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ABSTRACT: Separating microplastics (MPs) from environmental
samples is challenging, but necessary to determine their environmental prevalence. Current methods are not standardized across
environmental sample type, and it is unclear how well they recover
smaller sized MPs. In response, we developed a method that extracts
plastics magnetically, taking advantage of their hydrophobic surface
to magnetize the plastics. We created hydrophobic Fe nanoparticles
that bind to plastic, allowing magnetic recovery. With this principle
applied to a simple method, we recovered 92% of 10−20 μm
polyethylene and polystyrene beads and 93% of >1 mm MPs
(polyethylene, polyethylene terephthalate, polystyrene, polyurethane, polyvinyl chloride, and polypropylene) from seawater. We
also recovered 84% and 78% of MPs (polyethylene, polystyrene,
polyurethane, polyvinyl chloride, and polypropylene) ranging from
200 μm to 1 mm from freshwater and sediments, respectively. Overall, the procedure is eﬃcient for various sizes, polymer types,
and sample matrices and can be considered by researchers to be included as a step of the extraction procedure for MPs (i.e.,
post density separation) or stand-alone for cleaner samples (i.e., drinking water).

■

Reliable collection of small (<150 μm) MPs is particularly
challenging. Small MPs are diﬃcult to handle manually, and
the eﬀectiveness of current extraction techniques for their
recovery is unclear (see Table S1 for a list of studies testing the
recovery of MPs using diﬀerent methods). To complement
existing techniques and aid in the recovery of smaller MPs, we
developed and demonstrate an eﬀective method for the
extraction and isolation of MP particles from various
environmental matrices (freshwater, seawater, and sediment).
This method involves using coated Fe nanoparticles to
magnetize plastics, allowing magnetic extraction and the
isolation of MPs. A key characteristic of this method is that
the eﬀectiveness is relative to the surface area to volume ratio;
for smaller particles, more of the Fe nanoparticles can bind per
unit mass of plastic. Thus, this method is particularly useful for
small MPs (<20 μm).

INTRODUCTION

Microplastics (MPs) have been found in seemingly all
environmental matrices around the world, including surface
waters,1 sediments,2 air,3 the water column,4 soil,5,6 and
organisms.7−9 Consequently, governments are considering
regularly monitoring environmental MPs. For example,
California has called for a “standard methodology to be used
in the testing of drinking water for microplastics”.10 Therefore,
eﬃcient sampling, extraction, and analysis techniques are
needed.
Common extraction methods for MPs in environmental
samples include ﬂotation (separation by density), chemical
digestion (separation by biogenic material removal), sieving or
ﬁltration (separation by size), and visual identiﬁcation
(separation by manual sorting).11 At present, there is no
standardized method for extraction. For example, density
separation methods use solutions with a wide range of
densities, including but not limited to sodium chloride
(NaCl, 1.2 g/cm3), zinc chloride (ZnCl2, 1.5−1.7 g/cm3),
and sodium iodide (NaI, 1.6−1.8 g/cm3).2 Chemical
digestions also vary by type of chemical used and
accompanying temperature, some of which can degrade
MPs.12 Additionally, new methods, such as electrostatic
separation13 and elutriation column optimization,14 are being
continually developed.
© XXXX American Chemical Society
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MATERIALS AND METHODS
Part 1: Method Development. Hydrophobization of Fe
nanoparticles facilitates sorption to MPs. This was done by
surface modiﬁcation with a silane to functionalize Fe
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Figure 1. Schematic of the magnetic plastic separation method. (a) Modiﬁcation of Fe nanoparticles with hexadecyltrimethoxysilane (HDTMS) to
create hydrophobic Fe nanoparticles that bind to plastic due to hydrophobic interaction. HDTMS binds to the nanoparticles to create hydrophobic
tails. (b) Bound Fe nanoparticles allow magnetic recovery of MPs because magnetic force acts on the particles. (c) Pictorial representation of
HDTMS bonding to OH groups on the native oxide layer of Fe.

nanoparticles with hydrophobic hydrocarbon tails (Figure 1).
Fe nanoparticles were chosen for their high surface area to
volume ratio, their low cost, and their ferromagnetic properties.
Brieﬂy, a solution of 0.2 mL of hexadecyltrimethoxysilane
(HDTMS; technical grade, >85%, Sigma-Aldrich, catalog no.
52360) was added to 20 mL of methanol (reagent grade, 99%,
Bioshop) with a micropipette along with ∼40 mg of 25 nm Fe
nanoparticles (99.5% trace metals, Sigma-Aldrich, catalog no.
746835) in glass scintillation vials. Hydroxyl groups in the
native oxide layer of Fe15 react with the methoxysilane group
(-Si-OCH3) of HDTMS to covalently form siloxane bonds
(−Si−O−Si−)16 (Figure 1c). As a result, the alkyl chain of
HDTMS is revealed on the surface of the Fe nanoparticles,
which makes them hydrophobic. Si−O bonds (bond energy of
452 kJ/mol) are stronger than C−C bonds (bond energy of
345.6 kJ/mol)17 and thus likely resilient to chemical conditions
in environmental samples. The mixture was shaken overnight
on a vortex mixer (Talboys 9456TAMPUSS) at room
temperature for the reaction to occur. Treated Fe nanoparticles
were stored in solution at room temperature. Fe nanoparticles
were separated from the solution and stored in deionized water
by pouring out the solution and replacing it with water while
keeping the Fe nanoparticles in the container with a magnet.
The particles can then be added to a sample with MPs in
solution.
Part 2: Testing the Eﬀectiveness of the Method. We
conducted spike and recovery tests to measure the recovery
rates of diﬀerent sizes and types of plastics. We tested recovery
for MPs in three size ranges, large (from ∼1 to ∼8 mm),
medium (from 200 μm to 1 mm), and small (<20 μm), and in
diﬀerent matrices for some. For each set of size range and
matrix, we conducted at least three trials and four for the small
MP experiment. Medium and large size ranges are
representative of microplastic sizes commonly found in the
environment (i.e., commonly collected with a 333 μm mesh

size Manta Trawl). Details of the preparation of spiked plastics
can be found in the Supporting Information. The smaller size
range was tested because of the lack of existing methods to
separate this size range. We did not test plastics between 21
and 199 μm in size but would expect similar results in that size
range. Spike and recovery experiments were conducted with
large and small MPs in artiﬁcial seawater. To test for
microplastics that are in size ranges commonly found in the
environment and in diﬀerent matrices, we tested a medium size
fraction using reverse osmosis (RO) water to be representative
of a fresh or drinking water sample and benthic sediments from
San Francisco Bay, California, to mimic a sediment sample.
Although salt water was used for the large and small
microplastic tests, we expect that RO water (fresh water)
will behave like a salt water sample. Benthic sediment was ﬁrst
dried in a drying oven (Thelco GCA Precision Scientiﬁc) at
∼55 °C for more than 2 weeks and then sieved to 45 μm. We
did not check the sediment for microplastics because we did
not use <45 μm plastics for sediment tests and our spiked
plastics could be identiﬁed by their size, shape, and color.
For large MP tests, a suspension containing ∼2 mg of
modiﬁed Fe nanoparticles was added to ∼200 mL of artiﬁcial
seawater (35 ppt Instant Ocean) spiked with 5−10 plastics of
each plastic type with the initial counts withheld from the
experimenter to produce a blind trial for magnetic MP
extraction. A N52-grade neodymium magnet (Zigmyster
Magnets) attached to a stainless steel rod was dipped and
swirled in the sample and then removed and rinsed with
deionized water into a Petri dish for counting. This was
repeated three times. Further techniques for removing the
plastics from the magnet were unnecessary for larger plastics.
For the sediment tests with medium plastics, 100 g of dry
sediment was mixed with 200 mL of RO water using a glass stir
rod until the mixture appeared to be homogeneous, and then
∼2 mg of the modiﬁed Fe nanoparticles was added. For the
B
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Figure 2. Results from the spike and recovery experiments with large MPs. (a) Percent recoveries of large MPs spiked into seawater with 5−10
pieces of each type spiked into 200 mL of seawater (n = 3 trials). Error bars show standard deviations. Letters denote statistical signiﬁcance
between groups. (b) Photograph of large MPs exposed to modiﬁed Fe nanoparticles being attracted to a magnet at the center of the dish. The scale
bar is 20 mm. Spike and recovery of medium MPs (from 200 μm to 1 mm) in (c) sediment and (d) RO water (n = 3 trials for all cases). Error bars
show standard deviations. Note that for PS and PE error bars are not visible because all trials resulted in 100% recovery.

the diﬃculty of handling sub-20 μm particles in free solution as
the plastics were in constant motion and could not be kept
within a microscope ﬁeld of view. Recovered MPs were
counted on the magnet as they were immobilized. For these
tests, ∼10 μg of modiﬁed Fe nanoparticles was added and
allowed to passively mix for ∼5 min. The magnet was then
placed at the center of the plate and left for ∼30 min. Plastics
were analyzed directly on the magnet using an Evos FL
ﬂuorescent microscope (Thermo Fisher), and the numbers
were compared to those in the 1 μL transfers to measure
recovery. For all tests, the magnet was handled carefully, away
from other magnets and magnetic materials. Analyses of
variance were conducted for data analysis, followed by Tukey’s
HSD if necessary (further details for all tests can be found in
the Supporting Information).

RO water test, a suspension containing ∼2 mg of the modiﬁed
Fe nanoparticles was added to ∼200 mL of RO water. The RO
water was spiked with 5−10 MPs of each type, and the
sediment with 10−15 MPs of each type with the initial counts
withheld from the experimenter. Each sample jar was manually
shaken to mix the plastics into the sample. The sediment was
also mixed with a stainless steel spoon after the plastics were
added and the spoon was rinsed with RO water. A N52-grade
neodymium magnet was dipped and swirled in the samples,
removed and placed in a separate clean glass jar, and rinsed
with RO water from a squirt bottle. This process was repeated
three times. The jar with the magnet was then sonicated, and
the magnet removed and further rinsed into a clean Petri dish.
MPs in the Petri dish were counted under a stereomicroscope.
In preliminary trials, we found that ﬁltration is also possible
after magnetic recovery.
For the smallest size fraction, ﬂuorescently labeled
polystyrene (PS) and polyethylene (PE) particles were
purchased from Phosphorex and Cospheric, respectively,
U.S.-based companies that specialize in microparticle manufacturing. They were spiked in one-well microtiter plates in 50
mL of artiﬁcial seawater with MgSO4 added to aid ﬂotation.
The amount spiked was calculated as an average count from
eight 1 μL transfers from an identical stock suspension of
ﬂuorescently labeled plastic particles onto a microscope slide.
The same volume was used to spike each sample. It was
impractical to count the amount spiked for each case due to

■

RESULTS AND DISCUSSION
Spike and recovery experiments using this magnetic extraction
method were performed on three size fractions to demonstrate
a proof of concept: (1) large MPs (from ∼1 to ∼ 8 mm), (2)
medium MPs (from 200 μm to 1 mm), and (3) small MPs
(<20 μm). The results of the tests are outlined below, and
detailed counts for all spike and recovery tests for each trial can
be found in Tables S5−S9.
For the large size fraction (Figure 2a,b), recoveries ranged
from 74 to 105%. The average recoveries were 96 ± 6% for
polypropylene (PP), 92 ± 7% for polyvinyl chloride (PVC),
C
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Figure 3. Spike (n = 8) and recovery (n = 4) of small (<20 μm) MPs in seawater. Error bars show standard deviations. (a) Counts of 10−20 μm
polyethylene spheres in 1 μL drops of a stock suspension counted on a microscope slide compared with magnetic extraction recoveries from 50 mL
of seawater spiked with 1 μL of the same stock suspension. (b) Counts of 15 μm polystyrene spheres in 1 μL drops of a stock suspension counted
on a microscope slide compared with recovery from 50 mL of seawater spiked with 1 μL of the same stock suspension. (c) Representative image of
small MPs captured by the magnet. The scale bar is 1 mm.

105 ± 8% for polyurethane (PU), 96 ± 7% for PS, 96 ± 7% for
high-density polyethylene (HDPE), and 74 ± 9% for
polyethylene terephthalate (PET) ﬁbers. Recoveries for PET
ﬁbers were signiﬁcantly (p < 0.05) lower than those for all
other plastic types, except for PVC. In some cases, recoveries
were >100% due to plastics fragmenting during mixing and
handling. Nevertheless, this test with larger MPs demonstrates
magnetic extraction across polymer types.
For the medium size fraction (Figure 2c,d), the recoveries
ranged from 59 to 100% for RO water and from 49 to 90% for
sediment. The average recoveries for RO water were 89 ± 10%
for PP, 59 ± 17% for PVC, 73 ± 12% for PU, 100 ± 0% for PS,
and 100 ± 0% for PE. The average recoveries for sediment
were 49 ± 12% for PP, 85 ± 27% for PVC, 79 ± 21% for PU,
87 ± 26% for PS, and 90 ± 47% for PE. We did not detect a
signiﬁcant eﬀect of plastic type or matrix type on recovery (p >
0.05). However, the average recoveries for PP and PVC were
notably diﬀerent between the matrices. Nevertheless, we
attribute this diﬀerence primarily to single trials with unusually
low recoveries. As with the large MPs, fragmentation of the
medium-sized MPs occurred, resulting in >100% recovery in
some cases. This fragmentation was most obvious with the PE
microspheres, which resulted in deformed or fragmented
particles and had the greatest range in recoveries of all MPs
(Figure S1a). Fragmentation may be mitigated by engineering
a design in which the MP contact with the magnet is limited.
Furthermore, the Fe tended to stick to all the MPs as
evidenced in Figure S1b. We found that sonicating the magnet
in a surfactant (e.g., Pluronic F127) or acid (e.g., oxalic acid)
solution can remove the Fe from MPs.
For the small MPs, the recoveries (Figure 3) were similar to
the average counts in the 1 μL subsamples of the stock
solutions for both PE (Figure 3a) and PS (Figure 3b). The
recoveries were 96 ± 13% for PE and 88 ± 17% for PS. No
signiﬁcant diﬀerences (p > 0.05) in recoveries were detected
between polymer types for small MPs. For PE, spiked counts
averaged ∼46 ± 6 particles, while recovered counts averaged
∼44 ± 6 particles. For PS, spiked counts averaged ∼31 ± 12
particles while recovered counts averaged ∼27 ± 11 particles.
The average number of recovered MPs is within 5% of that
expected for PE and 15% of that expected for PS. This suggests
that the recovery rates are ∼90% for small MPs. The standard
deviation of recovered counts was eﬀectively identical to the

standard deviation of the counts in the stock suspension for PE
and within 20% for PS. This suggests that much of the
variation between trials can be attributed to drop-to-drop
variation as opposed to variation in recovery rates.
Overall, a proof of concept was shown across a wide size
range of MPs, including the smallest size fraction. This is
important because studies are beginning to sample microplastics at smaller size ranges in the environment.18,19 Thus,
researchers are interested in extracting small MPs eﬃciently.20
To the best of our knowledge, the smallest size ranges of
polyethylene and polystyrene that have been tested using
density separation techniques are 200−400 μm21 and 80−309
μm,22 respectively, both achieving >90% recovery. A 93.6%
recovery of 10 μm PS spheres was achieved by digestion.23 An
electrostatic separator has been tested on dry PE and PS down
to 63 μm,13 and pressurized ﬂuid extraction on 50 μm HDPE24
with promising recoveries (>80%). These smaller MPs (<20
μm) are generally not being considered in extraction
experiments, and although high recovery rates have been
reported with larger MPs using other techniques, it is unclear
how smaller MPs fare.
In our technique’s current form, limitations remain. The
reported results for medium MPs are lower on average than
those for the larger and smaller MPs. We hypothesize that this
is due to the relatively lower surface area to volume ratio of the
medium size fraction. For sediments, the recovery may also be
lower because of soil particles impeding the nanoparticles
encountering the plastic. Additionally, if lipophilic substances
or biota (e.g., fat in ﬁsh tissue) were present in the sediment
sample, nonspeciﬁc binding of nanoparticles would reduce the
eﬀectiveness. Thus, we believe our procedure is ideal postdensity separation or digestion once the sample is cleaner. In
addition, this method is likely most useful for fast extraction in
clean samples (e.g., drinking water).
Magnetic extraction also caused more brittle MPs to
fragment; for example, the PE particle in Figure S1a is part
of a sphere. In future work, the strength of the magnet could be
tuned to the plastics of interest, with weaker magnets for MPs
susceptible to breakage. Alternatively, collection could be
achieved continuously to limit magnet contact. For example, a
rotating magnetic drum could continuously harvest magnetized
particles.25,26 Lastly, future work should also assess the
eﬀectiveness of the method in separating sub-1 mm microﬁbers
D
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given their prevalence. However, a method would be required
to reliably label spiked ﬁbers to distinguish them from ﬁbers
already present.
Finally, the concept was tested under limited conditions, and
the manner in which the microplastics were extracted was
rudimentary relative to that with an engineered apparatus.
Nevertheless, our proof-of-concept experiments show high
recoveries for large (>1 mm; 93%), medium (from 200 μm to
1 mm; 81%), and small (<20 μm; 92%) MPs under the
conditions tested and thus should be considered a candidate
for future MP research.
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