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Imagine uncontaminated Artic snow…
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…full of microplastics!

Bergmann et al., Sci. Adv. 2019; 5 : eaax1157     14 August 2019
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The length of fibers ranged between 65 and 14,314 mm. While 97% 
had a maximum length of 5 mm, 31% were shorter than 500 mm. In 
general, the fibers show an increasing trend toward shorter lengths 
but are not saturated in the lowest size class (fig. S1). European fibers 
were significantly longer compared with those from Arctic snow (Mann- 
Whitney U test: W = 13,723, P = 0.0001) even if the two largest European 
fibers (14,314 and 13,704 mm) were excluded. Table S3 includes the size 
information of individual fibers marked with their region of origin.

Material composition
The highest proportion of MPs in the total natural and synthetic 
particle load was found in snow from Ice Floe 1 (88%), followed by 

Bavaria 2 (67%) and Ice Floe 9 (37%) (table S2). There was no significant 
difference in the proportion of MP particles from European and Arctic 
snow (Mann-Whitney U test: W = 170, P = 0.59). The composition varied 
considerably with 19 different polymer types found in total ranging 
between 2 (Ice Floe 4) and 12 types (Bavaria 2) per sample (Fig. 2D and 
table S1). The number of polymers per sample was significantly higher 
in European (mean, 8.63 ± 0.80) compared with Arctic (mean, 5.14 ± 
0.79) samples (Mann-Whitney U test: W = 123, P = 0.013). Acrylates/
polyurethanes/varnish/lacquer (hereafter varnish) occurred most 
frequently (17 samples), followed by nitrile rubber (16 samples), 
polyethylene (PE), polyamide, and rubber type 3 (13; ethylene-propylene- 
diene rubber). The polymer composition of samples from Europe 

Fig. 2. Particles detected in snow samples collected at different locations from Europe to the Arctic. (A) MP particle quantities recorded by FTIR at different locations. 
(B) Concentrations of microfibers detected at different locations (note that no polymers were identified). (C) Box-and-whiskers plot of proportions of MP numbers in 
different size classes from all snow samples. The upper and lower boundaries of the box indicate the 75th and 25th percentiles, respectively. The line within the box marks 
the median, error bars (in µm) indicate the 90th and 10th percentiles, and black diamonds represent outliers. (D) Relative composition of polymers identified by FTIR at 
different locations.
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and the Arctic was significantly different [permutational multi-
variate analysis of variance (PERMANOVA): pseudo-F = 2.43, 
P = 0.006]. The dissimilarity in the polymer composition from 
European and Arctic samples was 67% and caused primarily by 
much higher abundances of polyamide, varnish, rubber type 3, 
nitrile rubber, ethylene-vinyl-acetate, and PE in European sam-
ples. By contrast, polystyrene, polyvinyl chloride (PVC), poly-
carbonate, polylactic acid, and polyimide occurred exclusively in 
Arctic snow.

Other particles
Other particles detected in snow accounted for 22 to 100% of the 
total particles (table S2) and comprised chitin, charcoal, coal, animal 
fur, plant fibers, and sand. Except for coal, all of these were significantly 
more abundant in European snow (Mann-Whitney U test: W = 114, 
P = 0.0015), which also explains the significant differences found in 
their composition (PERMANOVA: pseudo-F = 7.75, P = 0.001). 
Particles assigned to “plant fibers” and “animal fur” contributed most 
to the 46% dissimilarity [similarity percentage (SIMPER)].

Fig. 3. Photographs of MPs detected in snow. (A) Polystyrene fiber from Svalbard 4 (length, 1101 mm); (B) polypropylene particle from Heligoland (diameter, 256 mm); 
(C) polyvinyl chloride fiber from Ice Floe 8 (length, 956 mm). Note that these particular two fibers could be analyzed by FTIR as they happened to lay plane on the filter. 
(D to F) Aluminum oxide filter with enriched snow sample. (G to I) Corresponding polymer-dependent false-color image after FTIR measurement and automated anal-
ysis. (D and G) Bavaria 2: The sample with most MPs; (E and H) Ice Floe 9: the sample with the third most MPs; (F and I) Bremen: The sample with intermediate MP numbers 
but many fibers (photo credit: S. Mützel, Alfred-Wegener-Institut Helmholtz-Zentrum für Polar- und Meeresforschung).
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Human consumption of microplastics

Cox, K.D., Environ. Sci. Technol. 2019, 53, 7068−7074 

consumption of MPs, the variances associated with each
consumed item were averaged. The square root of the averaged
variances was subsequently determined, which represents the

averaged standard deviation and is an indication of the range of
microplastics consumed when considering multiple sources
and their associated variances.

Figure 1. Total microplastic particle (MP) intake for female and male, children and adults from (A) annual consumption of commonly consumed
items and (B) annual inhalation via respiration. Points and error bars represent the summation (total) and average standard deviation of all
microplastics consumed.

Table 1. Daily and Annual Consumption and Inhalation of Microplastic Particles for Female and Male, Children and Adultsa

Daily Annual Total

Consumed Inhaled Consumed Inhaled Daily Annually

Male Children 113 110 41106 ± 7124 40225 ± 44730 223 81331
Male Adults 142 170 51814 ± 8172 61928 ± 68865 312 121664
Female Children 106 97 38722 ± 6977 35338 ± 39296 203 74060
Female Adults 126 132 46013 ± 7755 48270 ± 53676 258 98305

aPoints and error bars represent the summation (total) and average standard deviation of all microplastics consumed.

Figure 2. Mean and standard deviation of microplastic concentration within each source of ingested microplastic particles (MPs) including salt,
alcohol (beer), seafood (fish, shellfish and crustaceans), added sugars (sugar and honey), water (bottled and tap), and air in (A) male adults, (B)
female adults, (C) male children, and (D) female children.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b01517
Environ. Sci. Technol. 2019, 53, 7068−7074

7070
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More than 250,000 tons of microplastics 
enter the oceans every year

=
12 billion plastic bottles

Microplastic pollution
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Bans on plastic microbeads in rinse-off products

www.beatthemicrobead.org
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Global microbeads market: £4.49 billion in 2019 

Life science and biotechnology £1.39B

Medical £0.35B

Paint & coatings £0.45B

Cosmetics and 
personal care £0.71BFillers in 

composites £1.06B

Others £0.53B

Global plastic microbeads market

source: markets & markets 2019
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ECHA proposes to ban ALL microplastics

 

98 

 
Figure 12 Effect of restriction over the period of analysis 

 

2.5 Economic and other impacts 

The proposed restriction would lead to impacts primarily to end-users of microplastic-
containing products and their supply chains that place these products on the EEA 
market. The economic costs and other impacts are anticipated to be associated primarily 
with compliance with the restriction on the placing on the market of selected 
microplastic-containing products. Costs to comply with labelling and reporting 
requirements are negligible in comparison.  

The following section briefly highlights the main categories of costs to society, focusing 
on those which have the largest influence on the conclusions of the proportionality to 
risk of the proposed restriction. A summary of the underlying assumptions, description of 
the anticipated impacts, estimated costs and main conclusions are presented in Table 23 
to Table 33. Detailed analysis and conclusions for individual product groups are 
presented in the relevant sections of Annex D of this report.  

The Dossier Submitter considers the following main categories of economic and other 
impacts arising from the proposed restriction on intentional uses of microplastics: 

 Reformulation costs 

While for some microplastic uses there are already alternatives on the market (e.g., for 
microbeads with exfoliating and cleansing functions in rinse-off cosmetics or used in 
some detergents and maintenance products), for the majority, the existing critical mass 
of microplastic-free products is not sufficient to meet demand for products with similar 
functions, and reformulations would be needed in the event that the proposed restriction 
enters into force.  

On the basis of detailed estimates for the necessary resources to complete these 
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Plastic microbeads fate (adapted from ECHA)

microplastics released to 
wastewater

No treatment Wastewater treatment

release to surface water 
(1-20%)

retention in grit/sludge 
(80-99%)

grit to landfill sludge disposal

agriculture (50%) incineration (30%) landfill (11%)

Overall release from wastewater treatment: 50% (43% to soil, 7% to
surface water), not including leaching from landfill and release to air.

release to surface water 
(100%)
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Replacing intentionally added microplastics 

Unlike plastic bottles, microbeads cannot be recycled nor cleaned
up from the ocean or soil – they have to be removed at the source…
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Replacing intentionally added microplastics 

But plastic microbeads serve useful functions in a wide range of
products which consumers and industry do not want do without

Our Solution: Replace plastic microbeads with biodegradable
cellulose microbeads with comparable properties (and cost).
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Membrane emulsification and phase inversion

cellulose ionic liquid

DMSODispersed phase:
IL/DMSO/Cellulose 

Continuous phase: 
Sunflower oil + Span 80

oil-rich phase

Emulsion Microbeads

ethanol-rich phase

Coombs Obrien, J. et al. ACS Sust. Chem & Eng. 2017, 5 (7), 5931-5939.



13

Hydrophobized SPG 10 µm membrane

Hydrophobised glass × ü ü

Surfactant (2 wt% Span 80) ü × ü

The hydrophilic SPG membranes
were hydrophobized using C18H39SiCl3
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Cellulose emulsion before phase inversion
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Membrane Emulsification Apparatus 1/2
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Membrane Emulsification Apparatus 2/2

SPG membrane:
10 µm av. pore diameter
12.5 cm long, 1cm dia.
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Emulsification Process control

!" = $%&'%&
(
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Ca and We represent the ratio of viscous/inertial to
interfacial tension forces in the emulsion formation process
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Emulsification Process control

(i) increase in TMP (ii) reduction of 
cellulose concentration

(iii) increased continuous 
phase flow rate
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The anti-solvent (ethanol) penetrates the droplet, 
precipitating the cellulose particles.

droplet of 
cellulose 
solution

Phase Inversion
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200 µm

Cellulose Microbeads

20 µm

20 µm10 µm

Surface

Interior
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Cellulose beads chemical modification

cellulose ionic liquid

DMSODispersed phase:
IL/DMSO/Cellulose 

Continuous phase: 
Sunflower oil + Span 80

Microbeads
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Cellulose beads chemical modification

Microbeads

Post-fabrication crosslinking using glyoxal

Coombs Obrien, J. et al. ACS Sust. Chem & Eng. 2017, 5 (7), 5931-5939.
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Cellulose beads chemical modification

Crosslinking with glyoxal, 3h RT, followed by 1h at 160 ◦C

The cross-linked cellulose beads have a higher compression
load with the same surface roughness and biodegradability.

Coombs Obrien, J. et al. ACS Sust. Chem & Eng. 2017, 5 (7), 5931-5939.
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Are cellulose beads actually biodegradable?

microplastics released to 
wastewater

No treatment Wastewater treatment

release to surface water 
(1-20%)

retention in grit/sludge 
(80-99%)

grit to landfill sludge disposal

agriculture (50%) incineration (30%) landfill (11%)

Overall release from wastewater treatment: 50% (43% to soil, 7% to
surface water), not including leaching from landfill and release to air.

release to surface water 
(100%)
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Are cellulose beads actually biodegradable?

microplastics released to 
wastewater

No treatment Wastewater treatment

release to surface water 
(1-20%)

retention in grit/sludge 
(80-99%)

grit to landfill sludge disposal

agriculture (50%) incineration (30%) landfill (11%)

release to surface water 
(100%)

Scope: to determine and characterise the biodegradation of cellulose
beads under both anaerobic and aerobic conditions.
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Challenges in scaling-up the process

§ Productivity:
Initially:     1  vol% of dispersed phase (4wt% cellulose) in continuous phase 
Currently: 30 vol% of dispersed phase (8wt% cellulose) in continuous phase 

this translates to 3-10 kg/h per m2 of membrane.

§ Viscosity:

§ Solvent Recycling and Particle Recovery
§ Membrane Fouling
§ Long-term stability 

S7 

 

coagulation of forming droplets (although larger beads are few and undetectable in number based 

distributions). 

Table S1. Physical values for the disperse phase solutions each utilising a 30:70 w/w 

[EMIm][OAc]:DMSO solvent system.  

Cellulose 
concentration 
(wt.%) 

Viscosity  
(Pa.s) a 

Density  
(g/mL) 

Interfacial 
tension  
(mN/m) b 

Contact angle  
(°) c 

8 1.18 (± 0.01) 1.13 (± 0.0004) 1.57 (± 0.02) 133 (± 2) 

4 0.13 (± 0.01) 1.12 (± 0.001) 1.70 (± 0.04) 136 (± 2) 
a average across Newtonian range; b with sunflower oil-2 wt% Span 80; c on hydrophobised glass 

Section S2. Flow rate of disperse phase through membrane  

The flow rate of the disperse phase through the membrane (Qm) can be related to the flow rate 

through one pore (q) multiplied by the number of pores (n) (Equation 1). 

𝑄𝑚 = 𝑞. 𝑛  (1) 

The flow rate from a single pore can be calculated from the Hagen-Poiseuille (Equation 2) 

using the pressure drop (ΔP) radius of the pore (r), viscosity of the disperse phase (µdp) and 

thickness of the membrane (L). 

𝑞 =  ∆𝑃𝜋𝑟4

8𝜇𝑑𝑝𝐿
   (2) 

Knowing the porosity of the membrane (taken from Vladisavljevic et al.1) the number of pores 

in the membrane can be calculated from the surface area of the membrane (A) (Equation 3). 

𝜀 = ∑ 𝜋𝑟2

𝐴
 ≈  𝑛𝜋𝑟2

𝐴
 → 𝑛 = 𝐴𝜀

𝜋𝑟2
𝑛
𝑖=1  (3) 

The flow rate of the disperse phase through the membrane can therefore be defined as 

(Equation 4): 
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From Research to Commercialisation
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Natural biodegradable microbeads

CSCT PhD 
James Coombs OBrien

Continuous Production of Cellulose Microbeads via Membrane
Emulsification
James Coombs OBrien,†,‡ Laura Torrente-Murciano,§,∥ Davide Mattia,*,§,∥ and Janet L. Scott*,†,∥

†Department of Chemistry, ‡EPSRC Doctoral Training Centre in Sustainable Chemical Technologies, §Department of Chemical
Engineering, and ∥Centre for Sustainable Chemical Technologies, University of Bath, Claverton Down, Bath BA2 7AY, United
Kingdom

*S Supporting Information

ABSTRACT: We report on the continuous manufacturing of
cellulose microbeads as a sustainable alternative to plastic
microparticles, currently used in a wide range of consumer
products from toothpaste to paints. Plastic microbeads are not
retained by, or degraded in, wastewater treatment plants (due to
their size and composition), accumulating in the environment in
general and aquatic life in particular, eventually finding their way
into the human food supply chain. Here, it is demonstrated, for
the first time, that a cross-flow membrane emulsification− phase
inversion process can be used to generate stabilized microdroplets
of cellulose dissolved in an organic electrolyte solution (1-ethyl-3-methylimidazolium acetate:DMSO) in a sunflower oil-Span 80
continuous phase. The emulsion is subsequently coagulated with an antisolvent, resulting in the formation of solid, spherical, and
biodegradable cellulose microbeads. A systematic analysis of process parameters (continuous and disperse phase flow rate,
viscosity, and applied pressure) allowed the determination of a regime within which microspheres can be predictably produced
using a 10 μm pore-sized porous glass membrane. Cross-linking of the cellulose beads with glyoxal led to a 3-fold increase in
compressive strength of the beads, broadening the potential range of applications where these biodegradable particles could
replace current environmentally persistent materials.
KEYWORDS: Cellulose, Microbeads, Ionic liquid, Organic electrolyte solution (OES), Membrane emulsification, Cross-linking,
Continuous manufacturing

■ INTRODUCTION
Plastic microbeads are produced at scale for use in a wide range
of consumer products from personal care products to abrasives
and paints.1,2 Such microparticles are typically composed of
environmentally persistent polymers, including polyethylene,
polystyrene, or polypropylene, and are applied in products such
as facial scrubs, hand-cleansers, soaps, shaving foams, and
toothpastes,3 products that are, by their very nature, single use
and designed to “wash away” into the wastewater disposal
system. The small size of the microparticles used (in the range
of sub-100 μm to ca. 500 μm for these personal care product
applications) allows them to elude removal in wastewater
treatment plants.4,5 The synthetic polymers employed do not
biodegrade, and there is strong evidence of their persistence in
aquatic environments and of ingestion by marine organisms
leading to potential dietary exposure for shellfish consumers.6− 9

It was estimated that in the USA as many as 8 trillion
microbeads are transferred into aquatic habitats daily.10 This
evidence, combined with increased public awareness of the
issue,11,12 has led to the passing of legislation banning
microbeads, notably in the USA13 with the UK expected to
follow suit by October 2017.14,15 While many producers of
personal care products have responded by phasing out plastic
microparticles in their products, replacements do not always

offer the same performance characteristics as plastic microbe-
ads; thus, there is a need for more environmentally sustainable
alternatives that can be manufactured at scale and provide the
performance expected in use, yet break down into innocuous
products at end-of-life. In addition to the personal care product
applications highlighted, plastic microbeads are used in
significant quantities as abrasives, paint additives, and polymeric
fillersall of which have the potential to result in significant
release to the environment.
Cellulose is the most abundant biopolymer on the planet (an

estimated 1.5 × 1012 tons is produced in the biosphere
annually16), and there is a plethora of research documenting its
use in a wide range of applications.17,18 Cellulose in bead form
has been prepared for use in applications from chromatography
to drug delivery.19,20 The microbeads to be banned appear in
personal care products, and efforts have been made to replace
these, for example, with cellulose agglomerates,21 or flocculated
microcrystalline cellulose.22 In addition to being prepared from
a renewable resource, cellulose particles/beads have the added
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Roadmap

20222019 2020 2021 2023

Cellulose microbeads 
for applications beyond 
cosmetics. Pilot plant

Full scale  plant

Porous, hollow, 
functionalized beads …

Cellulose beads for 
cosmetic applications.  

Pilot plant

Full scale  
plant

Next step
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Conclusions

Plastic microbeads are a scourge for the
environment and have to be removed at the
source as they cannot be cleaned-up.

We have developed a biodegradable
alterative based on cellulose, using a
continuous scalable process with good
control over size, chemistry and structure.

We have created a spin-off company to industrialise the beads
manufacturing process and commercialise the technology to have a real and
positive impact on the environment.
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