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Abstract Supercritical Impregnation methods are
becoming popular in the development of food packag-
ing materials. Bulk functional improvements of cellu-
lose substrates using this method may be influenced
by interfacial interactions between the impregnated
solutes and cellulose. Hence, an interfacial adsorption
kinetics study of solute molecules onto the substrate
can provide insight on bulk property development,
leading to an optimized packaging material with
improved functionality. Paper substrates were impreg-
nated with two food-grade waxes: Alkyl Ketene
Dimer (AKD) and Carnauba Wax (CW). Hydropho-
bic development was monitored over a 3-week period.
A quartz crystal microbalance (QCM-D) was used to
determine interfacial characteristics and behavior of
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each wax with cellulose, and adsorption kinetics were
quantified to compare the mass transfer processes of
each wax at the interface. AKD significantly contrib-
uted to the substrate’s hydrophobic development over
time. CW generated mildly hydrophobic substrates
only when heated. AKD strongly adhered to the cellu-
lose fibers at the interface, and demonstrated a 3-stage
kinetic adsorption process, tentatively assigned (i)
diffusion through the solvent; (ii) diffusion through
the substrate; and (iii) attachment onto the fibers. CW
readily washed off the cellulose surface, demonstrat-
ing only the first adsorption process. The different
chemical structures also impacted these behaviors, as
did concentration and temperature.

@ Springer



6868

Cellulose (2024) 31:6867-6884

Graphical Abstract
i Bulk Hydrophobic Development
i n-heptane flush
g .
E asorelion  Interfacial Behavior
g N
s
adsorption [ on- S, =
‘heptane| X
i flush Carnauba Wax Alkyl Ketene Dimer
‘ (CW) impregnated (AKD) impregnated
Time (s) paper paper
Keywords Quartz Crystal Microbalance - dispersing agent, polymeric binder, and small quanti-

Adsorption kinetics - Interfaces - Cellulose -
Supercritical impregnation - Hydrophobicity

Introduction

Food packaging, and packaging in general, has
become a popular area of research and development
as the demand for sustainable and recyclable pack-
aging continues to gain momentum (Nechita and
Roman (2020); Wang et al. 2022). Paper packaging
has long been the preference due to its innate abilities
to decompose in landfill, however as coatings applied
to paper become more functional and multi-purpose,
it is necessary to ensure that these too are sustainable
to aid in the recycling efforts.

One of many important functions for packaging is
to repel water, and hence improving the hydrophobic-
ity of paper is necessary for paper-based packaging,
given the inherent hydrophilicity of cellulosic fib-
ers. During papermaking, alkyl ketene dimer (AKD)
dispersed in cationic modified starch is often intro-
duced at the wet end to impart a sizing effect (Kumar
et al. 2016). Traditional methods of hydrophobizing
paper after its production include surface sizing with
starch (Teixeira Moutinho et al. 2009); coatings with
waxes or oily polymers laminated onto the substrate
(Nechita and Roman (2020)); petroleum-based waxes
(Nechita and Roman (2020)); and ‘traditional’ coat-
ing formulations consisting of a mineral pigment and
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ties of additives that can be chosen to impart a par-
ticular barrier property (Lambourne and Strivens
1999; Di Risio and Yan 2006; Tracton 2007; Hut-
ton and Parker 2008; Brock et al. 2010; Howard and
Hodgson 2015). Many of these methods are not par-
ticularly conducive to recyclability efforts.

More novel methods gaining momentum are those
employing supercritical fluids (SCF), often carbon
dioxide (scCO,) at either sub- or supercritical pres-
sures. Supercritical impregnation (SCI) involves dis-
solving a hydrophobic wax such as AKD or food-
grade wax into the SCF, often using small quantities
of organic cosolvent, and then impregnating the wax
into the paper substrate. Subsequent depressuriza-
tion of the system causes the SCF to return to gas-
eous state, leaving the waxy solid impregnated into
the fiber network (Hutton-Prager et al. 2021). Other
methods include rapid expansion of a supercritical
solvent (RESS) (Quan et al. 2009; Misra and Pathak
2020; Kumar et al. 2021) and supercritical antisol-
vent (SAS) methods (Rossmann et al. 2013; Misra
and Pathak 2020; Franco and De Marco 2020; Santos
et al. 2022). Various examples include those reviewed
by Kiran (Kiran 2016); the Werner and Quan group
(Quan et al. 2009; Werner et al. 2010; Werner and
Turner 2012); and Chen, Song, and Xu (Chen et al.
2018). Our research group has also conducted sev-
eral such studies using SCI methods (Adenekan and
Hutton-Prager 2019, 2020; Hutton-Prager et al. 2021;
Beheshtimaal and Hutton-Prager 2022). Although
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not formally tested, the reverse process, supercritical
extraction (SCE), ideally can extract the waxes from
waste packaging back into the SCF and hence remove
the solute, enabling a realistic possibility for recycla-
bility of these types of papers.

Chemical modification using long-chain hydro-
carbon-based molecules is well-known to improve
the hydrophobicity of a substrate as it increases the
water-droplet surface contact angle (CA). This CA
can also be greatly increased by roughness and poros-
ity of the substrate under certain conditions, and
hence physical characteristics of the substrate are also
important. Young’s equation describes the CA (6)
between a liquid and solid surface, and is a balance
of forces or energy (mNm™') between the solid—vapor
phase (ogy), the solid-liquid phase (og; ), and the lig-
uid—vapor phase (o;y):
c,=0, + o-chosﬁ (1)

Equation (1) is valid only for smooth, solid sur-
faces, and is often modified to the Wenzel equation
to introduce roughness, or the Cassie-Baxter equa-
tion to introduce roughness and porosity or chemi-
cal heterogeneity (Mohamed et al. 2015). Still, fun-
damentally, Young’s equation can be used to predict
some broad behaviors arising from a given situation,
within reasonable assumptions. The modified equa-
tions additionally demonstrate the changes in CA pos-
sible by introducing roughness and/or porosity to the
substrate.

Despite promising developments both by our
research group and others with regard to functional-
izing paper using high-pressure technologies, there is
a present lack of knowledge regarding the interfacial
adsorption behavior of wax molecules onto cellulose
fibers. Continued development of sustainable, paper-
based packaging centers on enhanced knowledge of
the influences of wax attachment to the cellulosic fib-
ers; the strength of these attachments; and the ease
with which these waxes may be removed. Wang and
Guo (Wang and Guo 2020) extensively reviewed sev-
eral adsorption kinetics processes that help explain
the mass transfer steps taking place, highlighting
the importance of assigning physical meaning to
various empirical models proposed. The pseudo-
first order (PFO, Eq. (2)) and pseudo-second order
(PSO, Eq. (3)) models are commonly applied in many

analyses despite the limitations of physical meanings
to the constants within the models:

4, =q,(1-e™") )
t_r 1
9 4. kq? )

In the above equations and as used in subsequent
analyses, ¢ represents the adsorbed quantity (ngem™2)
at time 7 (s) or e (equilibrium); k; is the first-order rate
constant (s~); and k, is the second-order rate constant
(cm’ng~! s7!). Hu, Wang, Feng et al. (Hu et al. 2018)
cited special cases of the PFO for the initial adsorp-
tion during PSO behavior, showing similarities in the
two models at short times after adsorption had begun.
Various experimental factors were identified that
could influence the kinetics, such as solute concen-
tration, pH, and temperature. The well-known Lang-
muir isotherm was shown to mimic the PSO form
mathematically, leading to equivalencies between the
Langmuir constant and k,, and hence likely additional
influences of temperature on this rate constant. Fang,
Zhuang, Huang et al. (Fang et al. 2020) conducted an
extensive study into the kinetics models of first-order,
second-order, pseudo-first order, and pseudo-second
order models. They similarly identified large changes
in the rate constants of these models based on initial
concentrations, volumes used, and dosages applied.

Adsorption/desorption kinetics studies at the inter-
face of a system may be studied with a Quartz Crys-
tal Microbalance (QCM-D) (Shen et al. 2015; Chen
et al. 2016; Dourado et al. 2018; Medina et al. 2020;
Cui et al. 2020; Adamczyk et al. 2022). Typical analy-
ses from such studies has included extensive use of
the PFO and PSO equations for both adsorption and
desorption processes (Shen et al. 2015; Medina et al.
2020), including the use of multiple PFO equations to
represent different kinetic stages within a process. The
quartz crystal is set to oscillate at multiple overtones or
harmonic numbers (n=3, 5, 7, 9, 11, 13) of the base
frequency of the crystal, 5.0 MHz (f,, n=1). The sen-
sors, connected to the crystal via an electric circuit,
become heavier when solute solutions are pumped
across their surface, causing the oscillation frequencies
to change accordingly. The change in frequency is cor-
related with the change in mass of the solute directly
adsorbed onto the substrate sensor surface, and the rate
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at which this occurs can be obtained by measuring the
frequency changes with time (Chen et al. 2016).

The overall goal of this study is to explain the devel-
opment of bulk hydrophobicity in papers supercritically
impregnated with food-grade waxes using observed
interfacial behavior and adsorption kinetics between
the impregnating wax solute and the cellulosic fibers.
To do this, three supporting objectives will be explored:
a) quantify the bulk hydrophobic development over a
three-week period of paper substrates supercritically
impregnated with AKD and Yellow Carnauba Wax
(CW) using scCO, (both food-grade or approved for
use in food packaging by the FDA (2024a, b)); b) deter-
mine the interfacial characteristics between each of the
waxes and cellulose fibers via a QCM-D study; and c)
model and compare the adsorption kinetics of each wax
onto the cellulose fibers. The first objective will enable
the hydrophobic development to be compared between
the two waxes, while the second will identify the differ-
ent behaviors of each wax with regard to their bonding
behavior onto the cellulose fibers. The final objective
aims to quantify the various stages involved in solute
mass transfer during adsorption, and again will com-
pare any differences between the two waxes during this
process. This investigation uses pure cellulose to repre-
sent paper substrates for the bulk studies, and cellulose
nanocrystals (CNCs) to represent paper in the interfa-
cial studies, both of which are not fully representative
of paper-based substrates used in packaging. Results
are somewhat idealistic in the sense that identified
interactions of solutes with cellulose are in the absence
of other agents incorporated into manufactured paper
substrates (e.g. wet strength and internal sizing agents,
bleaching chemicals). Should this work progress to pro-
duction scale, more complex and realistic systems will
be investigated.

Materials and methods
Materials

AKD (Aquapel™ 364 K sizing agent) with chain
lengths C16 to C18, and CW (Koster Keunen) were
the waxes used to investigate interfacial interactions
between themselves and cellulose fibers. Each was
prepared as a 1.8 g/L solution in n-heptane (99%,
Sigma Aldrich), and diluted for studies at lower
concentrations. A 1 wt% dispersion of cellulose
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nanocrystals (CNCs, USDA forest products labora-
tory, University of Maine) in deionized (DI) water
(Direct-Q 3UV system) was prepared to spin-coat
QSense silicon dioxide (SiO,) sensors (QSX 303).
Although only the crystalized form of cellulose,
it was used to chemically represent cellulose for
the interfacial studies. Two cleaning fluids for the
QCM-D were prepared as 2% w/w in DI water, and
consisted of sodium dodecyl sulphate (SDS, Sigma-
Alrdich), and Hellmanex III (Sigma Aldrich). Com-
pressed nitrogen (nexAir) was used to dry QCM-D
components and operate the spin-coater. Supercriti-
cal fluid (SCF) grade carbon dioxide was provided by
Airgas USA, LLC. Whatman 1 filter paper, 110 mm
diameter (Sigma Aldrich) was used as a paper sub-
strate for the supercritical experiments. This is a near
pure form of cellulose, made from cotton lint fibers.

Methods
SCI experiments

Impregnation experiments were performed on a SCI
rig built in-house and described elsewhere (Adenekan
and Hutton-Prager 2019; Hutton-Prager et al. 2021;
Beheshtimaal and Hutton-Prager 2022). Briefly, 6 mL
of wax at 1.8 g/LL was inserted into a vessel and sub-
sequently dissolved in scCO, (T=20 °C, P=200 bar,
i.e. supercritical in pressure but not temperature) for
10 min by pumping the contents around a circulating
loop. After this time, the combined fluid was sent to
a second vessel that contained two strips of What-
man 1 filter paper (6 mm X80 mm), and the wax was
allowed to impregnate this paper for 15 min. Upon
depressurization of the contents, the paper was col-
lected for subsequent analyses. Some strips were
annealed in a 1300 W oven (Precision Scientific Inc.
Division, Winchester, Virginia) for 4 h at 140 °C,
while others were stored at room temperature. Both
annealed and non-annealed papers were analyzed on
Days 1, 7, 14, and 21, for hydrophobic development
(i.e. CA measurements) and microscopic imaging.

CA Measurements

A Biolin OneAttension CA Analyzer was used to take
sessile and pendant drop measurements. Sessile drops
were used to assess the hydrophobic development
of the impregnated paper, and 10 pL droplets of DI
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water were placed on the surface with the CA being
subsequently monitored until full penetration (usually
several minutes). These measurements were repeated
in triplicate, and over different days (Day 1, 7, 14,
21), with typical standard deviations between repeats
falling within+5°. Similar sessile measurement pro-
cedures were also conducted using wax/heptane solu-
tions on CNCs-coated sensors to determine the CA of
the wax droplets on cellulose. Pendant drop measure-
ments were performed to determine the surface ten-
sion of each wax/heptane solution. In these measure-
ments, the largest drop prior to exiting the syringe
tip was generated, and the curvature was recorded
for 10 s. These were also prepared in triplicate and
averaged.

Digital imaging

A Keyence microscope (VHX7000) was used to take
images of the impregnated paper on Days 1, 7, 14, 21,
to match its hydrophobic development with the corre-
sponding CA measurements. Images were taken over
a variety of magnifications (X 20, x 100, x 200).

QCM-D experiments

A Q-Sense Analyzer, 4-channel QCM-D System
(Biolin Scientific—NanoScience) was used to
assess the adsorption behavior of the waxes onto
the cellulose molecules. Flow modules (QFM401)
were initially cleaned at 30 °C by flushing 10 mL
of n-heptane per module at 0.3 mL/min, followed
by air. The modules were then dried in nitrogen.
Meanwhile, Q-Sense SiO, sensors (QSX303) were
pre-cleaned using the following procedure: 10 min
of UV/ozone treatment; 30 min in 2% w/w SDS
solution at approx. 50 °C; DI water rinse; nitrogen
drying; 10 min of UV/ozone treatment. A spin-
coater (WS-650_BT Series, Laurell Technologies)
was used to coat each sensor with 1 wt% CNCs dis-
persion. Using static mode, 3 droplets of dispersion
were placed on the sensor followed by the static
drying regime (performed twice) and the speed test
(performed once). Sensors were left to dry beneath
an upturned beaker for two hours prior to starting
the adsorption experiment. Interfacial experiments
were conducted at 20 and 30 °C, and a 5 s average
of data collection was used. The wax/heptane solu-
tions were pumped through the modules at 0.1 mL/

min. A solvent baseline was established by flush-
ing n-heptane through the modules, followed by the
wax/n-heptane solution of interest. Upon equilibra-
tion, more n-heptane was flushed through the sys-
tem to determine the strength of wax attachment
to the cellulose fibers. Once the experiment was
completed, the modules were again flushed with
n-heptane and air, then dried in nitrogen, while
the contaminated SiO, sensors underwent a differ-
ent cleaning regime from the pre-experiment pro-
cedure: 10 min UV/ozone treatment; 10 min in 2%
w/w Helmanex solution at approx. 50 °C; 10 min
in DI water at 50 °C; nitrogen drying; 10 min UV/
ozone treatment. The sensors were placed back into
the module to test their dissipation and amplitude
signals to confirm that the cleaning method was
acceptable before reuse.

Adsorption kinetic modeling studies

The change in frequency values of the f; overtone sig-
nal were converted to a change in mass value using
the Sauerbrey equation as given in Eq. (4) (Medina
et al. 2020). Data were subsequently adjusted to
start at time =0 for each section of interest. Where
necessary, large quantities of data were reduced
by selecting every 2nd to 7th data point such that
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Days after impregnation

B 1.8 g/L AKD annealed 4h 140C
1.8 g/L CW annealed 4h 140C

M 1.8 g/L AKD not annealed
M 1.8 g/L CW not annealed

Fig. 1 Contact angle of wax-treated paper for AKD and CW
over a three-week period, showing results for both annealed
(4 h, 140 °C) and non-annealed samples
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approximately 100 data points remained for analy-
sis. Excel Solver (Microsoft Office Professional Plus
2019) was employed to fit these data points using
single or multiple PFO kinetics, and PSO kinetics, as
described in Egs. (2) and (3), respectively (Wang and
Guo 2020). Standard deviations (SD) for each section
were calculated by the sum of squares method (Fang
et al. 2020), and then compared to choose the best
kinetic fit. Finally, fitted constants were compared
amongst experimental conditions and discussed.

Results and discussion

Hydrophobic development of paper substrates
impregnated with waxes

CA measurements were conducted on the What-
man paper substrates impregnated with AKD or
CW over a three-week period to quantify hydropho-
bic development with time, and results are shown
in Fig. 1. AKD-treated paper generally had higher
CA than CW-treated paper, and by Day 14, the

non-annealed samples showed similar hydrophobic-
ity to the annealed samples. AKD is known to take
approximately two weeks to fully develop its siz-
ing effect on paper substrates without the assistance
of heat energy (Adenekan and Hutton-Prager 2019;
Beheshtimaal and Hutton-Prager 2022), but with
annealing, adequate sizing was achieved from Day 1.
Annealing was found necessary to give CW-treated
paper a somewhat hydrophobic effect throughout
the entire time period (most samples were ‘almost’
hydrophobic, with CA just below the theoretical 90°
value). Without annealing, the impregnation of CW
did not provide substantial improvements to paper
hydrophobicity, with most results being below 20°.
Similar behavior has been observed previously with
other food-grade waxes (Hutton-Prager et al. 2021;
Beheshtimaal and Hutton-Prager 2022) where heat-
ing was found necessary to develop a sizing effect.
With impure waxes particularly, annealing is believed
to cause polymorphic phase separation of the wax
components and subsequent regrouping or redistri-
bution, often resulting in a changed morphological
surface with enhanced nano-/micro-structures. This
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Fig. 2 a AKD, with R; and R, between C,; — C;4; b different
structures making up CW, together with average molar compo-
sition, where R=R; +R,, and R is between C,s — C;, (Wang
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Day 1: AKD n-on-anne‘aled
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Fig. 3 a AKD-treated paper on Day 1 (top) and 21 (bottom),
comparing non-annealed paper on the left with annealed paper
on the right (4 h 140 °C, immediately after impregnation). b

additional structure typically favors higher CA of
water droplets applied to the surface (Zhang et al.
2014). Despite both waxes containing significant
hydrocarbon content (see Fig. 2a and b), the differ-
ent wax structures and the multi-component CW
compound (Wang et al. 2001; Puttalingamma 2014)
may have impacted the way these molecules attached
to the cellulose. Previous work by the authors

. Day1: AKD annealed

>

250.00pm [ 8

“ 250.00pum

CW-treated paper on Day 7, non-annealed (left) and annealed
(right) at the same conditions as AKD

(Adenekan and Hutton-Prager 2019) has shown that
AKD H-bonds to the -OH groups on cellulose mol-
ecules via its =0 and/or the -O- groups. This enables
the two R-groups to point outwards from the cellulose
substrate and provide hydrophobic modification to the
cellulose. The annealing treatment appears to speed
up this process. The individual components within
CW can also H-bond to the cellulose via=0O bonds
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in some fractions and -OH groups in other fractions.
However, many of these potential H-bonding oppor-
tunities may already be occurring between the CW
fractions, and structural hindrance of the different
fractions may prevent full access to the available -OH
groups on the cellulose. Consequently, from a purely
structural viewpoint, it is logical to assume that CW
may not attach to the cellulose as easily as AKD. The
annealing step can allow a freeing up of the individ-
ual fractions from each other, and rearrangement of
these fractions may enable higher attachment prob-
abilities, thereby improving the resulting hydropho-
bicity observed.

The impregnated paper samples were imaged with
a Keyence microscope on the same days as the CA
measurements over the three-week period (Days 1,
7, 14, 21). From Fig. 1, it is known that the AKD-
impregnated paper resulted in similar CA from Day
14 onwards for both annealed and non-annealed
samples. This result is supported with spatial obser-
vations shown in Fig. 3a. In these images: (i) there
is less fiber coverage of AKD on the non-annealed
sample, Day 1, compared with the annealed sample;
and (i) Day 21 shows similar fiber coverage irrespec-
tive of the heat treatment performed. These observa-
tions are also consistent with many descriptions of
AKD ‘spreading’ over the fibers with time (Adenekan
and Hutton-Prager 2019; Beheshtimaal and Hutton-
Prager 2022), seen by more fiber coverage at Day 21

Wax/n-heptane

w S
I . . [-%
= increasing n + 15 &
>
Q c
c F o1 o
[ B
=] ©
- L os 2
(7]
e 7]
e L O -D
L -0.5
b1
T T T ‘15

0 2000 4000 6000 8000
Time (s)

10000 12000

—f7 —f9 —f11 —f13 D7 e D9 D11 D13

compared with Day 1 for the non-annealed samples.
Both annealed samples on different days look alike,
confirming the more rapid sizing effect from the heat
treatment resulting in similar CA. The nano-/micro-
structural changes in annealed samples referred to
earlier are not observed with these images due to
the lower magnifications used — these magnifica-
tions were necessary to observe the AKD spreading
behavior.

Spatial comparisons were also conducted for CW,
however different observations became apparent. As
per Fig. 1, the CA was similar over the three-week
period for non-annealed samples (average 18°) and
annealed samples (average 90°). The images were
correspondingly similar over this time period for
each group (i.e. non-annealed and annealed). Unex-
pectedly, at any given time, the images were also
quite similar between non-annealed and annealed
conditions, despite the vast differences in measured
CA, depicted in Fig. 3b for Day 7. This change in
CA is likely due to the development of nano-/micro-
structural surface changes observed in earlier works
(Hutton-Prager et al. 2021; Beheshtimaal and Hutton-
Prager 2022), while the spreading phenomenon with
time was not dominant. There are insufficient studies
in the literature regarding similar spreading obser-
vations for CW compared with those describing the
common spreading behavior for AKD.
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Fig. 4 0.9 g/ AKD/heptane pumped through the system at 30 °C, over a SiO, sensors and b SiO, sensors, spin-coated with 1 wt%

CNCs. Adsorption and flushing sections are identified

@ Springer



Cellulose (2024) 31:6867-6884

6875

Interfacial behavior between waxes and cellulose
using the QCM-D

Viscous nature of the adsorbed layers

Irrespective of wax, wax concentration, and tempera-
ture, the raw data frequency curves collected at mul-
tiple overtones (n=7, 9, 11, 13) of the quartz crystal
vibrations closely overlapped each other. The lower
overtones (n=3 and 5) were at times noisy, but had
settled by n=7 across all conditions tested. Con-
sequently, the resulting wax layers were described
as rigid, thereby establishing Sauerbrey behavior
according to Eq. (4) (Fang et al. 2020; Easley et al.
2022):

-=¢
Am = . Af 4)

The above equation allows for a simple conver-
sion from the change in frequency between the base-
line and the curve (Af, Hz) to a change in mass (Am,
ngem~2). The mass sensitivity constant of the sen-
sor, C, is often assigned a value of 17.8 ngcm™> Hz ™!
(Fang et al. 2020). The change in dissipation (AD)
from the baseline in all cases was very low, and
mostly below 0.2 ppm, indicating that a recordable
dissipation response was not achieved (Easley et al.
2022). Such small changes in AD are also indica-
tive of rigid layers forming on the sensors. The AKD
studies showed that with higher AKD/n-heptane

n-heptane
flush
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Fig.5 a AKD and b CW adsorption onto cellulose-coated
sensors, performed at 20 °C and 1.8 g/L wax/heptane con-
centration. Also observed in this figure is the closely overlap-

concentrations, the AD curves gradually increased,
however response signals were still too low to draw
conclusions other than rigid layer formations.

Effect of substrate

In one experiment, 0.9 g/l AKD wax at 30 °C was
pumped across uncoated SiO, sensors, and was com-
pared with an identical trial using sensors spin-coated
with 1 wt% CNCs (Fig. 4). For the uncoated sensors,
both Af and AD curves did not overlap; both showed
increases in value with increasing n; and the AD
curves were well into the experimental response range
(i.e.>0.2 ppm). Many of these observations indicate
viscoelastic layers forming on the sensors (Easley
et al. 2022). The AKD deposits stabilized at approxi-
mately 6000 s on the uncoated sensors and were slowly
washed off during the heptane flush. The experiment
using CNCs-coated sensors showed that the AKD
adsorption did not stabilize after a long time, but sub-
sequent flushing with heptane removed very little wax,
as it was firmly attached to the sensors. Since the cel-
lulose coating was the only difference between the two
experiments, it appears to be responsible for minimiz-
ing dissipation; anchoring the wax firmly in place to
form rigid layers; and promoting hydrogen bonding
between the wax and cellulose molecules.

The uncoated SiO, sensors and 1 wt% CNCs-
coated sensors provided vastly different surfaces (and
hence interfaces) in contact with the AKD molecules.
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& 25 L 04 2
-2, 048
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ping Af and AD curves, indicating rigid adsorbed wax layers.
Adsorption and flushing sections are identified
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Cellulose is a biopolymeric network with many -OH
groups that enable H-bonding with AKD, while SiO,,
or essentially silica, is a giant molecule consisting
of many Si and O atoms covalently bonded together
(Fig. 2c¢ and 2d). The=0 and -O- structures in the
AKD ring repel the highly electronegative oxygen
atoms bonded to the silicon atoms. Despite the same
concentration of AKD/n-heptane used in this compar-
ison, the CNCs-coated sensors provided higher selec-
tivity and compatible surface characteristics with
AKD than the SiO, sensors, resulting in higher IAfl
values and low removal during n-heptane flushing.
Conversely, the lower compatibility of the SiO, sen-
sors with AKD resulted in less partitioning of AKD
towards this substrate and hence lower |IAfl value) and
easy removal of the wax during the n-heptane flush.

Effects of wax structure

The QCM-D results for AKD and CW at 20 °C are
shown in Fig. 5 at constant concentration of 1.8 g/L. of
wax/heptane solution. Very different adsorption kinetic
behavior is observed (note shape of the Af curves).
Both show an immediate drop in frequency, however
the AKD takes a very long time to stabilize whereas
the CW comes to equilibrium quite quickly, and hence
a second cycle of wax adsorption and flushing was per-
formed. The n-heptane flush sequences demonstrated
that almost no AKD is washed off the cellulose sur-
face whereas 65% of the CW on average, is washed off
(based on the change in Af values). The other notable
observation is that despite the concentration of each
wax being identical, vastly different Af values were
recorded for each wax. AKD had reached a value of
-21 Hz before starting the n-heptane flush, whereas
CW had reached -4.5 Hz. One likely reason for this
is that the CW tended to form a suspension in the
n-heptane rather than a solution at this concentration,
although only a very small amount of wax remained
undissolved. The saturated solution pumped over the
sensor surface was subsequently at slightly less than
1.8 g/L, but was not expected to be solely responsible
for the observed dramatic change in Af values.

Both waxes are impure compounds, although
the AKD wax structure only differs slightly by the
hydrocarbon chain length, whereas the CW consists
of several different compounds. There appears to be
different opinions in the literature regarding the exact
structural makeup of CW, although it does change
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depending on its plant source and age of the plant
(Wang et al. 2001; Puttalingamma 2014). The vari-
eties of CW compounds shown in Fig. 2b are those
determined by Wang et al. (Wang et al. 2001), where
over 33 individual structures were identified through
pyrolysis-GC measures and grouped into five differ-
ent classes as drawn.

The different wax interactions with cellulose as
explained for the SCI-treated papers also appears valid
at the interfacial level. The hydrophobicity of non-
annealed CW-treated papers showed little improve-
ment in the CA, and the loose attachment of this
complex compound to the cellulose interface may
help explain its poor performance at the bulk level.
Just over 50 mol% of CW contains the more elec-
tronegative=0 groups that could attach to the -OH
groups on cellulose. Since many of these groups may
H-bond with other fractions within CW, the availa-
ble=0 groups is postulated at less than 50 mol%. The
easy removal of much of the CW during the n-hep-
tane flush therefore seems very plausible. The non-
annealed AKD-treated papers showed excellent hydro-
phobic improvement with time, however the relatively
long time to adequate sizing (approx. 14 days) seems
to be mimicked by the long times to equilibrium at the
interface. The vast improvement in bulk hydrophobic-
ity is also likely linked to the much stronger attach-
ments of the AKD to the cellulose fibers.

Effects of wax concentration and temperature

The frequency signal is directly correlated to mass
of solute adsorbed onto the sensor, particularly when
Sauerbrey behavior is demonstrated as previously
established. Therefore, changes in wax concentration
should produce a similar ratio of change in the Af'sig-
nal. However, as observed in Fig. 6 and Table 1, other
conditions such as temperature can also influence the
quantity of solute adsorbed, which contribute to a
change in the Af signal.

Equilibration of the AKD signal was not possi-
ble at the concentrations initially studied (0.9 and
1.8 g/L) and hence a concentration of 0.45 g/L. was
subsequently tested. Although an improvement was
noted, there was still a small additional adsorption
recorded during a second AKD/n-heptane adsorp-
tion cycle (Fig. 6a). Barely any AKD was removed
with n-heptane flushing, quantified between approxi-
mately 2 — 5% as per Table 1. For each doubling of
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Fig.6 a AKD and b CW adsorption onto cellulose-coated
sensors, demonstrating changes with wax concentration and
operating temperature. All traces shown are for the f; overtone
signal. In a), adsorption and flushing sections are identified. In

concentration tested, the resulting Af values were
approximately 1.5 times the original value instead of
the expected 2 times higher.

The trial at 0.9 g/ was repeated at 30 °C, and
is also plotted in Fig. 6a. There is a considerable
increase in the quantity of AKD adsorbed from the
wax/n-heptane solution at the higher temperature.
The final value recorded is approximately the same
that can be achieved at the higher concentration of
1.8 g/L. Similarly, only small quantities of adsorbed
AKD wax could be removed during n-heptane flush-
ing at the higher temperature. Experiments described

Table 1 Absolute values of Af (n=7) for AKD and CW
adsorption to cellulose-coated SiO, sensors at the various
conditions tested, together with the %-wax removed during

b), adsorption sections are between --- and — vertical lines;
flushing is between — and --- vertical lines on each experi-
mental curve

in Fig. 1 demonstrate the vast improvement in AKD
impregnated into cellulose substrates that were
annealed, based on the much-improved CA on Days
1 and 7. Although the higher temperature QCM-D
experiment was only 10 °C above room temperature
conditions, this result demonstrates that the additional
heat energy fosters enhanced adsorption of the AKD
molecules at the cellulose interface.

Similar experimental trials shown in Fig. 6b and
also quantified in Table 1 for CW tell a vastly differ-
ent story. In Fig. 6b, the relative increase in Af values
for a doubling of CW concentration varied between

the n-heptane flush sequence. All frequency values are aver-
aged over the last 90 s of each stage, and have a typical error
of +0.01 Hz

Conditions Wax/n-heptane % wax removed during Second wax/n-heptane % wax removed during
adsorption (Hz) n-heptane flush adsorption (Hz) second n-heptane flush

AKD wax solute

0.45 g/L; 20 °C 9.42 1.57 11.01 2.71

0.9 g/L; 20 °C 14.76 4.21 Not attempted

1.8 g/L; 20 °C 20.92 3.56

0.9 g/L; 30 °C 21.59 4.83
CW solute

0.9 g/L; 20 °C 292 80.72 242 89.79

1.8 g/L; 20 °C 4.38 65.68 4.08 68.33

0.9 g/L; 30 °C 3.27 43.68 3.40 41.21
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1.5 times during the first adsorption stage to 1.7 dur-
ing the second adsorption stage. While this is a little
better than that demonstrated for the AKD experi-
ments, it still falls short of the expected X2 change in
Af values. At room temperature conditions (20 °C),
between 80 — 90% of CW was removed at the lower
CW concentration, while the higher concentration
trial showed a 65 — 68% removal. More CW physi-
cally present in the higher concentration improved the
chances of accessing more -OH groups on the cellu-
lose. Since greater adsorption was possible between
these functional groups, less of the CW was removed
during the n-heptane flushing sequence. The quan-
tity of CW removed is considerably greater than that
for AKD regardless of concentration, and this issue
may be viewed both positively and negatively. On the
downside, this easy removal reduces its viability as
a food-grade wax for hydrophobic packaging mate-
rial development. However, its easy removal ben-
efits packaging recycling — further investigations are
needed that focus on ease of recyclability.

The trial performed at 0.9 g/L. concentration and
30 °C also showed higher adsorption of CW wax,
approximately matching that of the higher concentra-
tion trial at the lower temperature. The additional heat
energy may have enabled a weakening of H-bonds
between the CW fractions, freeing up the availability
to H-bond to the cellulose instead. The quantity of
CW removed during the n-heptane flush was reduced
to half that recorded at room-temperature conditions,
again showing stronger attachments of the wax to cel-
lulose at these conditions.

Interfacial energy between the waxes and cellulose
sensors

The spreadability of both wax preparations over cel-
lulose substrates was briefly investigated based on
Young’s equation stated in Eq. (1). The uncoated
Si0, QSense sensors had a roughness <1 nm RMS
(Biolin Scientific 2024). Spin-coating these surfaces
with 1 wt% CNCs would have increased the rough-
ness, but they were still assumed notionally smooth to
validate use of Young’s equation. In a similar man-
ner, the coated surface was assumed non-porous,
notwithstanding the reality that pore space between
the CNCs clusters existed within the thickness of
the coating itself. These assumptions are reasonable
when compared with Whatman 1 filter paper, with
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predicted porosity calculated at 17% (Cytiva 2024),
and roughness of nanofibrillated cellulose films meas-
ured between 0.5 — 3.5 pm (Miettinen et al. 2014).
[See Supplementary Information Online Resource
1 for porosity calculation]. Pendant drop measure-
ments were performed for the 1.8 g/L concentration
preparations for both waxes, and results are shown in
Table 2. Surface measurements and calculations show
that both wax/n-heptane solutions behave similarly in
their spreading capabilities across smooth cellulose
surfaces, with relatively low surface tensions, very
low CA, and low interfacial tensions, indicating high
spreading across the fibers.

Adsorption kinetics of AKD and CW onto cellulose

The previous discussion mostly relied on qualitative
observations from the QCM-D studies to draw sig-
nificant observations regarding the different behavior
of each wax at the interface with the cellulose-coated
substrates. A quantitative assessment of the adsorp-
tion kinetics is now addressed. The overtone number,
n="7, was used in Eq. (4) to convert frequency values
to mass values of the waxes adsorbed (or desorbed)
onto (from) the cellulose surface.

AKD adsorption kinetics analysis

The best fits of data for each trial was the summation
of three PFO equations:

4, =4, (1 - e'r‘t) + qe’z(l - e"'ﬂ) + qe’3(1 -
(%)

In Eq. (5), g, and ¢ have been previously defined;
Ges> Ge2 qe3 are the ‘equilibrium’  quantities
adsorbed (ngcm_Z) within each sub-section; r;, r,, 13,
are the first-order rate constants (s~') relating to each
sub-section. Intuitively, Zij 4.; = 4., since together

Table 2 Results of pendant droplet studies to determine the
interfacial energies between wax/n-heptane solutions and cel-
lulose substrates using Eq. (1). Surface energy of cellulose,
ogy, obtained from (Gamelas 2013)

Wax/n- oy mNm™' o5y mNm™' 9° o, mNm™!
heptane

solution,

1.8 g/L

AKD 29.4+03 437 23+04 143

CwW 304+0.6 437 42+02 134
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Table 3 Fitted constants .. 4
Condit 10* * SD
for AKD adsorption kinetic onditions Qe " ez "2 e s i
studies using Eq- ). All 045¢/L;20°C 5918 0.04442  7.806 0.005075 11.55 8.492 2527 175
quantities, g, have units 09gL;20°C 1019 001243 1257 0.001434 - 0002799 - 175
ngecm™-, while all rate
constants, r, have units s~! 18g/1L;20°C 1617 001406  3.184 0.002995 41.86 2.482 6121 1.0l
09gL;30°C 5396 0.02545 1030 001406 6143 1.906 7713 2.88

the total quantity of wax adsorbed should equal the
sum of that adsorbed within each sub-section, pro-
vided that each individual section reached its own
equilibrium.

While Eq. (5) is clearly empirical, it follows simi-
lar logic to that used by Shen et al. (Shen et al. 2015)
where obvious changes in rate constant were identi-
fied by sudden changes in gradient of the Af (or Am)
curves. This form may also describe the three mass
transfer stages known to occur in adsorption pro-
cesses: a) external diffusion of the adsorbate (wax)
through the liquid film (solvent/cosolvent) to the
adsorbent (cellulose fibers); b) internal diffusion of
the wax into the pores between the cellulose fibers;
and c) adsorption of the wax onto active sites on the
cellulose (Wang and Guo 2020).

The fitted constants from Eq. (5) have been sum-
marized in Table 3 for AKD adsorption kinetic
trials at the various experimental conditions indi-
cated. No desorption processes were considered
since very little AKD was removed during the
n-heptane flushing sequence. Examples of the fitted
data are shown in Fig. 7a and b. The raw data for
all conditions (in frequency) is shown in Fig. 6a,
and it can be seen that the curve for 0.9 g/L, 20 °C
did not show any signs of coming to equilibrium,
despite good mathematical fits obtained for this
data. Consequently, there were issues in report-
ing the g, 5 value, and the r; value was also con-
siderably lower than those determined for the other
experimental conditions. From Table 2, it can be
seen that r; > r,> r; across all conditions tested. In
most cases, the orders of magnitude for these three
rate constants were 1072, 107, and 10™* respec-
tively (two exceptions only). If it is assumed that
the three-step mass transfer process is represented
by the three PFO expressions making up Eq. (6),
then the external diffusion of the AKD through

the n-heptane towards the cellulose surface was
the quickest step. Likewise, the intermediate step
was the AKD working its way through the cellu-
lose fiber pores, and the rate-limiting step was
the AKD attaching to the cellulose via H-bonding
(Adenekan and Hutton-Prager 2019). The g, values
were all somewhat higher than the experimental g,
values obtained, as shown in Fig. 7a and b where
none of the conditions reached equilibrium due to
the slow, rate-limiting step. Higher operating tem-
peratures (i.e. 30 °C compared with 20 °C) notice-
ably increased the mass transfer of the wax through
the cellulose fiber pores (r,). Lower AKD concen-
trations (0.45 g/L compared with 0.9 and 1.8 g/L)
noticeably increased all three mass transfer steps.
Less wax within the n-heptane solvent meant
that individual wax molecules could more easily
migrate towards the cellulose surface and into the
pores. Lower concentration also meant there was
less competition for the individual molecules to
find and attach to the active sites on the cellulose.

CW adsorption kinetics analysis

The CW adsorption kinetics demonstrated quite dif-
ferent behavior from the AKD kinetics. Due to faster
equilibration times, substantial desorption of CW
during n-heptane flushing sequences, and the abil-
ity to run a second adsorption and flushing sequence
during the same trial, both adsorption and desorption
stages were considered. The adsorption of CW onto
cellulose was modeled via a single PFO equation as
shown in Eq. (2). Desorption was modeled using the
summation of two first-order equations, as shown in
Eq. (6) (Fang et al. 2020):

q: = qe,le_rlr + qe,Ze_rzr (6)
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Fig. 7 Examples of fitted equations to the experimental data,
converted from frequency to mass using Eq. (4). a AKD data
at 1.8 g/L, 20 °C, and b AKD at 0.9 g/L, 30 °C, showing the
three fitted portions making up the overall experimental curve.
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The symbols in Eq. (6) have similar meaning as
described for Eq. (5), except that the equilibrium
quantities now refer to the amount of wax desorbed
in each sub-section, and the rates are desorption rate
constants instead of adsorption rate constants. Units
for both quantities remain the same. As with Eq. (5),
the expression in Eq. (6) represents two clear stages
identified during the desorption process. The raw data
for each CW condition are shown in Fig. 6b, and due
to the unusualness of the first adsorption/desorption
stage in the 30 °C trial, only the second stage was
analyzed. Examples of the fitted equations with the
data are shown in Fig. 7c¢ - f.

Fitted rate constants are shown in Table 4 for
CW. In all adsorption cases (both first and sec-
ond sequences during the trial), the rate constant k;
approximated to 1072 s~!, irrespective of tempera-
ture or CW concentration. This is the same order of
magnitude as r; in the AKD adsorption analysis, and
may indicate that the dominant mass transfer for CW
adsorption was only the external diffusion of wax
to the cellulose surface. This apparent single-step
mass transfer to the surface may also be in keeping
with the fact that CW was easily washed off during
the n-heptane flush. It may also indicate that the CW
had not substantially diffused through the cellulose
pores or firmly attached to active sites on the cellu-
lose itself. Although two- and three-step PFO equa-
tions in keeping with Eq. (5) were tried, there was
little improvement in the overall fit. Note also that
the SD represents data points after the first 3040 s
for each adsorption trial, due to the lack of fit in the
initial time period. One of the main reasons that the
initial kinetics were less accurately modeled with the

Table 4 Fitted constants for CW adsorption and desorption
kinetic studies using Egs. (2) and (6). All quantities, g, have
units ngcm"z, while all rate constants, r or k, have units s™!.
‘1’ refers to the first sequence of CW/n-heptane adsorption and

CW trials was the presence of a small lag-time before
the adsorption rate significantly increased.

The desorption analysis showed more variation
among different experimental conditions with the val-
ues of both rate constants, but the emerging consist-
ent pattern was that r;>r,. The higher temperature
condition at 30 °C had lower desorption rates than
the 20 °C trial at the same concentration by one and
two orders of magnitude respectively for the two rate
constants (r; and r,). This is likely explained by the
significantly lower quantities of CW removed at the
higher temperature, resulting in slower desorption
rates. The sum of the individual ¢’s, g, ,,,, matched
the initial starting quantity of CW in all desorption
cases. The two stages within the desorption process
resulting in fitted values for r; and r, are not easily
explainable, particularly given that only one major
step was identified during the adsorption process.
One plausible explanation could be a fast, initial
removal of excess CW simply lying on the cellulose
surface, followed by a slower removal of CW that had
partially oriented onto the active sites for cellulose
attachment. This desorption process warrants further
investigation.

Other fitted equations

Raw data for both waxes were fitted with the PSO equa-
tion (Eq. (3)), where #/g, was plotted against ¢. If PSO
behavior was observed, then a straight line would result
with gradient of 1/g, and intercept of 1/k,q,”. Curved
lines resulted with the AKD data, which became more
pronounced as both the concentration and temperature
increased. Hence, AKD was better-represented with

n-heptane flushing process, while ‘2’ refers to the subsequent
sequence of adsorption/flushing over the same sensors. g, .,
refers to the summation of ¢, ; and g, , for the desorption pro-
cess only

Conditions q. k; Qe r e 10** r, Qeroral SD
Adsorption 1 Desorption 1

0.9 g/L; 20 °C 7.229 0.01517 3.549 0.003819 3.594 9.791 7.143 541

1.8 g/L; 20 °C 10.53 0.01427 3.318 0.01230 7.505 5.555 10.82 4.38

0.9 g/L; 30 °C Not attempted Not attempted -
Adsorption 2 Desorption 2

0.9 g/L; 20 °C 4.669 0.01634 0.1024 0.01119 2912 28.65 3.014 7.46

1.8 g/L; 20 °C 6.096 0.009958 6.096 0.01081 4.046 4.112 10.14 5.93

0.9 g/L; 30 °C 3.708 0.01522 3.708 0.003233 4.727 0.5543 8.435 3.81
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PFO equations. Only the adsorption curves were fitted
for CW conditions, and most showed relatively straight
lines after an initial minimum at early times. There
were also difficulties fitting the initial time data with
the PFO equation, however, even removing these early
data from the PSO analysis, the minimum still existed.
It is possible that the CW adsorption process followed
PSO behavior at later times, but as noted by Wang and
Guo (Wang and Guo 2020), kinetics data near equilib-
rium at later times tended to bias the PSO model. The
majority of kinetic data producing the straight line in
the PSO assessment fell into this category. The Ritchie
model was also considered, but as it is essentially the
same as the PFO and PSO models at low values of the
fitting parameter (n”=1 or 2), no further attempts were
made. More investigation is needed with this wax, but
at this stage, the PFO model was the most suitable fit
that could be found.

Conclusions and Recommendations

This study has made direct links between interfacial
behavior and bulk property improvements for the case
of supercritically impregnated paper substrates with
hydrophobic wax solutes. The bulk paper study showed
immediate hydrophobic improvements to the paper
with heat treatment (4 h, 140 °C) for both waxes, and
also that AKD wax provided considerably more hydro-
phobicity than CW, even without heat treatment. The
interfacial study demonstrated a slow but strong depo-
sition of AKD onto the Whatman cotton lint fibers.
All three classic mass transfer processes of adsorption
were observed, and the slowest step (AKD attachment
onto cellulose active sites) was indicative of the slow
bulk hydrophobic improvement in AKD-treated sam-
ples. More rapid deposition observed at higher tem-
peratures also mimicked the immediate development of
bulk hydrophobicity with annealing. Equivalently, CW,
which showed only mild hydrophobic development
with heat and none at all without heat in CW-treated
papers, underwent only the first mass transfer process
at the interface and was easily removed. The vast dif-
ferences in chemical structure and purity were also
thought to contribute (positively and negatively) to the
attachment ability of the waxes onto the cellulose.
These results are believed to be the first attempt
at explaining bulk property development of super-
critically treated paper via interfacial investigations.
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There are only a handful of QCM-D interfacial
studies with AKD in relation to papermaking (Kal-
lio et al. 2004; Nypelo et al. 2011), none of which
are associated with SCI processes. There are no
reported studies of CW in relation to interfacial
studies on any surface. Future investigations will
extend this work to optimize interfacial adsorption
kinetics and molecular bonding to influence bulk
paper properties; investigate realistic paper sub-
strates to quantify more complex interactions taking
place between solute and substrate; and study des-
orption kinetics to further develop sustainable and
recyclable packaging.
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