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ABSTRACT
Plastic pollution in the marine environment is well documented. What remains less recognized and understood are the
chemicals associated with it. Plastics enter the ocean with unreacted monomers, oligomers, and additives, which can leach
over time. Moreover, plastics sorb organic and inorganic chemicals from surrounding seawater, for example, polychlorinated
biphenyls (PCBs) and metals. Thus, interception and cleanup of plastics reduces the amount of chemical contaminants
entering or reentering the oceans and removes those already present. Here, we estimate 1) the mass of selected chemical
additives entering the global oceans with common plastic debris items, and 2) the mass of sorbed chemicals (using PCBs as a
case study) associated with microplastics in selected locations. We estimate the mass of additives that entered the oceans in
2015 as constituents of 7 common plastic debris items (bottles, bottle caps, expanded polystyrene (EPS) containers, cutlery,
grocery bags, food wrappers, and straws or stirrers). We calculate that approximately 190 tonnes (t) of 20 chemical additives
entered the oceans with these items in 2015. We also estimate the mass of PCBs associated with microplastics in 2 coastal
(Hong Kong and Hawaii) and 2 open ocean (North Paciﬁc and South Atlantic gyres) locations, as comparative case studies.
We ﬁnd that the mass of chemicals is related to the mass of plastics in a location, with greater mass of PCBs closer to the
source (i.e., land), where there is more plastic per unit area compared to the open ocean. We estimate approximately 85 000
times more PCBs associated with plastics in an average 4.5‐km stretch of beach in Hong Kong than from the same size
transect in the North Paciﬁc gyre. In conclusion, continuing efforts for plastic interception and cleanup on shorelines
effectively reduces the amount of plastic‐related chemicals entering and/or reentering the marine environment. Integr
Environ Assess Manag 2019;15:596–606. © 2019 SETAC
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INTRODUCTION
Plastic contamination of the marine environment represents a signiﬁcant and growing global problem (Derraik
2002; Gregory and Andrady 2003; Jambeck et al. 2015).
Worldwide annual plastic production increased from 2
million tonnes (MT) in 1950 to 380 MT in 2015 (Geyer
et al. 2017). Of all plastics produced to date, 79% are
estimated to be in landﬁlls or present as debris in the natural
environment (Geyer et al. 2017). Jambeck et al. (2015)
estimate that of the 275 MT of plastic waste generated in
2010 alone, 4.8 to 12.7 MT entered the ocean, becoming
plastic pollution. If the present trends in production, use,
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and waste management of plastics continue, it is predicted
that up to 28 MT of plastic will enter the oceans annually by
2025 (Jambeck et al. 2015).
The accumulation of plastic in the ocean is more than just
an eyesore. Plastic debris threatens the health and survival of
marine life via ingestion, entanglement, smothering, and the
transport of nonnative species (Derraik 2002; Gregory 2009).
Such physical hazards have been observed and researched
for decades; however, researchers have only recently begun
investigating chemical hazards. Plastic marine debris acts as
a sink for many hazardous organic chemicals and metals
found in seawater (Ogata et al. 2009; Engler 2012; Holmes
et al. 2012), and therefore may act as a vector for long‐range
chemical transport. Included in the chemicals that sorb from
marine waters to plastic marine debris are persistent organic
pollutants (POPs; e.g., polychlorinated biphenyls [PCBs],
polycyclic aromatic hydrocarbons [PAHs], polybrominated
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diphenyl ethers [PBDEs], hexachlorocyclododecane [HBCD])
and other substances that are listed as priority pollutants in
many countries (e.g., Hg, Pb, and nonylphenols) (Ogata et al.
2009; Hirai et al. 2011; Holmes et al. 2012). Several of these
chemicals are no longer in production but persist in the
environment today. For example, PCBs were last produced
in the late 1970s and early 1980s in Western countries and in
1990 in Russia (Breivik et al. 2007). Still, because PCBs are
extremely persistent, they are found in virtually all locations
and parts of the global ecosystem (Jepson and Law 2016)
and are found on nearly all microplastic pollution recovered
from oceans and coastlines (Rios et al. 2007; Hirai
et al. 2011).
Recently, sorbed chemicals have dominated discussions
about the toxicological risk of marine plastic pollution. What
may be more relevant with respect to plastics are the
chemicals added during manufacturing, which may be
subsequently released into the ocean via leaching or
weathering (Engler 2012; Gewert et al. 2015; Suhrhoff and
Scholz‐Böttcher 2016). Plastic polymers themselves are
generally considered biochemically inert materials. However, a variety of chemicals are combined during the
manufacture of plastics to provide speciﬁc functionalities,
such as to enhance performance and improve the properties
of the resulting products (Geyer et al. 2017). Chemical
additives include plasticizers, colorants, UV stabilizers,
antioxidants, and antimicrobials (Thompson et al. 2009;
Hammer et al. 2012; Geyer et al. 2017). Flame retardants
can also be added to comply with ﬂammability standards.
Some of these chemicals are nonreactive additives. Others
are reactive, but some can remain unreacted in the ﬁnal
plastic polymer. Both are able to leach from the plastic
(Teuten et al. 2009). Moreover, monomeric feedstock
materials and partially polymerized oligomers of the
polymer are often present and able to leach, due to
incomplete polymerization (Lithner et al. 2011). The fate of
the plastic additives may therefore differ from the fate of the
plastic itself. For example, these released chemicals may
bioconcentrate in organisms, although the plastic itself
might drift away. This is a matter of concern because some
of the chemicals in plastics have been discussed in the
literature as a potential hazard when they leach (Westerhoff
et al. 2008; Wik and Dave 2009; Rani et al. 2014; Tawﬁk and
BaAbdullah 2014), and some are listed as hazardous by the
United Nations Globally Harmonized System of Classiﬁcation and Labelling of Chemicals (Lithner et al. 2011;
UNECE 2013).
Estimates suggest nonﬁber plastics contain on average
7% additives by mass (Geyer et al. 2017). Thus, if 28 MT of
plastic waste is predicted to enter the oceans in 2050
(Jambeck et al. 2015), about 2 MT of chemical additives will
be carried with it. Since the middle of the 20th century, the
production and use of additives in plastics has increased
exponentially (Binetti et al. 2008); therefore this number is
only expected to increase with the continued production of
plastics and resulting masses of mismanaged waste. If
current rates of plastic production continue, a total of 2000
Integr Environ Assess Manag 2019:596–606
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MT of additives will have been produced by the end of 2050
(Geyer et al. 2017).
When plastics become marine debris, they act as both a
source of additives and a sink over time for other chemical
contaminants (Teuten et al. 2009). As such, prevention and
removal of marine plastic pollution are also a means for the
prevention and removal of chemical contaminants from our
oceans. Therefore, while we continue to investigate the fate
and hazards of chemicals associated with plastics, it is also
important to think about how this may inform solutions and
management.
Our main objective was to estimate the mass of additives
and sorbed chemicals that can be prevented from entering
or removed from the oceans along with plastic pollution via
cleanup efforts. Because such efforts are difﬁcult to do
globally, and because plastic debris is already ubiquitous in
the marine environment, our second goal was to identify a
strategy for cleanup efforts. We used case studies to
estimate amounts of plastics and associated chemicals that
could be removed or prevented from reaching the oceans
under speciﬁc scenarios. First, we calculated the mass of
chemical additives entering the ocean each year embodied
within 7 common plastic debris items. Next, we estimated
the mass of sorbed chemicals associated with microplastics
within the North Paciﬁc Gyre, South Atlantic Gyre, and on
the coastlines of Hong Kong and Hawaii, using PCBs as an
example. Below, we share our results and discuss how they
may inform management strategies related to removal of
plastic debris from shorelines versus the open ocean.

METHODS
Quantiﬁcation of additives associated with plastics entering
the oceans
Total mass of 7 plastic items entering the ocean each
year. As a case study, we estimated the total mass of
chemical additives that enters the ocean each year within 7
common plastic marine debris items. The items studied—
beverage bottles, bottle caps, expanded polystyrene (EPS)
food and drink containers, cutlery, grocery bags, straws or
stirrers, and food wrappers—are all among the top 10 debris
items most commonly found and collected during beach
cleans (Ocean Conservancy 2017). The remaining items on
this list (glass bottles, other plastic bags, and plastic lids)
were not included because information on additives was
unavailable, or in the case of glass bottles, the item was not
made of plastic and therefore was not applicable to the
present study.
To calculate the total mass of additive carried by the
plastic, we ﬁrst estimated the total mass of each of these
plastic products that enters the ocean each year, MTi
(tonnes/year [t/y]) (Figure 1). Because of a lack of data, we
estimated MTi from the Ocean Conservancy's (2014) International Coastal Clean‐up (ICC) data, which includes the
total number and average mass of each of these products
and many others collected at >6000 beach cleanups
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1) MTi = Fi * MP
MTi = Total mass of plastic item i entering the ocean (Tonnes/year)
Fi = (Mi * Ti)/MTD = Fraction of debris that is each item i
Mi * Ti = Total mass of plastic item i collected in ICC beach clean-ups (Tonnes)
Mi = Mass of one individual item i (Tonnes)
Ti = Total number of item i collected in ICC beach clean-ups
MTD = Mass of all debris collected by ICC beach clean-ups in 2014 (Tonnes)
MP = Mass of plastic waste entering the ocean (Tonnes/year) from Jambeck et al. 2015 data

2. Aij = ∑(Cij * MTi)
Aij = Total mass of additive entering the oceans with each plastic item i (Tonnes/year)
Cij = Mass percentage of chemical additive j within item i

worldwide. We used beach litter data, making the assumption that the litter on shorelines (which includes beaches and
river banks) is indicative of the litter than goes into the
ocean each year. This litter includes a mix of durable and
single‐use goods, which is likely representative of the litter
that goes into the ocean from several sources. For our
calculations, we used ICC data from the year 2014 because
this was the most comprehensive and recent data available
to use for estimations of marine plastic and related additive
loads in 2015. We assessed the representativeness of 2014
data by comparing data from 2012 through 2017 and found
that the total number of items collected in 2014 were within
1 standard deviation (+/–) of the mean for the years 2012 to
2017. The ICC data state the number of items collected via
cleanup, but not the total mass collected for each item.
Thus, to estimate the total mass of each of these plastic
products that enter the oceans each year, MTi, we ﬁrst
multiplied the average weight of each product, Mi (t)
(Supplemental Data Appendix S1), by the total number of
this product that was collected during beach cleans
(excluding fragments), Ti, to calculate the total mass
collected in 2014 for each item globally. We then divided
this by the total mass of all items collected by ICC in 2014,
MTD (excluding the weight of all nonplastic items ≈ 5.33
million kg; see Supplemental Data Appendix S2), to
calculate the fractional mass of each product collected
along coastlines globally, F.
Next, from the total amount of plastic waste in 2010,
Jambeck et al. (2015; Supplemental Data Appendix S3)
estimated the amount of mismanaged waste that became
marine debris under 3 scenarios: low (15% entering the
ocean), medium (25%), and high (40%). The data set used
also included projections for the years 2015, 2020, and
2025. Due to the lack of available data, we assumed that the
proportions of different types of plastic products found as
beach litter (ICC) are representative of the proportions of
plastic products found in the mismanaged waste that
becomes marine debris. For each item, we multiplied F by
the total mass of plastic estimated to become marine debris
Integr Environ Assess Manag 2019:596–606

Figure 1. Equations used to calculate the total
mass (t) of each plastic debris item that enters the
ocean per year MTi (t/y), repeated with data from
Jambeck et al. (2015) for 2015, 2020, 2025 under
scenarios of 15%, 25%, and 40% of mismanaged
plastic waste entering the ocean (1). Equation used
to determine Aij; the total mass of each chemical
additive (t/y) entering the oceans with each plastic
debris item (2).

in that year, MP (t/y). This ﬁnal step was repeated to provide
an estimated total mass of each plastic item entering the
ocean each year for 2015, 2020, and 2025 under the 15%,
25%, and 40% scenarios.
Items such as cutlery, bottles, and food wrappers can be
made from different types of plastics containing different
chemical additives. To the best of our knowledge, information on these proportions is not publicly available. Therefore, for these 3 debris items we estimated the proportion of
the total amount of litter that constitutes each type of plastic
based on personal communications with people in industry
(see Acknowledgment) and assumed their information to be
representative. The total mass of the item entering the
ocean each year (MTi) was divided, giving 2 proportional
masses for the 2 different types of plastic that are used most
commonly for that item. For plastic cutlery, we estimated
that 80% is polypropylene (PP) and 20% is general‐purpose
polystyrene (GPPS). For plastic bottles, we estimated that
80% are polyethylene terephthalate (PET) and 20% are high‐
density polyethylene (HDPE). For food wrappers, we
estimated that production is split equally between PET,
low‐density polyethylene (LDPE), and polypropylene (PP).
We also assumed all grocery bags found in beach cleans
were HDPE and that all bottle caps were PP.
Mass of additive entering the ocean each year with each
plastic item. Data on the mass percentage of additives
commonly used within the selected plastic items were
provided by leading plastic producers and members of the
American Chemistry Council (ACC) Plastics Division. In
addition, the mass percentages of additives for some items
were sourced from the peer‐reviewed literature (See
Supplemental Data Appendices S4 and S5 for a list of
additives, CAS numbers and weight percentages in each
item). Below, we present chemical additive estimates for
each of the 7 items based upon the amount of each item
entering the oceans in 2015 (MTi) under the medium (25%
mismanaged waste) scenario (see Supplemental Data
Appendices S6–S13 for alternative scenarios). We multiplied
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the mass percentage of chemical j in each plastic item i, Cij,
by the total mass of that item entering the ocean per year
(MTi), to provide the ﬁnal value for each additive, Aij (t/y), the
mass of each chemical additive that is estimated to have
entered the oceans in 2015 with each plastic debris item,
i (Figure 1).
Only 7 debris items were included within the scope of
the present study. Most are food grade and thus have
fewer additives than other types of plastics. Further, the list
of chemicals we obtained for the present study was not
inclusive of all additives used in these items. Additives may
also be added by plastic converters, that is, those that
produce products from raw material pellets. Other additives may include colorants, release agents, inks, and dyes.
We have not included these additives in the present study.
As such, we have underestimated the mass and variety of
additives associated with plastic debris globally. In addition, we note that our results may have overestimated
some speciﬁc chemicals, for example, mold‐release
agents, given that some chemicals may be retained as a
residue on the mold, whereas some will remain within the
plastic itself.
Quantiﬁcation of PCBs on microplastics in the ocean
Quantiﬁcation of microplastics in 4 locations. As a case
study for adsorption of (nonadditive) POPs in ocean waters,
we chose to focus on PCBs as a representative chemical
family. Here, we are using only microplastics, instead of
using larger plastic products because data for chemical
sorption tends to be available only for microplastics. To
quantify the reservoir of PCBs associated with marine
microplastics, we chose 2 coastal locations as case studies,
Hawaii and Hong Kong, and 2 open ocean locations, the
North (N) Paciﬁc and South (S) Atlantic subtropical gyres.
These locations were selected due to the availability of data
for both microplastic pollution and PCBs. Hawaii receives
large quantities of plastic debris on its coastlines, carried by
currents from the North Paciﬁc Subtropical Convergence
Zone (Carson et al. 2013). Hong Kong is a special
administrative region (SAR) of China, and China is the top
producer of plastic waste globally (Jambeck et al. 2015). The
N Paciﬁc gyre is well known to have the largest quantities of
open ocean plastic (Eriksen et al. 2013), and the S Atlantic
gyre is known to have less open ocean plastic than other
oceanic gyres (Eriksen et al. 2013). These locations are
known to collect large amounts of plastic debris, and
therefore they are areas where substantial amounts of
microplastics could be removed.
Ranges of microplastic pollution on coastlines (g/m2) were
sourced from Carson et al. (2011) for Hawaii and from Fok
and Cheung (2015) for Hong Kong. For the gyres, the 95%
conﬁdence minimum and maximum masses of microplastics
in the area were estimated using the model developed by
van Sebille et al. (2015). These numbers were used to
estimate the amount of microplastics that could be removed
from the oceans or beaches within equal‐sized transects. As
Integr Environ Assess Manag 2019:596–606
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a starting reference, we used Kamilo Beach, Hawaii, which
has a coastline of 4500 m in length. To determine the mass
of all the microplastics there, we started with the minimum
and maximum mass of microplastics within a 5‐cm3 sample
of sand (Carson et al. 2011). Assuming this is consistent
across the beach, we extrapolated to estimate the minimum
and maximum amount of microplastics within a 4500 m × 1
m transect. We then repeated these calculations for the 3
other locations by using the minimum and maximum
amounts of microplastics (g/m2) found in each region to
calculate the range of microplastics found within a 4500 m ×
1 m transect.
Quantiﬁcation of PCBs within microplastics. Ranges of
PCB concentrations in microplastics (ng/g) were obtained
from the International Pellet Watch (IPW) for Hawaii and
Hong Kong (IPW 2017), from Hirai et al. (2011) for the N
Paciﬁc gyre, and from Rochman et al. (2014) for the S
Atlantic gyre. To determine the range of the mass of PCBs
associated with the microplastics in each transect, we
multiplied the minimum amount of microplastics (g) by the
lowest concentrations of PCBs (ng/g) found on microplastics
in each region. We then repeated this for the maximum
amount of microplastics and maximum PCB concentrations.
The data included the sum of congeners PCB #66, 101, 105,
110, 118, 128, 138, 149, 153, 170, 180, 187, and 206. This
provided a range for the total mass of PCBs (ng) collected if
all microplastics were removed within the 4500 m × 1 m
transect at each location. As noted above, our estimates are
based on microplastics only and not on macroplastics. This
is because the PCB concentrations used are from microplastics (<5 mm) only, and we did not want to make any
assumptions about concentrations of PCBs on larger plastic
debris. Therefore, the numbers stated within these results
underestimate the total mass of PCBs within plastic debris at
each location because we are not considering the large
plastic debris that could be removed.

RESULTS AND DISCUSSION
Prevention of chemical pollutants with prevention of plastic
debris
We estimate that the total weight of beverage bottles,
bottle caps, EPS food and drink containers, cutlery, grocery
bags, straws or stirrers, and food wrappers entering the
ocean in 2015 was approximately 87 000 t (Table 1; 25%
scenario). As such, our calculations account for only 1% of
the approximately 8 MT of plastic that is estimated to enter
the ocean each year (Jambeck et al. 2015). The remaining
99% of plastic debris by weight entering the ocean is likely
to comprise larger and heavier nonfood items such as tires
and construction materials, which are more likely to contain
chemical additives in greater masses. Therefore, our results
are likely a considerable underestimation of total load of
chemical additives entering the marine environment with
plastic debris.
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2400

1600

23 400

1100

3200

400

20 700

52 800

EPS food and drink containers

Bottle caps

Bottles

Cutlery

Grocery bags

Straws or stirrers

Food wrappers

Total

EPS = expanded polystyrene.
a
All numbers are rounded to the nearest hundred.

15%

Plastic item

87 100

34 300

600

5300

1800

38 700

2400

4000

25%

2015

140 200

55 000

1000

8600

2900

62 200

4200

6400

40%

59 500

23 400

400

3600

1200

26 400

1800

2700

15%

98 900

38 800

700

6100

2100

43 900

3000

4500

25%

2020

158 500

62 200

1100

9700

3300

70 300

4800

7200

40%

96 000

37 700

700

5900

2000

42 600

2900

4400

15%

168 100

65 900

1200

10 300

500

74 500

5100

7700

25%

2025

268 900

105 500

1900

16 500

5600

119 200

8100

12 200

40%

Table 1. Estimated total mass (t) of the 7 plastic debris items entering the ocean each year in 2015, 2020, and 2025 under scenarios of 15%, 25%, or 40% of total mismanaged waste becoming
marine debrisa
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Table 2. Total mass (t) of chemical additive entering the marine environment in 2015 with 7 items of plastic debris under a medium scenario
(25%) of mismanaged plastic waste entering the oceans
Plastic debris item

Additivea

EPS
containers

Bottle
caps

PET
HDPE GPPS
Grocery
bottles bottles cutlery PP cutlery
Bags

LDPE
PET food
food
PP food
wrappers wrappers wrappers

Straws
or
stirrers

1.6

0.05

—

—

—

0.72

1.3

—

5.7

0.3

0.02

c

3

—

62

—

—

0.36

1.6

22.9

—

4

0.2

d

26741‐53‐7

—

0.6

—

—

—

0.58

—

—

—

—

—

Sodium benzoate

—

0.6

—

—

—

0.43

—

—

—

—

—

Glyceryl
monostearate

—

4.7

—

—

—

1.8

—

—

—

—

—

1709‐70‐2e

—

1.3

—

—

—

—

—

—

—

—

0.2

Erucamide

—

0.7

—

—

—

—

—

—

—

—

—

Antimony trioxide

—

—

6.2

—

—

—

—

—

—

—

—

6683‐19‐8f

—

0.6

15.5

5.4

—

0.14

1.6

5.7

—

11.4

0.2

Acetaldehyde

—

—

0.2

—

—

—

—

—

—

—

—

Zinc stearate

—

—

—

1.2

0.5

0.43

2.7

—

—

—

0.2

Styrene

—

—

—

—

3.6

—

—

—

—

—

—

White mineral oil

—

—

—

—

8.7

—

—

—

—

—

—

Ethylene bis
stearamide

—

—

—

—

0.004

—

—

—

—

—

—

65447‐77‐0g

—

—

—

—

—

0.36

—

—

—

—

—

Calcium stearate

—

—

—

—

—

—

5.4

—

—

—

—

Aluminum
magnesium
hydroxide
carbonate

—

—

—

—

—

—

—

—

—

2.9

0.06

Monoolein

—

—

—

—

—

—

—

—

—

—

1.3

Talc

—

—

—

—

—

2.9

—

—

—

—

—

2082‐79‐3b
31570‐04‐4

EPS = expanded polystyrene; GPPS = general‐purpose polystyrene; HDPE = high‐density polyethylene; PET = polyethylene terephthalate; PP =
polypropylene.
a
CAS numbers are used where chemical names are long.
b
2082‐79‐3: Octadecyl 3‐(3,5‐di‐tert‐butyl‐4‐hydroxyphenyl)propionate.
c
31570‐04‐4: tris(2,4‐ditert‐butylphenyl) phosphite.
d
26741‐53‐7: 3,9‐bis(2,4‐di‐tert‐butylphenoxy)‐2,4,8,10‐tetraoxa‐3,9‐diphosphaspiro[5.5]undecane.
e
1709‐70‐2: 1,3,5‐trimethyl‐2,4,6‐tris(3,5‐ditert‐butyl‐4‐ hydroxybenzyl)benzene.
f
6683‐19‐8: Pentaerythritol tetrakis(3‐(3,5‐di‐tert‐butyl‐4‐hydroxyphenyl)propionate).
g
65447‐77‐0: Poly(4‐hydroxy‐2,2,6,6‐tetramethyl‐1‐piperidineethanol‐alt‐1,4‐butanedioic acid).

The amount of plastic marine debris is predicted to
increase in future years under a business‐as‐usual scenario,
as human populations and annual plastic production
continue to grow (Jambeck et al. 2015; Supplemental
Data Appendix S3). As such, by 2025 the total mass of the
7 items may increase to as much as 268 900 t (Table 1; 40%
scenario).
In regard to additives, when combined, these 7 plastic
items were estimated to contribute approximately 190 t of
chemical additives in 2015 (25% scenario; see Table 2 for
individual additives and amounts), with the potential to
Integr Environ Assess Manag 2019:596–606

leach into the ocean. This number could almost double to
370 t by 2025 (see Supplemental Data Appendices S6–S13
for alternative minimum and maximum scenarios). As a
result, simply preventing this material from entering the
marine environment ensures the mitigation of at least some
chemicals from entering the oceans, in turn mitigating some
chemical exposure for marine organisms.
The leaching potential of a chemical additive from a
plastic product depends on several chemical and environmental parameters (Teuten et al. 2009; Suhrhoff and Scholz‐
Bottcher 2016). Koelmans et al. (2016) suggest that most
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Table 3. Concentration ranges of PCBs within microplastic pellets
(ng/g) and the range of microplastics (g/m2) for Hawaii, Hong Kong,
North Paciﬁc gyre, and South Atlantic gyre
Region

PCBs (ng/g)a

Microplastics (g/m2)b

Hawaii

0.1–10

Nondetect to 1.57 × 103

Hong Kong

10–757

8 × 10–4 to 2.49 × 102

North Paciﬁc gyre

1–78

1.7 × 10–6 to 5.8 × 10–6

South Atlantic gyre

0.2–1.4

1 × 10–7 to 1.5 × 10–6

a

Ranges of PCB concentrations in microplastics (ng/g) sourced from Hawaii
and Hong Kong (IPW 2017), North Paciﬁc gyre (Hirai et al. 2011), South
Atlantic gyre (Rochman et al. 2014).
b
Ranges of microplastic pollution on coastlines (g/m2) sourced from Hawaii
(Carson et al. 2011), Hong Kong (Fok and Cheung 2015), North Paciﬁc gyre
and S Atlantic gyre (van Sebille et al. 2015).

hydrophobic organic compounds, including plastic additives and plasticizers, will reach equilibrium concentrations
between ocean water and plastic within 2 y. They also
estimate that 80% to 90% of plastic in the ocean is older
than 2 to 4 y. As such, we would expect most chemical
additives in most plastics to have reached equilibrium with
constituent chemicals in the ocean's surface waters. Moreover, many of these plastics undergo weathering and
fragmentation, which facilitates faster leaching and attainment of equilibrium (Engler 2012; Gewert et al. 2015;
Suhrhoff and Scholz‐Böttcher 2016). Therefore, although
many plastic additives are intended to remain inside the
matrix, it may be assumed that, over time, additives will
leach from the plastic into ocean waters. Thus, it is relevant
to consider the potential toxicity of additives in addition to
the plastic itself, especially because concentrations of
plastics, and thus associated additives, are expected to
increase.
Many of the additives discussed in the present study have
low toxicity to aquatic organisms (see Supplemental Data
Appendix S14 for more information on toxicity to freshwater
Daphnia magna, a standard toxicity test species). Many
other types of marine litter that can be removed from
beaches each contain their own unique mixture of chemical
additives. Some of that litter originates from commercial
products that contain more toxic mixtures of additives than
others. For example, concerns have arisen from the leaching
of chemicals from the ﬁlters of smoked cigarettes (Wright
et al. 2015), which are the most commonly collected item on
beach cleans (Ocean Conservancy 2017). Chemicals that
leach from smoked cigarettes include As, nicotine, PAHs,
and metals (Moriwaki et al. 2009). Cigarette butt leachates
can lead to toxic effects in multiple aquatic organisms
(Micevska et al. 2006; Slaughter et al. 2011; Wright et al.
2015). Further, halogenated ﬂame retardants are added to
many plastic products that are not highlighted in the present
study. Halogenated ﬂame retardants have the second
highest monetary value in the global market among plastic
additives, following plasticizers (Clark 2014). Some halogenated ﬂame retardants, such as hexabromocyclododecane
Integr Environ Assess Manag 2019:596–606

(HCBD) and polybrominated diphenyl ethers (PBDEs) are
known to be toxic, persistent, and bioaccumulative (Birnbaum and Staskal 2004) and are therefore listed under the
Stockholm Convention as POPs (UNEP 2013). Jang et al.
(2017) found high concentrations of HBCD in EPS debris
found on beaches. They also demonstrated that EPS can be
a source of HBCD to attached mussels (Jang et al. 2016).
Thus, removing plastic debris from beaches or preventing
such items from becoming marine debris not only prevents
and reduces physical risks but also reduces risks relevant to
chemical exposure.
Estimates of PCB removal with microplastics removal
Among the 4 locations, PCB concentrations found on
individual microplastic samples ranged from 0.1 to 757 ng/g
(Hirai et al. 2011; Rochman et al. 2014; IPW 2017; see
Table 3 for all values). The largest range and highest
concentration of PCBs was reported along the Hong Kong
coastline (10–757 ng/g). The coast of Hawaii contained the
largest amount of microplastic debris per area (maximum
1.57 × 103 g/m2), with both gyres containing notably less
microplastics in comparison to the 2 coastline sites. The S
Atlantic gyre contained the least amount of microplastics
with a maximum of 1.5 × 10−6 g/m2.
We estimated that the mass of PCBs that could be
removed with microplastics within a 4500 m × 1 m transect is
much greater at the coasts than in the open ocean gyres
(Figure 2, Map 1). Approximately 85 000 times more PCBs
could be removed from the Hong Kong coastline than from
the same size transect in the N Paciﬁc gyre, when maximum
values were compared (Supplemental Data Appendix S15).
Removal of PCBs also largely differed between regions. The
mass of PCBs removed in the N Paciﬁc gyre was more than
200 times greater than that removed in the S Atlantic gyre
(maximum PCB removal: 2.0 ng and 0.009 ng per transect,
respectively). Due to the high concentration of PCBs within
plastic pellets along the Hong Kong coastline, the mass of
PCBs that could be removed was approximately 12 times
that removed in Hawaii (maximum PCB removal: 850 mg vs
70 mg, respectively).
Although PCB concentrations within pellets found in
Hawaii and the N Paciﬁc gyre were similar (Table 3), total
PCB removal was much higher in Hawaii. The important
factor here was the amount of microplastics that could be
collected, rather than the concentration of PCBs. The
mass of microplastics that could be collected was much
greater at the coastal locations of Hawaii (up to 7070 kg)
and Hong Kong (up to 1120 kg), compared to the open
ocean gyres (N Paciﬁc, up to 0.026 g; S Atlantic, up to
0.0065 g) (Figure 2, Map 2). Consequently, the coastal
areas have the highest potential PCB removal values. As
such, if plastic cleanup is to be used as a means to remove
chemicals and legacy pollutants from the marine environment, these cleanup efforts should be aimed for locations
with the greatest mass of plastic pollution per unit area
rather than locations with the greatest concentration of
chemical.
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Figure 2. Mass of PCBs (mg) estimated to be on microplastics collected from a 4500 m × 1 m transect in each region (Hawaii, Hong Kong, North Paciﬁc Gyre,
South Atlantic Gyre). Light green indicates lowest estimates and dark green indicates highest estimates based on ranges of PCB concentrations (ng/g) and
the total weight of microplastics in each area (1). Weight of microplastics (g) collected from a 4500 m × 1 m transect at each location (Hawaii, Hong Kong, North
Paciﬁc Gyre, South Atlantic Gyre). Light blue indicates lowest estimates and dark blue indicates highest estimates for the range of values obtained. In Hawaii,
there is no minimum value for both PCB removal and microplastics because the minimum amount of microplastics found in this location by Carson et al. (2011)
was below the detection limit (2). HI = Hawaii; HK = Hong Kong; NPG = North Paciﬁc gyre; SAG = South Atlantic gyre.

This ﬁnding is consistent with Sherman and van Sebille
(2016), who calculated that optimal locations for microplastics removal are coastal areas. In these areas where
greater amounts of plastic debris concentrate, they calculated that plastic collector technologies can remove 31% of
total modeled microplastics mass by 2025, compared to
17% in the N Paciﬁc gyre. Plastic debris in open ocean gyres
Integr Environ Assess Manag 2019:596–606

is also likely to be much older than coastal plastic debris,
given that it will have travelled some distance to reach the
open ocean, during which time it undergoes weathering,
and thus leaching of chemical additives (Koelmans et al.
2016). At equilibrium, such particles will have relatively low
concentrations of leachable chemicals (Hirai et al. 2011).
Coastal areas contain relatively “young” particles with higher
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leachable content but also receive aged plastics from
remote areas (Koelmans et al. 2016). Thus, by removing
plastic debris from beaches, we prevent older plastic debris
from reentering the ocean and new plastic items from
entering the ocean and exposing marine life to their
leachable chemical content.
Plastics are just one of multiple pathways for chemical
exposure to marine life (Koelmans et al. 2016). When
compared to other materials in the ocean, such as dissolved
organic carbon and colloids, the fraction of organic
chemicals sorbed by plastics is comparatively small (Koelmans et al. 2016). Still, due to their sorptive properties,
plastics have been suggested as a management tool to
“clean” chemicals from the water column (Zhu et al. 2011).
Removing plastics that contain these chemicals from the
marine environment removes these pollutants and their
additive chemicals, reducing 1 exposure route to wildlife
and decreasing potential harm. Thus, as a parks or resource
manager, one can optimize effort by staying close to shore,
that is, greater quantities of chemicals and microplastics can
be removed by cleaning beaches, compared to the same
size area of open ocean. Coastal removal is also more cost
effective, requiring less time and resources to clean beaches
and shorelines than to clean surface waters thousands of
kilometers from land.

CONCLUSION
Plastic pollution prevention and cleanup is chemical pollution prevention and cleanup. Using a conservative data set, we
show that prevention and cleanup efforts can reduce plastic
additives and chemical contaminant loads in the ocean. We
estimate that the total weight of 7 plastic items (bottles, bottle
caps, EPS food and drink containers, cutlery, grocery bags,
straws or stirrers, and food wrappers) that entered the ocean in
2015 was 87 000 t and that approximately 190 t of 20 chemical
additives entered the oceans with these plastic items.
Prevention and cleanup of plastic debris can prevent additives
from entering the ocean with plastics over time. We also
demonstrate that shoreline cleanups can remove legacy
pollutants, like PCBs, from the environment. We estimate
that cleanup of plastic and associated chemicals is more
efﬁcient on shorelines, removing approximately 85 000 times
more PCBs than in oceanic gyres. Similar to other studies
(Sherman and van Sebille 2016), our results demonstrate that
cleanup nearer to the source (i.e., land) is more effective than
open ocean cleanup. For PCBs, calculations show that their
removal from beaches removes orders of magnitude more
PCBs than does removal from the open ocean because much
more microplastic can be collected per unit area. These results
can be used to inform management actions, reiterating that
coastlines and waterways should be prioritized for mitigation
and cleanup strategies for both plastics (Sherman and van
Sebille 2016) and chemicals.
Plastic debris is also a source of chemical additives to the
marine environment. Upon leaching into the ocean, these
chemicals will be diluted and thus may not be expected to
cause impact. However, dilution cannot be the solution to
Integr Environ Assess Manag 2019:596–606

pollution—with increasing quantities of plastics being added
to the ocean, such concentrations will increase. Thus,
although it is useful to talk about chemicals that accumulate
on marine plastic debris, it is also critical to note the diverse
and abundant chemical additives that plastics bring to the
environment when they become debris, providing yet another
reason for the prevention and removal of plastic debris from
our oceans, waterways, and coastlines.
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