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ectiveness of microplastic
extraction methods on fishmeal with different
properties

Chloe Way, *a Malcolm D. Hudson,a Ian D. Williams, b G. John Langleyc

and Robert Marshd

Microplastic presence in fishmeal is an emerging research area because of its potential to enter food chains,

and the importance of fishmeal within global food security. However, fishmeal is a complex medium

dependant on fish composition. This study measured properties (organics, carbonates, protein and

density) of five fishmeal types (trimmings, sardine and anchovy, krill, tuna and salmon), sourced from

locations worldwide (Norway, South America, Antarctica, Spain and Scotland). Microplastic recovery rates

were compared for existing methodologies using sodium chloride overflows and potassium hydroxide

digestions and then compared to newly developed methods. These methods included dispersants and

calcium chloride density separations which were developed and designed to be environmentally

conscious and affordable, which we argue should become an international standard approach for

researchers. A calcium chloride overflow with dispersant and potassium hydroxide digestion provided

the highest recovery rate in sardine and anchovy fishmeal (66.3%). Positive correlations with recovery

rate were found with protein content, and negative correlations with organic content. Low recovery

rates found here suggest microplastics in fishmeal reported in the literature are underestimated. With

complex media such as fishmeal, attention must be paid to variation between types and composition

when choosing methods and interpreting results.
Introduction

Plastic pollution is a concern worldwide. Tides, rivers and
currents such as the North Atlantic current,1 the Norwegian
Coastal current (NCC),1 the Humboldt current,2 the Canary
current,3 and the melting of sea ice around the Antarctic
peninsula4 provide pathways for plastics to enter the marine
environment. It is thought than an estimated 1.15–2.41 million
tonnes of plastic enter the ocean from rivers alone.5 Once in the
marine environment, plastic debris is subject to fragmentation
into secondary microplastics by ultraviolet radiation, and
mechanical and microbial degradation.6 Other forms of
microplastics include primary microplastics that enter the
marine environment as a small size, such as those in toiletries,
cosmetics, tyre wear particles and synthetic bres from washing
clothes.7 A denition of microplastics which includes their
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physiochemical properties was proposed by Frias and Nash
(2019):8 “Microplastics are any synthetic solid particle or poly-
meric matrix, with regular or irregular shape and with size
ranging from 1 mm to 5 mm, of either primary or secondary
manufacturing origin, which are insoluble in water”. However,
others believe large microplastics are between 1–5 mm.9

Due to the widespread nature of marine microplastics, there
is a high potential for them to inltrate the human food chain.
Many studies have identied microplastics in the gastrointes-
tinal tract10–12 and gills13,14 of marine life; however, few have
studied either the whole sh or the tissue used as food for
humans. Ribeiro et al. (2020)15 investigated the edible sections
of commonly eaten seafood such as oysters, prawns, squid,
crabs and sardines, and found sardines had the highest amount
of microplastic in mass (0.3 mg g�1 tissue). Similarly, Karami
et al. (2017)16 found more MP in the esh of dried sh than the
organs. There are many avenues microplastics may enter this
pathway. For example, in areas where microplastics concen-
trations are high, it is more likely that some will be ingested by
organisms (non-selective feeding).17 Moreover, some marine
organisms have shown an ability to selectively ingest micro-
plastics of certain sizes.18 Many marine organisms exposed to
microplastics are harvested for shmeal production, which
indicates the potential for microplastic-contaminated shmeal
to get into the human food chain.
This journal is © The Royal Society of Chemistry 2022
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Fishmeal is a foodstuffmade of whole sh or sh trimmings
that is broken down, cooked, strained andmilled.19 It has a high
nutritional content including proteins, omega-3 fatty acids,
amino acids and vitamins, that can support the diet of many
animals.20 The majority of landings in certain sheries around
the world supply primarily to the shmeal sector. For example,
98% of landings of Peruvian anchovies are used to produce
shmeal and sh oil.21 Fishmeal is mainly used as feed in
aquaculture, pig and poultry farming.22 Furthermore, aquacul-
ture provided 171million tonnes of sh in 2016, with 88% being
used as food for humans.23 The sh provided by aquaculture are
a cheap source of protein and in 2018, aquaculture was the
main supply of sh for 52% of the world's population,24 which
showcases the importance of aquaculture with respect to global
food security.25 Fishmeal is of considerable economic value,
with Peruvian shmeal pellets alone selling for £1126 per metric
tonne in 2009.26 Therefore, in the light of growing public
concern surrounding microplastics, it is necessary to evaluate
the production of shmeal and food as a potential exposure
pathway.

Fishmeal is a considerably complex medium, which will
bring about issues when creating a method to isolate the
microplastics within. Previously, other media including:
seawater;10,27,28 freshwater;28,29 estuaries;30,31 sediments;10,32,33

soils;34–36 sewage/wastewater;35,37 and biota10,11,38,39 have been
assessed for microplastics using various different methods.
Studies use density separation techniques involving saline
solutions,37,40 and acidic and basic solutions to digest a media,
making the polymers more easily available for extraction.41,42 An
aim of many of these studies is to develop and standardise
methodologies within each medium. Fishmeal is yet to be
studied in much depth, with few studies at present being able to
isolate and identify microplastics, and few validating methods
with a recovery study to show how effective they are at recov-
ering microplastics. Underwood et al. (2017) also noted this
issue of many studies not validating methods with a recovery
experiment.43 Moreover, studies that have extracted micro-
plastics from shmeal, have used widely different methods
applied to different kinds of shmeal, which vary considerably
with regard to source material and composition.

Hanachi et al. (2019)44 and Karbalaei et al. (2020)45 have re-
ported similar methodologies (potassium hydroxide (KOH)
digestion) albeit with slight differences in amounts of sample
and spectroscopic method used. Also, the shmeal used is
different, with Hanachi et al. (2019)44 using shmeal from Iran,
composed of salmon, sardines and kilka caught in the Persian
Gulf and Caspian Sea, whereas the study by Karbalaei et al.
(2020)45 used Malaysian shmeal containing Indian mackerel
(Rastrelliger kanagurta) and sh waste from the China Sea.
Thiele et al. (2021)46 investigated microplastics in shmeal but
used a very different method than the previous studies;
concluding that a sodium chloride (NaCl) soak and density
separation was the most suitable method to extract micro-
plastics from shmeal, as applied to whitesh shmeal, and
sardine and anchovy shmeal. This study was the only shmeal
focused study that undertook a recovery study (producing
recoveries between 49 and 71%). More recently, Gündoğdu et al.
This journal is © The Royal Society of Chemistry 2022
(2021)47 assessed 26 different shmeal types including shmeal
composed of; pilchard, blue whiting, sandeel, krill, anchovy,
sprat, sardines, and mixed sh. They separated the micro-
plastics from the shmeal using a 30% KOH:NaClO solution as
a way to digest the organic material before using NaI as
a density separation.

Research into microplastics is fundamentally about studying
its effects in/on the environment. Therefore we believe the study
of this pollutant should not contribute harm to the environ-
ment either, including the use of chemicals. Many chemicals
are known to be toxic to aquatic life, for example, zinc chloride
can affect the growth of sh embryos.48 Similarly, we believe the
cost of studying microplastics should be kept to a minimum
where possible to maximise opportunities for research and
monitoring globally. Microplastic research is evolving at such as
rate that standardisation should be of high importance so that
studies can be comparable. However, for many researchers, this
cannot be adhered to if the cost of equipment/chemicals used
are high. Therefore, we aim to use equipment and chemicals in
this study that are affordable, environmentally friendly and
easily accessible.

What is clear from the literature is that many methodologies
are being investigated on many types of shmeal, with no clear
reason as to why certain methods are being chosen over others.
Fishmeal has a range of different properties, from protein and
oil content, to organic content, carbonate content and different
bulk densities. Consequently, it could prove difficult to apply
one universally effective method to all different types of sh-
meal to extract microplastics reliably and consistently. There-
fore, this study aims to: (i) investigate whether different
methods used to extract microplastics (density separation,
chemical digestion and dispersants) are more suited to sh-
meal with certain characteristics (protein content, organic
content, carbonate content and bulk density) and (ii) considers
practicality, environmental impact and cost-effectiveness.

Methods

Methods from previously published studies looking into
microplastics into shmeal45–47 were gathered and assessed
with regard to the effectiveness of extracting microplastics from
shmeal, while remaining cost effective and using environ-
mentally friendly reagents. We refer to high cost methods as
those which use a reagent that is over USD$100 per litre (Table
1). Environmentally friendly methods are those which do not
have a report of aquatic toxicity on the respective safety data
sheets (Table 1). The method by Gündoğdu et al. (2021)47 was
investigated but ruled out due to the inclusion of large amounts
of high-cost reagents which are not environmentally friendly.
The method by Karbalaei et al. (2020)45 was tested as only
a small amount of expensive reagent (NaI) is required. The
method by Thiele et al. (2021)46 was tested, and due to it being
the most environmentally friendly and cost-effective method, it
was further developed using commonly used methods in
microplastic extraction such as chemical digestion with KOH,
the use of a dispersant (sodium hexametaphosphate), and an
increased density saline solution of low-cost calcium chloride
Anal. Methods, 2022, 14, 606–619 | 607
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Table 1 Different types of saline solution commonly used in the literature. With the common densities in solution, its effect on the environment
and approximate costs as a salt and in solution. Environmental friendliness based on whether an aquatic toxicity hazard is listed on the safety data
sheets of Fisher Scientific50d

Separating solution
Density of salt in
solutione (g cm�3)

Solution density in
literaturec (g cm�3)

Environmentally
friendly?b

Approx. costa

(USD per kg)
Approx. cost per litree

(USD per L)

Seawater 1.02 N/A Y N/A N/A
Sodium chloride (NaCl) 1.19 (26 wt% @ 25 �C) 1.2a Y �$60.54 �$15.74
Calcium chloride (CaCl2) 1.39 (40 wt% @ 20 �C) 1.46b, 1.4c Y �$60.69 �$24.27
Sodium bromide (NaBr) 1.41 (40 wt% @ 20 �C) 1.37d, 1.55e N �$96.14 �$38.45
Zinc chloride (ZnCl2) 1.7 (60 wt% @ 20 �C) 1.5f N �$87.31 �$52.38
Sodium iodide (NaI) 1.8 (60 wt% @ 20 �C) 1.566d, 1.8g N �$533.98 �$320
Sodium polytungstate 3.1 (85 wt% @ 20 �C) 1.5h N �$623.42 �$497.94

a Cost per kg listed on Fisher scientic,50 in US Dollars (USD). b Sodium iodide hazards includes aquatic toxicity. Zinc chloride hazards include
chronic aquatic toxicity. Sodium bromide should not be released into the environment. Sodium polytungstate may cause long term adverse
effects in the aquatic environment. c Literature: a (ref. 46), b (ref. 32), c (ref. 51), d (ref. 52), e (ref. 53), f (ref. 54), g (ref. 55), h (ref. 56). d N/A
(not applicable). e Approximate cost per litre of salt solution at specic density.
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(Table 1). These methods are detailed in Table 3. The effec-
tiveness of each method on each shmeal was assessed by
determining the recovery of spiked microplastics. Polymers
were not assessed for signs of degradation: KOH at a tempera-
ture of 40 �C was the only digestion solution used and has
already been tested for its ability to degrade polymers at this
temperature, with no effect found.49

Spiking microplastics

Microplastic polymer types, sizes and amounts used for spiking
were based on the methods used by Radford et al. (2021).70

Materials used to create the spiking plastics were from common
consumer products and consisted of the main six plastic resin
codes57 (Table 2). Each polymer was either sorted into bres and
fragments (PET and PP) or sorted into two size categories (0.25–
0.5 mm and 0.5–1 mm) (HDPE, PVC, LDPE and PS). Plastic
fragments were sized using a household coffee grinder and
sized metal sieves (1 mm, 0.5 mm, 0.25 mm), and bres were
manually cut. The spiking plastics were chosen due their
specic characteristic and/or colours to aid straightforward
identication when mixed with a sample, and included
Table 2 Spiking plastics used in this method with corresponding resin co
cm3)

Resin code Abbreviation Shape Size (mm)

1 PET Fragment 0.5–1
Fibre 1–5

2 HDPE Fragment 0.25–0.5
Fragment 0.5–1

3 PVC Fragment 0.25–0.5
Fragment 0.5–1

4 LDPE Fragment 0.25–0.5
Fragment 0.5–1

5 PP Fragment 0.5–1
Fibre 1–5

6 PS Fragment 0.25–0.5
Fragment 0.5–1

a Densities of plastics gathered from British Plastics Federation (2020).58

608 | Anal. Methods, 2022, 14, 606–619
polymers that could be broadly categorised as high (>1 g cm�3:
PET, PVC) and low (<1 g cm�3: HDPE, LDPE, PP, PS) density.
The spiking plastic polymer types were conrmed with high
matches (>85% for all polymers) using Attenuated Total
Reectance Fourier-Transform Infrared spectroscopy (ATR
FTIR) (Frontier, PerkinElmer). Each shmeal sample was
spiked with a total of 60 microplastic particles (ve of each type
of spiking plastic created).
Fishmeal

Commercial shmeal samples were bought from online UK
suppliers, with focus on collecting shmeal made from various
sh caught from different locations around the world. Fishmeal
collected included Norwegian LT94 shmeal, South American
sardine and anchovy shmeal, Antarctic krill meal, Spanish
tuna shmeal and Scottish salmon shmeal. Properties of the
shmeal are detailed in Table 4. Protein and oil content of
shmeal was listed on their product specication sheets. The
organic matter content was calculated using loss-on-ignition
(LOI) at 550 �C and carbonate content was calculated using
de, shape (fibre/fragment), size, colour, origin product and density (g/

Colour Original product Densitya (g cm�3)

Blue Drinks bottle 1.37
Green Cra ribbon
Pink Cleaning product bottle 0.944–0.965

Red Tablecloth 1.38

Purple Carrier bag 0.917–0.930

White Storage bottle 0.905
Purple Carpet
White Packaging 0.028–0.045

This journal is © The Royal Society of Chemistry 2022
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Table 3 Summary of five methods used in this study, consisting of two from existing literature45,46 and three newly developed

Thiele et al. (2021)46 (method 1) - 40 g shmeal to 550 ml glass jar
- Add NaCl (1.2 g cm�3) (99.5%, Acros Organics) to sample up to a cm (50
ml) from top of 550 ml jar
- Add lid and agitate for 30 seconds
- Leave for a minimum of 30 minutes
Overow method
- Place jar in larger container and remove lid
- Slowly pour NaCl into jar to allow supernatant to overow into
container
- Rinse outside of jar and inside of lid with pure water into overow
liquid
- Repeat overow three times for each sample, ltering each overow
separately
- Filter supernatant through 20–25 mm lter paper and place in Petri dish

NaCl density separation and KOH digestion (method 2) - 40 g shmeal to 550 ml glass jar
- Add NaCl (1.2 g cm�3) to sample up to a cm (50 ml) from top of 550 ml
jar
- Add lid and agitate for 30 seconds
- Leave for a minimum of 30 minutes
- Follow overow method
- Filter supernatant onto 25 mm metal mesh
- Place metal mesh in 200 ml 10% KOH (>85%, Fisher Scientic) and
heat to 40 �C at 100 rpm for 1 hour
- Filter over 20–25 mm lter paper

Dispersant, NaCl density separation and KOH digestion (method 3) - 40 g shmeal to glass 550 ml jar
- Add NaCl (1.2 g cm�3) and 50 ml dispersant (5% sodium
hexametaphosphate) (general purpose grade, Fisher Scientic) to
sample up to a cm (50 ml) from top of jar
- Add lid and agitate for 30 seconds
- Leave for a minimum of 30 minutes
- Follow overow method
- Filter supernatant onto 25 mm metal mesh
- Placemetal mesh in 200ml 10%KOH and heat to 40 �C at 100 rpm for 1
hour
- Filter over 20–25 mm lter paper

Karbalaei et al. (2020)45 (method 4) - Place 20 g shmeal sample into 250 ml DURAN glass bottle
- Add 200 ml KOH to each sample
- Incubate sample at 40 �C for 72 hours
- Filter sample over 149 mm lter paper
- Place 149 mm lter paper in 10–15 ml NaI ($99.5%, Sigma-Aldrich) and
sonicate for 5 min at 50 Hz by ultrasonic bath
- Remove lter papers and repeat sonication process
- Centrifuge solution at 500 � g for 2 min at room temperature
- Filter the supernatant though 8 mm lter paper and place in Petri dish

Dispersant, CaCl2 density separation and KOH digestion (method 5) - 40 g shmeal to 550 ml glass jar
- Add CaCl2 (1.4 g cm�3) (93%, Fisher Scientic) and 50 ml dispersant
(5% sodium hexametaphosphate) to sample up to a cm (50 ml) from top
of jar
- Add lid and agitate for 30 seconds
- Leave for a minimum of 30 minutes
- Follow overow method
- Filter supernatant onto 149 mm metal mesh
- Placemetal mesh in 200ml 10%KOH and heat to 40 �C at 100 rpm for 1
hour
- Filter over 20–25 mm lter paper
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LOI at 950 �C. Bulk density of the shmeal was calculated by
weighing 1 cm3 of dried shmeal.

Each shmeal sample was weighed in triplicate according to
the amount needed for each method (Table 3). Methods used
include those from existing literature45,46 and new methods
based on steps commonly used for other media (density sepa-
ration (NaCl) with digestion and two density separations (NaCl
This journal is © The Royal Society of Chemistry 2022
and CaCl2) with dispersant and digestion), which use environ-
mentally friendly chemicals and solutions, with minimal steps
to avoid loss of microplastics.
Method by Thiele et al. (2021)46 (method 1)

Glass jars (550 ml) were used to accurately weigh 40 g of sh-
meal in triplicate. NaCl (1.2 g cm�3) was added to the shmeal
Anal. Methods, 2022, 14, 606–619 | 609
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Table 4 Properties of five fishmeal types (Norwegian LT94, South American sardine and anchovy, Antarctic krill, Spanish tuna and Scottish
salmon), including organic content (%), carbonate content (%), bulk density (g cm�3), protein content (%) and oil content (%). Protein and oil
contents were provided by the respective product specification sheets

Fishmeal Type of sh used
Organic content
(%)

Carbonate content
(%)

Bulk density
(g cm�3)

Protein
(%)

Oila

(%)

Norwegian LT94 Species unknown, mix of whole sh
and trimmings

81.75 � 0.04 5.47 � 0.03 0.74 � 0.01 71 12

S American sardine &
anchovy

Whole sardines and anchovies 74.69 � 0.05 3.419 � 0.006 0.827 � 0.007 68 N/A

Antarctic krill Antarctic krill 87.49 � 0.01 3.554 � 0.004 0.47 � 0.01 56 N/A
Spanish tuna Whole tuna 77.89 � 0.23 3.46 � 0.04 0.69 � 0.01 60 12
Scottish salmon Whole salmon 76.49 � 3.41 5.38 � 0.58 0.752 � 0.009 66 9

a N/A: not available in shmeal specication sheet.
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in 550ml jars up to approximately 1 cm (50ml) from the top, the
lid was added, and the jar was shaken for 30 seconds. Thiele
et al. (2021)46 stated jars must be le to stand to settle for
a minimum of 30 minutes, in the case of this study, samples
were le for 24 hours. Once settled, the jar was placed in a larger
beaker and lid was removed. NaCl was slowly poured into the jar
to allow the supernatant to overow into beaker. The outside of
the jar and the lid was rinsed with pure water into the overow
liquid. This “overow method” was repeated three times for
each sample, ltering each overow separately. The superna-
tant was vacuum ltered through 20–25 mm lter paper and
stored in a Petri dish for analysis.
NaCl density separation with KOH digestion – (method 2)

This method was created with similarities to the steps used by
Thiele et al. (2021),46 to maintain levels of standardisation. 40 g
of shmeal was placed in 550 ml jars in triplicate and NaCl was
added up to 1 cm (50 ml) from the top, before being shaken for
30 seconds and le to settle for 24 hours. The overow method
was applied; however, supernatant was ltered on to 25 mm
metal lters. The metal lter was placed in glass jars with
200 ml 10% KOH and heated to 40 �C and agitated at 100 rpm
for 1 hour. The sample was then vacuum ltered through a 25
mm lter paper and stored in a Petri dish for analysis.
NaCl density separation with dispersant and KOH digestion –

(method 3)

This method was followed the same as the density separation
with KOH digestion (method 2), with one difference. Before
NaCl is added to the sample, 50 ml dispersant (5% sodium
hexametaphosphate) was added.
Method by Karbalaei et al. (2020)45 (method 4)

This method was followed as closely as possible to the method
reported. Glass jars were used to accurately weigh out 20 g of
each shmeal, in triplicate. Following this, 200 ml of 10% KOH
was added to the glass jars, which were then incubated at 40 �C
for 72 hours. The contents of the jar were then vacuum ltered
through 149 mm metal lters. This metal lter was then placed
in 10 ml of 4.4 M sodium iodide (NaI) and sonicated at 50 Hz for
610 | Anal. Methods, 2022, 14, 606–619
5 minutes, before the lter was removed, and the sonication
step was repeated once more. The mixture was centrifuged at
500 � g for two minutes before allowing the supernatant to be
ltered through an 8 mm lter membrane.
CaCl2 density separation with dispersant and KOH digestion –

(method 5)

This method was followed the same as the density separation
with dispersant and KOH digestion (method 3), with one
difference; the saline solution was changed to a higher density
(1.4 g cm�3) solution of calcium chloride. Note the solution was
ltered through a larger pore size lter (149 mm) due to the
viscosity of the calcium chloride solution.
Calculating spiked plastic recovery rates

Recovered microplastic particles were manually counted under
a Nikon SMZ100 microscope (�40 magnication) and
percentage of microplastics recovered (recovery rate) was
calculated.
Statistics

Statistical analysis was undertaken via RStudio (1.3.1093).
Distribution of data were shown using histograms and Shapiro–
Wilks normality tests. Non-normal distributions were observed
in all data sets. Therefore, Kruskal–Wallis tests were used for
the recovery rates of microplastics using different methods, and
Dunn's test to look for pairwise comparisons between shmeal
types. Kruskal–Wallis tests were used to analyse recovery rates
of specic polymers between methods, and to analyse the
recovery rates of different size and shape microplastics between
methods used, followed by post hoc analysis with Dunn's test.
Correlations between recovery rate and all four shmeal prop-
erties were estimated using Spearman's rank.
Results
Fishmeal properties

Fishmeal properties measured include organic content (%),
carbonate content (%), bulk density (g cm�3), protein (%) and
oil (%) (Table 4). Antarctic krill meal had the highest organic
This journal is © The Royal Society of Chemistry 2022
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content (87.5%), the lowest bulk density (0.47 g cm�3) and
lowest protein content (56%). The South American sardine and
anchovy shmeal had the lowest organic content (74.7%), the
lowest carbonate content (3.4%) and the highest bulk density
(0.83%).
Recovery rates of polymers in shmeal

The ve methods used to extract the spiked microplastics from
each shmeal type produced signicantly different recovery
rates (p < 0.05, Kruskal Wallis). The NaCl density separation
method (method 1), the density separation with KOH digestion
method (method 2), the NaCl density separation with disper-
sant and digestion method (method 3) and the CaCl2 method
(method 5) all recovered signicantly more spiked micro-
plastics overall than the method outlined by Karbalaei et al.
(2020)45 (method 4) (p < 0.05, Dunn's Test) (Fig. 1).

The NaCl density separation (method 1) recovered signi-
cantly different amounts of microplastics from the ve different
shmeal types (p < 0.05, Kruskal Wallis). This method was more
effective at recovering microplastics from the Norwegian LT94
(48.3% (11.7 IQR) RR (recovery rate)) and sardine and anchovy
(33.3% (19.2 IQR) RR) than the Spanish tuna (5% (3.3 IQR) RR)
(p < 0.05, Dunn's Test), and more effective at recovering
microplastics from the Scottish salmon (56.7% (1.7 IQR) RR)
than the Antarctic krill (8.33% (3.3 IQR) RR) and Spanish tuna
(5% (3.3 IQR) RR) shmeal (p < 0.05, Dunn's Test).

The method using a NaCl density separation with a KOH
digestion (method 2) recovered signicantly different amounts
Fig. 1 Spiked microplastic recovery rate (%) from five fishmeal types (N
Spanish Tuna and Scottish Salmon), using five extraction methods (NaC
a KOH digestion (method 2), NaCl density separation with sodium he
a previously publishedmethod by Karbalaei et al. (2020)45 (method 4) and
dispersant followed by KOH digestion (method 5)). Boxes represent med
values. Boxes with different letters are significantly different (Dunn's test

This journal is © The Royal Society of Chemistry 2022
of spiked microplastics from the ve shmeal types (p < 0.05,
Kruskal Wallis). This method recovered signicantly more
microplastics from Norwegian LT94 and Sardine and anchovy
shmeal (46.7% (8.3 IQR) RR and 43.3% (5.8 IQR) RR respec-
tively), than Antarctic krill meal (5% (2.5 IQR) RR) (P < 0.05,
Dunn's Test), and this method was more effective at recovering
spiked microplastics from Scottish salmon shmeal (48.3% (7.5
IQR) RR) than Antarctic krill meal and Spanish tuna meal
(18.3% (5 IQR) RR) (p < 0.05, Dunn's Test).

The addition of a dispersant (sodium hexametaphosphate)
to NaCl density separation and KOH digestion (method 3)
resulted in signicant differences between the recovery rate of
spiked microplastics extracted from the ve shmeal types (p <
0.05 Kruskal Wallis). Using this method, signicantly more
spiked microplastics were recovered from the Scottish salmon
shmeal (60% (6.6 IQR) RR) and the Norwegian LT94 shmeal
(53.3% (3.3 IQR) RR) than the Antarctic krill meal (15% (5.8 IQR)
RR) and the Spanish tuna shmeal (38.3% (15.8 IQR) RR) (p <
0.05, Dunn's Test).

The method developed by Karbalaei et al. (2020)45 (method 4)
did not affect the recovery rate of spiked microplastics between
the shmeal types (p > 0.05, Kruskal Wallis). However, the
Norwegian LT94 shmeal, the sardine and anchovy shmeal
and the Scottish salmon shmeal had the same median
recovery rate of 16.7%.

When using an increased density saline solution of
calcium chloride with a dispersant and a KOH digestion
(method 5) (Fig. 1), a signicant difference in the recovered
microplastics was found between the ve shmeal types (p <
orwegian LT94, South American Sardine and Anchovy, Antarctic Krill,
l density separation (method 1), NaCl density separation followed by
xametaphosphate dispersant followed by KOH digestion (method 3),
a calcium chloride density separation with sodium hexametaphosphate
ian values with the interquartile range, whiskers represent min and max
, p < 0.05).

Anal. Methods, 2022, 14, 606–619 | 611
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0.05, Kruskal Wallis). Signicantly more microplastics were
extracted from the sardine and anchovy shmeal (66.3% (11.6
IQR) RR) than the Norwegian LT94 shmeal (13.33% (5 IQR)
RR) and the Antarctic krill meal (10% (4.2 IQR) RR) (p < 0.05,
Dunn's Test). Also signicantly more microplastics were
recovered from the Scottish salmon shmeal (30% (10.8 IQR)
RR) than the Antarctic krill meal using this method (p < 0.05,
Dunn's Test).
Effect of shmeal properties on recovery rates

All methods but the method by Karbalaei et al. (2020)45 (method
4) produced strong signicant positive correlations between
spiked microplastic recovery rates and bulk density (rs ¼ 0.71
(method 1), rs ¼ 0.73 (method 2), rs ¼ 0.63 (method 3), rs ¼ 0.75
(method 5), p < 0.05, Spearman's rank) (Fig. 2). The NaCl density
separation with added KOH digestion method (method 2), the
density separation with dispersant and KOH digestion method
(method 3) and the method by Karbalaei et al. (2020)45 (method
4) all had the strongest signicant positive correlation between
spiked microplastic recovery rate and protein content (rs ¼ 0.76,
0.71, 0.59 (respectively), p < 0.05 Spearman's rank) (Fig. 2).
These three methods and the method with CaCl2 used as
a saline solution (method 5) shared the strongest signicant
negative correlation between recovery rate and organic content
(rs ¼ -0.52, �0.38, �0.41, �0.89 (respectively), p < 0.05 Spear-
man's rank). Moreover, there was no signicant correlation
between spiked microplastic recovery rate and organic content
when using the NaCl density separation (method 1) (rs ¼�0.46,
p > 0.05, Spearman's rank) (Fig. 2).
Fig. 2 Correlogram showing Spearman Rho correlation coefficients bet
content and bulk density) and spikedmicroplastic recovery rate.�1 indica
Squares including a black cross represent those correlations with no sign
(method 1), NaCl density separation followed by a KOH digestion (m
dispersant followed by KOH digestion (method 3), a previously published
density separation with sodium hexametaphosphate dispersant followed

612 | Anal. Methods, 2022, 14, 606–619
Recovery of individual polymers

All ve methods used recovered signicantly different amounts
of spiked microplastic polymer types (p < 0.05 for all, Kruskal
Wallis) (Fig. 3). The NaCl density separation method (method 1)
extracted signicantly more low-density polymers such as HDPE
(48% RR), LDPE (56.7% RR) and PS (42.7% RR) than high-
density polymers such as PET (4.7% RR) and PVC (0.7% RR)
(p < 0.05 for all, Dunn's test). This method also extracted
signicantly more LDPE than PP (28.7% RR) (<0.05, Dunn's
test).

The methods with added KOH digestion (method 2) and
added dispersant (method 3) recovered signicantly more low-
density polymers [such as HDPE (KOH: 57.3% RR, dispersant:
70.7% RR), LDPE (KOH: 60% RR, dispersant: 75.3% RR), PP
(KOH: 32% RR, dispersant: 44.7% RR) and PS (KOH: 41.3%,
dispersant: 50.7% RR)] than high-density PET [(KOH: 4% RR,
dispersant: 6% RR) and PVC (KOH: 2.7% RR, dispersant: 2%
RR)] (p < 0.05, Dunn's test).

The method by Karbalaei et al. (2020)45 (method 4) recovered
signicantly more low-density polymers [such as HDPE (14.7%
RR), LDPE (32.7% RR), PP (7.3% RR) and PS (10.7% RR)] than
high-density PET (0.7% RR) (p < 0.05 Dunn's test). However, this
method only found signicantly more low-density HDPE and
LDPE than high-density PVC (4% RR) (<0.05, Dunn's test). This
method also recovered signicantly more LDPE polymers than
any other polymer (p < 0.05, Dunn's test).

The method with an increased density saline solution of
calcium chloride, a dispersant and a KOH digestion (method 5)
also recovered signicantly more low-density polymers of HDPE
ween fishmeal properties (organic content, carbonate content, protein
tes strong negative correlation, +1 indicates strong positive correlation.
ificance (p > 0.05). The five methods include: NaCl density separation
ethod 2), NaCl density separation with sodium hexametaphosphate
method by Karbalaei et al. (2020)45 (method 4) and a calcium chloride
by KOH digestion (method 5).

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Average recovery rates (%) of 6 common microplastic polymers (first six plastic resin codes), extracted from fishmeal, using five sepa-
ration/digestion methods used in existing literature (NaCl density separation (method 1), NaCl separation with a KOH digestion (method 2), NaCl
separation with sodium hexametaphosphate dispersant followed by KOH digestion (method 3), a previously published method by Karbalaei et al.
(2020)45 (method 4) and a calcium chloride density separation with sodium hexametaphosphate dispersant followed by KOH digestion (method
5)). Error bars represent standard error of themean. Bars with different letter notations within eachmethod are significantly different (Dunn's test,
p < 0.05).
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(62% RR) and LDPE (60.6% RR) than the higher density poly-
mers of PET (11.3% RR) and PVC (20.6% RR) (p < 0.05, Dunn's
test). However, polystyrene (15.3% RR), which has the lowest
density, was recovered signicantly less than the other low-
density polymers of LDPE and HDPE (p < 0.05, Dunn's test).
This method also recovered the highest amount of the high-
density polymers such as PET and PVC compared to the other
four methods, with recovery rates of 11.3% and 20.6% respec-
tively (Fig. 3).
Individual polymer properties

All methods that include a NaCl (methods 1, 2 and 3) or a CaCl2
density separation (method 5) recovered signicantly more big
(0.5–1 mm) microplastics (41.7%, 42%, 51.3%, 47% RR
respectively) than the method by Karbalaei et al. (2020)45 (14.3%
RR) (p < 0.05, Dunn's test) (Fig. 4A). These four methods also
recovered signicantly more fragments (RR ¼ method 1: 32%,
method 2: 34.8%, method 3: 43%, method 5: 31.3%) than the
method by Karbalaei et al. (2020)45 (method 4) (RR¼ 10.7%) (p <
0.05, Dunn's test for both) (Fig. 4B).

However, method 4 (Karbalaei et al. 2020) recovered on
average more small (0.25–0.5 mm) microplastics (16.7% RR)
than big microplastics (14.3% RR) which is an opposite trends
to all other methods which recovered more big microplastics
than small.
This journal is © The Royal Society of Chemistry 2022
Discussion

When investigating microplastics in a new medium, it is para-
mount to understand the properties of the medium and
whether these will have an effect on extraction of plastic parti-
cles. Here, we measured four properties of ve commercially
available types of shmeal and subjected them to ve different
methods to establish recovery rate of spiked microplastics. We
found the method of CaCl2 density separation with dispersant
and KOH digestion recovered the most microplastics in the
sardine and anchovy shmeal. However, the NaCl density
separation with dispersant and a KOH digestion stage recovered
the most microplastics from the four other shmeal types.
Moreover, the organic content of shmeal was found to be
negatively correlated with microplastic recovery rate. Overall,
recovery rates varied across shmeal types when using the same
method (Fig. 1), suggesting that the properties of the shmeal
could inuence the amount of microplastics recovered. In
addition, recovery rates were also low (0–66.3%), suggesting
a potential for general underestimation of microplastics re-
ported in shmeal literature.

Sodium chloride density separation has been used as
a method to separate microplastics from a matrix for a long
time.59 More recently, it has been utilised to recover micro-
plastics from shmeal. Thiele et al. (2021)46 used a NaCl density
Anal. Methods, 2022, 14, 606–619 | 613
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Fig. 4 Average recovery rate (%) of big (0.5–1 mm) (A), small (0.25–0.5 mm) (A), fibres(B) and fragments (B) spiked microplastics extracted from
fishmeal, using five different methods (NaCl density separation (method 1), NaCl separation with a KOH digestion (method 2), NaCl separation
with sodium hexametaphosphate dispersant followed by KOH digestion (method 3), a previously published method by Karbalaei et al. (2020)45

(method 4) and a calcium chloride density separation with sodium hexametaphosphate dispersant followed by KOH digestion (method 5)). Bars
with different letter notations are significantly different (Dunn's test, p < 0.05), different case of letters represents different tests in each plot.
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separation ‘Overow’ method (Table 3) to extract microplastics
from two shmeal types. They found a recovery rate of 49.3 �
1.2% in sardine and anchovy shmeal, whereas this study
found 33.3% recovery rate with the same shmeal type (but
obtained from a different source). This difference in recovery
rate suggests there is a variability in the same shmeal when
manufactured in different places, or that the sh is sourced
from different locations. This in turn may inuence the effec-
tiveness of the method. The study by Thiele et al. (2021)46 used
different spiking polymers consisting of PS, PP, PET, PA and
rayon, which have different densities than the polymers used in
this study (PET, HDPE, LDPE, PVC, PS and PP), making it
difficult to compare recovery rates. Sodium chloride is
frequently used when studying microplastics. For example,
Hanvey et al. (2017)60 compared studies looking into micro-
plastics in sediments, and almost half (19/43) used NaCl as
a saline solution. Similarly, a meta-analysis looking into
recovery rate studies by Way et al. (2022)61 found that 16 out of
the 71 studies included used NaCl, which was the most
frequently used reagent in the analysis. Using NaCl as a density
separation is also recommended by the Marine Strategy
Framework Directive (MSFD).62 There are several reasons as to
why this method is widely used and accepted: ease of use,
affordability, and its non-toxic properties (Table 1). Although
the studies which use zinc chloride (ZnCl2)63 and NaI64 have
found high recovery rates (95.5–100% and >98% respectively),
614 | Anal. Methods, 2022, 14, 606–619
the use of the more expensive and hazardous saline solutions
involve multiple steps to reduce sample mass, allowing for less
of the solution to be used.40 Moreover, many studies do not use
these higher-density, expensive saline solutions at the highest
density the salt can reach at 20 �C (Table 1), suggesting that it is
much more economically viable to use the lower-density, lower
expense saline solutions. For these reasons, this study used and
developed methods with NaCl over other more expensive and
toxic reagents such as ZnCl2 and NaI, in order to encourage
replication and standardisation from others.

This study combined NaCl with KOH to facilitate digestion
and found recovery rates of between 5% and 48.3%, depending
on the shmeal type. Many studies have reported KOH an
effective digestion reagent, which depending on the incubation
temperature, it can have little effect on the polymer properties.
For example, Karami et al. (2017)16 found that using KOH at
40 �C had no effect on the polymers and was effective at
digesting sh tissues. Thiele et al. (2021)46 trialled the use of
KOH in recovering microplastics and found shmeal that was
digested in 10% KOH was not lterable through 25 mm lter
papers. This study used KOH to digest residual shmeal aer
density separation with 5% sodium hexametaphosphate as
a dispersant, allowing for easier ltration. This proved to be an
effective method in extracting the spiked microplastics with
recovery rates between 15% and 60%. Other studies have used
This journal is © The Royal Society of Chemistry 2022
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various surfactants/dispersants as an effective way of dispersing
microplastics in a solution.65–67

When a method was trialled using a higher density salt
solution (CaCl2) with added dispersant and a KOH digestion
(method 5), spiking plastics were recovered at a higher rate of
between 10–66.3%. Similar recoveries of 69% and 55.5% have
been found when using calcium chloride to recover micro-
plastics from sediment.32,51 The calcium chloride solution has
a higher density than sodium chloride, so is expected to recover
plastics with a higher density. However, it was observed that
using this solution oen caused the lower density shmeal to
rise in the beaker, which caused issues with the overow tech-
nique and following ltration (Fig. 5). This could explain how
the highest recovery (66.6%) was found in the sardine and
anchovy shmeal which also has the highest bulk density
(0.83 g cm�3) (Table 4) and thus less likely to oat in the calcium
chloride solution. Moreover, this method did recover more
high-density polymers such as PET and PVC than other
Fig. 5 Comparison of two similar methods using different saline solution
different fishmeal types (Norwegian LT94 and South American sardine a

This journal is © The Royal Society of Chemistry 2022
methods using NaCl. Using this method, signicantly less PS
was recovered than other polymers. Crichton et al. (2017),32 who
also used calcium chloride as a density separation similarly
found higher recovery rates of PVC (86.6%) than the category of
polymers containing polystyrene (42.2%). They explained that
the low recovery rates could be due to the calcium chloride
settling overnight.

The chemistry/properties of calcium chloride may provide
another explanation for the behaviour of the shmeal in the
beakers and the results found. Unlike sodium chloride, calcium
chloride is hygroscopic meaning it can absorb the moisture
from air, and is deliquescent, so the salt will readily dissolve
from the moisture absorbed from the air.68,69 In solution
calcium chloride may attract more water until equilibrium is
reached between the ambient and solution vapor pressure.
Having properties that readily absorbs water from the
surroundings could provide an opportunity for water to be
drawn out from the shmeal, allowing the shmeal to rise –
s (method 3: NaCl and method 5: CaCl2) and the effect of these on two
nd anchovy).

Anal. Methods, 2022, 14, 606–619 | 615
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thus causing the issues found with overowing and ltering
mentioned previously. Moreover, the calcium chloride solution
at a density of 1.4 g cm�3 has a viscous texture, making the
solution difficult to lter. Although this method recovered the
highest recovery rate, we would not recommend the use of this
solution, due to the issues of overowing and ltering, making
it difficult to locate the recovered spiking plastics. However, if
the aim of a study is to recover high density microplastics, this
method may prove useful if large pore-sized lters are used.

Microplastics were more difficult to recover from the sh-
meal with the highest organic content, shown with a signicant
negative correlation with the recovery rate of the spiked
microplastics (rs ¼ �0.52, �0.38, �0.41, �0.89) (Antarctic krill
organic content ¼ 87.5%) using all methods. Similar trends are
found with other media. For example, Radford et al. (2021)70

found lower recovery rates of microplastics from soils with
higher organic matter. Hurley et al. (2018)35mostly found higher
extraction efficiencies in soils with lower organic content than
in the higher organic content sludge samples. Some studies
have succeeded in removing large amounts of organic matter,
thus achieving high recovery rates, by using digestion steps.71

However, this oen entails using hazardous/toxic reagents such
as hydrogen peroxide or Fenton's reagent.

Bulk density (g cm�3) oen refers to the density of polymers
and the saline solution. We measured the bulk density of the
shmeal types (Table 4). Signicant correlations were found
between the bulk density of shmeal and recovery rate of spiked
microplastics (rs ¼ 0.71, 0.73, 0.63, 0.49, 0.75). In this study, the
shmeal with the highest bulk density (sardine and anchovy:
bulk density ¼ 0.83 g cm�3) sank in NaCl solution, making it
easier for the microplastics to rise and overow the glass jar.
However, it is known that microplastics have the ability to lower
the bulk density of a matrix, such as soil.72 If this is the case, it
may become more difficult to extract microplastics from
a sample that is highly contaminated with the particles.

Some studies have investigated the use of enzymes to digest
material when extracting microplastics,73–75 as they can be
effective for reducing fats and proteins. However, this study
found a signicant positive correlation between shmeal with
a high protein content (Norwegian LT94 shmeal) and the
recovery rate of spiked microplastics (rs ¼ 0.66, 0.76, 0.71, 0.59),
showing that a reduction in protein content may not benet the
extraction of microplastics from shmeal. Furthermore, the use
of some enzymes, such as proteinase-K can be expensive due to
the high purication.74

Here, more low density polymers (HDPE, LDPE, PS and PP)
were extracted than the high density polymers (PET and PVC).
Similar ndings have been found by Thiele et al. (2021),46 who
extracted more spiked PS fragments than PET and rayon from
sardine and anchovy shmeal. This nding is comparable
across other media. For example, Radford et al. (2021)70 found
PET had the lowest recovery rates in soil, whereas LDPE had the
highest recovery rates. In some cases, the high-density polymers
can be recovered with the higher-density solutions, such as zinc
bromide (ZnBr2).52 However, this study did not utilise these
solutions due to their hazardous nature and expense, but
a slightly higher density, non-toxic reagent of CaCl2 was tested
616 | Anal. Methods, 2022, 14, 606–619
and found high recovery rates of PET and PVC than themethods
using NaCl. Attention must be noted when comparing recovery
rates of polymers between studies as polymer densities and thus
their oatability can be affected by the addition of plasticisers
and additives.76 If the aim of a study is to target high density
polymers, for example in bottom feeder sh/invertebrates, then
using high density saline solutions may be benecial. To avoid
the high cost of these saline solutions, some researchers have
begun looking into recycling saline solutions.55 However, recy-
cling the solutions by evaporation could be energy-intensive
and very time-consuming, depending on the number of
samples and amount of solution used.

This study showed that when using a NaCl or CaCl2 density
separation method, more ‘big’ (0.5–1 mm) microplastics were
recovered than the ‘small’ (0.25–0.5 mm) microplastics, and
more fragments than bres. The opposite trend was found
when utilising the method by Karbalaei et al. (2020).45 With few
recovery studies published using shmeal as a medium, it is
difficult to compare trends. Other studies have shown that
smaller microplastics are easier to nd than large when using
NaCl and water,52 whereas large microplastics are easier to
recover when using higher density solutions such as ZnCl2.63

The shape and size of microplastics recovered could depend
on the number of steps used during the methodology. The
method by Karbalaei et al. (2020)45 had several steps, with
different equipment, ultimately giving higher chance of losing
microplastics between stages. This could be a reason for nding
less of the larger spiking plastics, which may have been lost
through the multiple stages of the method. Alternative methods
that minimise stages of preparation include the use of pyrolysis-
GC-MS. Pyrolysis-GC-MS involves heating (pyrolysis) a small
sample which produces pyrolysates which move into a gas
chromatography (GC) column, are separated and then detected
by amass spectrometer (MS).77 Pyrolysis-GC-MS has the benets
of being able to detect the presence of additives and phthalates
of microplastics, is less restricted by the size of the microplastic
to be identied, has lower chance of contamination and is more
reproducible given access to equipment.77 This technique is
emerging as an option for identifying microplastics in envi-
ronmental samples. For example, Ribeiro et al. (2020)15 used
a KOH digestion followed by accelerated solvent extraction and
then pyrolysis to identify microplastics in common seafood. If
this technique could be adopted to identify microplastics in
shmeal, large numbers of samples could be processed, with
higher accuracy and with less chance of contamination.

For future applications of these methods it would be worth
evaluating the reproducibility between different operators and
different laboratory settings to see whether similar results could
be reproduced.

When developing a method to extract microplastics from an
environmental medium, there must be a ne balance between
performance (recovery rate), cost and environmental impact.
Although calcium chloride and sodium chloride are usually
reported as having lower performance than other high density
saline solutions, the signicantly lower cost and environmental
impact make them a preferred solution to use in most investi-
gations of shmeal samples. Seeing as microplastics are
This journal is © The Royal Society of Chemistry 2022
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a pollutant themselves, this balance is something all micro-
plastic researchers should consider when developing a method
they hope to be universally accepted.

Conclusions

Fishmeal is a globally important feed in aquaculture and agri-
culture. Consequently, microplastic presence in shmeal is
concerning and analytical methodologies are emerging. This
study highlights the variability of shmeal media, the
complexity this brings when attempting to extract micro-
plastics, and the importance of using environmentally
conscious and affordable methods.

We recommend using a dispersant with NaCl density sepa-
ration and a KOH digestion; and analysing the shmeal prop-
erties: lower recoveries may be anticipated from shmeal types
with higher organic and lower protein content. This method is
of low cost and is environmentally friendly, which is a balance
we argue should become an international standard approach
for researchers to allow for a method that is widely accepted
(philosophically and scientically) and easy to replicate. The
low recovery rates found in this study highlight the possibility of
variable underestimation of microplastics being reported in
shmeal. This is an issue that probably applies to other complex
media and must also be accounted for if the method is used for
microplastic extraction in the future.
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