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Sustainable formulation polymers for home, beauty
and personal care: challenges and opportunities

Christina A. R. Picken,? Orla Buensoz,? Paul D. Price,® Christopher Fidge,®
Laurie Points (2® and Michael P. Shaver (2 *

As society moves towards a net-zero future, the need to adopt more sustainable polymers is well
understood, and as well as plastics, less visible formulation polymers should also be included within this
shift. As researchers, industries and consumers move towards more sustainable products there is a clear
need to define what sustainability means in fast moving consumer goods and how it can be considered
at the design stage. In this perspective key challenges in achieving sustainable formulation polymers are
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Introduction

Synthetic polymers are ubiquitous in the modern world and
permeate every aspect of our lives, owing to their inimitable
versatility coupled with their low-cost and ease of synthesis
from fossil-fuel based sources. While applications like plastic
packaging are obvious in their appearance and form, the poly-
meric ingredients included in many fast-moving consumer
goods (FMCGs), such as soft drinks, toilet paper, shampoos,
over-the-counter medicines and washing detergents are often
“invisible”. These products are low cost, high volume and
account for a significant proportion of all consumer spending.*
Formulation polymers are key to the delivery of technical
performance of many FMCGs. Polymeric additives perform
many tasks, such as being used to alter texture and viscosity,
increase stability and provide application-specific activity (e.g.
polymeric surfactants) to different products which enables
tailoring of the product to its use.>?

The ingredients used in consumer goods are -carefully
assessed to ensure safety for both humans and the environment
however, most are discarded into waste-water streams and some
may be poorly biodegradable in the environment. There is
therefore both the requirement and opportunity to ensure that
ingredients are selected to be as sustainable as possible, reducing
the planetary impact of doing business and ultimately helping to
regenerate natural systems. Consideration of sustainability is
multi-faceted, with factors such as greenhouse gas footprint, land
use, water use and end-of-life fate all being important. Polymers
typically used in FMCGs face two interconnected challenges: they
are often derived from fossil fuels and do not necessarily degrade
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highlighted, and opportunities to overcome them are presented.

to biorelevant products at the end of the product lifecycle. Despite
making up typically less than 10% by weight of FMCG products,
the production of formulation polymers is estimated to be
a sizeable 29-36 million tonnes per year.*

In this perspective we aim to provide insight into the
importance of different polymer types, highlight some of the
challenges in achieving sustainable formulation polymers, and
identify areas of opportunity. Lastly, we make suggestions for
future changes to help guide us towards success and avoid
unintended consequences.

This article considers formulation polymers used in the
context of FMCGs for beauty and personal care, and home care,
and herein the term “formulation polymer” refers to these
classes of polymer. For the purposes of this review, both agri-
cultural and food polymers were not considered owing to their
different use phases including end-of-life, lack of direct
consumer contact and/or different regulatory requirements.

Status quo of formulation polymers

Formulation polymers can be categorised as synthetic (i.e.,
made from petrochemical feedstocks using chemical
processes), biopolymers (i.e., a polymer found in nature), semi-
synthetic (chemically modified biopolymers) or bio-based (i.e.,
made from natural feedstocks but still using chemical produc-
tion processes). Most industrially relevant formulation poly-
mers are synthetic and require petroleum-derived starting
materials. The extraction and processing of fossil fuels is energy
intensive and contributes significant greenhouse gas emissions,
loss of biodiversity and decreases water security.®

Formulation polymers in home, beauty and personal care
products ultimately end up being dissipated by dilution in
wastewater streams following product use by the consumer. For
products sold in multiple regions around the world, variations
in wastewater treatment infrastructure mean that the path
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Fig.1 Structures of common current polymers used in home, beauty
and personal care formulations.

polymers take, and their ultimate destination, varies. In coun-
tries with developed wastewater infrastructure and sewage
treatment plants, many polymers will end up adsorbed on
sewage sludge, which may then be burned for energy recovery or
spread on fields as fertiliser. In countries with less developed
infrastructure the polymers will remain in water streams, ulti-
mately being discharged into rivers and the marine environ-
ment. These different eventual fates mean that polymers are
exposed to variations in factors such as water level, pH,
temperature, ionic strength, redox conditions, and microbial
population and load at their end-of-life.

Despite the minimal toxicological effects of current formula-
tion polymers, they are generally slow to biodegrade, driven by
their large molecular size, poor bioavailability and, in many cases,
lack of functional handles in the carbon-carbon backbone.
Biodegradation of formulation ingredients are assessed by
standardised tests, for example in soil (e.g. OECD 304A), fresh
water (e.g OECD 301, OECD 302) and marine environments (e.g
OECD 306). However, these methods cannot account for all
variables present in the natural environment and are thus
conservatively designed to account for this variation. The tests
work by monitoring the complete carbonisation of chemicals into
CO,, inorganic minerals, H,O, and new biomass. Although these
methods provide an indication of the propensity of an ingredient
to biodegrade, they have limitations.® Most tests were developed
for small molecules and so the defined endpoint of complete
biodegradation may not account for the ecotoxicological impact
of oligomeric and molecular intermediates. Standards designed
to measure the environmental biodegradation of polymers are
also flawed as they lack uniformity and fail to account for the
large number of environmental variables present.”

There is a myriad of different formulation polymers, with
diverse structures and properties,*® however they are based on
a relatively small number of monomers and backbones (Fig. 1).*
This chemical convergency allows for similar processing and
production methods, thereby reducing costs and emissions.

Polymer structures

Polyacrylates, such as poly(acrylic acid) and polyacrylamide, are
some of the most widely used formulation polymers and are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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synthesised via a radical polymerisation.”® The polymer prop-
erties are varied to suit specific applications. For instance,
molecular weight is altered by addition of a chain-transfer agent
which shortens polymer chains by reacting with the end-chain
radical to interrupt growth. Topology is controlled by addition
of a co-monomer with more than two polymerizable functional
groups to give branched or cross-linked structures. The pendant
carboxyl groups present in acrylic polymers (Fig. 1) lead to
excellent water solubility owing to their ability to interact with
H,0 molecules. Acrylic polymers act as rheology modifiers by
binding or immobilising water in liquid-based formulations to
give products their desired flow behaviour. These polymers are
also used as emulsifying agents and work by reducing surface
tension between hydrophilic and hydrophobic ingredients to
form a consistent texture. Acrylic polymers lack any useful
chemical handles within the backbone to allow biodegradation
to occur and are non-biodegradable according to OECD stan-
dards. In certain instances, it is possible to source acrylic
monomers from bio-derived sources, which may reduce the
environmental impacts of this polymer class, however the
economic feasibility and overall life-cycle analysis is yet to be
explored.**?

Polysiloxanes (Fig. 1) are comprised of an alternating silicon
and oxygen backbone with pendant functional groups (typically
alkyl groups) substituted on the silicon atoms. These polymers
are relatively inert as a consequence of free rotation of the
polymer chain which results in optimal orientation of side
chains creating a low energy surface. The strong Si-O and Si—-C
bonds also contribute to a lack of reactivity and consequent lack
of degradability.”® Linear and cyclic polysiloxanes are an
important class of compounds in home and personal care
products, finding use as lubricating agents and anti-foaming
agents.'® They have widely been considered to have low
toxicity towards living organisms and humans, as evidenced by
experimental studies showing minimal or no toxicological
effects.””'®* However, recent studies have brought into question
the accuracy and consistency of these studies, suggesting that
we cannot generalise commercial polysiloxanes as one polymer
and must consider all chemical species present when consid-
ering toxicological effects.'® Polysiloxanes are typically removed
from wastewater through absorption onto sewage sludge, which
may then be applied to agricultural fields and therefore released
into the environment.”® Polydimethylsiloxane (PDMS) is the
simplest polysiloxane and can abiotically degrade in soils con-
taining Lewis acidic minerals (e.g. minerals with Fe*" and AI**
sites).”* However, it is unlikely PDMS degrades in sewage sludge
as studies have shown the polymer fails to biodegrade under
aerobic or anaerobic conditions in simulated environments.*®

Poly(vinyl alcohol) (PVA) and polyvinylpyrrolidone (PVP)
(Fig. 1) are two vinyl polymers widely used in beauty and home
care products. PVA is a synthetic water-soluble polymer and is
synthesised by the hydrolysis of poly(vinyl acetate), as the direct
monomer, vinyl alcohol, is not possible to isolate due to its
immediate conversion to the tautomeric acetaldehyde.”* PVA is
used as the film material in liquid detergent capsules and as
a binder and thickener in beauty and personal care products.*
The 1,3-diol moiety present in the PVA backbone makes it one of
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the only carbon backbone polymers that is susceptible to
biodegradation.**?* The metabolic pathway of PVA degradation
has two distinct steps, requiring two different enzymes. Firstly,
hydroxyl groups are converted into a B-diketones by a secondary
alcohol oxidase enzyme before hydrolytic cleavage of the C-C
bonds between two carbonyls by a [-diketone hydrolase
enzyme.*** However, PVA biodegradation is known to only
occur in the presence of suitable bacteria. Studies utilising real-
world sewage sludge have shown PVA degradation to be
significantly reduced compared with laboratory degradation.*®

PVP possesses a pendant lactam ring (Fig. 1) and is syn-
thesised by radical polymerisation of N-vinyl-2-pyrrolidone. The
lactam ring can hydrogen bond rendering PVP soluble in water
and many organic solvents, which facilitates its use across
home and personal care industries as a film-former and thick-
ening agent. The polymer is non-toxic and bio-compatible. For
example, PVP fed to experimental animals was shown to be
simply excreted with no indication of accumulation.”” The bio-
logical inertness of PVP results in an almost complete lack of
degradability, as evidenced by biodegradation studies. The
ubiquity and lack of degradability of PVP has led to its detection
in wastewater streams.”® PVP has been shown to complex well
onto sewage sludge however few studies have investigated its
true environmental fate.*

PEG poly(ethylene glycol) (Fig. 1) is a key component of many
personal care and beauty formulations. PEG is a water-soluble
polyether, synthesised on an industrial scale by the ring-
opening polymerisation (ROP) of ethylene oxide which, in
turn, is typically made from fossil-derived ethylene (although
bioderived streams are becoming increasingly available). PEG is
available at varying molar masses, with different end groups,
and in different co-polymers - each variation imbuing the
polymers with different properties. PEG polymers act as an
emulsifier in creams and lotions and as a wetting agent. Fatty-
acid modified PEGs which contain both hydrophilic and
hydrophobic groups are used as non-ionic surfactants in home-
care formulations. Despite the relative stability of the polyether
backbone, PEG can be biodegraded under aerobic and anaer-
obic conditions, relying on the free alcohol end-groups for an
oxidative mechanism of degradation to occur.’***

Biopolymers are abundant in nature and many have been
repurposed as formulation ingredients, for instance starch has
been used as thickening agents in cosmetics.** Biopolymers
such as polysaccharides possess different topologies and func-
tionalities, including cationic, anionic, and amphoteric func-
tional groups.*® The structures of biopolymers are limited in
their raw form and chemical modifications are made to widen
their scope of use as formulation polymers, to produce bio-
based polymers. Modifications include acetylation, alkylation
and halogenation, acidification by succinylation, and the
formation of salts.*

The polymer backbone is the primary factor in determining
polymer properties, however there are many additional factors
at play. Understanding polymer-solution interactions is key to
rational design of new formulation polymers. For instance,
thickening can be achieved using crosslinked polymers by the
entangled nature of polymer chains or by association
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interactions of hydrophobic domains.** The choice of polymer
class, molar mass, architecture, and inclusion of side-chain
functional groups all contribute to tuning of macromolecular
properties to suit a specific function. For formulation polymers,
the main performance considerations are the behaviour in
solution (or as a liquid), ability to stabilise a formulation and
the ability to affect rheological behaviour. When developing
new polymers it is imperative to factor in sustainability aspects
at the very initial stages.** Moreover, we must take a holistic
view of polymer sustainability and understand that designing
for biodegradability is just one part of the move towards
a circular economy. Consideration of social and economic
sustainability must be coupled with environmental sustain-
ability in order to actualise the envisioned end-of-life fates of
designed polymers.*

Formulation polymer design
challenges

The fundamental tenets of a circular economy are to (i) elimi-
nate waste and pollution, (ii) ensure products and materials are
retained at their highest value, and (iii) regenerate nature.*® For
a formulation polymer, circularity can be achieved by decou-
pling from fossil-derived resources and moving towards recy-
cled or waste feedstocks as well as ensuring polymers rapidly
biodegrade.” The scale of the challenge should not be under-
stated. Herein, we explore the key challenges surrounding the
development of formulation polymers for personal, beauty and
home care products that are more safe and more sustainable by
design (Fig. 2). The starting feature is performance. Polymers
are used for a variety of functions and are designed to meet the
requirements of their performance. For customers, the perfor-
mance of a formulation is integral to the decision to (re)
purchase and (re)use a product. The switch to more sustainable
formulations must not risk reducing the quality and efficacy of
the performance. Furthermore, less effective products in the
name of sustainability may lead to countereffects. For example,
a cleaning product that doesn't foam as well may result in more
of the product being used to perform its function.

Bio-sourcing

As stipulated by the circular economy framework, designing for
circularity can utilise renewable resources (i.e. biomass waste,
with a more circuitous route to circularity) or recycled polymer
or chemical feedstocks (i.e. with a more tightly controlled but
shorter path to circularity). The diverse fate of FMCG formula-
tion polymers suggests designing for the biosphere may be
preferential. Many natural polymers exist in nature such as
polysaccharides and polypeptides, which are already used as
formulation ingredients (starch, alginates, chitosan).’”?®
Recently, investigations into biopolymers has expanded to
include new sources (e.g. citrus skins, spent coffee grounds),***>
new modifications (e.g. semi-synthetic lignin or building
degradable links into non-degradable polymers).**** and new
methods of extraction (e.g. by bacterial fermentation).**** In
addition, natural feedstocks have been wused to source

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Summary of challenges and requirements in developing sustainable polymers for formulations.

monomers and reagents for the synthesis of bio-based polymers
(e.g. poly(lactic acid) or poly(hydroxyalkanoates)).>*

Bio-based polymers are not, by definition, more sustainable
than fossil-derived polymers. Many bio-based polymer life cycle
assessments (LCAs) highlight potential issues with farming and
eutrophication risks as the main negative environmental
impacts.*>** It is predicted that without careful consideration,
an increased demand in bio-based feedstocks increases
demand on land use and therefore could negatively impact food
production and biodiversity.**** To avoid harmful conse-
quences and achieve true sustainability, the wider implications
of changing feedstocks need to be considered.”*** To this end,
biomass produced as by-product from existing food and agri-
culture industries offers a beneficial and compatible
opportunity.>***%

Furthermore, as described above, a variety of monomers,
chemistries, structures and functionalities gives rise to a diverse
catalogue of polymer functions used in a wide range of appli-
cations.®® Despite the functional variety, a majority of formu-
lation polymers are derived from a limited number chemical
feedstocks.* Feedstock quality must be reliable and clean to
ensure a consistent product is distributed to customers.
Obtaining a pure polymer or monomer stream requires a degree
of processing which itself needs to be scalable, efficient,
affordable, and not place high demands on water security or
resource usage. An opportunity exists to identify key bio-based
resources which facilitate flexibility in the processing to
provide a variety of structures for different functions.

Economies of scale

For high volume commodity products such as FMCGs, cost of
goods is typically low. Affordable and reliable polymer ingredi-
ents that meet performance and reproducibility demands are
therefore needed. Economic analysis of solid plastic production
found that bio-based feedstocks contribute to increased costs of
two to three times compared to conventional fossil-derived
feedstocks.* Even when used in low percentages of a formula-
tion, a significant increase in cost of degradable formulation
polymer can drive up the cost of the product which can have
a detrimental impact on affordability worldwide. In the short-
term, as few sustainable alternatives are available on the
market, this may significantly reduce uptake and limit scaling

© 2023 The Author(s). Published by the Royal Society of Chemistry

of more sustainable alternatives. To keep costs low a balance
between cost and function is often finely tuned.

An option to affordably compete with current formulation
polymers and build into a circular model is to base future
polymer design on existing feedstocks or waste products which
are already produced at scale. The extraction and processing of
bio-based feedstocks requires fast, robust and efficient
processes which are safe and scalable, utilising inexpensive
reagents and catalysts, and low volumes of solvents. Stream-
lining adaptable processes to extract multiple products from
one feedstock will be economically beneficial. The relatively
small scale of formulation polymers when compared to the
scale of plastics production creates a duality of pressures, where
co-production with other petroleum products skews system
economics. Utilising mass balance of renewable and more
sustainable feedstocks may offer a route to scale new feedstocks
whilst recouping increased costs and avoiding the large capex
costs associated with new processes.

Biodegradation

As previously discussed, polymers impart beneficial properties
to formulations. A key challenge in designing biodegradable
formulation polymers is achieving a product that is stable in
formulations (across potentially lengthy supply chains from
production to consumer use) but is quickly and completely
degradable once diluted at the end of the useful lifetime to
reduce any potential impacts on water resources.**® The
degradation characteristics (i.e. rate and extent of degradability)
is a governing factor when designing new degradable bio-based
polymers.

Biodegradable polymers are defined as polymers which
break down to defined metabolic end points without pollution
or deleterious effects in a reported time frame.* Whilst current
formulation polymers in use are assessed as safe, many are non-
biodegradable and there is a growing desire from industry,
consumers and government to move towards polymers which
do not remain in the environment.***

Degradation can be promoted by biological means such as
bacteria, fungi or enzymes, either aerobically or anaerobically,
or by abiotic chemical processes via hydrolysis, oxidation or
photolytic cleavage.®* The large size of polymers impairs their
uptake by microbial cells.®*** Microorganisms release enzymes
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which can degrade specific bonds and functional groups
extracellularly, creating smaller molecules which can then be
metabolised.® In all ideal cases, the end products of biodegra-
dation are carbon dioxide (and methane for anaerobic degra-
dation), water, inorganic minerals and new biomass.®

The biodegradability of a formulation polymer is governed
by two main features; the chemical and structural design of the
polymer material and the conditions of the environment at end-
of-life.** Some natural biodegradable polymers such as poly-
saccharides and polypeptides have evolved with their ecosys-
tems to include labile bonds within the polymer chain
susceptible to enzymatic or chemical cleavage.®” Across
different polymers, whether naturally occurring or not, the
same class of cleavable bonds can have significantly different
rates of degradation. Enzymatic and chemical cleavage can be
affected by the polymer size, stereochemistry of the monomer
units, the sequence of units and functional groups neighbour-
ing the cleavable site, degree of crystallinity, and the chain end
groups.®® The modification of polymer structures can therefore
increase or decrease the rate of degradation which presents
both a risk and an opportunity to fine tune degradation rates.

Besides polymer design, degradability is also dependent on
the environment of release. Water-based formulations are
typically washed down wastewater routes which vary worldwide.
In the developed world, wastewater is largely treated in
municipal water treatment sites in which it undergoes enzy-
matic and chemical degradation before entering water courses
such as rivers and lakes. Regional and temporal differences in
microbial populations and enzymes may alter the degradation
rates.®® The ability of polymers to adsorb onto waste sludge
changes residence time in a water treatment site which makes
degradation rates difficult to predict.® Furthermore, sewage
sludge can end up in agricultural applications which increases
the environmental reach of non-degradable polymers.** Else-
where in the world, direct discharge of products by consumers
into rivers, lakes and seas could limit enzymatic degradation
activity or function. Whilst the polymers are assessed as safe for
the environment, their specific fates remain unknown. Varia-
tions across the two aqueous pathways include pH, tempera-
ture, ionic strength, redox conditions and microbial
populations. With the combined differences in mind, it is
necessary to consider the likely wastewater pathway when
designing or choosing a biodegradable formulation polymer.

Biodegradation testing

Degradation guidelines for small molecules and structural
polymers are outlined by the OECD (as discussed earlier) and
involve variations of incubation of the test sample in defined
conditions to measure the carbon (CO, or CH,) evolved or O,
taken up over time.” Whilst accepted to be conservative and
provide a strong indication of the biodegradation of a test item
in the environment, the limitations with current degradation
testing was summarised by Zumstein and coworkers,*® which
included (i) not accounting for O, sequestration mechanisms,
(ii) a potential decrease in enzymatic activity by dilution of
inoculation media, (iii) accounting for temperature variability
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where degradation rates do not vary linearly with temperature,
(iv) extrapolation of time scales in largely variable systems and
(v) tests were largely designed for small molecules and are not as
well suited to large molecules such as polymers where issues
with bioavailability needs to be overcome.

The cost and duration of the current suite of biodegradation
tests mean that they are typically only applied to final ingredi-
ents, or to a small number of late-stage prototype materials in
a development project. Ideally, biodegradation in multiple
environmental compartments would be screened (experimen-
tally or in silico) alongside other fundamental performance
parameters early in the development process of new families of
more sustainable formulation polymers. This would both
enable decisions to be taken on prototype ingredients with
more information, but also enable the development of a larger
dataset of polymer biodegradability data, feeding general
understanding of these processes and allowing the develop-
ment of quantitative structure-biodegradability relationships.
The development of new rapid experimental and computational
capabilities in this area remains a key unmet need for the
industry.”

Environmental safety

Considering the number of formulations consumers use on
regular basis, it is clear that the polymeric ingredients within
them need to be safe for human and environmental contact.
Formulation ingredients are risk assessed for eco-toxicological
effects although most polymers have been categorised as
benign owing to their large size which renders them non-
bioavailable.”® As degradable polymers are broken down to
oligomers and small molecules, the eco-toxicological profiles of
the intermediates also need to be considered. Furthermore, the
products and degradation products must be demonstrated to be
safe to wastewater streams and environments which they will be
exposed to. The potential biological systems that a formulation
product could encounter — whether bacterial, fungal, plant or
animal - is so broad that screening for all potential environ-
mental conditions or ecological interactions is not feasible. In
addition, the types of catalyst, reagents and by-products used in
production processes for new formulation polymers will also
need to be judiciously selected to reduce potential accumula-
tion in the environment, especially if non-intentionally added
substances could be produced from cross-reactivity. We must
also recognise that biodegradation is not instantaneous, and
the structures formed upon breakdown of future polymers are
diverse (monomers, dimers, oligomers). These factors should
inform future testing and modelling of environmental impacts.

The new formulation polymer frontier

Moving away from petrochemical feedstocks is a challenge for
polymer industries for the reasons highlighted above. Fortu-
nately, the natural world is abundant with a large variety of
biopolymers from DNA to wood lignin to the webs of spiders —
all of which possess known degradation and biological uptake
pathways, via hydrolysis, bacterial or enzymatic means. This

© 2023 The Author(s). Published by the Royal Society of Chemistry
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does not mean that all bio-based materials are appropriate
feedstocks; many woody, waxy or tough biopolymers would not
pass an OECD biodegradation test. We apply this sustainability
lens to some notable families of polymers currently under
development (Fig. 3).

Next-generation degradable vinyl polymers

Our current understanding of formulation polymers relies on
non-degradable polymers, typically involving a carbon-carbon
backbone. Whilst efforts to synthesise degradable polymer
structures by design are ongoing, a method to improve on our
current systems is to incorporate breakpoints into traditionally
non-degradable polymer. Vinyl and acrylic polymers have been
synthesised to incorporate ester functionalities into the poly-
mer backbon