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Abstract

Per- and polyfluoroalkyl substances (PFAS) are used in a wide range of consumer
products due to their strong resistance to oil, water, and stains. However, PFAS are highly
persistent in the environment and are associated with a myriad of irreversible negative health
outcomes such as cancer, adverse developmental effects, and neurotoxicity. In 2021 the Maine
Legislature required the removal of PFAS from “avoidable” use in products sold in the state by
2030. Floor polish is under consideration as one possible product category since nearly every
floor polish on the market contains PFAS.

In this report, we examine potential alternatives to PFAS in floor polish, based on both
technical metrics and health and environmental considerations. PFAS alternatives must facilitate
the spread of floor polish across a floor surface as a wetting agent and concurrently level the
polish so that it dries without application marks, dips, or dents. The metrics that correspond with
this performance criteria include surface tension, contact angle, critical micelle concentration,
and the octanol-water partition coefficient. To avoid regrettable substitutions, we assess our
alternatives for persistence, carcinogenicity, reproductive and developmental toxicity, skin and
eye irritation, among other hazard categories.

We offer two biosurfactants as potential alternatives to PFAS in floor polish:
rhamnolipids and amino acid surfactants, specifically sodium lauroyl glutamate. Both
alternatives demonstrate strong technical potential as leveling agents with surface tension values
less than 30 mN/m at very low surfactant concentrations. Rhamnolipids achieve good wettability
on a polyvinyl chloride surface, while sodium lauroyl glutamate has good recoatability potential.
Both surfactants greatly reduce hazard concerns across human health endpoints and can degrade
in the environment. However, further studies are required to clearly understand their impact on
aquatic toxicity and long term effects on human health.

In conclusion, we suggest that there is high potential for rhamnolipids and sodium lauroyl
glutamate to act as alternatives to PFAS in floor polish products with rhamnolipids as a strong
contender. We recommend further investigation into improving the production efficiency of both
substances, assessing their actual performance in a formulation on various floor textures, and
replacing other potentially hazardous substances in floor polish formulations.



Background

Per- and polyfluoroalkyl substances (PFAS) are ubiquitous in our environment. PFAS
form a class of substances made up of over 9,000 chemicals distinguished by a strong chain of
carbon atoms bonded to fluorine.' This strong chain makes PFAS very difficult to break down.'
These compounds are used in a wide range of products like nonstick pans, raingear, firefighting
foam, and food packaging due to their exceptional ability to repel oil and water, and enhance
product durability. The wide range of products with PFAS and their use have introduced large
amounts of PFAS into the environment, where they have the potential to significantly affect
surrounding ecosystems as well as enter drinking water supplies. Based on biological testing, it is
estimated that 99% of Americans have PFAS in their bodies.” More studies have provided
toxicological evidence linking PFAS with many adverse health outcomes such as cancer,
neurotoxicity, and adverse reproductive, developmental and immunological outcomes in animals
and humans.® Thus, government agencies, corporations and the general public are realizing the
importance of limiting the production and use of PFAS.?

The prevalence of PFAS in drinking water systems has emerged as a major concern in the
United States and around the world. PFAS in drinking water is particularly alarming because the
complete removal and destruction of PFAS is very difficult and often expensive. Municipal
drinking water systems in the United States typically use filtration and chemical treatment (e.g.
chlorine), but PFAS evade this treatment because they are highly soluble in water and are highly
chemically stable.* Options for filtering out PFAS include activated carbon treatment, ion
exchange, and high pressure membranes (e.g. reverse osmosis) but may not remove all types of
PFAS or work for high volume waste streams.* Meanwhile, water sources not connected to a
municipal supply, such as residential wells, may have no treatment mechanisms at all, leaving
them particularly vulnerable to contamination by undetectable chemicals like PFAS.

Opportunities for PFAS exposure exist on the other end of water treatment as well.
Municipal wastewater treatment systems across the country send dried and treated sewage sludge
to agricultural fields for use as fertilizer, and this concentrated sludge has been found to contain
high levels of PFAS and other pollutants like heavy metals and microplastics.” Leachate from
agricultural fields with this fertilizer can contaminate both groundwater and surface water with
PFAS. A panel of experts found this to be the case in Maine, where recent testing revealed high
levels of PFAS in drinking water, particularly residential well water and some school water
sources.’ In part due to this concerning discovery, the Maine Legislature passed laws in 2021
requiring the removal of PFAS from “avoidable” use products sold in the state by 2030.”

We are working with Defend Our Health, a nonprofit based in Maine that works to
protect residents from the harmful effects of toxic chemicals. We seek to explore whether viable
alternatives to using PFAS in floor polish exist, therefore making it “avoidable” to add PFAS to
floor polish formualtions. PFAS in floor polish is a relevant concern for drinking water



contamination because it is typically applied with a mop and bucket, and washing out these tools
could lead to leftover floor polish going down the drain.®

PFAS uses in floor polish

Potassium N-ethyl perfluoro alkane sulfonamidoacetate (N-EtFOSAA) is a specific
fluorochemical that represents fluorosurfactants commonly used in floor polish. N-EtFOSAA is
highly persistent, can bioaccumulate, and is associated with aquatic toxicity, mammalian toxicity,
and overall systemic toxicity.” While there are still a number of data gaps regarding how
N-EtFOSAA affects other important endpoints, we know that its degradation products include
perfluorooctane sulfonic acid (PFOS) and perfluorobutanesulfonic acid (PFBS), which are better
studied fluorochemicals. PFOS is highly stable in the environment and does not degrade. Various
harmful health effects are associated with PFOS, including endocrine disruption, carcinogenicity,
organ toxicity, immunotoxicity, neurotoxicity, and more.'® PFBS shares many of these concerns
and presents high concern as eye and skin irritants, reproductive toxicants, and are associated
with multiple types of cancer."!

Current large scale users of floor polish include but are not limited to schools, hospitals,
and large retailers including grocery stores. Floor polish primarily protects and extends the
lifespan of floors, and secondarily enhances the visual appearance of floors and facilitates easier
cleaning." Floor polish is also marketed to residential consumers for home floors.

Fluorosurfactants aid in spreading the floor polish out across the floor, a characteristic
called wetting, and help ensure no visual impurities are present when the polish dries, a
characteristic called levelling (Figure 1).

-No fluorosurfactant

Floor finish without Capstone™ Floor finish dosed with FS-60 at
fluorosurfactant shows 75 ppm has drastically improved
clearly visible orange peel and leveling and surface appearance
significant surface defects. of the floor finish on the vinyl tile.

Figure 1. Close up image of a vinyl tile without any added fluorosurfactant (left)
compared to what it looks like with a commonly used fluorosurfactant in floor polish, Capstone
FS-60 (right). This demonstrates the enhanced levelling performance that can be achieved when
a floor polish contains PFAS. Source: Chemours."

Fluorochemicals further stand out as a floor polish additive when it comes to
recoatability. While PFAS replacements have been identified and tested successfully for the first
one or two coats, their performance tends to decline when more than four coats are applied.'*



Fluorosurfactants allow for the application of 4-5 coats without compromising gloss and high
levelling performance while resisting blackheel scuffs and dents.” Fluorosurfactants are effective
in small doses (usually 100-275 ppm), which helps ensure that other properties of the floor polish
do not start to degrade. Likely due to this small concentration, fluorosurfactants are extremely
versatile and work well in many different formulations and under variable conditions.'

Approach

Technical Environmental Health

Surfactant performance
Recoatability Production Application Disposal

Figure 2. Overview of our approach toward finding a PFAS replacement. Image credits: Biolin
Scientific, Water Quality Products, Phil Roeder.

Finding an alternative that can completely replicate PFAS performance in floor polish
will be challenging given the many strengths of PFAS compounds. However, we strive to find
viable candidates that have a strong baseline performance with improved human and
environmental health outcomes. The scope of our work will focus on alternative surfactants that
are commercially available. We will assess the technical performance of our proposed solutions
alongside the potential health and environmental impacts.

Technical assessment

PFAS serve multiple functions in floor polish and can overperform, so we first narrowed
our scope by identifying the essential functions of a replacement surfactant as its wetting and
levelling performance. Both wetting and levelling agents help the floor polish spread evenly over
a substrate but influence different interfaces. Wettability is related to the liquid-substrate
interface and whether a liquid droplet will spread (Figure 3).">'® This phenomenon can be
measured by the contact angle (0), where a contact angle that is 90° or higher indicates low
wetting. When the contact angle is less than 90°, that means there is partial or high wetting
which leads to spreading.
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Figure 3. Adapted from Jarray, A. et al.'® Schematic of a droplet wetting on substrate illustrating
low and partial wetting. Also distinguishes surface tension from wettability.

Levelling occurs at the liquid-air interface and can be measured by surface tension
(Figure 3). Surface tension refers to the energy required to increase the surface area of a liquid,
or more generally, the force required to keep a liquid together as a droplet.'”'® A surfactant’s
ability to reduce surface tension is measured by how well it reduces the surface tension of water,
which has one of the highest surface tensions for a liquid at 72 mN/m."

The various interactions involved in the ability of a liquid droplet to spread over a surface

Yoy Y

can be described by the Young equation: cos(©) = ~. The contact angle (0) shown in
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Figure 3 is actually affected by three interfaces: liquid-surface (yg ), liquid-vapor (surface
tension, yy), and solid vapor (ygy).”” However, since it can be difficult to reliably measure the
individual v,y and yg, we approximate that wettability at the surface-liquid interface is best
described overall by contact angle, and we can use surface tension as a proxy for levelling
performance.'® Ultimately, a good surfactant will be able to reduce the energy difference between
the liquid-substrate interface to achieve good wetting, and the liquid-air interface to achieve good
levelling.

Additional technical metrics that will help us assess surfactant candidates are the critical
micelle concentration (CMC) and the octanol-water partition coefficient (K,,). CMC is the
concentration at which surface tension stops changing with surfactant concentration. It will be a
helpful benchmark for us to compare the amount of surfactant that is needed to achieve
minimum surface tension, where a small CMC value indicates that less surfactant is needed.?!*
The K,, measures whether a substance has greater affinity to octanol, an oil or fatty phase, or
water, which can tell us about a substance’s ability to repel oil, known as oleophobicity.”
According to an expert in the floor polish industry, the strong oleophobicity of fluorochemicals
potentially drives a floor polish formulation’s tolerance for extensive recoating, where it is
typical to apply 4-5 coats of floor polish in one application.'” Thus, we will use K, as a proxy
for recoating potential.



Although we gathered information on the technical performance of PFAS, given that they
often outperform other types of surfactants to an extreme degree, we will use sodium dodecyl
sulfate (SDS) to represent a baseline performance for non-fluorinated surfactants. SDS is a
commercially available anionic surfactant commonly used in cleaning and hygiene products,
which will provide a helpful point of reference for our proposed alternative surfactants. We use
the following color scheme and internal standards to summarize our technical assessment:

High Efficacy (H) Moderate Efficacy (M) Low Efficacy (L)

Water contact angle < 45°
Surface tension < 36 mN/m
CMC:2-7mM

LogKow <2

45° < Water contact angle < 90°
36 mN/m < Surface tension <54 mN/m
7mM < CMC <14 mM

2 <LogK,w <S5

Water contact angle > 90°
Surface tension > 54 mN/m
CMC > 14 mM

LogKow >5

We designated good wettability as less than 90°, and the best wettability occurs at less
than 45°. Excellent leveling agents need to reduce the surface tension of water by more than
50%. Since most floor polishes use between 100-275 ppm, or 2 - 7 mM, of PFAS, a competitive
surfactant should have a CMC within that range. K, is a unitless value commonly reported in
logarithmic form (logK,,) since K,, spans many orders of magnitude. LogK,, spans from -3
(very hydrophilic) to +10 (very hydrophobic).** We want an oleophobic, or essentially
hydrophilic, compound, which means that smaller values indicate better recoating potential. In
particular, we set a logK,, of 5 as a threshold since that is a common designation for
oleophilicity.” Although our internal standards may not completely predict an alternative
surfactant’s performance in floor polish, we use them as a framework to evaluate their potential.

GreenScreen score assignment for health and environmental endpoints

We evaluated the health and environmental endpoints for both existing PFAS used in
floor polish and our proposed alternatives by first gathering information from authoritative lists
on Pharos and filling in gaps with literature review and CompTox calculations. We standardized
this initial evaluation using the Globally Harmonized System (GHS) of Classification and
Labelling of Chemicals. Then we converted the GHS scores into GreenScreen assignments using
a procedure adapted from GreenScreen for Safer Chemicals. Based on the risks from PFAS, we
focused on the human and environmental endpoints that were most relevant in the entire lifecycle
of our alternatives. When considering the disposal of our ultimate solutions, we wanted solutions
that are biodegradable and will not persist in the environment, especially in an aquatic
environment. We use the following color scheme to rate the hazard potential of the endpoints:

2 3 4 5 LC PC DG
Low Potential
Hazardous Moderate Low Very Low Concern Concern | Data gap




Low concern and potential concern meant we found very few studies on an endpoint and
could not converge on a more specific assignment. A data gap corresponded with a complete
lack of studies that directly related to the endpoint.

Health and environmental performance of PFAS in floor polish

We researched and analyzed the potential hazard concerns of floor polish products
containing PFAS at each phase of the product life cycle, using this as our baseline for the health
and environmental performance of existing floor polish formulations.

AGRICULTURE

Wastewater direct
discharge to stream

Figure 4. Phases during which PFAS chemicals enter the environment and lead to human and
environmental exposures. Source: Minnesota Pollution Control Agency™

Production of PFAS

The Environmental Protection Agency (EPA) recognizes that PFAS manufacturing
facilities can release PFAS into the air and water, as demonstrated in Figure 4.%° Many cities in
the United States have found evidence of PFAS contamination in surface water, the sediment
downstream of production facilities, and the effluent from wastewater treatment plants.” While
PFAS pollution during the production phase is one concern, there are also occupational exposure
risks to workers in facilities manufacturing PFAS. According to the National Institute for
Occupational Safety and Health, occupational exposure to PFAS during production differs from
the general public since the exposure sources are less diverse with a relatively stable exposure
duration.”” Possible exposure routes include dermal contact of concentrated products or
inhalation of PFAS from the workplace.
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Application of floor polish with PFAS

Exposure to PFAS during floor polish application is of particular concern for janitorial
workers who often apply floor polishes in commercial settings such as schools, hospitals, and
retail and grocery stores. During application, there is potential risk for dermal contact and
inhalation. A recent study by Zhou et al. looked into actual concentrations of PFAS in the air
during and after floor polish application to assess the exposure of janitorial workers. They found
estimated levels of PFAS in the air to be one order of magnitude greater during floor polish
application than typical indoor air concentrations, suggesting a significant occupational health
risk for those who apply floor polish as part of their profession.® We may also interpret an
additional risk for those working, visiting, or attending school in locations soon after floor polish
is applied, particularly when it comes to sensitive populations such as young children or people
visiting hospitals.

Disposal of floor polish containing PFAS

One critical route for PFAS-containing floor polish to end up in the environment is
through the disposal of spent product. Using a bucket and a mop is reportedly the most common
application method of floor polish, which can lead to unused spent product getting poured down
the drain.® Even if there is not any remaining product, just the process of washing off the tools
used to apply the polish leads to PFAS going down the drain and entering wastewater treatment
plants. Since wastewater treatment plants cannot sufficiently remove PFAS from water, it can
then spread into the environment with the treated water. From here, aquatic toxicity is a concern,
along with any potential contamination of drinking water. As PFAS can bioaccumulate, any
substance that ends up in aquatic species will likely make its way up the food chain. There is also
concern surrounding disposal of floor materials containing floor polish that are removed and sent
to landfills, which over time could leach into the environment.?
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Strategy 1: Rhamnolipids

Inspiration

Biosurfactants are compounds produced by microorganisms to help them advantageously
interact with and change the surface of their local environments.?’ Although the exact physical
and chemical stressors that lead microorganisms to produce biosurfactants are still uncertain,
these biosurfactants have garnered widespread interest for their utility.*° Biosurfactants are
already commercially available and used in many industries including agriculture,
pharmaceuticals, food, and cosmetics.’’*? Several properties that make them attractive for these
very different applications include emulsification, cleansing, foaming, and dispersion.?'?*3
Additionally, some studies have shown that biosurfactants can degrade under aerobic and
anaerobic conditions, which will mitigate their persistence in the environment.*>-*

One leading commercial biosurfactant in these various industries is a glycolipid
biosurfactant called a rhamnolipid, which we believe holds potential as a levelling and wetting
agent in floor polish.’! They are produced by the bacterial species Pseudomonas (P,) aeruginosa
in which three enzymes are responsible for the synthesis of rhamnolipids. Rh1A catalyzes the
production of the hydrophobic precursor for the rhamnolipid, while RH1B catalyzes the reaction
between the fatty acid and rhamnose molecule to form a mono-rhamnolipid, which will be the
main rhamnolipid of our discussion in this section.? Rh1C is a third enzyme that produces
di-rhamnolipids by attaching a second glucose molecule. Innovative metabolic engineering
research has focused on isolating the enzymes that synthesize rhamnolipids and expressing them
in non-pathogenic hosts to improve the safety of rhamnolipid production.’” There has also been
substantial research exploring different feedstocks to serve as the substrate for the microbial
fermentation (e.g., waste cooking oil, fats, oils, sugars) to create a closed production loop and
explore how to manipulate rhamnolipid physicochemical properties.*>*®

Technical performance

Rhamnolipids are amphiphilic molecules that have affinities to both water (hydrophilic or
oleophobic) and fats (oleophilic or hydrophobic). Rhamnolipids are composed of a sugar
molecule (thamnose) and fatty acid, where the sugar is the hydrophilic part, while the fatty acid
chain is generally the hydrophobic end (Figure 5).** Rhamnolipids act as a surfactant where the
hydrophilic end, or the sugar, orients toward the floor polish solution itself —since it is mainly
composed of water— and the fatty acid tail orients away from the bulk floor polish solution.

12
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Figure 5. Mono-rhamnolipid molecule where the rhamnose molecule (sugar) is enclosed
in the blue box and the fatty acid chain is pointed out as the hydrophobic end. The RI position is
where a second rhamnose molecule can attach to form a di-rhamnolipid, and the R2 position can

have fatty acid chains with varying lengths.*®

We compare the rhamnolipids performance to our baseline surfactant, SDS, according to
the technical metrics described in the approach section (Table 1). We also include the technical
metrics for the two most popular fluorosurfactants currently used in floor polish formulations
that go by the trade names FS-60 and FS-65. We find rhamnolipids reduce surface tension down
to a range of 26 - 29 mN/m, which is comparable to SDS. Notably, the CMC value for
rhamnolipids (0.41mM) is much smaller than for SDS (8mM), indicating that we can achieve a
relatively low surface tension with a smaller amount of rhamnolipids, while a much higher
concentration of SDS is needed to achieve a similar surface tension value. It is also helpful to
note that SDS has multiple CMC values but the lowest is 8 mM, and subsequent CMC values
only increase from there.”> Rhamnolipids have strong leveling potential, with surface tension
values comparable to the fluorosurfactants (FS-60 and FS-65), and a CMC only two times larger
than the fluorosurfactants and 20 times smaller than that for SDS.

Table 1. Technical metrics of three classes of surfactants: fluorosurfactants FS-60 and FS-65,
SDS, and our proposed alternative, rhamnolipids

Technical properties FS-60 FS-65 S::llll;lal:le (zgil)esc)yl Rhamnolipids
. M H M
Wate(r‘;‘;'t‘t‘:sitl;‘y‘)gle ©) ~51-56° ~20° at 3.48 mM [~20° at 1.5 mM on
(similar products FS-61 & FS-63) on PVC¥ PVC
Surface tension H
H H . H
(mN/m) 23.8 (tail) and 34.6
(Levelling) 19 at 0.05% 18 at 0.05% (head) 26-29
Critical mic?llllﬁ\:;mcentration H M H
33
(Surfactant concentration) 0.23 (for Capstone 1157) 8-8.5 0.41
H
LogKow (octanol water M 1.69 (calculated L
partition coefficient) 2.51(0.276 - 5.99) "
(Oleophobicity) ( for N-EtFOSAA) W‘%%ggy N )
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High Efficacy (H) Moderate Efficacy (M) Low Efficacy (L)

Contact angle strongly depends on substrate material. A fair evaluation of wettability
potential requires comparing water contact angle measurements across the same substrates.
Although floor polish is used on many types of floor material, we tried to find measurements on
vinyl, or PVC, since large buildings like stores or schools may use PVC floors and polish them.
Based on the information available, we can directly compare wettability potential between SDS
and rhamnolipids on PVC. Both surfactants achieve contact angles as low as 20° at similar
concentrations, which indicates excellent wettability. However, surfactant concentration also
influences the contact angle as seen in Figure 5. Rhamnolipids demonstrate smaller contact
angles at almost all concentrations compared to SDS, but the contact angles vary widely from
20° - 45°% If we use the rhamnolipid’s CMC, which is about 260.3 mg/L, the contact angle
would increase to about 30-37° (Figure 6). This means that rhamnolipids achieve their best
wettability at concentrations larger than its CMC. Rhamnolipids may perform well as both a
wetting and levelling agent as indicated by its excellent surface tension and contact angle on
PVC; however, testing will be required to find the rhamnolipids concentration that optimizes
both functions.
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Figure 6. Relationship between contact angle and concentrations of rhamnolipids and SDS¥

Finally, the rhamnolipid has a logK,,, of 5.77, which means it is more hydrophobic, suggesting
that rhamnolipids favor oil and are not very oleophobic. Thus, if we use oleophobicity to predict
a rthamnolipid’s ability to assist in recoating, it would not recoat floor polish well and perform
more poorly than SDS.

Changing the salt counterion or concentrations to tune surfactant performance

A notable strategy to tune the chemical properties of surfactants is to change the salt
counterion or concentration. For example, PFOA without a salt yields an effective surface
tension that is less than half of the value of PFOA with a sodium counterion, and PFOS with a
potassium salt produces the lowest surface tension compared to other salt counterions (e.g.,
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lithium, ammonium).*® Meanwhile, varying the concentration of lithium chloride mixed with
SDS manipulates the resulting contact angle of SDS.* There are even studies exploring how salt
concentration impacts a rhamnolipid’s ability to lower surface tension.*** Figure 7 illustrates
that for all mixtures of rhamnolipids with different salt (NaCl) concentrations, surface tension
decreases as the rhamnolipid concentration increases.* Once the rhamnolipid concentration
reaches its CMC, surface tension does not change. In particular, increasing the NaCl
concentration up to 40 g/L consistently decreased the overall surface tension value ranges (black,
red, and blue curves in Figure 7). Ultimately, this systematic change in sodium chloride
concentration demonstrates that rhamnolipid surfactant properties are tunable.

(3)60.M ——0g/L

551 —o—20g/L
== 40g/L
E 501 —v=80g/L
| 100g/L

> 45 ==t

40

~

10 100 1000
¢ (mg/L)

Figure 7. Change in surface tension as a function of rhamnolipid concentration (c mg/L).
Different colors correspond with different salt (NaCl) concentrations mixed with rhamnolipids.*

Technical summary

Rhamnolipids may meet the technical performance requirements for floor polishes.
Rhamnolipids generate a surface tension that is comparable to SDS and within the range of
fluorosurfactants, all at a much smaller concentration than SDS. Rhamnolipids could potentially
replace fluorosurfactants as levelling agents in floor polish, particularly because they may also
perform well as wetting agents on a PVC surface. However, they are considered rather
oleophilic, which suggests poor recoatability potential. We suggest tuning rhamnolipid properties
by changing the salt counterion or concentration. While we can try to predict the performance of
rhamnolipids as a surfactant in floor polish, its overall effectiveness will best be determined
when combined with other elements of a floor polish formulation. We also do not know how well
it will perform on different floor substrates. Despite these unknowns, rhamnolipids show
potential as a replacement for fluorosurfactants.

Health and environmental performance of rhamnolipids in floor polish

We conducted a life cycle analysis of rhamnolipids in the context of a floor polish product to
evaluate its environmental and health outcomes. We then compared the level of concern over
rhamnolipids in each stage with the level of concern over PFAS in floor polish. While there is

15



not a vast array of literature concerning the potential health and environmental hazards of
rhamnolipids, there is enough evidence to convince us of the expected safety of the compound.

Production

Rhamnolipids demonstrate a lower risk than PFAS compounds in floor polish products
across six hazard categories denoted by a low to very low hazard score in our hazard table (Table
2). In particular, there is convincing evidence that most Group I and II endpoints have low
concern despite data gaps (Table 2). Patowry et al. tested the cytotoxicity of rhamnolipids in
mouse cell lines and did not find any cytotoxic effect.*® Semkova et al. found that rhamnolipids
assisted a traditional chemotherapy drug to induce cell damage or death in cancer cells, and
posed that rhamnolipids may show promise as a natural anticancer agent.*’ Overall, rhamnolipids
present little concern for production workers who may be exposed to rhamnolipids through
dermal contact or inhalation.

While rhamnolipids present a low concern regarding health impacts, their source
material, Pseudomonas (P.) aeruginosa, presents possible risks during rhamnolipid production. P
aeruginosa is an opportunistic infection bacteria that produces a large number of extracellular
toxins.”® Although there is a potential health risk of occupational exposure to P. aeruginosa
during production, this risk can be reduced through proper hygiene protocols and personal
protective equipment use.*” Furthermore, expressing enzymes for rhamnolipid production in
non-pathogenic hosts is currently being researched and will also decrease occupational exposure
risk.*’

Another production concern focuses on the use of hazardous solvents like chloroform to
increase the yield of rhamnolipids, which leads to potential employee exposure risks.”® However,
replacing problematic solvents with greener solvents and optimizing the rhamnolipid extraction
and purification process will reduce reliance on and risk of hazardous solvents.’'* Despite
human health concerns present during the production of rhamnolipids, clear and growing
strategies to address these concerns exist. Additionally, the overall production of rhamnolipids is
more environmentally friendly since the process requires less energy than other biosurfactants.>

Application

During floor polish application, there is risk for both acute and chronic exposure. Acute
exposure can occur from any accidental spills, while chronic exposure could come from repeated
contact with floor polish through either dermal exposure or inhalation. As mentioned above,
janitorial staff are particularly at risk, and can be exposed to various PFAS compounds from
airborne particles measured during floor polish application.® While safety policies can mitigate
PFAS exposure for both janitorial staff and surrounding people (e.g., personal protective
equipment, application in empty spaces), we drastically reduce these hazards through using
alternative surfactants such as rhamnolipids.” Rhamnolipids display low to very low hazard
concern in most of the endpoints considered, including carcinogenicity, mammalian toxicity,
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systemic toxicity, respiratory toxicity, and skin irritation. Rhamnolipids do present a higher risk
with eye irritation, which is concerning for the application stage, however we suggest the use of
personal protective equipment during application to mitigate this risk.

Disposal

As mentioned previously, spent floor polish may enter water systems, which leads to
concerns about aquatic toxicity and persistence. PFAS compounds are difficult to remove from
the environment, are not fully removed by wastewater treatment, and do not break down easily
because of their strong carbon-fluorine bonds. In contrast, we found that rhamnolipids
biodegrade under both aerobic and anaerobic conditions and therefore likely would be removed
by wastewater treatment plants as they create either aerobic or anaerobic conditions during
treatment.>>** This removal presents less of a risk for any unforeseen downstream consequences.
Furthermore, rhamnolipids enhance the biodegradation of other pollutants, remove heavy metals,
and also help wet soil.***™® One remaining area of concern is the potential for rhamnolipids to
inhibit algae growth and disrupt soil microbial activity.” There is also minor concern regarding
the bioaccumulation potential of rhamnolipids; however, this is a modeled estimate based on the
high logK,,, so we would like to see experimental data to confirm the modeled data on
bioaccumulation.*"*

The Danish EPA listed rhamnolipids as Category 2 (using GHS criteria) for chronic
aquatic toxicity based on modeled results.” However, in 2016 Johan et al. conducted a full
battery of ecotoxicity tests of mono-rhamnolipids, and found low acute toxicity based on fish
embryo acute toxicity testing, no mutagenic or estrogenic effects based on the Ames fluctuation
assay and in silico modeling, and lower aquatic toxicity than chemical surfactants but slightly
higher than other biosurfactants based on immobility testing of daphnids.®” Based on the
expected concentration of rhamnolipids in cleaning products that could end up in waterways,
they conclude that there is minimal toxicity concern.
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Rhamnolipids hazard assessment

Table 2. Rhamnolipids hazard assessment with fluorosurfactants N-EtFOSAA and PFBS

N-EtFOSAA| PFBS |Rhamnolipids
Carcinogen 3 3 5
Mut: LC LC 4
Group I ragen
endpoints Repro/Dev DG 2 DG
Endocrine
disruptor DG DG
Mammalian
Toxicity 4% 2 4
Systemic Toxicity DG 2 LC
Group II Neurotoxicity DG 3 DG
endpoints Respiratory
Toxicant DG PC 4
Skin irritation PC 4
Eye irritation DG 2
Eco toxicity | Aquatic Toxicity 2% 3 PC
Fate
Bioaccumulation PC* PC PC
2 3 4 5 LC PC DG
Potential
Hazardous | Moderate Low Very Low |Low Concern| Concern | Data gap

[talicized = potential score; * = prediction based on similar compound
N-EtFOSAA represents a baseline fluorosurfactant in floor polish, and PFBS is its degradant.
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Strategy 2: Amino Acid Surfactants - Sodium Lauroyl Glutamate

Inspiration

Amino acid surfactants are our second strategy for biodegradable commercial surfactants
and are currently used in other industries such as cosmetics, cleaning products, and biomedical
applications.”® Amino acids form the building blocks for proteins in all living organisms, and the
basic structures contain a carboxyl group, amine group, and a distinct variable group (Figure 8).%
The variable group grants each amino acid unique chemical properties, such as charge (e.g.
anionic, cationic), as demonstrated in Figure 8. Amino acid surfactants form through the
condensation of natural amino acids with fatty acids derived from an oleochemical source.! We
focus on anionic surfactants since their negative charge better allows the molecule to lift and
suspend dirt, which is helpful for floor polishes to resist dirt.®

H - CHARGE
| e
l I H HN—C—c”
| /0 1 \O
H — N = C — C = OH H3N~—L|:—c\’ CH,
I CH, o CH,
Amine Carboxyl B B
group R group oo © b0
Variable Aspartic Acid Glutamic Acid
group (Asp/D) (Glu/E)

Figure 8. General structure of amino acids on the left, where the variable group imparts unique
functionality to the amino acid. Aspartic and glutamic acid are anionic amino acids, and
glutamic acid is a precursor to sodium lauroyl glutamate.**

Sodium lauroyl glutamate (SLG), an anionic amino acid surfactant, is produced via the
Schotten-Baumann reaction, which involves the acylation of a free amine of glutamic acid with
an acyl chloride.®® SLG demonstrates high surface activity, shows low toxicity, and is predicted
to have quick biodegradation based on its relatively simple structure (Figure 9).°” Although
current production methods for amino acid surfactants rely on solvents to increase yield at a
lower cost, there is potential for greener production through enzyme catalysis.®® Additionally,
exploration into more sustainable surfactant production focuses on using renewable and raw
feedstock like waste proteins and waste cooking oils to form the fatty acid chain precursor.*®

Technical performance

Sodium lauroyl glutamate (SLG) is an amphiphilic molecule with an affinity for both
water and fats, where the carboxylate part is hydrophilic, and the fatty acid chain is the
hydrophobic (or oleophilic) end (Figure 9). Due to its amphiphilic nature, SLG can perform as a
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surfactant where the hydrophilic end will orient toward the floor polish solution that is mainly
composed of water, and the fatty acid tail will orient away from the bulk floor polish solution.

hydrophilic

O O

HO ONa

hydrophobic
O

Figure 9. Sodium lauroyl glutamate molecule where the hydrophilic component is enclosed in
the blue box, and the fatty acid chain is outlined as the hydrophobic end.

For our technical assessment, we use three baseline surfactants to compare with SLG.
Our baseline fluorosurfactants, FS-60 and FS-65, are commonly used in floor polish solutions.
We also have the non-fluorinated baseline surfactant, sodium dodecyl sulfate (SDS). Comparing
the wettability of SLG to the baseline surfactants is difficult since we could not find water
contact angle studies with vinyl (PVC) surfaces for all the surfactants. With this limited
information, we initially predict that SLG may be a poor wetting agent due to its large contact
angle on sericite substrate.®” However, we recommend following up on the wettability of SLG on
more relevant surfaces given the limited information currently available.

SLG reduces surface tension to less than 30 mN/m, which is effectively reducing the
surface tension of water (72 mN/m) by more than 50%." Although fluorosurfactants achieve the
lowest surface tensions, that alone does not consistently predict overall leveling performance.'
Thus, we determine that SLG has high potential for performance as a levelling agent given that it
exceeds our internal metric for surface tension performance and is comparable to SDS.
Furthermore, we find that the concentration of SLG needed to achieve the minimum surface
tension, measured by critical micelle concentration (CMC), is very low and comparable to the
fluorosurfactants’ CMC.”™ Finally, we could not find the logKqy values for sodium lauroyl
glutamate and used sodium cocoyl glutamate as a proxy molecule. Sodium cocoyl glutamate’s
logKow is much smaller than 5, which means that it is very oleophobic and suggests that it has
good recoatability potential.”
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Table 3. Technical comparison of three classes of surfactants: fluorosurfactants FS-60 and
FS-65, sodium dodecyl sulfate (SDS), and representative amino acid surfactant sodium lauroyl

lutamate (SLG)
. . Sodium dodecyl | Sodium lauroyl
Technical properties FS-60 FS-65 sulfate (SDS)y olutamate (SLb)
S
Water contact angle (°) ~5 ?1156° 15! o
(Wettability) (similar products FS-61 & ~200§‘EP3\.]4CS39mM 138'(6Ir9linzlrlai)esr9wlte
FS-63)
Surface tension H
H H . H
(mN/m) 23.8 (tail) and 0
(Levelling) 19 at 0.05% | 18 at 0.05% 34.6 (head)® <30
Critical mic«(alllllt;vi;)ncentration H M H
33 70
(Surfactant concentration) 0.23 (for Capstone 1157) 8-8.5 0.48
LogKow (octanol water M H I2}
w w .
partition coefficient) 2.51(0.276 - 5.99) VIW?I? 12081\(;1\1;‘;%1 0'5970(5(0)2 S?dlum
(Oleophobicity) ( for N-EtFOSAA) OSPR)" olu tamaze)ﬂ
High Efficacy (H) Moderate Efficacy (M) Low Efficacy (L)

Gemini surfactants

One avenue to tune the physicochemical properties of SLG and other amino acid
surfactants is to link two identical surfactant molecules together with a spacer chain, as shown in
Figure 10. Amino acid gemini surfactants appear to not be widely used in commercial
applications yet, and a gemini surfactant with SLG base units has not yet been synthetically
explored. However, there is growing research on amino acid gemini surfactants since they offer
unique benefits to traditional gemini surfactants including preparation from renewable resources,
possibly low ecotoxicity and cytotoxicity, and molecular tunability.”

CHj CHs

oj/U)m o o 10(%0

NH /\e/)/\ HN
N s N

H H

NH HN

A A

o NH, NHZ 7" NH,
cr cr

Figure 10. Example of a cationic gemini surfactant composed of two surfactants from arginine
sources. The alkylene diamine spacer chain is enclosed by a blue box and can have varying
carbon atom length.”

21



Gemini surfactants exhibit critical micelle concentrations up to two orders of magnitude
lower than their single surfactant counterparts.”” This means that a smaller concentration of a
gemini surfactant is needed to achieve its lowest surface tension, which can result in production
cost savings. However, their impact on absolute surface tension values are variable and
dependent on the base surfactant molecule.”” While gemini surfactants more efficiently reduce
surface tension, their overall surface tension values at critical micelle concentrations still range
from 30 - 34 mN/m, which is not that different from our proposed SLG surfactant.”>7>7
Although gemini surfactants cannot achieve a surface tension as low as a fluorosurfactant, that
alone is not predictive of the final performance of amino acid gemini surfactants in floor polish.
The gemini surfactant form still influences surface activity compared to its monomer form.

Other components of the gemini surfactant can further tune surfactant properties. Some
gemini surfactants with a short chain exhibit high viscosity at a low concentration, which may be
undesirable for floor polish applications and a property to note for caution.”” A study on the
length of the hydrophobic fatty acid chain illustrated that increasing the carbon length from 6 to
14 carbons corresponds with a decrease in the critical micelle concentration to achieve their
lowest surface tension values (Figure 11).7

80

70

60 -

50 - o

40 |

Surface tension /mN m-1

30

20 '
0.0001 0.001 0.01 01 1 10

Concentration /mmol dm3

Figure 11. Relationship between surface tension and anionic gemini surfactant concentration
with different fatty acid chain lengths (corresponding with different markers: upside down
triangles = 6 carbons and right-side up triangles = 14 carbons)”

While there are some concerns that the increased chemical stability of gemini surfactants
may result in poorer biodegradation, there are a growing number of studies that explore building
biodegradation into these molecules. Gemini surfactants that are sourced from arginine show
better biodegradation and lower aquatic toxicity than bis quaternary ammonium halide
surfactants and monomeric counterparts.®’* Additionally, synthetically incorporating a spacer
chain that is easily breakable reduces persistence.’’
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Overall, gemini surfactants have garnered significant attention due to drastic changes in
their surfactant properties by combining two single surfactant units together. Most gemini
surfactants that have been investigated are cationic due to easier synthetic manipulation, so
exploration of anionic gemini surfactants have potential for growth.””” In general, most gemini
surfactants have been studied for their micelle formation to apply toward cleaning applications
(e.g. home, pharmaceuticals, oil recovery), and there is opportunity for further studies on other
surfactant properties that may be more relevant for floor polish applications.

Technical summary

Sodium lauroyl glutamate (SLG) is a representative anionic amino acid surfactant that
can potentially replace fluorosurfactants in floor polish. SLG produces a surface tension
comparable to SDS at a very small surfactant concentration. SLG shows high oleophobicity
indicating good recoatability potential. Although SLG initially appears to not be a strong wetting
agent, more wettability studies on relevant floor surfaces will clarify SLG’s potential.

Single amino acid surfactants can also be combined to form gemini surfactants. They
have very low critical micelle concentrations to achieve their surface tensions. Investigating
further use of this class of surfactants may help amino acid surfactants with their final
performance in floor polish formulations. While we focused on SLG for our technical
comparison, there is a large variety of amino acid surfactants available. The abundance provides
opportunities to test different amino acid surfactants but also means that it can be harder to find
or conduct studies to provide fair comparisons between different surfactant choices.

Health and environmental performance of sodium lauroyl glutamate in floor polish

Similar to our assessment of rhamnolipids, we considered the health and environmental
impacts of using sodium lauroyl glutamate (SLG) in floor polish during each life cycle stage of
the product, from production to use to disposal. SLG seems to be safer than PFAS at each stage
of the lifecycle, which is consistent with its listing on the EPA’s Safer Chemical Ingredients
List.”®

Production

During production, relevant exposure pathways for production workers include inhalation
and dermal exposure. When it comes to the health hazards during production, we are concerned
by SLG’s possibly high skin and eye irritation potential as identified by the European Chemicals
Agency (ECHA), particularly in the higher doses expected by workers in production facilities.”
Although we expect to see some degree of irritation with surfactants because they reduce the
surface tension of and disrupt the cell’s lipid membrane, we suggest protocols for personal
protective equipment to minimize skin and eye irritation.” Further identification of relevant
concentrations will also determine safety protocols, as there are some conflicting studies and
statements supporting SLG’s low irritation potential.”*"-52
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Group 1 endpoints shown in Table 4 are important to consider when it comes to the
health of production workers since they often experience chronic exposure in varying levels to
the substances they produce. There is potential concern over reproductive and developmental
toxicity of SLG, because the Danish EPA Advisory List determined that SLG is suspected of
damaging the fertility of an unborn child.* However, this evaluation was based on a modeled
result, so more experimental studies on SLG’s impact on reproductive and developmental
toxicity will be helpful.¥ Additionally, SLG exhibits low concern as a mutagen since it did not
show reactivity to the Ames test. This is important because production workers can be exposed
to higher amounts of the material than consumers over long periods of time, so any signs
pointing to carcinogenic potential would be concerning.

Application

We previously established that janitorial workers who apply floor polish regularly carry
the largest health burden. Routes of exposure during floor polish application include dermal
contact and inhalation. Skin and eye irritation are a potential concern for the person applying the
floor polish; however, these hazard endpoints are less concerning since production workers are
more likely to encounter the high concentrations that would induce severe skin and eye irritation.
SLG is used safely in cosmetics, so small concentrations likely do not lead to severe irritation.

There is concern over both acute effects from any accidental exposure during the use
phase, as well as chronic, low level exposure. SLG appears to not have significant concerns for
Group I endpoints that can be associated with chronic exposure, as seen in Table 4. However,
there are also substantial data gaps regarding the long-term human health impacts from exposure
to SLG. Further research that clearly defines and evaluates the safety or hazards of SLG will be
valuable.

Disposal

Aquatic toxicity, persistence, and bioaccumulation are important to consider given the
possibility of floor polish materials getting washed down the drain. SLG provides a substantial
improvement over PFAS compounds because SLG readily biodegrades and poses a low concern
regarding aquatic toxicity.” We would, however, feel more confident with additional publicly
available peer-reviewed studies.

24



Sodium lauroyl glutamate hazard assessment

Table 4. Comparative hazard assessment between current PFAS used in floor polish and it’s

degradant and sodium lauroyl glutamate

Sodium lauroyl
N-EtFOSAA | PFBS .
glutamate
Carcinogen 3 3 DG
Mut LC LC LC
Group I Hagen
endpoints Repro/Dev DG 2 PC
Endocrine
disruptor DG DG
Mammalian

Toxicity 4* 2 5
Systemic Toxicity DG 2 LC
Group II Neurotoxicity DG 3 DG

endpoints Respiratory

Toxicant DG PC LC

Skin irritation PC - 2

Eye irritation DG 2 2
Eco toxicity | Aquatic Toxicity 2% 3 LC

Fate
Bioaccumulation PC* PC DG
2 3 4 5 LC PC DG
Potential
Hazardous | Moderate Low Very Low |Low Concern| Concern | Data gap

Italicized = potential score; * = prediction based on similar compound
N-EtFOSAA represents a baseline fluorosurfactant in floor polish, and PFBS is its degradant.
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Additional Strategies Considered

Alkyl polyglucosides

Alkyl polyglucosides are non-ionic surfactants. Similar to rhamnolipids and amino acid
surfactants, alkyl polyglucosides have a hydrophobic fatty acid chain that can be sourced from
raw materials like vegetable or waste oil and starch.® Like the rhamnolipid, the alkyl
polyglucoside’s hydrophilic component is a sugar molecule (glucose, Figure 12).

OH
H 0 0]
HO O/(CHz)nCHs
OH

m

Figure 12. Alkyl polyglucoside structure where the bracket contains the glucose molecule and
the fatty acid chain is (CH,),CH;.

Alkyl polyglucoside surfactants are used in a wide variety of applications such as
cleaning, cosmetics, and agriculture due to their wettability, emulsification performance, and
biodegradation.*® Alkyl polyglucosides also present a low toxicity concern as they are on the
EPA’s Safer Chemical Ingredient List.*” Commercial alkyl polyglucosides, such as the Dow
Triton CG-425, reduces surface tension down to 28.8 mN/m at a critical micelle concentration of
61 ppm, which is about nine times higher than fluorosurfactant concentrations in floor polish
solutions.®® We strongly considered alkyl polyglucosides as an alternative strategy; however, they
did not perform well in floor polish solutions according to our industry consultant.'*

Siloxanes

Siloxanes, also known as silicones, are utilized in multiple industries as a PFAS
replacement due to their effective performance as an oil and water repellent and as a surfactant.
They have even been considered in floor polish formulations and performed fairly well.'
According to a patent for use of siloxanes in floor polish, ionic silicone surfactants have good
levelling and wetting properties and maintain resistance to soiling, which is an important element
of floor polish.* Siloxane contains a silicon and oxygen molecule and is capable of forming
multiple different polymers that all have differing properties.”

However, while some scientists argue that they are safe, siloxanes have been recently
scrutinized for their health and environmental hazard potential. In 2018, three siloxane
monomers were added to the EU’s List of Substances of Very High Concern due to their
persistence in the environment, bioaccumulation, and toxicity.”! Some siloxanes have been
associated with endocrine disruption and reproductive effects, which is concerning.”® There is a
possibility that only certain siloxanes have a higher human hazard potential depending on the
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degree of polymerization and the chemical structure.”” Unfortunately, the argument for siloxane’s
strong technical performance and the tradeoff between structural stability and environmental
persistence is reminiscent of previous justifications of PFAS use, which is why we did not pursue
siloxanes further.”

Waxy plant leaves

In addition to biosurfactants and synthetic surfactants, we also explored naturally occurring
substances from plants that demonstrated desirable properties for floor polish. In our initial
bio-inspiration search, tropical plant leaves caught our attention for their glossy and waxy
surfaces and water-repellent properties. We investigated several plant leaves and explored their
usability for floor polish applications. Ultimately, we did not propose plant leaves or their
chemical constituents as a direct PFAS alternative due to challenges in production, scalability,
and the fact that it does not replace the exact function of PFAS in floor polish, which is how we
ultimately decided to limit our project scope.

The first floor waxes came from carnauba wax and are still commercially used. Fatty acid
esters (80-85%) and fatty alcohols (10 - 16%) compose the majority of the chemical mixture of
carnauba wax.** It stands out from other natural waxes due to its high melting point (78-85°C),
glossy finish, and strong abrasive resistance.””®” However, the carnauba palm only grows in
Brazil, so we had concerns about sustainable harvesting. Additionally, the application of floor
polish products with carnauba wax is labor intensive.

We investigated banana leaves as another natural wax source. They demonstrate
properties comparable to carnauba wax, especially a high melting point.”® Thus, commercializing
banana leaves could increase the amount of natural wax used in products. However, the
properties may vary with banana leaf genotype due to different leaf wax compositions.

Figure 13. (a) Image of lotus leaf and (b) the hierarchical micro/nanostructures composed of
papillose epidermal cells responsible for the lotus leaf’s extreme wetting surface®

Lotus leaves are extremely hydrophobic and exhibit extreme wetting capabilities due to
papillose epidermal cells enveloped in hydrophobic epicuticular wax.”” The epidermal cells are
composed of randomly oriented rough structures observed at the nano and micro-scales (Figure
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13). These structures provide air-pockets and result in a rough interface between a water droplet
and the leaf surface so that water runs off very easily.” The lotus leaf architecture serves as an
engineering inspiration to implement nano-textured surfaces such as in the floor substrates
themselves or with the application of the floor polish solution.

Beyond fluorosurfactant substitution

While it is necessary to replace PFAS in floor polish, there are other potentially
hazardous ingredients in many floor polish formulations. These range from VOCs to harmful
preservatives to styrene copolymers.”” Using products with those chemicals could lead to
additional occupational, consumer, and environmental exposure risks. Exposure to other
ingredients in floor polish is associated with health outcomes such as cancer, brain damage, birth
defects and asthma. Therefore, the issue of finding safe and eco-friendly chemicals in floor
polish products should not be limited to PFAS substitutes only.

Furthermore, we have considered whether floor polish use can be eliminated in some
settings. While floor polish makes floors more durable, we can consider floor material that is
sustainable, durable, and does not require polishing. Syracuse University recently installed a
number of spaces on their campus with rubber flooring that is easy to clean, visually appealing,
and does not require floor polish.'” Other schools, tired of the yearly process of stripping and
repolishing floors, are also looking into alternative floor materials.*
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Recommendations

Technical comparison of rhamnolipid and SLG surfactants

We found that rhamnolipids and sodium lauroyl glutamate (SLG) both have technical
potential to replace fluorosurfactants in floor polish formulations. Both alternatives can reduce
the surface tension of water by more than 50% at a concentration comparable to
fluorosurfactants. Rhamnolipids display strong wettability performance with a low contact angle
on PVC. It will be helpful to further study the wettability potential of both rhamnolipids and
SLG on a larger variety of surfaces that are relevant for floor polish applications. We predict that
SLG may have better recoatability potential than rhamnolipids, but the best way to evaluate
recoatability will be to test the performance of these alternative surfactants when mixed into a
floor polish solution.

We outlined two strategies for tuning the properties of rhamnolipids and amino acid
surfactants: changing the salt counterion or concentration and using gemini surfactant forms.
Another strategy that may be useful for tuning surfactant properties is to mix different surfactants
together. Synergistic interactions can occur in surfactant mixtures, which often lead to smaller
surface tensions and critical micelle concentrations than single component counterparts for
rhamnolipids, amino acids, and gemini surfactants.'”" ' For example, surface tension is
drastically lowered to below 1 mN/m when combining rhamnolipids with a synthetic
non-fluorinated surfactant.”” Combining surfactants also tunes other surface activity such as
micelle formation.'”'** Overall, a possible strategy for overcoming technical deficits with one
surfactant may be to add another surfactant.

Hazard assessment comparison of rhamnolipid and SLG surfactants

Rhamnolipids and SLG demonstrate low hazard concerns across many endpoints,
especially compared to PFAS compounds. Most importantly, both alternatives degrade and do
not persist. SLG possibly exhibits low concern for aquatic toxicity, while rhamnolipids may have
slightly higher potential to pose a hazard to aquatic life. However, both assessments were based
on limited studies and modeled data, so we advocate for more studies on the aquatic toxicity of
these surfactants. In particular, this information will reconcile our understanding for the
ecotoxicity of rhamnolipids, which are commonly employed to break down pollutants in
waterways.

For the human health endpoints, rhamnolipids clearly pose minimal concern across
Group 1 and 2 endpoints, while SLG possibly presents low concern but requires more studies.
The main concerns for the production of rhamnolipids center on the use of a bacterial host and
hazardous solvents. However, there are clear strategies and alternatives (e.g. safety protocols,
green solvents) that reduce occupational exposure risk during production. Skin and eye irritation
remain as the endpoints of concern for people in both the production and use stages of the
surfactants. Some degree of irritation is expected with surfactants since they disrupt the cell’s
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lipid membrane. Distinguishing the concentrations required for irritation and floor polish use will
be helpful in establishing safety procedures and personal protective equipment for the production
and application of floor polish containing these surfactants.

Additional research on the carcinogenicity, reproductive and developmental toxicity,
endocrine disruption, and neurotoxicity will provide more information on data gaps and increase
our confidence in score assignments. We encourage studies to provide more detailed information
on the exposure routes to better evaluate hazards for surfactants and implement safety measures.

Table 5. Final summary of our technical, health and environmental assessment of our two
proposed solutions, rhamnolipids and sodium lauroyl glutamate

Technical Human Health Environmental
* Strong levelling and * Low concern across * More studies on
wetting potential Group I and IT human environmental outcomes
Rhamnolipids * More available studles health endpoints derponstratmg safety
* Broad commercial D s * Biodegrades and
.. * Data gaps in literature
applications degrades other pollutants
* Aquatic toxicity
. » Strong potential for » On EPA’s List of Safer | Appears safe and is able
Sodium . . . . :
levelling and recoatability | Chemical Ingredients to biodegrade
Lauroyl . . o . .
* Not used as widely in * Data gaps in literature | * Insufficient studies
Glutamate .
industry
Outlook

Although both rhamnolipids and SLG are technically comparable, rhamnolipids are
commercially used in a larger variety of industries than amino acid surfactants, so they may be a
good first choice to investigate as an alternative surfactant in floor polish. Furthermore, we found
a larger number of studies that evaluate the surfactant properties and hazard outcomes of
rhamnolipids. While amino acid surfactants are growing in commercial applications, finding
comprehensive studies and information that are specific to an amino acid surfactant can be
challenging given the vast diversity of possible amino acid surfactants.

Beyond our initial exploration into these alternative surfactants, we anticipate that a few
questions regarding the performance of rhamnolipids will be clarified when mixed into floor
polish solution and tested. First, the necessary concentration for rhamnolipids will need to be
determined. Ideally, a low concentration reduces production costs and minimizes modifications
of the final floor polish properties.'> Additionally, lab tests will need to evaluate the effectiveness
of floor polish solutions with rhamnolipids on different floor materials. Finally, a longer-term
direction could entail pursuing one of the surfactant optimization strategies we outlined earlier,

such as salt counterion, gemini surfactants, or mixing surfactant systems together.
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Appendices

Appendix A: Project Team Members

Yuning Xu is a second year MPH student in the Environmental Health Sciences program with a
concentration in industrial hygiene. She has experience working on a project related to PFAS
policy in waste water while applying the p-sufficient approach.

Tessa Wardle is a second year MS student in the Environmental Health Sciences program of UC
Berkeley’s School of Public Health. She has a background in assessing the health consequences
of toxic chemicals, and is familiar with the current crisis of widespread PFAS contamination. In
the past she has worked on conducting an extensive literature review of nitrate and arsenic
effects on birth outcomes, examining industrial facilities chemical releases, and understanding
the health implications of exposure to multiple different pesticides.

Jenna Tan is a fifth year PhD chemistry student whose research focuses on the crystallization of
organic molecules for semiconductor applications. She will use her chemistry background to help
understand and evaluate the molecular properties of PFAS and the functional alternatives.
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Appendix B: Complete comparative hazard table

ium lauroyl
N-EFOSAA |PFBS| PFOS | Rhamnolipid | SO4um fauroy
glutamate
375-7] 1763-23-
CAS # 67584-51-4 | 3-5 1 4348-76-9 29923-31-7
Carcinogen 3 3 2 5 DG
Mutagen LC LC 3 4 LC
Group I
endpoints Repro/Dev DG DG PC
Endocrine
disruptor DG DG DG
Mammalian
Toxicity 4% 4 5
Systemic
Toxicity DG LC LC
Group II Neurotoxicity DG DG DG
endpoints -
Respiratory
Toxicant DG PC PC 4 LC
Skin irritation PC LC 2
Eye irritation DG 2 2 2
Aquatic
Eco toxicity Toxicity 2% 3 2 PC LC
Persistence 5 >
Fate Bioaccumulati
on PC* PC PC DG
2 3 4 5 LC PC DG
Potential
Hazardous | Moderate Low Very Low |Low Concern| Concern | Data gap

Italicized = potential score; * = prediction based on similar compound
N-EtFOSAA represents a baseline fluorosurfactant in floor polish, and PFBS is its degradant.
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Appendix C: Hazard assessment references

We acknowledge the PEAS-Tox Database as an extremely helpful resource to find relevant toxicological
studies for PFAS compounds.
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