarsening within the 250-630 ppm OA content range (as shown
in Fig. 6 for 630 ppm of OA over time), the foam network
maintained its total height for over 60 minutes, eventually
becoming very dry. A further increase in the OA content had the
opposite impact and lowered the normalised foam height due
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Fig. 6 Evolution of foam network and normalised total foam height, li

quid drainage, and foam wetness after stopping the gas injection for (a)

630 ppm OA + 0.1 wt% CNF and (b) 1400 ppm OA + 0.1 wt% CNF. At 630 ppm the total foam height remains constant while the liquid drainage is

occurring, resulting in the transition to a dry foam with thin liquid films a
over time, but the foam wetness tends to remain at ~0.15.
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to the aggregation of nanofibres and their phase separation in
the dispersion. The data in Fig. 5 showed that the foam decayed
and completely collapsed within a time range of 50 minutes to
30 seconds when OA concentrations of 1400 ppm and 3200 ppm
were used, respectively.

Observations from Fig. 6a for 630 ppm of OA indicate that
despite maintaining the foam height, the bubble size

Normalized foam height /
average bubble size

o

»H

) 630 10°

2
3000 |, 1 10
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Fig. 7 The ratio of the normalised foam height to normalised mean
bubble size for 0.1 wt% CNF at different OA concentrations.
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Fig. 8 Equilibrium surface tension of OA solution and mixtures of OA
and 0.1 wt% CNF as a function of OA concentration.
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significantly increases, and the foam becomes significantly dry
(foam wetness reduces). This suggests that monitoring the foam
height or even foam half-life, which is commonly used for
measuring foam stability, may not be a sufficient indicator of
true foam stability. Therefore, it is recommended to consider
the mean bubble size in the foam network in conjunction with
the foam height when examining foam stability. Fig. 5b illus-
trates the impact of different OA contents on the evolution of
the normalised Sauter mean bubble size diameter over time in
a 0.1 wt% CNF solution. The data suggest that in contrast to the
foam height, both the mean bubble size and the growth rate of
bubble size consistently decrease with an increase in OA
concentration. However, it should be noted that at OA concen-
trations above 630 ppm, as shown in Fig. 5a and illustrated in
Fig. 6b for 1400 ppm OA, the foam height collapses and bubbles
at the top part of the foam coalesce despite having smaller
bubble sizes. This fails the first criterion in analysing foam
stability.

Given this, a more effective way to analyse foam stability
might be to consider the ratio of the normalised foam height to
the normalised mean bubble size (ds,) over time, for a wide
range of OA concentrations. Fig. 7 provides this analysis. From
this figure, it appears that 630 ppm OA offers the highest foam
stability, as it maintains the highest ratio of normalised foam
height to normalised bubble size.

3.4. Surface tension and dilational rheology

The stability of foams and emulsions is determined by the
equilibrium and dynamic properties of their interfacial layers.*
These properties are directly influenced by the composition and
structure of surface-active compounds adsorbed at the inter-
face. Interfacial dilational rheology, which demonstrates
dynamic interfacial reactions to changes in the interfacial area,
serves as an invaluable tool for exploring the interfacial
behaviour within foams and emulsions. To better understand
the effect of OA on CNF, the surface activity of OA coated CNF
was studied by two complementary methods - surface tension
measurements and dilational interfacial rheology.

Regarding the surface tension measurements, the CNF alone
did not exhibit any surface activity. Fig. 8 presents the
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Fig.9 Dynamic interfacial tension and interfacial area as a function of the oscillation time for (a) 250 ppm OA and (b) 250 ppm OA + 0.1 wt% CNF

at the oscillation frequency of 0.01 Hz.
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OA + 0.1% CNF as a function of time.

equilibrium surface tension data for OA and CNF mixtures. The
data indicate that OA concentrations below 250 ppm (the
concentration at which OA is soluble in MiliQ water) demon-
strate negligible surface activity. However, when CNF is treated
with OA, they become more surface active, thereby reducing the
equilibrium surface tension. The surface tension dropped to
approximately 43.7 mN m™ ' when the OA content increases to
125 ppm and remains largely constant with further increases in
the OA concentration up to 1000 ppm.

Fig. 9 compares the interfacial dilational viscoelastic
modulus, represented by the change in the surface tension with
respect to the change in the interfacial area at a fixed frequency
of 0.01 Hz, for 250 ppm OA only and with 0.1 wt% CNF. The
dynamic surface tension data shown in Fig. 10 indicate the
higher surface activity of OA + TCNF compared to OA only. The
increased surface activity leads to a more viscoelastic interface
by improving the surface tension gradient during surface
oscillation.**?*® This is evident by higher oscillation amplitude in
the surface tension (Fig. 9b), of 250 ppm OA in the presence of
0.1 wt% CNF. The higher oscillation amplitude in the surface
tension of 250 ppm OA + 0.1 wt% CNF is attributed to the slow
relaxation of the air-water interface after the application of
harmonic oscillations due to the slow adsorption of combined
OA and CNF, as evidenced in Fig. 10.

4. Conclusions

This study introduced a biodegradable Pickering foam reagent
comprised of TEMPO-oxidised cellulose nanofibres (CNF),
sourced from Australian sugarcane waste, and treated with
octylamine (OA). To evaluate the impact of OA-treated CNF on
the stability of wet foams, we conducted both dynamic and
static foam analyses in a bubble column equipped with imaging
equipment for subsequent image analysis. We proposed a new
criterion for assessing foam stability that considers not only the
traditional measure of foam height but also the mean bubble
size within the foam network. Our findings showed that the
foam stability increased with the addition of OA up to an
optimum concentration of 630 ppm. Beyond this concentration,
however, foam stability declined, a trend we attributed to the

24388 | J. Mater. Chem. A, 2023, 11, 24379-24389
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aggregation of CNF in the presence of high OA content. This
reduced the amount of CNF available in the foam network. The
formation of aggregates was visually and microscopically via
TEM confirmed.

The stabilising effect of OA was attributed to the increased
surface hydrophobicity and reduced electrostatic repulsions
between CNF, promoting the adsorption of CNF at the air-water
interface. Furthermore, we examined the interfacial properties
of the adsorbed layers of OA-treated CNF using a bubble/drop
profile analysis technique. Even the addition of as little as
0.1 wt% CNF significantly enhanced the surface activity of OA,
reducing its surface tension at the air-liquid interface by 19-
40%, depending on the OA concentration and enhancing its
interfacial dilational viscoelasticity.

Overall, this study advances our understanding of using
cellulose nanofibres for the formation and stabilisation of
aqueous foams. Promoting the hydrophobic characteristics of
nanocellulose facilitates its accumulation at the air-water
interface. However, maintaining an appropriate surface charge
density and surface hydrophobicity on the nanocellulose are
equally important to prevent clumping and promote a repulsive
disjoining pressure.

The future work could focus on the development of more
environmentally friendly and sustainable materials by using
bio-based foaming agents and more environmentally friendly
reagents for the surface modification of cellulose nanofibers.
Future work will also explore the use of sugarcane-derived CNFs
as frothers or collectors in the processing of critical minerals
and co-surfactants in the environmental remediation of PFAS,
offering a sustainable alternative to conventional petroleum-
based reagents.
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