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1. Abstract
Polyvinyl alcohol (PVA) is used as packaging for single-use laundry detergent packs and sheets.
PVA is an attractive synthetic polymer due to its water-soluble nature, film-forming properties,
and inclusion on the EPA Safer Chemicals Ingredient List. However, current research shows that
PVA requires very specific conditions to biodegrade. Our current wastewater treatment plants
can only biodegrade a fraction of the PVA that enters the plant, releasing the rest into the
environment. Further, while there are no demonstrated negative human health impacts of PVA,
the precursors are carcinogenic and the synthesis of PVA is hazardous, PVA has been found to
bioaccumulate, and PVA does not biodegrade in seawater or soil. The status quo is not
sustainable and both consumers and companies are exploring options to replace PVA.

In collaboration with ECOS, we identified nine biopolymer alternatives to PVA in detergent
packs and sheets. Our proposed alternatives include polysaccharides such as alginate,
carrageenan, chitosan, pullulan, and cellulose and protein-based polymers including brewer’s
spent grain, soy, pea, and mung bean protein. We also identified several plasticizers and
hygroscopicity reducers that could be incorporated into an alternative formulation to enhance
flexibility and increase shelf-life, respectively. In this report, we evaluate the alternatives based
on technical performance, compatibility with the current manufacturing process, and impact on
health and the environment. Biopolymer-based alternatives show promise due to their low
toxicity and high biodegradability; however, they exhibit lower strength and stability,
necessitating additives and formulation optimization. This exploration underscores the potential
of eco-friendly alternatives to PVA in detergent packs and sheets, enabling a future in which we
can minimize our dependence on this synthetic polymer.
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2. Background

Problem Landscape
ECOS laundry detergent sheets and packs currently use polyvinyl alcohol (PVA) to encapsulate
their detergent ingredients. These pre-measured and single-use detergent sheets and packs
provide a convenient, mess-free solution for consumers. However, consumers and industry
players are increasingly skeptical of PVA’s biodegradability. In response, ECOS is actively
exploring the possibility of phasing out PVA and replacing it with a biopolymer in their products.
Adopting biopolymers poses a notable challenge as the alternative solutions may not fully meet
all of ECOS's functional requirements on their own, potentially requiring additional additives to
optimize the manufacturing process and overall performance of their detergent sheets and packs.

Polyvinyl Alcohol in Laundry Sheets and Packs
In the context of laundry packs (Figure 1) and sheets (Figure 2), PVA plays a pivotal role in
encapsulating detergent ingredients and providing structural integrity. Its water solubility in hot
and cold temperatures makes PVA a useful ingredient in detergent packs and sheets.1 Due to its
water-soluble nature and small size, PVA is not classified as a source of microplastic pollution
and it is listed on the EPA Safer Choice List. Various cleaning product companies and other
industries use PVA due to its affordability and commercial availability. Its compatibility with
detergent ingredients, coupled with its tensile strength and flexibility for ECOS’s manufacturing
processes, makes PVA a convenient binder for their laundry sheets and packs.

Figure 1: PVA films encapsulate detergent packs.
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Figure 2: PVA provides the structure of detergent sheets.

Polyvinyl Alcohol Concerns
Regulations require some industries to perform biodegradability tests on their products to satisfy
OECD 301B guidelines. To satisfy the guidelines, a product must show at least 60%
biodegradation within 28 days, measured by the amount of carbon dioxide released, and at least
10% biodegradation within the first 10 days.2 ECOS packs and sheets currently satisfy the OECD
301B guidelines (Figure 3). While PVA-containing products pass the OECD 301B
biodegradability standard, other detergent ingredients in the product may account for a high
proportion of the truly biodegradable ingredients. While the biodegradation pathway of PVA has
been well-characterized, true degradation requires ideal conditions that are not present in most
wastewater treatment plants.3,4

Figure 3: ECOS Sheet passes the OECD 301B biodegradability standard, but fails to meet the
readily biodegradability standard due to not reaching the biodegradability threshold within 10

days of achieving 10% degradation.
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PVA degrades under a range of conditions, influenced by the degree of hydrolysis, composition,
environment, presence of microorganisms, and the ratio of microorganisms.4,5 As PVA is
dissolved during loads of laundry, an estimated 61% ends up in wastewater treatment plants
(WWTPs), with the rest traveling to other environmental sources (Figure 4). However,
conventional WWTPs are not capable of effectively degrading PVA.

Figure 4: Modeled PVA usage and emissions in metric tons per year (mtu/yr) in the US
(Source: Rolsky & Kelkar, 2021)

Once in the environment, PVA shows little to no degradation in soil and water (Figure 5, Table
1).6,7 Although PVA has been modeled to be toxic to aquatic life and is thus on the DK-EPA
Danish Advisory list (Aquatic Acute 1), no similar studies or government advisory lists have
indicated PVA poses high hazards to water.

Table 1: PVA biodegradation in soil as measured by weight loss rate.
(Adapted from Su et al, 2022)
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Figure 5: PVA Fails UNE-EN ISO 14851:2019 Seawater Biodegradability Standard. Study
shows the comparison of a biodegradable substance as a control (C + PHB) to PVA

(Source: Alonso-López et al., 2021)

PVA is a relatively inert polymer that is not carcinogenic to humans and has been administered
orally to rats at a rate of 5 g/kg body weight (bw) per day without any observed adverse effects in
a two-generation reproduction study.8 Furthermore, the LD50 is in the range of 15-20 g/kg8 and it
is not reactive or flammable. PVA has been found in breast milk, so there are concerns about
bioaccumulation and microplastic-like behavior.9

PVA’s precursor chemicals pose higher health hazards than PVA, and this disproportionately
affects the workers exposed during chemical manufacturing. Several of the chemicals used in
PVA synthesis exhibit carcinogenicity, systemic toxicity, neurotoxicity, skin, eye, respiratory
irritation and/or sensitization, bioaccumulation, and toxicity to aquatic wildlife. Since PVA is a
synthetic chemical, it is necessary to look at the inputs in producing PVA to get a holistic view of
the hazards PVA poses to human and environmental health.

Despite the relatively benign nature of PVA, there are hazards associated with the reactants and
side products of the polymerization process (Table 2). The monomer, vinyl acetate, is a human
carcinogen with potential for reproductive toxicity and is a potential endocrine disruptor.10,11 It is
on the US EPA Extremely Hazardous Substances List and has acute oral and respiratory
toxicity.12 It causes serious skin, eye, and respiratory irritation, and may cause drowsiness or
dizziness.10,11 It may cause organ damage over prolonged or repeated exposure and is on the
Boyes neurotoxicants list.13 Lastly, it is a highly flammable liquid with acute toxicity to aquatic
life.10,11 These hazards must be taken into account for those synthesizing, transporting, and
handling the monomer.

While the monomer is not present in the final polymerized product, there are several impurities
from the polymerization and transesterification reactions. The major impurity, methanol, is used
as the solvent for transesterification. Methanol is of low concern for carcinogenic or genotoxic
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effects, though it is suspected to be a developmental toxicity risk.14 It has high acute toxicity and
eye irritation, and is a flammable liquid.15,16 Despite this, the low boiling point of methanol (65
°C) makes it extremely likely that almost all methanol evaporates during the drying of the final
product.15

Methyl acetate is a transesterification byproduct with a similarly low boiling point (57 °C).17

Methyl acetate has a potential concern as a carcinogen and has moderate developmental
toxicity.18 It has high respiratory, skin, and eye irritation, but low oral toxicity and moderate to
low neurotoxicity.17–19 It is a highly flammable liquid and has a very high to high persistence
hazard.17,18 Acetic acid is also used in PVA synthesis. Acetic acid is in vinegar, so it is not a
toxicant at low concentrations, but at high concentrations, there are acute toxic effects in
humans.20 At high concentrations, it is an eye irritant and is flammable.20 In the processing of
PVA, acetic acid is used in high concentrations. Additionally, trimethylolpropane
(1,1,1-Tris(hydroxymethyl)propane) is another side product in the synthesis of PVA. It is on the
EU REACH and EC-CEPA VSL lists for being inherently toxic to humans. It is also an irritant to
the respiratory tract and skin.21 A small percentage of trimethylolpropane is found in the PVA
films used in ECOS packs. The final impurity of concern is sodium acetate. Sodium acetate is
modeled to have low genotoxicity but to cause inhalation, systemic, and skin irritation.22,23 It can
cause serious eye damage.22 It is also on the US EPA Safe Chemicals Ingredients list as a
processing additive.

Table 2. Hazard Assessment of PVA and its Precursors.

Name

Group I Human Endpoints Group II and Group II*
Endpoints Ecotoxicity Fate Physical

Hazard

Carcinogenicity
Developmental

and
Reproductive

Toxicity

Endocrine
Activity

Systemic
Toxicity Neurotoxicity

Skin, Eye,
Respiratory
Irritation/
Sensitization

Aquatic Toxicity
Acute/Chronic

Persistence
Bioaccumulation

Reactivity,
Flammability

Mutagenicity Other Pchem
Traits

Polyvinyl Alcohol L L DG L L L H* M* L
Vinyl Acetate H M M M M H H DG H

Acetic Acid L L; DG DG M L M; vH M vL M

Methanol L H; L DG L vH L; M L vL L; H
Sodium Hydroxide DG DG DG M M vH M vH L
Sodium Acetate L DG DG L DG H DG DG L
Methyl Acetate L L DG H M H DG vH H
Trimethylolpropane M H DG M M M L L L

italicized = low confidence
L = reasonable assumption of safety

* = mixed literature
+ = not a consumer hazard
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3. Approach/Inspiration
We aimed to identify alternative materials that can replace PVA used in ECOS detergent sheets
and packs. In comparison to liquid detergent and liquid detergent packs, detergent sheets and
powder detergent packs have a compelling environmental advantage due to reduced water usage
in production and their low weight. Additionally, detergent sheets’ environmental footprint
outperforms other detergent types because of their compact packaging and ability to be packaged
with composable materials for distribution. Therefore, we will prioritize the search for
biopolymer alternatives to make detergent sheets. However, if we find PVA alternatives for
detergent packs as well in the process, that will still be beneficial. By doing so, we are committed
to removing the petrochemical-based PVA and truly progressing towards a more sustainable
detergent product.

We evaluated potential alternatives according to their (i) technical performance, (ii)
manufacturing compatibility, and (iii) health and environmental impact. The general criteria are
summarized in Table 3.

Table 3. Categories of criteria for selecting alternatives used in detergent packs and sheets

Category Criteria Specification

Technical Performance

Dissolution Rate < 40 seconds in water of any
temperature

Stability 2-year shelf life under ambient
temperature and humidity

Chemical Compatibility
Does not change and/or interfere with
active detergent ingredients. pH
between 5 and 9.

Manufacturing
Compatibility

TSCA Listed on the TSCA Chemical List

Availability Commercially available and accessible

Thermal Stability Compatible with drying temperatures

Flexibility Pliable and not brittle

Tensile Strength ≥ 47 MPa

Elongation* 290% when heated to 150 °C

Viscosity of detergent
solution**

80,000 cps at 50 °C
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Health and
Environmental Impact

Sourcing Alternative comes from renewable
sources that are not animal derived

Toxicity Non-toxic to human and aquatic life

Biodegradability

Satisfy OECD 301B Guideline:
● At least 60% biodegradation within

28 days, measured by the amount
of carbon dioxide released

● At least 10% biodegradation within
the first 10 days

Bioaccumulation Does not bioaccumulate

* Criteria necessary for detergent pack only
** Criteria necessary for detergent sheet only

Our technical performance criteria include: solubility, shelf life stability, and compatibility with
the detergent ingredients. For solubility, the PVA alternative must dissolve in both cold and hot
water to deliver the detergent. Evaluating shelf life stability and compatibility is difficult without
laboratory facilities, as many of these alternatives have not been tested in sheets and packs
before. Thus, we used pH ranges as a proxy for chemical compatibility and investigated additives
that will increase the lifetime regardless of alternative.

For manufacturing compatibility, we looked for commercially available materials, with the
thermal and physical properties necessary for large-scale manufacturing. Packs are made by
stretching a PVA film and heat-sealing it over the detergent ingredients. Sheets are made by
mixing PVA with active ingredients into a viscous sludge, which is then coated on a rotating
drying drum, where it dries into a sheet. For commercial availability, we looked at market size,
with a presence on the Toxic Substances Control Act (TSCA) Chemical Substance Inventory as
an additional advantage. For thermal properties, current ECOS packs manufacturing uses
temperatures up to 150 °C to cut and heat-seal PVA films, while current ECOS sheets
manufacturing heats up to 100 °C to dry the PVA mixture. For physical properties, ECOS sheets
and packs need to be flexible and have the tensile strength to hold together around and coming
off of the manufacturing equipment. The PVA films for packs need tensile strength values ≥ 47
MPa and the PVA sheets need tensile strength 1-10 MPa. For packs only, the PVA films have an
elongation of 290% and can be stretched over the powder ingredients. For sheets only, the PVA
mixture has a viscosity of around 80,000 cps; alternative mixtures should be able to achieve
similar viscosity, but this depends on the concentration and formulation.

In evaluating the health and environmental impact of potential alternatives, conducted hazard
assessments of each alternative to determine that they were non-toxic to humans, aquatic life,
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and the environment. We aimed for our alternatives to not pose a risk of bioaccumulation, be
known as readily biodegradable, and be sourced from renewable sources.

We searched for biologically sourced water-soluble polymers to investigate alternatives to PVA.
By drawing inspiration from biopolymers and additives utilized in the food, pharmaceutical, and
cosmetics industries, such as sodium alginate films as ImpossibleTM sausage casings, we ensure
that our exploration remains anchored in materials with established safety and suitability
profiles. This approach aligns with ECOS’s commitment to eco-friendly practices and
emphasizes a holistic consideration of technical performance, manufacturing compatibility, and
health and environmental impact.
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4. Strategy 1: Polysaccharides
In the search for replacements for polyvinyl alcohol, a synthetic polymer, natural polymers are
an obvious standout due to their ubiquity and biodegradability. Polysaccharides, one of two
classes of natural polymers, are carbohydrates composed of monosaccharide units bound by
glycosidic linkages. Polysaccharides are used by organisms to store energy (e.g., glycogen,
starch) and provide structure (e.g., cellulose in plant cell walls, chitin in crustacean
exoskeletons). Structural polysaccharides are ideal candidates for providing structural support in
laundry detergent products and most organisms are incapable of metabolizing them, preventing
unwanted preemptive degradation. However, due to the widespread abundance of
polysaccharides on earth, many microorganisms will be able to degrade polysaccharide products
relatively quickly. Five polysaccharides—sodium alginate, carrageenan, chitosan, pullulan, and
cellulose—were selected for investigation due to their water-solubility properties and established
use in food and cosmetics.

Sodium Alginate
Alginate is an anionic linear polysaccharide biopolymer that is found in the cell walls of brown
algae (Figure 6).24,25 It contains two monomers, β-d-mannuronic acid (M) and α-1-guluronic acid
(G), which form irregular patterns of GG, MG, and MM blocks within the polymer, altering the
specific properties of the polymer.24,25 The carboxylate groups in the alginate monomers are
coordinated to cations, which are easily exchanged to affect the properties and functionality of
the material.

Figure 6: Brown algae (left), the source of sodium alginate, whose structure is composed of
mannuronic acid and guluronic acid monomers (right).

The manufacturing process of alginate involves relatively mild conditions and is performed at
ambient temperatures.26 In short, alginate is extracted from dried seaweed by crushing, washing
with divalent cations, and swelling in acidic water. Then, sodium hydroxide is added to remove
sodium alginate from seaweed, the solution is diluted, and the seaweed/alginate mixture is
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filtered to remove the fibrous material. Lastly, alginate is purified by acidifying to precipitate
alginic acid, dried to remove excess water, and undergoes ion exchange to add the desired
countercations. Alginate is used in a variety of industries, including food, cosmetics,
pharmaceuticals, fertilizers, textile printing, and medical devices.26 Alginate is even used as a
vegetable casing for ImpossibleTM sausages (Figure 7).

Figure 7. ImpossibleTM sausages wrapped in a vegetal casing containing sodium alginate (left)
and highlighted ingredients of the vegetal casing (right).

Technical Performance & Manufacturing Compatibility
Sodium alginate meets many of the technical and manufacturing criteria for an effective
alternative to PVA (Table 4). However, the lack of research on sodium alginate films for
application in single-use detergent products has resulted in data gaps for certain criteria.
Regarding technical performance, the dissolution rate for sodium alginate varies depending on
the exact formulation and thickness. Ma reported that sodium alginate dissolves within 90
seconds at room temperature; however, our own preliminary testing on ~ 50 μm films indicates
that it can dissolve in as little as 60 seconds, making the solubility comparable to the PVA
benchmark.27 The shelf life of sodium alginate products is less studied, especially regarding its
use in single-use detergent products. One concern regarding the stability of sodium alginate films
is their high hygroscopicity; sodium alginate powder has a shelf-life of several months in dark,
cool, and dry places. Kimica—a specialized manufacturer that produces and sells
alginate—recommends storage in cool and dry places due to the natural polymer chains
gradually shortening over time.26 Ultimately, the concentration of sodium alginate and the
mixture of ingredients, including hygroscopicity-reducing additives, will alter the shelf life of the
final product. Alginate is a relatively inert material, though the countercation plays a significant
role in the physical properties of the material. Monovalent cations like sodium, potassium, and
ammonium result in readily-soluble films. However, divalent cations such as calcium and
magnesium result in an insoluble material. Similarly, reducing the pH to about 3.5 results in the
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precipitation of sodium alginate due to the protonation of mannuronic and guluronic residues
(pKa of 3.38 and 3.65, respectively).28 Overall, sodium alginate meets the criteria of being
readily soluble in cold water and compatible with the chemicals in traditional laundry detergents.

The manufacturing compatibility of sodium alginate varies greatly on the composition of the
sodium alginate film (for packs) and detergent mixture (for sheets), and most research is limited
to alginate films for applications such as food, drug, and product packaging. However, sodium
alginate is currently used in a variety of applications, including in food, cosmetics, textile
printing, pharmaceuticals, and medical devices. It is listed on the TSCA Chemical List and has a
robust market size of at least 30 kilotons, about a tenth the size of the PVA market, though it is
estimated that 6.5 million tons of alginate is produced by brown seaweed annually.29 Sodium
alginate suppliers, including Kimica, provide various product grades, depending on the desired
viscosity, gel strength (mannuronic/guluronic ratio), purity, quality control specifications, etc.
The thermal stability of sodium alginate is lower than PVA due to being a biopolymer; however,
it requires lower temperatures (80 °C vs. 150 °C) to reach its glass transition temperature (Tg). A
lower glass transition temperature may be beneficial in manufacturing due to enabling lower
mixing temperatures (for sheets) and lower sealing temperatures (for packs). The flexibility of
sodium alginate is not widely reported, but in our preliminary testing, a 10 cm diameter film
could easily be flexed to form a straw-like shape, likely meeting the flexibility requirements of a
drop-in PVA replacement. Many literature studies on sodium alginate focus on enhancing the
strength and elasticity of sodium alginate, as the innate material is generally cited as relatively
weak compared to synthetic polymers. Literature reports of the tensile strength vary greatly
depending on the specific formulation, from 0.6 MPa (Chun et al. 2021) to 59 MPa (Ma 2020),
but generally fall within 25–30 MPa.27,30 With the addition of the plasticizer glycerol—an
ingredient already present in ECOS detergent sheets—Janik et al. achieved tensile strengths of
75 MPa, well above the PVA benchmark.31 For the current manufacturing process for packs, PVA
sheets are heated to 150 °C before being elongated by 290%. While elongation of sodium
alginate at elevated temperatures has not been extensively studied, elongation at room
temperature is quite limited, with reported values below 5%.27,31 Júnior et al. reported sodium
alginate/hydrolyzed collagen films with elongation values of ~20%, which could be increased up
to 36% upon the addition of 10% w/w SiO2 relative to sodium alginate.32 Lastly, a viscous
solution is currently required for manufacturing PVA detergent sheets. While PVA is not the
most important factor for controlling viscosity, it is important to note that sodium alginate is
commercially available in a variety of grades depending on the desired viscosity.
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Table 4. Technical and manufacturing criteria comparison for PVA and sodium alginate.

Category Criteria PVA Benchmark Sodium Alginate

Technical
Performance

Dissolution
Rate

≤ 40 sec ~ 90 sec

Stability > 2 yr shelf life Unknown

Chemical
Compatibility

Compatible with existing
detergent blend, pH 5-9

Soluble in pH > 4. Insoluble
with divalent cations.

Manufacturing
Compatibility

Listed on the
TSCA
Chemical List

Yes Yes

Availability
Market Size: > 410 ktons
(2022); $998.21 million
(2022)

Market Size: > 30 ktons (2022)

Thermal
Stability

Tg = 150 °C
TM = 200 °C

Tg = 80 °C
TM = 220 °C

Flexibility Pliable, very flexible Moderately pliable and flexible

Tensile
Strength

≥ 47 MPa 25-75 MPa, depending on
formulation

Elongation* 290% 5%

Viscosity of
detergent
solution**

80,000 cps at 50 °C Sodium alginate only:
20–1,500 cps at 20 °C
depending on concentration and
grade

* Criteria necessary for detergent pack only
** Criteria necessary for detergent sheet only

Health and Environmental Performance
Sodium alginate is an appealing alternative as toxicity studies show low levels of human and
environmental health risks. Sodium alginate salts are non-toxic, as studies have shown no
adverse effects when rats and humans ingested high doses for several days.33,34 It is ideal that
sodium alginate does not pose toxic consequences when ingested, but further investigation is
required for skin irritation, sensitization, and cases of alginate allergies.
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Sodium alginate is a seaweed-derived natural biopolymer that is readily degraded by
microorganisms in the environment. Studies have shown over 80% degradation of sodium
alginate films in the soil after 30 days and complete degradation after 45 days.35,36 Despite strong
evidence of biodegradability in soil, there remains a data gap concerning specific degradation
rates in water treatment plants, for which further investigation is needed.

Low aquatic toxicity is important given the waste endpoint of the product is in water systems.
The Danish EPA reported in a model study that sodium alginate has very toxic and long-lasting
effects on aquatic life. However, no other literature reported a similar conclusion. Given that the
natural habitat of brown algae is the ocean, alginate salt is likely non-toxic in water. Any toxicity
depends on how much is released into the environment and if the biopolymer has been modified.

On the production side of the life cycle, our partner raised questions on the sustainability of
harvesting sodium alginate to ensure that there are no consequences as a result of over-farming.
A company that produces alginate, Kimica, points out that seaweed is abundant and fertile, able
to grow up to 60 meters in length at over tens of centimeters per day. To avoid overexploitation,
they collect drift seaweed rather than harvesting it from kelp forests in the ocean. Further, algae
byproduct after the extraction of alginic acid is used as feed, fertilizer, and soil conditioner rather
than going to waste. Should our partner work with a manufacturer that sources their sodium
alginate with similar initiatives, this alternative will be a sustainable resource.

Carrageenan
Carrageenan is a polysaccharide derived from red algae (Figure 8). Carrageenan has three
commercially available variants, κ-, ɩ-, and λ-, derived from Eucheuma cottonii, Eucheuma
spinosum, and Chondrus crispus.37 In all forms, carrageenan thickens solutions, for which it is
widely used in the food industry in ice creams, puddings, syrups, and infant formula.37 Both
κ-carrageenan and ɩ-carrageenan are gelling agents, with κ-carrageenan able to form films on its
own.38 However, λ-carrageenan is only a thickener and cannot form films on its own.
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Figure 8: Carrageenan source and variants, adapted from Guo et al., 2022,39 with brown
CarraphaneTM film manufactured from Brabender.40

Technical Performance & Manufacturing Compatibility
Table 5 shows the technical performance and manufacturing compatibility of carrageenan
compared with PVA. In terms of technical performance, of all of the commercially available
carrageenan variants, only λ-carrageenan is soluble in hot and cold water.38 However,
λ-carrageenan does not form films on its own like κ-carrageenan can.41 By adding λ-carrageenan
to a casein-protein film, the flexibility and water solubility increases.42 We propose a
κ/λ-carrageenan hybrid film for the added properties of λ-carrageenan with the film properties of
κ-carrageenan.

For manufacturing compatibility, carrageenan films are not thermally compatible with current
ECOS packs manufacturing because they cannot heat seal. This is a common issue with many of
the alternatives, as carrageenan films have a glass transition temperature higher than the
degradation temperature, which means they will degrade before they heat seal to stick to
themselves.41

For commercial availability, carrageenan’s market in the CarraphaneTM is a patented
water-soluble, biodegradable carrageenan film by German company, Brabender, who are actively
looking to partner with companies for applications of this film.40 They produce the film via an
extrusion process, which does not greatly modify the algae, so when dissolved and returned to
the ocean, it serves as a nutrient source for new algae. The color may be a marketability concern
for cleaning products.
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Table 5. Technical and manufacturing criteria comparison for PVA and carrageenan.

Category Criteria PVA Benchmark Carrageenan

Technical
Performance

Dissolution
Rate

≤ 40 sec λ-carrageenan readily soluble in
hot and cold water38

κ- and ɩ-carrageenan readily
soluble in hot water only38

Stability > 2 yr shelf life Unknown

Chemical
Compatibility

Compatible with existing
detergent blend, pH 5-9

pH 6-1038

Manufacturing
Compatibility

Listed on the
TSCA
Chemical List

Yes Yes

Availability
Market Size: > 410 ktons
(2022); $998.21 million
(2022)

$872 million (2022)43

Carrageenan film, Carraphane,
available via Brabender40

Thermal
Stability

Tg = 150 °C
TM = 200 °C

Films stable to 115 °C44 but
Tg>TM

Flexibility
Pliable, very flexible Film flexibility increases with

addition of λ-carrageenan42

Tensile
Strength

≥ 47 MPa 39 MPa45 for κ-carrageenan
films

Elongation* 290% 19.5%45 for κ-carrageenan films

Viscosity of
detergent
solution**

80,000 cps at 50 °C 16 cP of dilute κ-carrageenan46

* Criteria necessary for detergent pack only
** Criteria necessary for detergent sheet only

Health and Environmental Performance
Sourcing of carrageenan from seaweed is one of the only farming industries that doesn’t require
pesticides. Since carrageenan is biocompatible, biodegradable, and consumable, it is used as
artificial tissue and as a flexible plastic replacement.47,48 Once dissolved, carrageenan’s aquatic
toxicity is not a concern, as it serves as a nutrient source for new algae, benefitting the waters.
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Carrageenan is used in the food industry, so there are many toxicological studies based on
consumption. Food-grade carrageenan that is not modified greatly from the source is non-toxic,
from rat, rabbit, and guinea pig studies, with no adverse effects found up to 5000 mg/kg.49 In
long-term feeding studies, mutagenicity studies, reproductive toxicity, and immune system
toxicity, there are no adverse impacts of carrageenan.49 Though no specific neurotoxicity studies
have been conducted, because of the wide consumption as well as the other long-term toxicity
studies conducted, we assume a low hazard for neurotoxicity, especially in this application where
it is not intended to be consumed.

One important note about carrageenan that causes confusion in toxicological studies is the
terminology “degraded carrageenan” or poligeenan.50 Poligeenan is classified by IARC as a 2B
carcinogen because studies link its high-dose consumption to tumor growth in the
gastrointestinal tract.51 However, poligeenan is only formed synthetically with extremely acidic
conditions (pH 0.5-1) and high temperatures (>60 °C), meaning “degraded carrageenan” is a
misnomer, as it is not achieved by biodegradation of carrageenan under normal conditions.52

Chitosan
Chitosan is a natural polymer composed of β-(1–4) D-glucosamine (deacetylated units) and
N-acetyl-D-glucosamine (acetylated units) (Figure 9).53 Chitosan is produced from chitin, the
second most abundant polysaccharide—only behind cellulose—and has a market of $1.1 billion
(2022).53,54 Chitin can be obtained from renewable sources, including crustacean waste streams
(6 – 8 Mtons/yr), mushrooms (50 ktons/yr), fungal mycelia (80 ktons/yr), yeast, and insects
(Figure 10).53,55,56 To produce chitosan, chitin—which is insoluble in water—undergoes an
alkaline deacylation under mild conditions to obtain a degree of N-acetylation below 50%.
Chitosan powder derived from various biological sources can be found in Figure 10. Chitosan is
one of the most studied materials for bio-based films, and it is inexpensive and commercially
available.57 It has received attention for food, chemical, and biomedical applications for its
non-antigenic, non-toxic, biodegradable, biocompatible, and film-forming capabilities (Figure
9).57

Figure 9. Unprotonated chitosan structure (left) and pure chitosan film prepared with 1 w/w %
chitosan and 1 w/w % acetic acid by Cazón and Vázquez 2019.53
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Figure 10. Chitosan extracted from (a) mushroom, (b) crab shells, and (c) prawn exoskeletons.
Figure from Margret et al. 2017.58

Technical Performance & Manufacturing Compatibility
Chitosan meets or exceeds many of the criteria for a viable PVA alternative, as shown in Table 6.
Despite this, the technical performance data is potentially concerning for the usage of chitosan in
single-use laundry detergent products. Firstly, chitosan has not been studied in the context of
laundry products, and thus, dissolution rate, stability, and chemical compatibility have not been
reported widely or optimized by the scientific community. Most literature that cites solubility
refers to the initial dissolution of 1–2 w/w % chitosan powder into 1 v/v % acid solutions under
stirring at room temperature within 1 hour, which is more than enough time to completely
dissolve the chitosan.59 However, Kim et al. reported the total soluble matter of the resulting
chitosan films after leaving 4 cm2 pieces in 30 mL distilled water for 24 h.59 Interestingly, the
dissolution of the films depended heavily on the acid used to protonate the chitosan amines, the
degree of deacetylation of the chitosan, and the pH of the chitosan mixture before drying. Films
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made from lactic acid had the highest solubility, with all lactic acid films dissolving entirely.
Additionally, films produced at a higher pH (5 vs. 3 or 4) were much more soluble.60 The
stability of chitosan films over time has not been extensively investigated, and it depends on
many factors: the degree of deacetylation, moisture content, purity, and environmental factors
(temperature, humidity).61 Stability has been cited as a problem for its practical applicability,
specifically for pharmaceutical and biomedical applications.61 Chitosan films stored over several
months—particularly at higher temperatures (80 ℃) and high humidities (70% relative
humidity)—exhibit yellow/brown discoloration, which can also be observed by heating films at
120 ℃ for 2 h.62,63 The character of the acid used to prepare the film influences the coloration of
the film heavily, with films prepared with acetic, lactic, citric, and hydrochloric acid not
exhibiting coloration over 5 months of storage at 22 ℃.63 An increase in stability can be obtained
through stabilization agents such as polyols (sorbitol, mannitol, glycerol), which can slow the
processes of depolymerization, oxidation, crosslinking, and deacetylation which lead to polymer
degradation.61

Perhaps the largest hurdle to chitosan replacing PVA is the chemical compatibility of chitosan.
To be soluble in water, the amine functional groups (pKa = 6.5) need to be protonated. This
typically requires a solution of pH < 6.2, but glycerophosphate, a dietary supplement, has been
used to extend the solubility of chitosan to pH 7.0–7.4.53,64 The acid protonates the chitosan
during film preparation and the protonation remains once the water evaporates. As shown by
Kim et al., the resulting films can fully dissolve in neutral pH distilled water, although the degree
of solubility is still dependent on the identity of the acid used to prepare the film.59 Another
compatibility issue that has not been investigated is the effect of negative surfactant compounds
on the properties of the positively charged chitosan sheets. Additional research on the
combination of chitosan with surfactants is required to fully elucidate any undesired effects.

Regarding manufacturing compatibility, chitosan alone meets almost the relevant criteria, and
additives can added to obtain the desired properties. Chitosan is listed on the TSCA Chemical
List, removing any barriers to use in commercial products. When heating, chitosan films lose
water mass until 110 ℃, the glass transition temperature is 130 ℃, and decomposition occurs
between 125–190 ℃.65,66 Due to decomposition occurring before the melting temperature,
chitosan is not a thermoplastic and will degrade before it can be extruded, molded, or
heat-sealed.53 The flexibility of the sheet depends greatly on the identity of the acid, with lactic
acid films being much more flexible than citric acid films, though plasticizers can be employed
to enhance flexibility.63 Pure chitosan films can be quite strong, ranging from about 5 MPa to
almost 200 MPa.55,65 The large range in strength again depends on many factors, including the
range of molecular weights, degree of deacetylation, chitin source, and particle size.53 One
comparative study by Kim et al. examined the effect of acid, pH, and degree of deacetylation on
tensile strength. They found that lower pH results in stronger films and acetic and propionic acid
produced stronger films than lactic and formic acid. Other studies have also found that acetic
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acid results in some of the strongest films.53,67 One report that studied the effect of the plasticizers
glycerol and sorbitol on tensile strength found that adding 40 w/w % glycerol increased the
strength from 197 to 245 MPa, while sorbitol only decreased tensile strength.65 Similarly to
tensile strength, the elongation varies greatly with formulation and additives. Generally,
elongation remains low at around 5%; however, films made with citric acid demonstrate
elongations up to 120%, and films with lactic acid show elongation up to 495%, exceeding the
requirements for detergent packs manufacturing.59,67 One comparative study showed that 40 w/w
% glycerol increased elongation from 5% to 44%, while a similar amount of sorbitol only
decreased elongation, demonstrating the importance of the identity of the additive.67 Importantly,
tensile strength and elongation are typically inversely related, so careful adjustments must be
made to ensure criteria for both properties are met. Lastly, specific values of viscosity in the
literature are lacking, though it is reported that higher molecular weight chitosan is more viscous,
and solutions above 2 w/w % chitosan become very viscous, reducing their industrial
relevance.53,68

Table 6. Technical and manufacturing criteria comparison for PVA and chitosan.

Category Criteria PVA Benchmark Chitosan

Technical
Performance

Dissolution
Rate

≤ 40 sec < 1 h

Stability > 2 yr shelf life > 5 months

Chemical
Compatibility

Compatible with existing
detergent blend, pH 5-9

pH < 6.5; interactions with
negatively charged surfactants

Manufacturing
Compatibility

Listed on the
TSCA
Chemical List

Yes Yes

Availability
Market Size: > 410 ktons
(2022); $998.21 million
(2022)

> 6 Mtons from crustacean
waste-stream (2020), $1,088
million (2022)

Thermal
Stability

Tg = 150 °C
TM = 200 °C

Tg = 130 °C
Tdecomp = 125 – 190 °C

Flexibility Pliable, very flexible Brittle, enhanced with
plasticizers

Tensile
Strength

≥ 47 MPa 5 – 245 MPa

Elongation* 290% 5 – 495%
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Viscosity of
detergent
solution**

80,000 cps at 50 °C Very viscous beyond 2 w/w %

* Criteria necessary for detergent pack only
** Criteria necessary for detergent sheet only

Health and Environmental Performance
Chitosan is a non-toxic and biodegradable alternative to PVA. It has been labeled as a food
additive in Korea and Japan since 1995 and 1983, respectively. Furthermore, the US Food and
Drug Administration has considered chitosan as generally recognized as safe for use in foods
since 2001.53 It is non-toxic to humans and animals, with no reported effects on mice fed at 10
g/kg of body weight.69 Bioaccumulation is expected to be of low concern for polymers with
molecular weight > 1,000, and many microorganisms can break down chitosan. Regarding
aquatic toxicity, most reports—including those with marine fish and rainbow trout—show no
adverse toxic effects when fed up to 10% chitosan. However, some literature reports found that
when exposed to chitosan in 1 v/v % acetic acid, fish exhibit lesions similar to those induced by
mercury exposure and die quickly.69,70 While startling, it is important to note that under standard
conditions, neutral bodies of water would insolubilize chitosan into a gel, where it could not
enter the gills of fish. Chitosan has also been described as the active ingredient of KML V2 and
KML V54, both of which are quite toxic.71 However, chitosan only makes up 2% and 5.4% of
the products, respectively, and the other potentially more toxic ingredients were not listed,
making this report unreliable. Overall, chitosan is both non-toxic and biodegradable, and while
there is a concern for the aquatic toxicity of solubilized chitosan, the low presence of acid in
large bodies of water would prohibit this possibility.

Pullulan
Pullulan is a polysaccharide produced by several strains of fungi (Figure 11). Pullulan is widely
used across industries due to its inert and biocompatible nature.72 Pullulan is currently used in the
food, pharmaceutical, dental, and cosmetic industries.72 In the food industry, pullulan forms
edible films and coatings to prolong shelf life. In the pharmaceutical industry, pullulan creates
vegan capsules and helps bind tablets.
Pullulan is produced by mesophilic fermentation by a strain of fungus, typically Aureobasidium
pullulans. The process of preparing pullulan varies across different industry uses. After
fermentation, fungal cells are removed by microfiltration.73 The filtrate is heat-sterilized and
treated with activated carbon, removing pigments and impurities The filtrate then undergoes a
cooling and deionization process using cation and anion exchange resins.73 Then it is
concentrated, dried, and pulverized.73 Pullulan-used pharmaceuticals undergo a few more steps,
such as purification by alcohol fractionation or membrane filtration and desalination.73 Pullulan
is more expensive than petroleum-based chemicals, but its cost can be reduced based on
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optimizing fermentation (stirring vs non-stirring methods) and using thermotolerant and
non-melanin strains of fungus, which will reduce the steps and temperatures required for the
extraction.74

Figure 11: Pullulan sources and chemical structure.

Technical Performance & Manufacturing Compatibility
Pullulan meets many of the technical and manufacturing criteria for an alternative to PVA, as
shown in Table 7. However, the lack of research on pullulan films for application in single-use
detergent products has resulted in data gaps for certain criteria. Regarding technical performance,
pullulan readily dissolves in water to make a stable, viscous solution that does not form a gel.75(p1)

Many literature reports on pullulan’s dissolution surround pullulan’s use in drug delivery for the
pharmaceutical and biotechnology industries. In these studies, researchers demonstrated pullulan
is a fast-dissolving film that leads to a fast release of the drug.76 More research needs to be
conducted on pure pullulan films to determine their dissolution rate. The shelf life of pullulan has
been studied in various applications, but none regarding its use in single-use detergent products.
Capsuline Pullulan Capsules manufacturers empty capsules of 100% pullulan that last up to 5
years if stored in a dry, cool place. The capsules’ optimal temperature is between 15-30 °C with
relative humidity between 35-70%. Additionally, pullulan has been used as an edible film to
extend the shelf life of foods.77 Pullulan can stabilize proteins due to its high glass transition
temperature.78 While there is no apparent concern about pullulan’s stability over time, the
concentration of pullulan and the mixture of ingredients, including hygroscopicity-reducing and
plasticizer additives, will alter the shelf life of the final product. Concerning technical
performance, pullulan is readily soluble in cold water, biocompatible, and is used to help extend
the stability of products on the market, so likely would not pose a shelf stability concern.

Similar to other alternatives, the manufacturing compatibility of pullulan varies greatly on the
composition of the pullulan film (for packs) and detergent mixture (for sheets), and most
research is limited to pullulan films for applications such as food, drug, and product packaging.
Pullulan is listed on the TSCA Chemical List, however is an expensive polymer compared to
petrochemical-based polymers due to its high production charges.78 Despite this, the pullulan
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market is growing and expected to reach $130 million this year from $129 million in 2017.79

Pullulan in powder form is available to commercially purchase. Pullulan has a pH between 5-7,
but remains largely unaffected over a wide pH range (2-11).78 The thermal stability of pullulan
meets the manufacturing criteria outlined for sheets and packs. Pullulan is also stable up to
250-280 °C until it begins to decompose.78 The glass transition temperature (Tg) of anhydrous
PVA is 154.5 °C.80 When exposed to 33% relative humidity and 25 °C for 72 hours, its glass
transition temperature was 50.6 °C.80 Pullulan films are heat-sealable, transparent, and flexible.81

Many literature studies on pullulan focus on enhancing its strength and elongation, as the innate
material is generally cited as relatively weak compared to synthetic polymers. Pullulan produced
by A. pullulans (strain ATCC 15233) exhibited a tensile strength of 1.7 MPa and an elongation at
break of 11.89%.82 Pullulan films also can be brittle and have poor water resistance.83 Pullulan
has been crosslinked with plasticizers (glycerol) and water-resistant additives (glutaraldehyde)
that improved elongation and stability in high-moisture environments.83 However, Zhou et al
were able to improve the elongation at break, temperature stability, and minimize friability of
pullulan soft film and capsule with a Sorbitol-Glycerol ratio of 15:15.84 As an innate material,
pullulan would not meet the manufacturing compatibility requirements, but its properties could
be further modified using additives such as plasticizers and low hygroscopic materials.

Table 7. Technical and manufacturing criteria comparison for PVA and pullulan.

Category Criteria PVA Benchmark Pullulan

Technical
Performance

Dissolution
Rate

≤ 40 sec Unknown

Stability > 2 yr shelf life Unknown

Chemical
Compatibility

Compatible with existing
detergent blend, pH 5-9

Soluble in pH 2 - 1178

Insoluble in organic solvents

Manufacturing
Compatibility

Listed on the
TSCA
Chemical List

Yes Yes

Availability
Market Size: > 410 ktons
(2022); $998.21 million
(2022)

Market Size: $130 million
(2023)79

Thermal
Stability

Tg = 150 °C
TM = 200 °C

Tg = 154.5 °C (anhydrous)
TM = 250 °C78

Flexibility Pliable, very flexible Flexible81

Tensile
Strength*

≥ 47 MPa 1.7 MPa82

26

https://www.zotero.org/google-docs/?JhydjO
https://www.zotero.org/google-docs/?gk297F
https://www.zotero.org/google-docs/?6A2kqg
https://www.zotero.org/google-docs/?22cZ4K
https://www.zotero.org/google-docs/?s1N0BY
https://www.zotero.org/google-docs/?Twb9nV
https://www.zotero.org/google-docs/?cRaQc3
https://www.zotero.org/google-docs/?uTLb3a
https://www.zotero.org/google-docs/?w24ZL5
https://www.zotero.org/google-docs/?WFOAqC
https://www.zotero.org/google-docs/?f9ySih
https://www.zotero.org/google-docs/?MwxboJ
https://www.zotero.org/google-docs/?fmGwyc
https://www.zotero.org/google-docs/?swDePO
https://www.zotero.org/google-docs/?fAX5Wa


Elongation* 290% 11.89%82

Viscosity of
detergent
solution**

80,000 cps at 50 °C Unknown quantitative data but
pullulan forms a viscous
solution when it is added75(p1)

* Criteria necessary for detergent pack only
** Criteria necessary for detergent sheet only

Health and Environmental Performance
Pullulan has recently become widely commercially available, therefore there are some data gaps
studying long exposure to pullulan. However, recent studies have indicated that pullulan poses
no risk for cancer and has low systemic toxicity, neurotoxicity, irritation, and sensitization.85(p30),86

Several microorganisms can degrade pullulan, and since humans can metabolize and excrete
pullulan from the body, it cannot bioaccumulate in humans.79,85,87 Pullulan is also
biodegradable.88

The production of pullulan is relatively resource-efficient, as it relies on fermentation, raw
materials for substrates, fungi, and technology for purification and extraction.89 Despite several
fungi strains’ capability of producing pullulan, Aureobasidium pullulans is preferred due to its
quality and high production rate.78 To improve the lifecycle of pullulan, waste substrates like
starch, distilled by-products, bakery waste, or agro-industrial residues can be used during
production.79 Should our partner work with a manufacturer that sources their pullulan from fungi
that use waste sources as a substrate, pullulan will be a sustainably sourced alternative.

Cellulose
Cellulose is a polysaccharide from the cell walls of plants (Figure 12).90 There are several forms
of cellulose that are used for a variety of applications, and there is a robust market for cellulose
fibers, valued at $3,825.6 million in 2022.90,91 While pure cellulose is insoluble in water due to
strong intramolecular hydrogen bonding, it becomes soluble when converted to cellulose ester or
ether derivatives.92 Modified cellulose derivatives enhance water retention capacity,
pseudoplastic behavior, film-forming properties, and complexation.92 Further, they are
biocompatible and thus frequently used in pharmaceuticals, cosmetics, and food.81,92

Extraction of water-insoluble cellulose is by controlled esterification of pure raw cellulose with
acetic acid and acetic anhydride.93 This substitutes acetyl groups for all or a portion of the
hydroxyl units on the cellulose chain.93 To create the water-soluble form, acetylation is carried to
completion to form cellulose triacetate, followed by hydrolysis to lower acetyl content to the

27

https://www.zotero.org/google-docs/?8xyiLx
https://www.zotero.org/google-docs/?XU4hTu
https://www.zotero.org/google-docs/?NkJqOi
https://www.zotero.org/google-docs/?qKh8Cf
https://www.zotero.org/google-docs/?ZGgkTf
https://www.zotero.org/google-docs/?dfUN7J
https://www.zotero.org/google-docs/?FZmy80
https://www.zotero.org/google-docs/?3Cuau0
https://www.zotero.org/google-docs/?IgMd7S
https://www.zotero.org/google-docs/?Ogevu0
https://www.zotero.org/google-docs/?7prNPe
https://www.zotero.org/google-docs/?Ty58xa
https://www.zotero.org/google-docs/?uEANr2
https://www.zotero.org/google-docs/?6HYtVa
https://www.zotero.org/google-docs/?0CyaQy


desired level.93 For water-soluble cellulose acetate, this is 0.8 degrees of substitution compared to
2.4 for insoluble cellulose.93

Figure 12: Cellulose sources and chemical structure.

Technical Performance & Manufacturing Compatibility
Table 8 outlines cellulose’s technical performance and manufacturing compatibility. On a
manufacturing standpoint, it is highly customizable due to the many alcohol groups in its
structure, allowing chemical modifications to modulate solubility. Several forms of cellulose are
listed on the TSCA Chemical List.

METHOCEL™ is a form of cellulose ether commercially available through ChemPoint. All
grades are soluble in water and their viscosity depends on the degree of substitution and
molecular weight. For instance, METHOCEL™ E4M has a viscosity of 4,000 cps whereas A4C
has a viscosity of 400 cps when added to water at 2%.94 This leads to varying dissolution rates as
well. This compound is stable at pH 2.0 - 13.0, making it stable in a variety of manufacturing
conditions, but does not have a glass transition or melting temperature as it decomposes at 260
-270 ºC.95,96 This makes the heat sealing process of packs not possible. METHOCEL™ is most
soluble in cold water, and some forms gel at high temperatures. For instance, METHOCEL™
F50 Food Grade has a gelation temperature of 62-68 ºC.97 Most average washing machines have
hot cycles at 55ºC, so this should not pose a problem. However, this is a consideration for
machines that run hotter or for those who hand wash with higher temperatures.

Cellulose films tend to be brittle, but this is improved by the addition of plasticizers such as
glycerol and sorbitol.98 At baseline, microcrystalline cellulose film exhibits a tensile strength of
4.5 MPa, but the addition of a plasticizer improves this metric.98 For example, films with 5%
glycerol had a tensile strength of 9.4 MPa, and films with 25% glycerol had a tensile strength of
22.4 MPa.98 The addition of glycerol also aids in the elongation of cellulose films. With no
additive, the elongation at break is 5.1% to 13.1%.98

In contrast, films made of water-soluble cellulose acetate were reported to have excellent
film-forming properties where they were clear in color, flexible, strong, and durable depending
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on the viscosity grade. Elongation results were also low for this film at about 2-5.6% elongation,
but tensile strength was higher at about 33-58 MPa.93

Table 8. Technical and manufacturing criteria comparison for PVA and cellulose.

Category Criteria PVA Benchmark Cellulose

Technical
Performance

Dissolution
Rate

≤ 40 sec Varies

Stability > 2 yr shelf life Unknown

Chemical
Compatibility

Compatible with existing
detergent blend, pH 5-9

Stable at pH 2.0-13.0

Manufacturing
Compatibility

Listed on the
TSCA
Chemical List

Yes Yes

Availability
Market Size: > 410 ktons
(2022); $998.21 million
(2022)

Market Size: $3,825.6 million
(2022)

Thermal
Stability

Tg = 150 °C
TM = 200 °C

Decomposition 260 -270 ºC

Flexibility Pliable, very flexible Flexible

Tensile
Strength*

≥ 47 MPa 4.5 MPa - 22.4 MPa

Elongation* 290% 13.1%

Viscosity of
detergent
solution**

80,000 cps at 50 °C Varies

* Criteria necessary for detergent pack only
** Criteria necessary for detergent sheet only

Health and Environmental Performance
Cellulose is a renewable, abundant, and naturally occurring material, making it an ideal
choice.90,99 It can be sourced from a variety of sources, including agricultural, forest, or recycling
industries.99 On a sustainability standpoint sourcing cellulose from waste streams would be ideal.
Cellulose is appealing as it is non-toxic to humans and the environment. Given that it is
completely derived from plants, it will readily biodegrade, with research showing at least 80%
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biodegradation within 30-60 days in soil.98,99 More research is needed to determine whether the
film appropriately degrades within 28 days as per OECD-301B standards and in water sources.

One area of concern is the risk manufacturing cellulose poses when workers inhale the powder,
causing irritation.99,100 However, this can be mitigated through proper personal protective
equipment and standard operating procedures. Otherwise, current literature suggests that
cellulose poses no harm to humans or the environment.99

Summary of Polysaccharides
We identified five potential polysaccharide alternatives to PVA: sodium alginate, carrageenan,
chitosan, pullulan, and cellulose. We conducted a hazard assessment through a comprehensive
literature review to compare the health and environmental impacts of the polysaccharide
alternatives. We also assessed the technical performance and manufacturing compatibility of
each alternative.

Table 9. Hazard Assessment Comparison of PVA and Polysaccharides

Table 9 shows a hazard table comparison of PVA and polysaccharide alternatives. Our identified
polysaccharides are low toxicity and biodegrade with no concern for bioaccumulation. The
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Name

Group I Human Endpoints Group II and Group II*
Endpoints

Ecotox-
icity Fate Physical

Hazard

Carcinogenicity
Developmental

and Reproductive
Toxicity

Endocrine
Activity Systemic Toxicity Neurotoxicity

Skin, Eye,
Respiratory
Irritation/
Sensitization

Aquatic Toxicity
Acute / Chronic

Persistence
Bioaccumulation

Reactivity,
Flammability

Mutagenicity Other Pchem
Traits

Polyvinyl
Alcohol L L DG L L L H* M* L

Sodium
Alginate L L DG L L L L* vL vL

Carrageenan L L DG L L L vL L L

Chitosan L L L L L L L* L DG

Pullulan L L DG L L L L vL vL

Cellulose L L DG L L M+ L L L

italicized = low confidence
L = reasonable assumption of safety

* = mixed literature
+ = not a consumer hazard
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toxicity of these alternatives is generally well-researched, aside from data gaps regarding
endocrine disruption. Though there were no specific neurotoxicity studies from sodium alginate
and carrageenan, we make a reasonable assumption of safety for this application of detergent
sheets and packs, as they are widely consumed. For cellulose, though it is a respiratory irritant,
again for the application in detergent sheets and packs, it is not of concern to the consumer. All
of these polysaccharide alternatives can be considered less toxic than PVA by our health and
environmental criteria. Further, all of these polysaccharide alternatives can be derived from
renewable sources, removing the harmful precursors that arise in the production of PVA.

We compared technical performance and manufacturing compatibility of our identified
polysaccharide alternatives in Table 10. All of our alternatives are soluble in cold and hot water,
and all but chitosan are soluble and compatible with expected pH ranges. For manufacturability,
the elongation of the alternative films falls short of PVA, but sodium alginate and chitosan films
can achieve the tensile strength needed for ECOS packs manufacturing. These are all
commercially available in powder form, and some companies readily manufacture films. We
have included in the table our recommendations for whether the PVA alternatives would best be
used for sheets, packs, or both.

Table 10. Technical Performance and Manufacturing Compatibility Comparison of PVA and
Polysaccharides

Name Solubility
Temperature

pH
Compatibility

Tensile
Strength
(MPa)

Elongation
(%)

Commercial
Availability

Sheets, Packs,
or Both

Polyvinyl
Alcohol Cold and hot 5-9 47 290 Yes

(Powder, Film) Both

Sodium
Alginate Cold and hot >4 25-75 5 Yes

(Powder) Both

Carrageenan Cold and hot 6-10 39.3 19.5 Yes
(Powder, Film) Both*

Chitosan Cold and hot <6.5 5-245 5-495 Yes
(Powder, Film) Packs

Pullulan Cold and hot 3-8 1.7 10 Yes
(Powder) Sheets

Cellulose Cold and hot 2-13 4.5-22.4 13.4 Yes
(Powder, Film) Both

italicized: potential company partner
*marketing aesthetic considerations
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5. Strategy 2: Proteins
Proteins are macromolecules made of amino acids and can be sourced from plants, animals, and
microorganisms. They are attractive biopolymers as alternatives to synthetic polymers due to
their biodegradability, renewability, and low health and environmental hazards. Recent
development has focused on making protein-based films for biodegradable packaging materials
and edible films.101–104 One advantage of proteins over polysaccharides is their rich chemical
functionality. Proteins have about 20 amino acids with side chains that are hydrophobic,
hydrophilic, or charged, rendering various types of intermolecular interactions (e.g., hydrogen
bonding, ionic bonding, and covalent bonding) which are factors that can affect the mechanical
properties of protein-based films. There are two types of proteins: (1) fibrous proteins and (2)
globular proteins. Fibrous proteins are long extended polypeptide chains that provide strength
and protection in cell membranes, and they are water-insoluble. Globular proteins fold into
spherical shapes, and they are soluble in water, acid, base, and salt solutions. Protein-based films
are most commonly prepared by solution casting and drying. The mixing and drying temperature
will affect the unfolding of proteins. However, the effect of protein unfolding on the mechanical
properties of protein-based films is an ongoing research. Here, we explored four different
water-soluble proteins derived from plants as PVA alternatives.

Brewer’s Spent Grain (BSG) Protein
Brewer’s spent grain (BSG) is a waste byproduct that makes up about 85% of solid waste from
the brewing industry (Figure 13). In Europe alone, breweries are estimated to produce about 2.5
million tons of BSG, resulting in substantial agro-industrial waste.105,106 While BSG is rich in
protein and fiber, it is mainly used as livestock feed. Due to its high nutritional values, extracting
and utilizing BSG protein as food additives and biodegradable film has become a growing effort
to reduce and upcycle waste. Typical extraction methods of BSG protein are alkaline solution
extraction, organic solvent extraction, and ultrasonication.105,107 Depending on the methods and
purity of protein, the amino acid composition may differ, leading to different physical appearance
and molecular weight.

Figure 13. Images of brewer’s spent grain (left) and the protein isolate108 (right)
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Technical Performance & Manufacturing Compatibility
In general, BSG protein-based film is prepared by mixing and drying a solution of BSG protein
and a plasticizer. The various reported methods showed that BSG protein is soluble in both cold
and hot water.109–111 Solubility is maximized at and above pH 6, which is favorable for the
slightly basic condition posed by the detergent ingredients. Further hydrolysis of BSG protein
improves its water solubility. The common plasticizers used are glycerol, sorbitol, and
polyethylene glycol (PEG), which reduce the intermolecular interactions between protein chains
and increase the film flexibility. Proaño et al. investigated the effect of PEG concentration on the
physicochemical properties of the film.110 As the weight ratio of PEG to BSG increases from
0.05 to 0.25, both moisture content and water solubility increase. At a 0.05-0.10 ratio
(PEG:BSG), the film achieved higher tensile strength (1.0-1.2 MPa), higher elastic modulus
(0.4-0.5 MPa), and moderate elongation (25%). While a higher ratio of PEG:BSG increases the
elongation to 40%, the film is very hygroscopic and hard to handle. Shroti reported similar
tensile strength of 1.45 MPa but higher elongation (60%) when glycerol (30% w/w) is used as
the plasticizer.109 However, Lee et al. reported a tensile strength of 4.32 MPa and 36% elongation
using 40% w/w glycerol.112 Given the different film preparation methods, it is uncertain to
attribute the difference in mechanical properties to the specific plasticizer used. Additionally,
BSG protein is thermally stable at 140 °C for 300 minutes,111 which will be compatible with the
current drying process of the detergent sheet without further degradation. The reported
mechanical properties of BSG film do not meet the criteria for detergent packs but may be
suitable for detergent sheets. Mixing and drying conditions (e.g., temperature, pH, and time) can
all affect the mechanical properties of the resultant film. One main drawback of BSG protein is
the protein degradation during malting and extraction processes. A composition study of
extracted BSG protein (typically 30-50 kDa) showed shorter peptides of lower molecular weight
(< 3000 Da).108,110 Although the shorter peptides can increase water solubility and have a
plasticizer-like effect, shorter polymer chains have poorer mechanical strength due to reduced
chain entanglement. The film has a brown color, which may be a marketability concern if used
for detergent sheets. In addition, BSG protein is currently not listed on the TSCA Chemical List.
The opacity and color saturation depends on the film thickness and protein concentration. A
comparison of the technical performance and manufacturing compatibility of PVA and BSG
protein is summarized in Table 11.

Currently, BSG protein is commercially available as a powder film. MiTerro has developed BSG
protein film for water-soluble detergent packs (Figure 14) and is looking to partner with
companies for the application and commercialization of their film.
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Figure 14. Images of BSG protein film (left) and sample detergent pack made with BSG protein
film (right)

Table 11. Technical and manufacturing criteria comparison for PVA and BSG protein.

Category Criteria PVA Benchmark BSG Protein

Technical
Performance

Dissolution
Rate

≤ 40 sec Unknown

Stability > 2 yr shelf life Unknown

Chemical
Compatibility

Compatible with existing
detergent blend, pH 5-9

Better water solubility at
pH>6111

Manufacturing
Compatibility

Listed on the
TSCA
Chemical List

Yes No

Availability
Market Size: > 410 ktons
(2022); $998.21 million
(2022)

~2.5 million tons of BSG
produced in Europe

Thermal
Stability

Tg = 150 °C
TM = 200 °C

Thermal stable at 140 °C for
>300 min111

Flexibility Pliable, very flexible Flexible

Tensile
Strength*

≥ 47 MPa 4.32 MPa112

Elongation* 290% 60%109

Viscosity of
detergent
solution**

80,000 cps at 50 °C Unknown

* Criteria necessary for detergent pack only
** Criteria necessary for detergent sheet only
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Health and Environmental Performance
As BSG has been predominantly used as livestock feed, there is a lack of data regarding its
toxicity towards human endpoints. BSG protein does biodegrade and does not bioaccumulate.
However, there is no reported data on its degradation rate to determine if it satisfies the OECD
301B guideline. Endocrine activity will need to be further investigated. However, due to its
natural origin, it is reasonable to presume BSG protein poses low hazards in terms of
carcinogenicity, mutagenicity, developmental and reproductive toxicity, neurotoxicity, systemic
toxicity, and skin, eye, and respiratory irritation and sensitization.

Soy Protein
Soy protein is a protein derived from soybeans and is consumed as a plant-based protein
supplement and in soy-based infant formulas (Figure 15).113 It is extracted from ground soybeans
using acids and bases,114 or ultrasonication.115 It is widely commercially available and can form
biodegradable films.116,117

Figure 15. Soybeans with soy meal, commercially available soy protein isolate,71 and soy protein
films on paper.118

Technical Performance & Manufacturing Compatibility
Table 12 highlights the performance and manufacturability of soy protein. The solubility of soy
protein films depends on the chemical treatment of acrylic acid.118 With no treatment, it takes 20
minutes to dissolve at 20 °C,118 approximately the temperature of cold water for laundry. It shows
similar solubility temperature compatibility to PVA. No information was found on the lifetime
and stability of films, but the pH range of stability was 3-8.5, which overlaps significantly with
the pH currently used with PVA (pH 5-9).118

For manufacturing compatibility, soy protein films have several drawbacks. Without plasticizers,
soy protein films are very brittle, but with the addition of glycerol, soy proteins can become more
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flexible.119 On their own, soy protein films do not have the tensile strength needed for
manufacturing, with values of 2.34 MPa, but by integrating a starch into the film, researchers
were able to increase the tensile strength up to 25.09 MPa.120 For thermal stability, soy protein
may not work with current manufacturing procedures because soy protein coagulates around 80
°C.121 Additionally, a potential marketing concern is soy protein films are a brown-yellow color,
which may not be appealing to consumers.

Table 12. Technical and manufacturing criteria comparison for PVA and soy protein.

Category Criteria PVA Benchmark Soy Protein

Technical
Performance

Dissolution
Rate

≤ 40 sec 7 min in cold water118

Stability > 2 yr shelf life Unknown

Chemical
Compatibility

Compatible with existing
detergent blend, pH 5-9

pH 3-8.5118

Manufacturing
Compatibility

Listed on the
TSCA
Chemical List

Yes Yes

Availability
Market Size: > 410 ktons
(2022); $998.21 million
(2022)

$7.7 billion for soy protein
ingredients (2022)122

Thermal
Stability

Tg = 150 °C
TM = 200 °C

Tg = 64 °C120

coagulation 80 °C121

Flexibility Pliable, very flexible Flexible

Tensile
Strength*

≥ 47 MPa 25.09 MPa120

Elongation* 290% 379%120

Viscosity of
detergent
solution**

80,000 cps at 50 °C 4,000 cP120

* Criteria necessary for detergent pack only
** Criteria necessary for detergent sheet only
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Health and Environmental Performance
Soy protein is widely studied toxicologically. Studies in rats show no adverse effects from soy
consumption for reproductive toxicity.113 Moreover, these studies suggest potential beneficial
effects, indicating that soy consumption may even offer protection against cancer growth.123

There is some concern regarding the endocrine disruption of soy protein, where a byproduct
from soy—genistein—may impact the development of the mammary gland.124 However, this is
found with prolonged consumption of soy. In detergent packs and sheets, if the soy protein is
isolated at the beginning, and if the sheets and packs are not consumed, it should not be a
consumer hazard.

Soy protein’s primary health and environmental drawback is that soy is a common allergen and
will cause skin sensitizing reactions to those allergic.124 ECOS currently markets packs and
sheets as hypoallergenic, so the marketing would need to be adapted. This also would make the
packs/sheets inaccessible to consumers with soy allergies.

Pea Protein
Pea protein is extracted from peas (Figure 16), which has high nutritional value and applications
in the food industry. In general, pea seeds are milled into flour, which contains soluble fibers,
starches, and proteins. The pea protein is then extracted through various methods, which include
(i) alkaline extraction and isoelectric precipitation, (ii) alkaline extraction and ultrafiltration, (iii)
salt extraction and dialysis, (iv) salt extraction and ultrafiltration, and (v) micellar
precipitation.125 Depending on the extraction process, the quality and functional properties of pea
proteins may differ among suppliers. The extracted pea protein powder has a yellow-beige color.

Figure 16. Images of peas (left) and the protein isolate108 (right)

Technical Performance & Manufacturing Compatibility
Pea protein film is prepared by mixing and drying a solution of pea protein and a plasticizer.
Similar to BSG protein, pea protein is soluble in both cold and hot water and the solubility
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improves at and above pH 6. Kowalczyk et al. compared the mechanical properties of pea
protein film made using glycerol and sorbitol as plasticizers.126 Overall, as plasticizer
concentration increases from 3% to 8% (w/w), both tensile strength and elastic modulus
decrease. Plasticizer concentration does not significantly affect the elongation. However, films
prepared from solutions adjusted to higher pH (9 and 11) showed improved elongation. Sorbitol
was a better plasticizer in optimizing the mechanical properties, with the best-performing film
having a tensile strength of 7.0 MPa, elastic modulus of 270 MPa, and elongation of 140%.
Heating the solution to 90 °C before casting showed minimal improvement in mechanical
properties. Furthermore, Cheng et al. also demonstrated altering the secondary structure of pea
protein through high-pressure homogenization improves the film tensile strength and elongation
(200%).127 The high pressure enhances the protein-protein and protein-glycerol hydrogen
bonding and prevents the protein from unfolding, leading to improved mechanical properties.
Additionally, pea protein is thermally stable up to 190 °C before denaturation128, which will be
compatible with the current drying process for detergent sheets. A comparison of the technical
performance and manufacturing compatibility of PVA and pea protein is summarized in Table
13. The tensile strength of pea protein film does not meet the criteria for detergent packs but is
suitable for detergent sheets.

Pea protein is commercially available in powder form. Xampla, a company based in the UK, has
developed MorroTM materials made out of pea protein. Two examples of their material
applications are dishwasher detergent film and edible stock cube packaging (Figure 17). They
may be a potential partner company to implement pea protein film for detergent packs.

Figure 17. Dishwasher detergent129 (left) and edible stock cube packaging130 (right) developed by
Xampla
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Table 13. Technical and manufacturing criteria comparison for PVA and pea protein.

Category Criteria PVA Benchmark Pea Protein

Technical
Performance

Dissolution
Rate

≤ 40 sec Unknown

Stability > 2 yr shelf life Unknown

Chemical
Compatibility

Compatible with existing
detergent blend, pH 5-9

Better water solubility at
pH>6131

Manufacturing
Compatibility

Listed on the
TSCA
Chemical List

Yes No

Availability
Market Size: > 410 ktons
(2022); $998.21 million
(2022)

Market size: $94.6 million
(2022)

Thermal
Stability

Tg = 150 °C
TM = 200 °C

Protein denature at 190 °C128

Flexibility Pliable, very flexible Flexible

Tensile
Strength*

≥ 47 MPa 7 MPa126

Elongation* 290% 200%127

Viscosity of
detergent
solution**

80,000 cps at 50 °C Unknown

* Criteria necessary for detergent pack only
** Criteria necessary for detergent sheet only

Health and Environmental Performance
Similar to BSG protein, pea protein is biodegradable and does not bioaccumulate. However,
there is no reported data on its degradation rate to determine if it satisfies the OECD 301B
guideline. Endocrine activity will need to be further investigated. Given its natural origin, it is
reasonable to presume BSG protein poses low hazards in terms of carcinogenicity, mutagenicity,
developmental and reproductive toxicity, neurotoxicity, systemic toxicity, and skin, eye, and
respiratory irritation and sensitization.
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Mung Bean Protein
Mung beans have high nutritional values and antioxidant properties, making them attractive
ingredients for the food industry (Figure 18). Mung bean starch is more commonly used for other
applications, while the protein isolate is mainly used as animal feedstock.132 The extraction of
mung bean protein is performed by alkaline solubilization of mung bean flour, followed by
precipitation.132,133 The protein isolate has an off-white color.

Figure 18. Images of mung beans (left) and the protein isolate (right)

Technical Performance & Manufacturing Compatibility
Mung bean protein film is prepared by mixing and drying a solution of pea protein and a
plasticizer. Table 14 shows mung bean protein’s technical performance and manufacturing
compatibility. It is soluble in both cold and hot water, but the solubility is better at more acidic
(pH=2) and basic conditions (pH 8-12).133 Moghadam et al. reported a tensile strength of 3.3
MPa and elongation of 81-83% of mung bean protein film made with glycerol (50% w/w) as a
plasticizer.132,134 In addition, Mojoodi achieved increased tensile strength (6.0 MPa) by increasing
the protein concentration.135 Currently, mung bean protein is only commercially available as
powder, so application for detergent packs will likely be limited. The high protein degradation
temperature (270 °C) meets the criteria for the current drying process for detergent sheets.135 In
comparison to BSG protein, soy protein, and pea protein, there has not been as much research on
making mung bean protein films, which means further experimental modification and
optimization will be necessary to achieve the desired properties.
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Table 14. Technical and manufacturing criteria comparison for PVA and mung bean protein.

Category Criteria PVA Benchmark Mung Bean Protein

Technical
Performance

Dissolution
Rate

≤ 40 sec Unknown

Stability > 2 yr shelf life Unknown

Chemical
Compatibility

Compatible with existing
detergent blend, pH 5-9

Better water solubility at pH < 2
and >8, minimal water solubility
at pH 4-7133

Manufacturing
Compatibility

Listed on the
TSCA
Chemical List

Yes No

Availability
Market Size: > 410 ktons
(2022); $998.21 million
(2022)

Market size: $250 million
(2022)

Thermal
Stability

Tg = 150 °C
TM = 200 °C

Protein degradation at 270 °C135

Flexibility Pliable, very flexible Flexible

Tensile
Strength*

≥ 47 MPa 6.0 MPa135

Elongation* 290% 81%134

Viscosity of
detergent
solution**

80,000 cps at 50 °C Unknown

* Criteria necessary for detergent pack only
** Criteria necessary for detergent sheet only

Health and Environmental Performance
Mung bean protein does biodegrade and does not bioaccumulate. However, there is no reported
data on its degradation rate to determine if it satisfies the OECD 301B guideline. Endocrine
activity will need to be further investigated. Given its natural origin, it is reasonable to presume
mung bean protein poses low hazards in terms of carcinogenicity, mutagenicity, developmental
and reproductive toxicity, neurotoxicity, and systemic toxicity. Since mung bean is also part of
the legume family, it may trigger an allergic reaction similar to that of soy protein. However,
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there is a lack of research to confirm if it causes any skin, eye, and respiratory irritation and
sensitization.

Summary of Proteins
We identified four potential protein alternatives to PVA: brewer’s spent grain (BSG) protein, soy
protein, pea protein, and mung bean protein. We conducted a hazard assessment through a
comprehensive literature review to compare the health and environmental impacts of the protein
alternatives. Table 15 shows a hazard table comparison of PVA and protein alternatives. Due to
their natural origin, the proteins are more readily biodegradable than PVA in both soil and water
and do not bioaccumulate. However, further testing is necessary to confirm the biodegradation
rate satisfies the OECD 301B Guidelines. Although there is a lack of toxicity studies on BSG,
pea, and mung bean proteins, we reasonably assume they pose low hazards since they are
consumables. Soy protein causes skin sensitization, which will be a concern for those who are
allergic.

Table 15. Hazard Assessment Comparison of PVA and Proteins

Name

Group I Human Endpoints Group II and Group II* Endpoints Ecotox-
icity Fate Physical

Hazard

Carcinogenicity Developmental
and Reproductive

Toxicity
Endocrine Activity Systemic Toxicity Neurotoxicity

Skin, Eye,
Respiratory
Irritation/
Sensitization

Aquatic Toxicity
Acute/ Chronic

Persistence
Bioaccumulation

Reactivity,
Flammability

Mutagenicity Other Pchem
Traits

Polyvinyl
Alcohol L L DG L L L H* M* L

Brewer’s
Spent Grain
Protein

L L DG L L L L vL L

Soy Protein L L M*+ L L H L L L

Pea Protein L L DG L L L L L L

Mung Bean
Protein L L DG L L L L L L

italicized = low confidence
L = reasonable assumption of safety

* = mixed literature
+ = not a consumer hazard

We also assessed the technical performance and manufacturing compatibility of each protein
alternative (Table 16). The solubility temperature and pH compatibility of the proteins align with
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those of PVA. The protein-based films have much lower tensile strength needed for detergent
packs, but they may be suitable for detergent sheets (in which the tensile strength is estimated to
be 1-10 MPa). Soy protein and pea protein films have comparable elongation, while BSG and
mung bean protein films will need further optimization. Additionally, we included in the table
our recommendations for whether the protein alternatives would be most suitable for sheets,
packs, or both.

Table 16. Technical Performance and Manufacturing Compatibility Comparison of PVA and
Proteins

Name Solubility
Temperature

pH
Compatibility

Tensile
Strength
(MPa)

Elongation
(%)

Commercial
Availability

Sheets, Packs,
or Both

Polyvinyl
Alcohol Cold and hot 5-9 47 290 Yes

(Powder, Film) Both

BSG Protein Cold and hot 6-12 4.32 60 Yes
(Powder, Film) Packs*

Soy Protein Cold and hot 3-8.5 25.1 379 Yes
(Powder) Packs

Pea Protein Cold and hot >6 7 200 Yes
(Powder, Film) Both

Mung Bean
Protein Cold and hot 8-12 3.3 81 Yes (Powder) Sheets

italicized: potential company partner
*marketing aesthetic considerations
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6. Formulation Considerations: Potential Additives

Plasticizers
Polysaccharide and protein-based films often have lower elongation than is necessary for sheets
and packs. In packs, adequate elongation is necessary to give the film flexibility and the ability to
stretch for compatibility with the pack-forming process. In sheets, flexibility is needed to tear the
piece into portions. In general, plasticizers reduce film stiffness by reducing friction between
polymer chains.53

We investigated two plasticizers to improve the elongation: sorbitol and glycerol (Figure 19).
These are both water-soluble, and glycerol is currently used in the manufacturing process of
sheets, making it easy to integrate. To note, with the addition of a plasticizer, while the
elongation increases, the tensile strength tends to decrease.

Figure 19. Chemical structures of plasticizers sorbitol and glycerol

Hygroscopicity Reducers
Polysaccharide and protein-based films absorb moisture from the air more readily than PVA. In
other words, the potential replacements are more hygroscopic. For the sheets and packs to have
the desired shelf stability, we investigated additives to reduce the hygroscopicity. Many of the
polysaccharide and protein-based films have not had extensive lifetime studies yet. The additions
of lower-hygroscopicity materials will decrease the moisture absorption from the air, and
increase the shelf life.

We investigated three hygroscopicity reducers: erythritol, mannitol, and isomalt (Figure 20). All
of these are water-soluble and have low hygroscopicity. These are used as artificial sweeteners to
prevent hard candy from sticking together, improving the shelf life. In the hard candy industry,
these are sprayed over like a coating. In this application, these may be sprayed over the sheets
and packs as they come off of the manufacturing equipment.
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Figure 20. Chemical structures of hygroscopicity reducers, erythritol, mannitol, and isomalt

Health and Environmental Performance

Sorbitol
Sorbitol is a sugar alcohol that is naturally found in some fruits. Studies show no genotoxicity,
mutagenicity, or reproductive or developmental toxicity.136 There is potential carcinogenicity
where rats were given 20% sorbitol in their diet over 78 weeks had a significant increase of
unilateral and bilateral hyperplasia of the adrenal medulla.136 However, this dosage and exposure
duration is highly unlikely, especially in application to laundry detergent products, thus posing
no consumer threat. Acute toxicity studies show an oral LD50 of 17.5 g/kg bw in male rats, 15.9
g/kg bw in female rats, 23.2 g/kg bw in male mice, and 25.7 g/kg bw in female mice, all of
which are “practically non-toxic” according to the Hodge and Sterner scale.136 Sorbitol was
found to be a slight skin irritant and a more significant eye irritant, but this is mitigated by proper
PPE for workers.137 For consumers, the dose used would be low enough that this does not pose a
risk. Regarding environmental implications, the German FEA has deemed sorbitol Class 1 Low
Hazard to waters for both acute and chronic aquatic toxicity.138 Currently, there is no data on
persistence and bioaccumulation.

Glycerol
Glycerol, or glycerin, is widely used across the pharmaceutical, food, and cosmetics industries as
a solvent, plasticizer, and humectant. Glycerol is metabolized through the kidneys and liver to
then be excreted through urine.139 Glycerol is naturally found in humans. In rat studies,
researchers found an oral LD50 of > 10,000 mg/kg and a dermal LD50 of > 21,900 mg/kg.139

Research found no genotoxic effects in rats when they were fed up to 50mg glycerol per plate
and found no carcinogenic effects when consumed up to 20% of their diet.139 In reproductive
studies on rats, no adverse effects were observed in rats orally administered 20% glycerin in
water throughout gestation and nursing. Modeled data indicates glycerol does not persist in the
environment.140

Erythritol
Erythritol is a low-hygroscopicity artificial sweetener, found naturally in fruits, vegetables, and
fermented beverages.141 It is estimated that erythritol consumption from natural sources is 25-100
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mg/person/day.141 In rat studies, there were no adverse effects when erythritol was consumed up
to 6.6g/kg for 3 weeks.142 The German FEA classifies erythritol as a low hazard to waters.
Erythritol is an FDA Generally Recognized as Safe substance, and as such, many assume safety
and do not study erythritol further, so we investigated with computational models. According to
EPA CompTox computational models, it is not carcinogenic or toxic. By the OPERA model, it is
degradable and not persistent.

Mannitol
Mannitol is a sugar alcohol and diuretic. In mice and rat studies, there has been no evidence of
carcinogenicity, mutagenicity, reproductive, developmental, or systemic toxicity.136,143 Acute
toxicity studies show an oral LD50 of 22 g/kg bw in rats and 17.3 g/kg bw in mice, which
according to the Hodge and Sterner scale is “practically non-toxic”.136 There are neurotoxic
implications, where mannitol may cross the blood-brain barrier and interfere with the brain’s
ability to maintain the pH of cerebrospinal fluid or worsen cerebral edema.144,145 However, this is
only in medical applications where mannitol is injected at frequent or high concentrations and
would not be a concern for use in detergent. Skin or eye irritation has not been observed, but
there may be irritation and discoloration when in contact with sensitive skin areas.136,146

Additionally, chronic exposure in animals did lead to minimal laryngeal ulceration and sinus
histiocytosis in the mediastinal lymph node for the high-dose group (197 mg/kg/d).136 Both of
these symptoms would be mediated with appropriate PPE and would not be a concern for
consumers. Regarding environmental implications, the German FEA has deemed mannitol Class
1 Low Hazard to waters for both acute and chronic aquatic toxicity.147 Currently, there is no data
on persistence and bioaccumulation.

Isomalt
Isomalt, or palatinit, is a sugar substitute, which is used to make strong edible structures. In rat
studies, it showed no carcinogenic, mutagenic, neurological, or reproductive toxicity when
consumed up to 10% of their diet,148 and researchers found an LD50 of > 2,500 mg/kg.149 For its
ecotoxicity, ECHA’s QSAR predicts that isomalt will degrade rapidly in the environment into
mannitol and sorbitol, with no concern for persistence and bioaccumulation, and little concern
for aquatic toxicity.150 The primary concern for isomalt is that in its pure powder form, it is a
respiratory irritant by GHS. This can be mitigated by proper PPE for workers, and it is not a
hazard for consumers.
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Table 17. Hazard Assessment Comparison of Additives

Additive Role Name

Group I Human Endpoints Group II and Group II*
Endpoints

Ecotox-
icity Fate Physical

Hazard

Carcinogenicity Developmental
and

Reproductive
Toxicity

Endocrine
Activity

Systemic
Toxicity Neurotoxicity

Skin, Eye,
Respiratory
Irritation/
Sensitization

Aquatic
Toxicity Acute/

Chronic

Persistence
Bioaccumulation

Reactivity,
Flammability

Mutagenicity Other Pchem
Traits

Plasticizer

Sorbitol L vL DG vL L M+ L L vL; M

Glycerol L L DG L L L vL L vL; H

Hygroscopicity
Reducer

Erythritol L L DG L L M+ L vL vL

Mannitol vL vL DG vL M+ L L L vL, M

Isomalt L L DG L L M+ L L L

italicized = low confidence
L = reasonable assumption of safety

* = mixed literature
+ = not a consumer hazard

Table 17 shows the comparative hazard assessment of additives. The use of these additives in the
formulation can improve flexibility and lifetime. There are data gaps for endocrine disruption,
which should be further studied. The widespread use of these additives in the food industry leads
to the pale green distinction where we assume safety. The additives that we found to enhance the
performance of PVA alternatives are not hazardous for consumers. Overall, these additives may
play an important role in enhancing the properties of detergent sheets and packs, aligning with
the strategy of identifying environmentally friendly alternatives to PVA.
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7. Conclusion

Overall Comparison
In this report, we identified and investigated a range of bio-based, biodegradable materials that
could replace PVA in packs and sheets. Since most of our potential alternatives pose little hazard
to consumers, we will focus on the technical performance and manufacturing compatibility to
make broader comparisons. Table 18 summarizes the overall technical performance of
polysaccharides and proteins in comparison to PVA. The shortfalls of tensile strength and
elongation are primarily because of stringent requirements for compatibility with current packs
manufacturing, but many of these could be drop-in replacements for sheets if compatible with
the other ingredients in the formulation. While no one option is a perfect drop-in replacement for
both packs and sheets on its own, additives could overcome particular shortcomings.

Additionally, combinations of proposed alternatives can be synergistic. For example, Brewer’s
spent grain protein mixed with chitosan increased the tensile strength and elongation.112 Also,
combining λ-carrageenan with a protein film increased the flexibility and cold water solubility.42

The synergistic effects between polysaccharides and proteins can be explained by PVA’s
structure. PVA is a semicrystalline polymer, in which the crystalline domains offer rigidity and
are less affected by solvent penetration. When semicrystalline polymers undergo applied stress
(e.g. tensile stress), the polymer chains in the amorphous domain stretch out while the polymer
chains in the crystalline domain remain intact. This characteristic feature allows semicrystalline
polymers to be ductile and deform elastically. Polysaccharides are amorphous polymers and do
not have any crystallinity, which may explain the lower tensile strength and elongation. Proteins
are neither amorphous nor semicrystalline polymers. However, they resemble the structure of
semicrystalline polymers, in which the folded region acts like the crystalline domain and the
unfolded region is similar to the amorphous domain.

Table 18. Technical Performance Comparison of PVA, Polysaccharides, and Proteins

Name Solubility
Temperature

pH
Compatibility

Tensile
Strength
(MPa)

Elongation
(%)

Commercial
Availability

Sheets, Packs,
or Both

Polyvinyl
Alcohol Cold and hot 5-9 47 290 Yes

(Powder, Film) Both

Sodium
Alginate Cold and hot >4 25-75 5 Yes

(Powder) Both

Carrageenan Cold and hot 6-10 39.3 19.5 Yes
(Powder, Film) Both*

Chitosan Cold and hot <6.5 5-245 5-495 Yes Packs
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(Powder, Film)

Pullulan Cold and hot 3-8 1.7 10 Yes
(Powder) Sheets

Cellulose Cold and hot 2-13 4.5-22.4 13.4 Yes
(Powder, Film) Both

BSG Protein Cold and hot 6-12 4.32 60 Yes
(Powder, Film) Packs*

Soy Protein Cold and hot 3-8.5 25.1 379 Yes
(Powder) Packs

Pea Protein Cold and hot >6 7 200 Yes
(Powder, Film) Both

Mung Bean
Protein Cold and hot 8-12 6.0 81 Yes (Powder) Sheets

italicized: potential company partner
*marketing aesthetic considerations

Experimental Considerations
During our research, data gaps and the relative ease of synthesizing biopolymer films inspired us
to experiment with sodium alginate. Films were prepared through a modified procedure based on
work by Janik et al. 2023 (Figure 21).31 Briefly, a 45 mL aqueous solution of 1 w/w % (0.45 g)
sodium alginate with glycerol plasticizer (30 w/w % based on the weight of alginate; 110 μL)
was prepared by stirring and heating to 60 ℃ for 2 hr. The films were then obtained by pouring
the mixture into a 10 cm diameter petri dish and heating at 40 ℃ for roughly 48 hours until the
excess liquid was removed. We also prepared a 2 w/w % sodium alginate film with 2 w/w %
generic detergent according to the same procedure.

The film we created was surprisingly strong, transparent, and flexible. The film was 50 μm thick
and by comparison, had a higher tensile strength than an ECOS laundry sheet. A portion of the
film dissolved completely in water in about 60 seconds. The film could flex easily without
cracking or breaking. Adding laundry detergent to the film resulted in a slightly more inflexible
film, though it could also be flexed without breaking or cracking. The film was slightly
discolored on one portion, though this was likely due to uneven drying due to not being on a
completely flat surface.
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Figure 21. 1 w/w % sodium alginate film (left) and demonstration of its flexibility (center). 2
w/w % sodium alginate film with 2 w/w % detergent (right).

This exercise illustrates some of the important variables and considerations that go into
developing a formulation for an alternative to PVA. It is clear that the current manufacturing
process has been carefully optimized for PVA, and thus, the use of a novel alternative would
require the same optimization of additives, ingredient composition, and drying conditions.
Variables to consider when making a biopolymer film include the concentration of the initial
aqueous solution, polymer molecular weight (average and standard deviation), ratio of various
monosaccharides, choice of counterion, potential synthetic modification (e.g., degree of
hydrolysis for PVA), and choice of additives. Furthermore, a formulation that produces a good
film may not be ideal for making a good sheet, since the addition of detergents and other
ingredients can affect the properties of the sheet. Other variables to consider when making the
sheet are the composition of the ingredients and drying conditions, such as drying time and
temperature. The combinatorial landscape must be sufficiently explored before concluding that a
potential alternative does not satisfy the criteria to replace PVA.

Remaining Questions
Many of the alternatives presented in this report have not been studied as alternatives to PVA in
laundry detergent products. Thus, information on the shelf life of natural polymer films is
generally lacking. Additionally, while many of the alternatives investigated are naturally sourced
and break down readily in the environment, little is reported regarding their ability to pass
specific biodegradability standards such as OECD 301B. Thus, before seriously considering an
alternative, more rigorous lab testing should be performed on the polymer to confirm its
biodegradability.

In the course of investigating alternatives to PVA, the compatibility of the alternatives with other
active ingredients and the current manufacturing processes were important considerations, but
cannot be satisfactorily confirmed without laboratory experimentation. For sheets, it is important
to study whether the negatively charged surfactants influence the properties of chitosan, a
polymer that must be positively charged to dissolve. In addition, certain components of the sheet,
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such as silica, kaolin, glycerin, and citric acid, will need to be adjusted appropriately to achieve
the desired properties. For packs, the compatibility of each film with elongation and heat sealing
should be further investigated. If a promising alternative is not compatible with the current
manufacturing process, it is important to note that modifications to the manufacturing process are
possible. For example, if a material cannot be heat-sealed due to degradation before reaching the
melting temperature, there are bio-based glues that could be employed, such as the work of Chi
et al. 2023.41 Additionally, if a material is not compatible with the current form-fill-seal type of
machines that are used to make the packs, perhaps other types of machines, such as a premade
pouch machine, could be explored to manufacture the next generation of packs. Lastly, the
application of hygroscopicity reducers either within the material or as a coating after
manufacturing merits further investigation.

Cost and consumer preferences were outside the scope of this report. Due to not being used in
the laundry industry, many of the alternatives require substantial investment and scale before the
prices become competitive with PVA. However, as demand for PVA alternatives increases,
market competition and innovation will bring material costs down. Consumer preference for an
alternative to PVA may also result in tolerance to slightly higher detergent product prices (e.g.,
Blueland laundry detergent tablets) and/or a replacement with non-ideal properties (e.g., a
product with a slightly green/brown tinge).

Through our research, we believe that several of our potential alternatives can be used to make
the next generation of soluble and biodegradable laundry detergent packs and sheets. However,
resources need to be contributed on several fronts—research and development, process
chemistry, industry partnerships, and marketing and consumer testing—for a true PVA
replacement to be realized. As demonstrated by the examples presented of biodegradable
biopolymers in research and industry, the technology is already available. The next phase in
replacing PVA is for an industry leader to spearhead the research and development required to
bring an alternative product to market.
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