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eability foils based on bio-
renewable cellulose derivatives†

Tanner J. Hickman, a Li Tao,b Natalie Stingelinab and J. Carson Meredith*a

Packaging is one of the largest contributors to plastic waste. Hence, polymers produced from renewable

sources have become attractive to substitute or fully replace petroleum-based plastics in packaging

materials. However, the properties of some of the prime candidates—e.g., cellulose and its derivatives—

rapidly deteriorate already at a modest relative humidity rendering them impractical for use in packaging

products. Here, we show by the example of carboxymethyl cellulose that chemical crosslinking with

citric acid can be exploited to precisely control the moisture sensitivity of cellulose-based structures.

Specifically, we demonstrate that the water vapor transmission rate (WVTR) of carboxymethyl cellulose

can be manipulated in a controlled fashion over three orders of magnitude. Thereby, the lowest WVTR

value, obtained for an optimal crosslinker content, is one order of magnitude lower than that measured

for poly(ethylene terephthalate) even at a relatively humidity of up to 65%. Our work, thus, clearly

illustrates that cellulose-based materials can be made insensitive to humidity, which is not only of great

importance for providing a solution towards more sustainable plastic packaging but, generally, for

expanding the scope of applications of cellulose and its derivatives, allowing us to leverage their natural

abundance, chemical versatility, and biodegradability.
Sustainability spotlight

A sustainable future requires single-use plastics that can be completely reclaimed through recycling or biodegradation. Primary packaging materials rarely fulll
either requirement, in part due to the lack of renewably sourced materials with sufficient water barrier performance. We show that a simple crosslinking
approach can be used to produce cellulose-based structures with commercially competitive water vapor barrier properties. Our success opens the door to more
widespread implementation of cellulose and other polysaccharides for barrier packaging applications, thus reducing our dependence on petroleum-derived
plastics, and contributing to the UN's Sustainable Development Goals to ensure sustainable consumption and production patterns (SDG 12) and take
urgent action to combat climate change and its impacts (SDG 13).
Introduction

Petroleum-sourced plastics, including single-use packaging
materials, have become ubiquitous in our daily life because of
their low-cost manufacturability, versatility, and, in many cases,
their so nature. Indeed, a world without plastics is nowadays
difficult to imagine. Yet, our strong dependence on this mate-
rials class has led to drastic amounts of plastic waste nding its
way into landlls and the environment.1 It is clear that reducing
the use of plastics on the consumer side is not foreseeable in the
near future. Hence, alternative materials systems that are
renewable and easily degradable need to be advanced to meet
the stringent property requirements of packaging materials.
hemical and Biomolecular Engineerring,

chbe.gatech.edu

aterials Science and Engineering, Atlanta,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
This includes ease of processing, biodegradability, mechanical
properties, as well as water and oxygen permeability that both
need to be low in a broad range of environments.

Cellulose-based systems have attracted increasing attention
for use in packaging, among other reasons, because these
relatively green plastics can feature excellent barrier properties,
at least in the dry state.2–5 However, their highly hygroscopic
nature renders cellulose materials extremely sensitive to
humidity.6–11 This sensitivity can be reduced by reducing the
materials' propensity to interact with water, e.g., by horn-
ication or physical crosslinking by multivalent ions, but these
processes are specic to certain morphologies and chemistries,
and therefore not generalizable for different cellulose
materials.12–14 Straight-forward chemical crosslinking of
cellulose-based materials may offer another efficient route to
control the sensitivity of cellulose materials to relative humidity
(RH) and, generally, render the properties of these renewable
plastics less sensitive to the environment. Some evidence
consistent with this has been provided in literature, but by
using uncontrolled or narrow ranges of crosslinker content and
RSC Sustainability, 2024, 2, 3451–3455 | 3451
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RH.15–19 We use here carboxymethyl cellulose (CMC) as a model
system and explore whether crosslinking with citric acid (CA)
via esterication, a reaction that leads to crosslinks as illus-
trated in Fig. 1A, can be exploited to limit the water vapor
transmission characteristics of cellulose materials. The process
is straight-forward and results in low water vapor transmission
rates (WVTR) up to relative humidity levels of 65%.
Fig. 1 Carboxymethyl cellulose (CMC) crosslinked by citric acid (CA)
with very low water vapor transmission rate (WVTR). (A) Structure of
CMC crosslinked by CA with full (left) and partial (right) crosslinks. (B)
FTIR spectra of CMC/CA films with 0, 10, 25, and 50 wt% CA before
(grey) and after (black) deprotonation of free acid groups via NaOH
treatment. Note that neat CMC does not feature the characteristic
1718 cm−1 ester vibration, and therefore does not form crosslinks with
itself. All spectra are normalized by their maximum absorbance. (C)
WVTR of CMC/CA films and PET at 23 °C and 50% RH (left), and at
different RH (right). Error bars represent the standard deviation of at
least two measurements. (D) Summary of WVTR for various films and
testing conditions showing that the lowest WVTR of CMCwith 25% CA
is comparable to commercial water barrier plastics. References and
detailed experimental conditions are listed in Table S1.†

3452 | RSC Sustainability, 2024, 2, 3451–3455
Results and discussion

We begin our discussion with CMC/CA lm preparation. First,
1.0 wt% CMC solutions were produced in deionized water.
Subsequently, CA was added at room temperature at different
concentrations. The resulting CMC/CA solutions were then cast
at ambient conditions into either polystyrene (typically, CA
content of <35 wt%) or polytetrauoroethylene dishes (CA
content of 25 and 35 wt%). These lms were le to dry for
approximately two weeks at ambient conditions, leading to
homogenous structures of 5 × 5 cm2 dimensions and a thick-
ness of approximately 50 to 100 microns, as the photographs in
Fig. 2 illustrate. To remove water and promote crosslinking, the
lms were aer that dried in an oven at 120 °C for 2 hours.

We rst assessed whether CA successfully crosslinked CMC
under these conditions. For this we employed infrared (IR)
spectroscopy and monitored vibrations characteristic for ester
bonds (and, hence, crosslinking) focusing on the stretching
vibration at 1718 cm−1. Vice versa, the signature feature for
carboxylic acid moieties at 1585 cm−1 was also used as they are
only present in CMC or unreacted CA.20–22 Our data is summa-
rized in Fig. 1B, gray spectra. More details are given in the ESI
(see Section 2.2).

A few observations can be made. Clear evidence of esteri-
cation can already be made in lms of a CA content of 10 wt%
only. Specically, distinctive signals for ester moieties become
apparent at 1718 cm−1 upon introduction of this relatively small
amount of CA – a feature that becomes more intense for
samples where more CA was added (Fig. 1B, gray spectra). In
parallel, the 1585 cm−1 vibration characteristic for carboxylic
acid moieties is decreasing in intensity with increasing CA
content, further supporting the view of successful crosslinking.

Reassuringly, systems with even modest CA content display
drastically decreased WVTR values – by more than three orders
of magnitude (Fig. 1C). As a result, at 50% RH and 25 wt% CA,
the WVTR value is 10 times lower than that recorded for
poly(ethylene terephthalate) (PET), one of the most used barrier
materials in packaging (Fig. 1C, le panel). This performance is
maintained up to a RH of 65% (Fig. 1C, right panel), demon-
strating how the simple tool of crosslinking via esterication
can be exploited to render cellulose-materials such as CMC
rather insensitive to the environment. Indeed, only high-density
polyethylene (HDPE) and poly(vinylidene chloride) (PVDC) have
similar performance (Fig. 1D),4–6,12,19,23–33 but these polymers are
non-biodegradable and substantial contributors to plastic waste
pollution.
Fig. 2 Photographs of CMC/CA films dried in polystyrene (PS) and
polytetrafluoroethylene (PTFE) dishes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Accumulation of unreacted and partially reacted citric acid (CA)
above themaximumcrosslink density leads to increased residual water
content (RWC) and hydration of CA. (A) Soluble fraction (top panel) and
residual water content (bottom panel), for CMC/CA films before (grey
markers) and after (black markers) heat treatment. Both the soluble
fraction and residual water content show a non-monotonic behavior
with a minimum at 25 wt% CA, the composition corresponding to the
maximum crosslink density. Error bars represent the standard devia-
tion of at least three measurements. (B) Tensile properties of CMC/CA
films before heat treatment, (C) after heat treatment, and (D) after heat
treatment and aging at 75% RH for seven days. The data shown here
represents a single measurement, see Table S2† for average results of
repeat measurements. Insets highlight the data in the low strain
regime.
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The question remains why an optimal composition/CA
content is found at 25 wt%. At higher content, the WVTR
values increase signicantly (Fig. 1C, le). We attribute this
observation to the presence of unreacted or only partially reacted
crosslinker, highlighted in red in Fig. 1A. In order to gain some
additional insights, we exposed our CMC/CA lms to a sodium
hydroxide (NaOH) treatment to deprotonate remaining free acid
groups so that unreacted or partially reacted CA can be detected.

The IR spectra of such treated CMC/CA lms are displayed in
Fig. 1B, black spectra. The comparison of the CMC/CA (25 wt%)
and CMC/CA (50 wt%) systems is telling. For the former, no
drastic spectral changes are observed aer NaOH exposure,
indicating that in these lms, most carboxylic acid groups in the
crosslinker are consumed. In contrast, for CMC/CA (50 wt%),
aer the NaOH treatment, the intensity of the 1585 cm−1

vibration notably increases while the 1718 cm−1 feature essen-
tially is lost – an observation from which we conclude that in
these lms a considerable amount of excess CA or partially
reacted CA is present.

Collectively, our data shows that at 25 wt% CA content, i.e.
1 mol CA per 2.5 mol CMC monomer units, nearly complete
crosslinking is reached, i.e. two out of three carboxylic acid
groups react with CMC. At higher crosslinker content, some CA
stays un- or partially reacted. As a result, a higher fraction of
such lms remains soluble when placed in deionized water
compared to lms to which the optimal CA amount was added
(Fig. 3A, top panel, black markers). In contrast, the amount of
material that remains soluble is around 20 wt% at a CA content
of 10 wt% to 30 wt%.

The un- or partially reacted CA leads to other undesirable
effects, including a high residual water content (RWC), extrac-
ted from the mass loss of dried lms at 150 °C (Fig. 3A, bottom
panel; see the ESI, Section 2.5, for more detail), which
contributes to the increased WVTR observed in lms with more
than 25 wt% CA. While the difference between CMC/CA systems
of 25 wt% and 50 wt% seems small (RWC content of 1 and
2 wt%), the implications are considerable. This is reected in
the mechanical behavior of CMC/CA foils. While as-cast lms of
a CA content of 50 wt% plastically deform, structures of optimal
CA content (25 wt%) fail in the linear regime as a result of nearly
complete to complete crosslinking (Fig. 3B). However, the total
solubility of as-cast lms in deionized water indicate that their
crosslinks are not permanent, and thus non-covalent in nature
(Fig. 3A, top panel, grey markers). Aer a heat-treatment at 120 °
C for 2 hours, this picture changes as crosslinks become irre-
versible via esterication, leading the CMC/CA lms to fail in
the elastic regime independent of CA content (Fig. 3C). Despite
the fact that heat-treated lms of 25 and 50 wt% CA are
mechanically essentially identical, indicating similar degrees of
crosslinking, the RWC of the latter remains about 1% higher
than the former, pointing to the conclusion that un- or partially
reacted CA is responsible for the greater affinity for water and
higher WVTR in lms of 50 wt% CA content. This view is
corroborated by the mechanical response to changes in relative
humidity, highlighted in Fig. 3D, which is notably more
pronounced in lms of 50 wt% CA compared to 25 wt% CA,
considering their increased breaking strain of approximately
© 2024 The Author(s). Published by the Royal Society of Chemistry
500% and 100%, respectively. Clearly, there are substantial
differences in the mechanical properties of crosslinked CMC
compared to packaging plastics such as PET, which has an
upper tensile strength and strain-at-break of 55 to 75 MPa and
65 to 320%, respectively.34 However, barrier packaging appli-
cations do not necessarily require the same performance. Thus,
a compromise may eventually be sought to maximize strain at
break, while minimizing the WVTR and residual water content.
RSC Sustainability, 2024, 2, 3451–3455 | 3453
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This possibly can be achieved in structures produced of alter-
nating neat CMC and CMC/CA layers.

Conclusions

In conclusion, we demonstrated that CA-crosslinked CMC
displays excellent water barrier properties with a WVTR of less
than 0.02 g mm per m2 day (one order of magnitude less than
PET) up to 65% RH. Our results illustrate that the lowest
attainable WVTR using crosslinked CMC is much less than
inferred from similar studies, which have achieved only rela-
tively small reductions in WVTR of approximately 0–60%
compared to neat CMC, due to the addition of plasticizers or
limitation to high testing humidities.17,20,35 In contrast, our work
shows that the WVTR can be reduced by over 99.9% by cross-
linking CMC with CA. The formation of ester crosslinks, which
are conclusively identied by the 1718 cm−1 vibration of NaOH-
treated lms, is critical to the barrier performance of the
material. We highlight that it is important to precisely control
the crosslink density. At too high CA content, unreacted and
partially reacted crosslinker accumulates and leads to unde-
sired water uptake/hydration and, in turn, an increase inWVTR.

We expect that this crosslinking approach can be applied to
any cellulose-based system with sufficient hydroxyl side groups
available for reaction with citric acid, such as hydroxyethyl
cellulose, hydroxypropyl cellulose, or CMC with different
degrees of substitution. Aer all, it is well established in the
literature that citric acid effectively crosslinks hydroxylated
polymers with diverse structures, including nanocellulose,
starch, chitosan, and polyvinyl alcohol.15–19 Conversely, this
approach would likely be ineffective using any cellulose deriv-
ative with very few or no hydroxyl side groups, such as highly
substituted cellulose acetate, methyl cellulose, or nitrocellulose.
In these cases, the absence of hydroxyl side groups prevents the
esterication of the cellulose-based material with citric acid.

Benecially, the process is straight-forward and provides
a promising alternative route towards cellulose-based coatings
and lms with robust barrier properties, compared to, e.g., direct
chemical modication and functionalization of the cellulose that
usually requires introduction of petroleum-based high-molecular
weight hydrocarbons or uoropolymers into the systems, or
production of nanocomposites, which is limited by nanoparticle
aggregation. Unlike these approaches, we utilize only biodegrad-
able components, thus delivering a high water vapor barrier
material that is likely biodegradable, as demonstrated in previous
studies of similar materials systems.36 Clearly, further insight is
required to fully exploit simple crosslinking of cellulose-based
materials for packaging applications. More broadly, our work
promises to expand the possible applications of cellulose-based
lms and enables targeted materials design towards more
sustainable plastic alternatives.
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