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Executive Summary

For this project, the Greener Solutions course challenged our team to work with Method
to design a safer alternative to using PFAS (Per- and Polyfluoroalkyl Substances) as a
moisture and grease barrier within the product packaging industry. Our presented
challenge was not only to find alternatives suitable for replacing the current physical
characteristics and properties of the barriers applied on paper packages, but also to
utilize renewable resources that involved fewer human and environmental harms in the
creation, use, and disposal of the products. Method Products offer a wide range of
cleaning products; for our project we narrowed these down to the three most basic:
laundry powder (an example of dry powders), laundry detergent (an example of high
concentrated liquid solvent), and dish soap refill (an example of high water content
solutions).

We developed our initial strategy, biopolymer films, after we considered different
renewable resources for our product base. Biopolymers are derived from natural
sources and can act as a moisture barrier; this led us to consider its purpose as a
package which best works with dry powders, due to its lower threshold for moisture
barrier. Building off of renewable biopolymers, our group considered additional
properties to existing packages to enhance their uses. Chemical additives, in the form of
cross-linking reagents, improve biopolymer based film properties for highly concentrated
liquid solutions by increasing the water moisture barrier of the products. Our final
strategy, physical additives, takes the form of nanofillers: natural clays and fibers. The
threshold of this strategy falls in between highly concentrated liquids and high water
content liquids due to its increased strength for moisture barriers. These three strategies
collectively correspond directly to a specific product package. That being said, with
more experimentation of the specific combination of biopolymers and additives
incorporated within films for product packaging, future teams would be able to develop a
package suitable for a combination of dry powders and high water content solutions.

5



Introduction

Background

In the last 50 years, synthetic, petroleum-based plastics have become an indispensable
part of our everyday lives. First developed in 1907 as electrical insulation, synthetic
plastics soon found their place in single-use applications, such as shopping bags,
plastic cutlery, and product packaging. Synthetic plastic has become so ubiquitous that
8% of the world’s oil consumption goes towards its raw material and production.
However, unlike bio-based plastics that eventually break down, the EPA reports that
“every bit of plastic ever made still exists.” In response to these hazard concerns that
first arose in the 1960s, environmental groups and industry have pushed for recycling
initiatives and infrastructure. Even so, most synthetic plastics go straight to landfills or
the ocean, and recycling them requires even more energy than manufacturing them.
Furthermore, research shows that the largest culprits of plastic waste are containers
and packaging.74

Therefore, paper, or cellulose-based, packaging, has been proposed as a promising
replacement for synthetic plastic packaging. In addition to requiring less energy to
recycle than to make it from scratch,74 paper packaging’s structural integrity, low cost,
and biodegradability make it an especially attractive alternative. However, because of its
fibrous and hydrophilic nature, cellulose-based packaging alone cannot adequately
address moisture barrier needs, especially in formulated product packaging. As a result,
paper packaging has traditionally relied on the barrier properties compensated by
polyolefins, such as polyethylene and polypropylene, along with per- and polyfluoroalkyl
substances, PFAS (Figure 1).

Figure 1: (Top) Polypropylene chemical structure and application as a coating for water
resistant printer paper75; (Bottom) Perfluorooctanoic acid (PFOA) chemical structure and
application as grease barrier for food packaging.76
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However, while technically excellent, as exemplified by polypropylene’s outstanding
water resistance and PFOA’s ability to cause beading of oil droplets, both polyolefins
and PFAS present environmental and health concerns. Polyolefins, although recyclable
on their own, are still synthetic and render the entire packaging system
non-biodegradable, non-recyclable, and ultimately persistent in the environment when
applied as a film. On the other hand, PFAS are known to be toxic, carcinogenic, and
persistent. The negative externalities of these bad actors suggest a need for sustainable
alternatives that not only eliminate the aforementioned hazards, but also perform as a
sufficient moisture barrier for paper packaging.

Method Products, pbc.

Method Products, headquartered in San Francisco, California, produces planet-friendly
and design-driven cleaning products, such as laundry powders, liquid detergents, and
dish soaps (Figure 2).

Figure 2: Overview of Method Home’s expansive array of cleaning products as
advertised on their website, methodhome.com.77

With brands such as Method, Ecover, Babyganics, and Mrs. Meyers Clean Day, Method
Products promotes responsible sourcing and ingredients throughout its supply chain.
Currently, recycled plastic bottles and pouches house their naturally-derived,
biodegradable, and vegan formulations--some packaging even has a 70% lower carbon
footprint compared to virgin plastics. In addition, Method designs their packaging with
mostly plastics 1-PET and 2-HDPE for maximum recyclability, efficiency, and reliability.
They also utilize mixed materials, plastic 7, for their current refill pouches that offer a
78-82% water, energy, and plastic savings compared to a standard plastic 1 or 2
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bottle.77 That being said, in an effort to continue pioneering greener solutions, Method
has expressed interest in moving towards cellulose-based, paper packaging for its wide
line of products. Since current moisture barriers for paper-packaging rely on persistent
PFAS and petroleum-based films, our challenge is to find an alternative in coatings for
cellulose-based packaging that improves moisture barrier properties, lowers
environmental hazards, and reduces negative health impacts. In addition to these
alternatives, the materials would need to be compatible with surfactant-based products
that would not damage the primary packaging. Collectively, these strategies will allow
Method Home to further champion sustainability in formulated products.
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Approach and Inspiration

Product Needs and Success Criteria

Our first priority in determining the best solution for moisture barrier films in formulated
product packaging was to categorize Method products by dilution and water content,
and thus their moisture barrier requirement (Figure 3). Through discussions with Kaj
Johnson, Senior Director of R&D at Method, we divided Method products into three
types of formulations, as tabulated below.

Figure 3: Moisture barrier spectrum for three different types of Method products. Film
for paper packaging should aim to contain the product without causing any damage to
the primary packaging.

The first type of formulation is laundry powders and other solid formulations. While
powders may not leak out of a package in the same way other formulated products
would, they may draw in moisture and cake, in addition to making packaging films
brittle. Thus, barrier films should prevent moisture from coming into the package. Next
along the dilution spectrum are laundry detergents and other concentrated liquids.
Because product composition may resolve concerns of concentrates dissolving
moisture barrier films, the primary goal for this mid-class of formulated products is to
keep liquid contained. Finally, because of their high water content, soaps and other
dilute liquids require the strongest moisture barrier. In this case, films should, once
again, keep liquid contained and ideally not dissolve in solution.

With these technical considerations, we outline our three success criteria for a moisture
barrier material or treatment below in Figure 4.
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Figure 4: Outline of success criteria for proposed alternatives.

First, improved moisture barrier properties will be evaluated through water vapor
permeability and water contact angle, as measures of product transmission and
hydrophobicity, respectively. Second, the environmental hazards that we aim to lower
are aquatic toxicity and persistence. The solution should also be biodegradable and not
animal-based to uphold Method’s vegan, cruelty-free product vision. Third, the solution
should have low reproductive and developmental toxicity, in addition to being
non-carcinogenic, non-mutagenic, non-irritating to the eyes and skin, and non-endocrine
disruptive. We approached our evaluation, as detailed in the following strategy sections,
by making recommendations based on how proposed solutions compared to bad actors
in both technical and hazard assessments.

On top of the aforementioned success criteria, our group explored converting
formulated liquids and powders into solid tablet products that consumers could add
water to at home. This approach shows promise in completely eliminating the need for a
moisture barrier, but we did not further investigate the strategy because we wanted to
pursue a solution that would best adapt to Method’s current eco-friendly product line.

Inspiration

Our group found initial inspiration in waterproof ant rafts--many ant species have a chitin
polymer coating within their exoskeleton, and by lightly biting onto each other, they
create a waterproof and breathable barrier (Figure 5). Furthermore, while ants bite onto
each other in order to form a very large scale form of weaving together a moisture
barrier, on a chemical scale, this became a metaphor and jumping point to look into
chemical weaving, specifically in the form of crosslinking.50
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Figure 5: Water repellency of ant exoskeleton (composed of chitin) as an ant raft
formation via “cross-linking” obtained from Proceedings of the National Academy of
Sciences. 50

A large concern for biopolymers as a moisture barrier, as expanded on later in
Alternative Recommendation 1, is that biopolymers often underperform in comparison to
leading industry moisture barriers (PFAS and polyolefins) in terms of mechanical and
moisture barrier properties. Additives can help compensate for these shortcomings.
Vulcanization, as depicted in Figure 6 below, uses sulfur to crosslink rubber, achieving
increased tensile strength and elasticity among other properties.51 Thus, the metaphor
of physically networked waterproof ant rafts and the actual strengthening of vulcanized
rubber inspired us to investigate the potential of both chemical and physical
crosslinking alternatives.

Figure 6: Vulcanization of rubber via sulfur. 51
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Alternative Recommendation 1:
Biopolymer-based films

Background

Opposing common beliefs, biopolymers actually preceded the invention of plastics from
petroleum-based sources. Biopolymers are obtained from natural sources, either
biosynthesized or chemically synthesized from biological material. Inspired by the chitin
in waterproof ant rafts, our team pursued biopolymer films as our first strategy. In
addition to being biodegradable, biopolymers are safe for consumption; many
biopolymers, such as chitin (converted to chitosan after deacetylation) and pectin,
function as food-grade gelling agents. In addition, due to the large variety and blends of
biopolymers, they offer the opportunity to design seemingly endless combinations
catering to specific desired functionalities. “Smart packaging” technologies, such as
biopolymer additives designed to behave differently after exposure to different
substances and environments, will further enhance biopolymer combination designs.

Additionally, biopolymers are an attractive alternative because of their ability to be
cross-linked via chemical additives (alternative 2) and can reinforce their barrier
properties through physical additives (alternative 3). For this investigation, we analyzed
the technical performance and hazard assessment of three biopolymers: chitin, pectin,
and gelatin (Figure 7).

Figure 7: Biopolymers of interest for alternative recommendation 1.
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These three biopolymers are attractive candidates for the application of biopolymer
based films as they are all current waste products that can be utilized for another
purpose, thus making a linear economy more circular. Additionally, their application in
hydrogel films used for the pharmaceutical industry is readily available, and research
has been recently extended to their application in the food packaging industry due to
their high level of biodegradability.

Chitin, the second most abundant biopolymer in the world after cellulose, comes from a
multitude of natural sources such as squids, crustacean shell waste, and fungi. Its
deacetylated form, chitosan, has a positive charge on the amino group under acidic
conditions and binds to negatively charged molecules such as fats and lipids. The ability
of the free amine groups in chitosan that allows for the formation of covalent bonds with
metal ions is of great interest.6 Furthermore, pectin is a linear and stiff polysaccharide
extracted from citrus peels and apple pomace by hot dilute mineral acid. Specifically,
the low-methoxyl pectins provide the ideal charge interactions for hydrogel films.6

Generally polysaccharides, including chitosan and pectin, display minimal toxicity and
are widely available. They have the potential to form strong films, but because of their
hydrophilic nature, they exhibit poor water vapor resistance properties. In addition,
polysaccharides have been combined with proteins, such as gelatin, to form composite
hydrogel films. Gelatin was the selected protein of interest due to the vast research
available for its combination with pectin through electrostatic interactions in hydrogel
films.6,17 Gelatin is most commonly derived from animal collagen; however, there are
vegan alternatives available. Through the combination of either pair of
polysaccharide-polysaccharide or polysaccharide-protein, they can create the
foundation for a sustainable film, but also have the option for further mechanical and
barrier property enhancements that will be discussed in alternative recommendations 2
and 3.

Technical Performance

As a preliminary strategy, biopolymers alone as a moisture barrier film were evaluated
for their barrier and mechanical properties. We describe each specific performance
metric in detail below.

● Water vapor permeability (WVP): Measure of how much water vapor passes
through a barrier in a given amount of time. Unlike water vapor transmission rate
(WVTR), WVP is normalized by the thickness of the barrier. Ideally, a good
moisture barrier would have a low WVP.

● Water contact angle: Angle between a barrier film and the outer edge of a water
droplet on its surface. More hydrophobic, water-resistant surfaces cause
significant beading and increased water contact angles. In general, a water
contact angle over 90 degrees would signify hydrophobicity.
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● Tensile strength: Material resistance to deformation. Ideally, we want our
moisture barrier film solution to be stiff enough (high enough tensile strength) to
hold the shape of packaging and the formulated contents inside.

● Total elongation at break: Percentage that describes the change in length when
the material snaps, breaks, or fractures. Elastic materials have higher percent
elongations. Although our alternative does not need to be particularly stretchy,
very low elongations may present a brittleness concern.

We evaluated the potential success of leading biopolymer alternatives--chitin/chitosan,
pectin, and gelatin--by comparing their technical properties against those of “gold
standards” PFAS, polyethylene, and polypropylene obtained from material databases.
As PFAS describes a large class of fluorinated substances, Teflon film was used as a
baseline for performance criteria comparisons, as it is prevalent in non-stick coatings
and has an abundant amount of data to compare.

From our ant exoskeleton inspiration, we first evaluated chitosan, the deacetylated form
of chitin. Chitosan has a WVP several orders of magnitude higher than those of the
leading industry coatings,30 a comparable water contact angle,38 and slightly lower
tensile strength and elasticity.40,41 Because chitosan is created from the deacetylation of
chitin, its properties may hinge upon the extent of deacetylation, which may affect
overall properties. Next, pectin, a biopolymer found in fruit skins, was evaluated, and
similar to chitin, demonstrated a WVP several orders of magnitude higher than those of
the gold standard materials. In addition, pectin falls short of the 90 degree
hydrophobicity benchmark in water contact angle. In terms of mechanical properties,
pectin demonstrates some rigidity with a medium tensile strength and poor elasticity.
Lastly, we investigated gelatin. Again, it should be noted that gelatin is derived from
animal products, and thus may not be a fitting solution for Method but still reflects
valuable information regarding the moisture barrier potential of biopolymer proteins as a
whole. Gelatin lacked specific quantitative data for its moisture barrier properties, but
was described by Shit and Shah in 2014 as non-ideal.33 Tensile tests on gelatin
demonstrate relatively high tensile strengths, definitely exceeding those of all of the gold
standard solutions, but has very poor elasticity, which may become an obstacle in
product packaging.42 These results, in addition to specific quantitative data, are
summarized in Table 2. Biopolymers clearly have inferior barrier and mechanical
properties to PFAS and polyolefins, indicating a need for potential additives to improve
its performance.

Furthermore, some data gaps stem from product requirements--moisture barrier films
may not need to be 400% elastic like polyethylene. More specific research and
evaluation must be done with Method product formulations in these paper
packaging-film encasements in order to best understand the necessary threshold of
water resistance and mechanical strength.
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Table 1: The technical performance comparison of the 3 alternative biopolymers for
strategy 1 and the current baseline substances. High efficiency refers to properties
similar or exceeding those of gold standards, medium efficiency refers to slightly worse,
and low efficiency refers to much worse, often at least by one order of magnitude. LDPE
= low density polyethylene; HDPE = high density polyethylene.

Hazard Assessment

PFAS are highly effective at repelling water and grease. The two types of PFAS that are
most widely used are PFOS (perfluorooctane sulfonic acid) and PFOA
(Perfluorooctanoic Acid). PFOA is one of the chemicals used as a baseline to evaluate
the strategy’s health and environmental performance for simplicity (Table 2). An
evaluation of PFOA was conducted in 2008 by various authoritative agencies who
concluded PFOA’s high resistance against degradation in the environment and high
incidence of bioaccumulation.25 Additional studies have demonstrated that PFOAs have
long-term toxic effects in aquatic organisms and have been linked to cancer in both
humans and laboratory animals.23,26,27 Following PFOA, the next two chemicals that
were classified as baselines within the product packaging industry were the polyolefins,
polyethylene and polypropylene. Both are the most common form of synthetic polymers
used for film coatings due to their benchmark abilities to seal paper by overcoming its
porosity and hygroscopicity.1 However, the use of polyolefin films to achieve such a
moisture barrier causes the material to lose its biodegradation, thus displaying a high
level of persistency.

The first alternative biopolymer is chitosan, the deacetylated form of chitin. Depending
on the percentage of deacetylation of chitin, both forms may be present when added
during the formulation process of a film. We assessed the potential hazards of chitosan
because it is highly researched in biopolymer films for product packaging. Generally,
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chitosan is biodegradable, presents minimal toxic effects in humans, and does not
report any effects related to carcinogenicity or mutagenicity.4,9 Nevertheless, chitosan
has been classified as hazardous to the aquatic environment by the Global Harmonized
System of Classification and Labeling of Chemicals (GHS) due to toxicity studies that
have been conducted in trout and zebrafish where oxygen interference and
physiological disorders were noted.21,22 To mitigate this hazard during the manufacturing
process of the biopolymer based films, chitosan should not be discarded into any bodies
of water. Thus it should be immediately transferred to a separate designated container
that will be taken to an approved waste disposal plant.

Leading into the next alternative, the team researched a type of biopolymer alternative
that could recycle an existing waste product, while having substantial research in film
applications available. A linear polysaccharide that can be extracted from citrus peels
and apple pomace is pectin. Generally, it does not bioaccumulate in the environment
and is not persistent. The European Food Safety Authority (EFSA) Panel on Food
Additives and Nutrient Sources reported no chronic toxicity effects in its evaluation of
pectin. Maintaining the same mindset of an alternative biopolymer that could be
recyclable and have research readily available, gelatin was selected as the last
alternative.

Similar to pectin, gelatin was not found to be persistent in the environment or
bioaccumulative. Additionally, authoritative lists classified gelatin as low concern to
human health. Compared to the baseline substances, these alternatives are easily
sourced as they are either existing waste products or are naturally derived. Additionally,
they are readily biodegradable compared to polyolefins and PFAS.

It is important to note that for most of the baseline substances and alternatives,
authoritative documentation reports adverse effects to the respiratory system.2,7,8 If
substances are manufactured in a powder form, precautions need to be in place when
they are added during the formulation of the biopolymer films. Therefore, with the proper
engineering controls, the hazards can be mitigated. This is crucial to consider from an
occupational perspective during the formulation process and how they are added during
the formulation process. The hazard assessment comparison between the baseline
substances and the alternative biopolymers are summarized in Table 2.
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Table 2 : The hazard assessment comparison of the 3 biopolymers for strategy 1 and
the current baseline substances.

Feasibility

Although biopolymer based films pose minimal hazards in comparison to our baseline
substances, they lack in both barrier and mechanical properties that are necessary to
form a sufficient film for more dilute products but may be suitable to prevent drawing in
moisture for products like laundry powders. This is why our first strategy with the
incorporation of biopolymer films is placed on the lower end of the moisture barrier
spectrum (Figure 4). As demonstrated in the technical performance, the biopolymers do
offer less intensive barrier/mechanical properties, however this is not necessarily a lost
case. For certain product needs, our biopolymer film is not required to be elongated for
long periods of time; so while these alternatives may not hold to the same standard as
PFAS, we have no practical need for that property in the desired product. Therefore, as
chitosan has been heavily researched in terms of hazard effects across most endpoints,
while efficiently performing with a high water contact angle, it is recommended that
preliminary study efforts should be focused on chitosan as the primary alternative for
biopolymer based films for product packaging.
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Figure 8: The moisture barrier spectrum with the first alternative recommendation that
is predicted to meet requirements for films that hold powder products.
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Alternative Recommendation 2:
Adding chemical cross-linking reagents to biopolymer
based films

Background

A novel approach for biodegradable packaging materials has been studied that includes
a dry polyion-complex hydrogel. When a normal dry hydrogel (e.g. a packaging film)
begins to absorb water, hydration at the most polar hydrophilic groups will take place,
thus leading to the swelling of the matrix.6 This novel approach builds on the idea of
utilizing a dry hydrogel film for product packaging, but with the addition of chemical
cross-linking reagents. It has been proposed that biopolymer interactions can be
strengthened by covalently binding their different structures through the introduction of
predominantly charge interactions from the chemical cross-linking reagents added in the
dry hydrogels, thus creating a polyion-complex.6 This process of cross-linking in
polymer chemistry leads to multidimensional extension of polymeric chains resulting in a
stabilized network structure. The dry polyion-complex hydrogel concept can be applied
to films used within product packaging to achieve a stronger moisture barrier. There are
different types of cross-linking, but this report will solely focus on the chemical additives
that can be added to biopolymer-based films to improve their desired mechanical
properties and aqueous stability. In the industry, glutaraldehyde is a common
cross-linking reagent due to its high performance and availability. However, toxicological
concerns to human health remain for glutaraldehyde, therefore the team researched
safer alternatives that could be naturally derived.

Technical Performance

The functional properties a film encompasses to achieve a moisture barrier is
dependent on the combination of biopolymers selected. Each combination of
biopolymers formulated within the films achieves limited mechanical and/or barrier
properties. Therefore, chemical additives of crosslinking agents were considered as an
alternative to address a property or properties the initial combination of biopolymers did
not meet. To assess the technical performance of adding cross-linking reagents to
different biopolymer based films, the team drew quantitative measures from the
literature to obtain the following measures: water vapor permeability (WVP), water
contact angle, tensile strength, and total elongation at break. Therefore, the values in
Table 3 are only relative values to the context of the studies the values were obtained
from as the biopolymer based films were formulated in different ratios or concentrations,
and may have had additional additives. Ultimately, the technical performance was
assessed as high efficiency when there was an improvement of a metric, medium
efficiency when there was little to no effect, and low efficiency when the metrics
worsened.
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Generally, glutaraldehyde is one of the most effective protein cross-linking reagents
used in film formulations, therefore it was selected as a baseline for assessing the
technical performance of the alternative chemical cross-linking reagents. We drew on
examples in the literature to estimate how glutaraldehyde as a cross-linking reagent
would change the technical performance of a biopolymer film. In a study by Farris et al.,
the mechanical properties of a composite film composed of both gelatin and pectin was
investigated.56 An increase in tensile strength and total elongation was noted, therefore
improving the efficiency of the film's mechanical performance. Although glutaraldehyde
does not address WVP or the exact water contact angle for liquid repellency in this
example, this study provides insight that the combination of biopolymers into a single
film with a cross-linking reagent could achieve the higher performance criteria
necessary for a film. This is demonstrated in Table 3 where the barrier properties of a
film is addressed when looking into a single biopolymer based film composed of either
gelatin or chitosan alone with the addition of glutaraldehyde.

For alternative cross-linking reagents, the team strove to research naturally derived
alternatives to see how well they performed in comparison to glutaraldehyde. The first
alternative, genipin, was successful in the medical field as a tissue fixative and was
recently studied for its application in films. As its application in films is new, it was
difficult to completely assess its barrier properties in pectin or gelatin based films
separately as the literature available was limited. However, in the same study by Farris
et al. that investigated the properties of a gelatin-pectin film, they also studied the film’s
performance with genipin. The investigators reported lower water sensibility of the film
when cross-linked with genipin.6 It is assumed that this would improve WVP in the films.
Fortunately, genipin’s performance in chitosan based films was substantial. In a study
that investigated a chitosan/polyethylene oxide film, an increase in tensile strength and
elongation was reported when genipin was added.10 From the limited research that is
available for genipin’s application in films used for packaging, it has collectively been
the reagent that has addressed most improvement in performance metrics. Ultimately,
this demonstrates the need for further experimental research in different biopolymer
based films, and the importance for developing a performance standard when reporting
metrics in films as these values reported within the literature are often limited and
vague.

During our research in plant phenolics as potential alternatives, ferulic acid became a
great candidate as it is naturally derived and its ability to cross-link in gelatin based films
has been studied.32 In a study by Cao et al., no WVP effects were noted when added to
a gelatin film and had an increase in tensile strength.32 Alternatively in another study by
Woranuch et al., ferulic acid was coupled with chitosan for packaging film. This study
found a decrease in water WVP and no effect on tensile strength of the film.37 Although
the performance metrics for ferulic acid was readily available for its application in films,
it did not become an ideal alternative as its efficiency was not as high as genipin.
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However, the possibility of it being an alternative in other biopolymer based films
remains.

Table 3: The technical performance comparison of the 2 alternative cross-linking
reagents for strategy 2 and the current baseline substances.

Hazard Assessment

While glutaraldehyde has had great success because of its commercial availability, it
has been classified as hazardous for both humans and aquatic organisms. Due to the
extensive research available for glutaraldehyde, it was established as a baseline for the
health and environmental performance of chemical cross-linking reagents demonstrated
in Table 4. Specifically, glutaraldehyde has been identified as a neurotoxicant in
humans, but also has reported chronic toxicity within aquatic organisms.6,14 As it is a
hydrophilic substance that will mainly partition with water upon release its the
environment, it has been classified by authoritative agencies as being highly persistent
in the environment. However, the level of persistence in the environment should be
limited depending on the dose that is released. Lastly, it is important to note that it is
also listed as a potential endocrine disruptor by the Endocrine Disruption Exchange
(TEDX). Due to its toxicity concerns and persistence in the environment, safer
alternatives have been investigated to replace glutaraldehyde as a cross-linking
reagent, but it has been difficult to do so because of its high technical performance.

An ideal alternative is genipin, as it is naturally derived from the extraction of gardenia
fruit. Genipin reacts spontaneously with proteins, collagen, gelatin, and chitosan.
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Through these spontaneous reactions, genipin has been used for cross-linking gelatin
and as a tissue fixative.10 This is an aspect that should be taken with a precaution as it
may have the ability to cross-link human proteins. However, this is a general precaution
that should be taken into consideration when handling any type of cross-linking reagent.
In a study by Jin et al. that was conducted in 2004, genipin was compared to
glutaraldehyde as an alternative cross-linking reagent for chitosan based films.10 This
study concluded that genipin was 10,000 times less cytotoxic than glutaraldehyde.
Although this study did not provide more insight to how the toxicity of the alternative was
assessed, it was a discovery that encouraged the team to investigate the use of this
cross-linking reagent.

Moving forward with the inspiration to seek other natural cross-linking reagents, a study
by Cao et al. in 2007 investigated plant phenolics, specifically ferulic acid, as
cross-linkers for gelatin gels.32 No adverse effects from toxicity studies performed on
aquatic organisms or humans have been reported by authoritative agencies. In addition,
the European Union (EU) has reported no evidence of it being an endocrine disruptor,
but data gaps remain if it demonstrates any levels of carcinogenicity or mutagenicity.
Among the alternatives, ferulic acid has the most research readily available to assess its
health and environmental impacts. With the data that is available, both of the
alternatives demonstrate lower persistency in the environment and low to none levels of
toxicity compared to glutaraldehyde. This is extremely important for when deciding
which cross-linking reagent will be utilized for specific biopolymer(s) based films as the
combination is dependent on the technical performance criteria that is prioritized to
meet the moisture barrier requirement of a specific type of product packaging.

Table 4: The hazard assessment comparison of the 2 alternative cross-linking reagents
for strategy 2 and the current baseline, glutaraldehyde.
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Feasibility

Cross-linking reagents are often toxic compounds that can produce unwanted reactions
with the bioactive substances present in dry films. Depending on the biopolymer or
combination of biopolymers that are incorporated within films, genipin could potentially
address the performance gaps biopolymers based films alone had in barrier properties,
specifically water vapor permeability. The main challenge in this alternative
recommendation is when comparing the hazard assessment for cross-linking reagents
due to the remaining data gaps for a few critical endpoints. However, from the data that
is available, it can be concluded that the presented alternatives are safer than
glutaraldehyde. Additionally for the performance criteria, genipin scored higher in terms
of efficiency compared to ferulic acid. Ferulic Acid, while considered more green than
the current bad actors, underperforms in terms of tensile strength and WVP. Therefore,
it is proposed that through the combination of the first two alternative recommendations
of incorporating a biopolymer into a film with the addition of a chemical cross-linking
reagent, a stronger moisture barrier for product packaging can be achieved. Thus, this
second alternative recommendation is ranked higher on the moisture barrier spectrum
for packaging that holds concentrated liquid products (Figure 9).

Figure 9: The moisture barrier spectrum with the second alternative recommendation
that is predicted to meet requirements for films that hold concentrated liquid products.
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Alternative Recommendation 3:
Adding physical additives to biopolymer based films

Background

Nanotechnology brings additional water resistance to biopolymers and nanocomposite
film. This added benefit further maintains the existing water vapor and gas permeability
of composites and does not deteriorate them in the presence of high relative humidity or
with direct water contact. Inorganic and organic nanoparticles can also be integrated
with the biopolymers to contribute further in the barrier against water and oil. Specifically
this alternative recommendation will focus on the incorporation of nanofillers into a
biopolymer matrix to form nanocomposites found to enhance water barrier properties,
while also maintaining the biodegradability component.67 The category of nanofillers
encompasses both natural clays and fibers. Within the natural clays, montmorillonite
(MMT) best exemplifies a physical additive because it is the most widely used type of
silicate clay in polymer nanocomposites. As demonstrated in Figure 10, different forms
can take place with the addition of silicate layers with polymers.60 The highest
improvement in the barrier properties occurs in the exfoliated nanocomposite form,
which maximizes the reactive relationship between the layered silicate and the
polymers. Although this can provide great insight into the technical performance of films,
its application to specific biopolymer based films needs further research before making
final conclusions. Additionally, this performance metric is not consistently reported in the
literature, therefore increasing its difficulty to make accurate recommendations of how it
can address specific barrier properties.

Figure 10: Scheme of three types of composite structures: (A) phase separated
microcomposites, (B) intercalated nanocomposites, and (C) exfoliated nanocomposites.
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The next category of nanofillers the team investigated were fibers, specifically Cellulose
Nanocrystals (CNC). Among such nanomaterials, Cellulose Nanocrystals are primarily
obtained from plant sources and improve the biopolymer properties: nanoscale
dimensions, high surface area, unique morphology, low density renewability,
biodegradability, and high mechanical strength.61 Crystalline nanocellulose fibers are
known to be more efficient than their microsized counterparts for the reinforcement of
polymers. Because the hydrogen bonding interactions between the nanosized particles
lead to the formation of a percolated network, it provides a proper dispersion of the
nanofibers in the matrix, thus leading to the reinforcement of the polymers.69 The
conversion of cellulose fibers into nanocrystals through acid hydrolysis results in the
formation of whiskers with a large aspect ratio, mainly due to their nanoscale
dimensions.61 As demonstrated in Figure 11, the acid treatment leads to the removal of
the para-crystalline domains that are regularly distributed along the microfibers, and
leads to the formation of rod-like cellulose nanocrystals.73 From there, the nanocrystals
can be physically incorporated into various polymer matrices to form polymer
nanocomposites.

Figure 11: Scheme of the acid hydrolysis of the cellulose pulp fibers, with the
individualization of the cellulose nanocrystals (Prado et al., 2017).
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Technical Performance

Our first example of a natural clas, Montmorillonite, has extensive positive qualities due
to its ability to strengthen biopolymer films and reinforces material in a naturally
abundant, nontoxic, inexpensive, chemically and thermally stable manner.66 Because of
its hydrophilic character, montmorillonite can form stable suspensions in water, thus
facilitating dispersion in water soluble polymers. In a study by Chaichi Maryam et al., an
increase in the montmorillonite concentration within a pectin nanocomposite film caused
a decrease in its water adsorption and water solubility. This suggests that at the
nanoscale level, the swell component of montmorillonite will not concern the
development of this barrier film.60 As demonstrated in Table 5, the general trend notes a
positive efficiency across the board for all of the other performance metrics obtained
from the literature relating to biopolymer based films with the addition of montmorillonite.
Additionally, all of the biopolymer based films had an increase in tensile strength, but a
decrease in total elongation at break. There is a missing data gap for the water contact
angle, which would need additional experimentation to properly fill and assess as a final
moisture barrier film mixture.

Our other physical additive, nanocellulose components in the form of micro- and
nanofibrillated cellulose (NFC/MFC) or cellulose nanocrystals (CNC) provide specific
gas and oil barrier properties in addition to good mechanical properties when used in
natural form. Neutralized CS (Chitosan) fibre mats are non-toxic and biocompatible, and
therefore have great potential for its use as filtration membranes and tissue engineering
scaffolds.17,18 We can also see from the information gathered in Table 5 that all three of
our biopolymer bases paired with cellulose nanocrystals showed a significant decrease
in WVP (high efficiency compared to the biopolymer without the CNC) as well an
increase in tensile strength (high efficiency compared to the biopolymer without the
CNC). With a lack of data concerning the water contact angle measurements, more
information is needed to see the effectiveness of cellulose nanocrystals on pectin and
gelatin biopolymer based films; however the chitosan biopolymer based film appears to
have moderate efficiency with this additive. The integrity of the total elongation at break
for biopolymers with physical additives varies, with a highly efficient increase with
pectin, a low efficiency decrease in gelatin and a lack of data concerning the effects of
chitosan based biopolymers. In comparison with the biopolymer films with added
montmorillonite, the cellulose nanocrystals infused biopolymers showed close
similarities for both barrier and mechanical properties.
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Table 5: The technical performance comparison of the 2 alternative physical additives
for strategy 3.

Hazard Assessment

The physical additive montmorillonite unfortunately demonstrates its own human and
environmental concerns, as displayed below in Table 6. According to the Canadian
Environmental Protection Act Domestic Substances List, montmorillonite has high
hazard (although a low confidence) for Persistence and Bioaccumulation, as well as an
unspecified hazard level (again, low confidence) for concerns such as: Aquatic Toxicity
Acute/chronic, Skin, Eye, Respiratory Irritation/ Sensitization, Systemic Toxicity,
Endocrine Activity, Developmental and Reproductive Toxicity,
Mutagenicity/Carcinogenicity. Unfortunately, there is not enough data to look into
whether or not montmorillonite risks the endocrine disruptors of its users. It is important
when assessing the health impacts of montmorillonite to consider in which states of
matter the chemical will be utilized and in which demographics of people will be most
impacted by the hazard. This being acknowledged, the Comparative Toxicogenomics
Database cites montmorillonite as a possible therapeutic drug, used in medicine to
assist in alleviating chemical and drug induced liver injuries. 48,49

Our other physical additive, cellulose nanocrystals show less of a health and
environmental concern. The Table 6 below references a 2015 study by Celebi and Kurt
discussing the various health properties of chitosan/cellulose nanocrystal films.63 The
same study discusses the various health impacts of cellulose nanocrystals, detailing the
low level risks of: environmental persistence and bioaccumulation, toxicity
(developmental, reproductive, systemic, nero), aquatic toxicity, and
carcinogenicity/mutagenicity. Similar to montmorillonite, there is a data gap in the
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endocrine disrupting capabilities of cellulose nanocrystals, something to look into before
proceeding with its mass-manufacturing. The Association of Occupational and
Environmental Clinics (AOEC) finds that cellulose nanocrystals pose a high respiratory
sensitization hazard in its powdered form. This will not be of issue for consumers, who
will mostly interact with cellulose nanocrystals in its final blended mixture packaging
product rather than pure powdered substance. For factory workers handling large
amounts of cellulose nanocrystals, facial protections would be a necessity to protect
their lungs and respiratory systems. In summary, cellulose nanocrystals show a
decrease in human and environmental health effects in comparison to the other physical
additive, montmorillonite.63

Table 6: The hazard assessment  comparison of the 2 alternative physical additives for
strategy 3.

Feasibility

Nanotechnology is able to maintain the existing water vapor and gas permeability of
composites through its integration with the biopolymers to contribute further in the
barrier against water, while ideally maintaining biodegradability of the film. There is
substantial research available for both montmorillonite and cellulose nanocrystals in
terms of its application to biopolymer based films and their health and environmental
performance. Both alternatives can drastically improve the barrier properties of films,
specifically in the reduction of water permeability for packaging that will contain
concentrated or diluted products. Thus, this third alternative recommendation is ranked
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higher on the moisture barrier spectrum in Figure 12. Although the water contact angle
remained as a data gap for most of all the biopolymer based films, this once again
demonstrates the need for a standardized procedure for reporting technical
performance of films in the literature. A significant portion of the literature reports the
X-ray diffraction (XRD) angles of the films, but this performance metric does not directly
address its influence on barrier properties and only provides insight for the composition
of the films. However with the combination of XRD and transmission electron
microscopy, this can show the dispersion of clay particles within the films as discussed
in the background component of this alternative recommendation (Figure 10).72 With
what is known about these dispersion phases, it is predicted that the exfoliated phase
exhibits the highest improvement in barrier properties, but more research into how it
specifically improves these properties are necessary.60 This would be a great
experimental standard to be implemented when assessing the technical performance of
films for packaging.

Lastly, among the two alternatives, Cellulose Nanocrystals maintain the ideal
biodegradability component that is desired for a film, unlike montmorillonite since it
demonstrates a high level of persistence in the environment. Additionally, both exhibit
low concerns for human health. Cellulose Nanocrystals would be the safer alternative
as it poses low concern to the environment while also displaying a high efficiency for
barrier properties in films. Depending on the type of packaging required for a specific
product, total elongation at break as a mechanical property may not necessarily be as
highly prioritized for the film as water vapor permeability would be. Experimental
research would need to identify the potential moisture barrier that could be achieved
through the combination of natural clays and cross-linking reagents in biopolymer
based films to see if the two alternatives can meet the performance criteria the other
does not meet. It is important to note that the characteristics of both the polymers and
clay particles can affect the interactions between the two components. Specifically
within the polymer itself, its concentration, molecular weight, and functional groups it
encompasses should be taken into consideration. Additionally for the clay particles, its
size, shape, and surface charge should also be noted, especially during the
suspension.60 Ultimately, the components within the product (specifically pH, fragnance,
enzymes, etc.) that the packaging will hold could also impact the film’s formulations.
However, this is a precaution to consider throughout all three alternative
recommendations, especially if the recommendations are combined.
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Figure 12: The moisture barrier spectrum with the third alternative recommendation that
is predicted to meet requirements for films that hold diluted liquid products.
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Recommendations

The shift from the status quo to greener solutions is an uphill battle, so the following
recommendations acknowledge the complexity of such an endeavor. First, the expense
of new technology is challenging to many companies switching to more sustainable
resources, so the short term and long term costs are an important consideration.
Recognizing that the renewable sources for the biopolymer films may at first pose an
additional cost to manufacture, but can assist in reducing the long term cost--for
example, if waste products can be collected for their high chitin content and used as the
basis for the biopolymer films. Secondly, filling out any remaining data gaps, both for the
health hazard assessment and the physical performances, must occur before the
finalization of product packaging assessments. This will ensure that the performance of
the alternatives properly matches the current methods in terms of stability as a package,
as well as not incurring any damaging human or environmental health risks. For
specifics to the data gaps, refer to the tables in the appendix.

Furthermore, this project revolves around literature-based research, so any analysis
offered involves a caveat that our data was compiled from a variety of other research,
and so would need verification by purposeful investigative experiments to finalize any
designs in the product packaging. We would propose that more research would be
needed in order to increase the confidence level of these assessments, specifically that
involving the data gaps highlighted above, but also decrease the costs associated with
a change in biopolymer film design.

In terms of the next immediate steps, we recommend identifying Method products with
paper packaging that may “overperform” in terms of their hydrophobicity and
oleophobicity. For instance, could these products integrate a biopolymer film that
performs at a lower level compared to polyolefins without sacrificing their market
viability? Would sustainability-inclined consumers agree to reduced barrier properties if
they were informed of the environmental benefits of the packaging? Answering these
questions would require some degree of market research and consumer feedback.
Next, we recommend creating a systematic approach to testing different permutations of
biopolymer films with different physical and chemical additives. In our report, we’ve
highlighted chitosan, pectin, and gelatin as good candidates for biopolymer films, but
there may be a treasure trove of biopolymers that have not been researched or made
into films yet.

Based on our research, we recommend a biopolymer film composed of chitosan, pectin,
or gelatin as a viable alternative for laundry powder products, as they have low water
content and do not require high levels of hydrophobicity as seen in Figure 8. The role of
cross-linkers cannot be overstated as the first method of reinforcing the properties of
these biopolymer films such as glutaraldehyde, genipin, and ferulic acid. A biopolymer
film cross-linked with genipin or ferulic acid could be a viable alternative for detergents
as they have moderate levels of moisture barrier requirements. Experimenting with
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different forms of cross-linking such as physical, chemical, and enzymatic methods may
prove useful in identifying the ideal biopolymer combination and cross-linking reagent.
This systematic approach must also consider the different chemical and physical
additives that could be added to reinforce the properties of such a biodegradable film.
Of special note, we recommend further research into montmorillonite and cellulose
nanocrystals. With sufficient iteration, biopolymer films with cellulose nanocrystals may
be able to hold Method products such as the dish soap refills, which have the highest
level of moisture barrier requirements. The central question that remains to be
answered is: which biopolymer film formulation creates the greatest marked
improvements in performance and contends with polyolefins?

Finally, we also recommend strategies that circumvent the need for paper packaging
altogether such as concentrated solutions that consumers can dilute at home. An
estimated 20% of global plastic packaging by weight could be replaced by reusable
packaging if we only shipped active ingredients, which translates roughly to 97% less
water transported, 87% fewer trucks on the road.71 Furthermore, the reduction in carbon
emissions would help create a more sustainable model for Method and for the planet.
The major limitation with this approach is that it requires consumers to have access to
clean water, which may not be the case in places such as Flint, Michigan. In conclusion,
the search for greener solutions remains a worthy and necessary pursuit that not only
requires robust research and experimentation, but also ingenuity and creativity.

Figure 13: The moisture barrier spectrum with the all three alternative
recommendations that are predicted to meet requirements for films that hold powder,
concentrated liquid, and diluted liquid products.
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Appendices
Appendix A. Project Members

Constancia Dominguez is a first year M.S. student in Environmental Health Science
program with a concentration in Industrial Hygiene at UC Berkeley. With a background
in Microbiology and Bacterial Genetics, she applied her knowledge in assessing the
health risks of alternatives for sustainable product packaging, while also learning about
technical metrics that come into play for the development of a sustainable film for paper
packaging. Her new research outside of Greener Solutions will analyze COVID-19
prevention and intervention for low-wage workers.

Grayson Hamaker-Teals studies Chemical Biology as a third year undergraduate
student at UC Berkeley. He developed coursework for a class on Consumer
Sustainability alongside the support of the Berkeley Center for Green Chemistry and will
continue to instruct this course for the next semester. For future projects, Grayson will
work alongside the BCGC to further develop PFAS alternatives and educate the
community about consumer safety.

Josue David Ruiz is a second year M.P.H. student in the Epidemiology & Biostatistics
program at the UC Berkeley School of Public Health. His research explores the
relationship between gentrification and cardiovascular disease in California and the
disproportionate impact of climate change on communities of color.

Amanda Guan is a fourth year undergraduate student majoring in Materials Science and
Engineering and minoring in Public Policy. In addition to lobbying for more accessible
waste management initiatives in low-income communities in California and New York,
she currently researches polymer-induced nanocrystal crystallization mechanisms.
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