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Abstract 314 

Microplastic particles in stormwater pose significant threats to the environment. This study 315 

investigated how effective a stormwater treatment train was at removing rubber, bitumen and 316 

other microplastics (incl. fibers, fragments, and paint particles) in the 100-300 µm and >300 317 

µm size fractions from highway runoff. The two treatment trains comprise a gross pollutant 318 

trap (GPT) followed by either a vegetated bioretention cell or non-vegetated sand filter. Flow-319 

proportional composite samples were taken from the highway runoff, GPT outflow and the 320 

outflow from the two parallel filters during nine rain events to determine overall treatment 321 

performance, as well as the performance of individual system components. The identified 322 

rubber, bitumen and other microplastic particles mainly represented the 100-300 µm fraction 323 
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and included high ratios of rubber (30%) and bitumen (60%). Overall, the treatment train 324 

efficiently removed rubber, bitumen and other microplastic particles in the 100-300 µm size 325 

fraction from the stormwater. The filter cells accounted for a major share of this removal, as 326 

the GPT did not reduce microplastic particle concentrations. This observation is likely 327 

explained by the fact that the rubber, bitumen and other microplastic particles have a density 328 

close to the density of water and thus removal by sedimentation is decreased. This identified 329 

an inherent weakness of the system; more specifically, the high microplastic concentrations in 330 

the surface water of the GPT means there can be a risk of microplastic release through 331 

overflow pits when inflows surpass the system capacity. Despite some differences, both the 332 

vegetated bioretention cell and the non-vegetated sand filter removed rubber, bitumen and 333 

other microplastic particles to similar extent.  334 
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 338 

1 Introduction 339 

Microplastics can cause damage to both terrestrial and aquatic environments (e.g., Wagner et 340 

al., 2018; Tian et al., 2021). In addition to atmospheric deposition and industrial and 341 

household wastewater, stormwater (especially road runoff) has been identified as a means 342 

through which microplastics entering the receiving water environment (e.g., Kole et al., 2017; 343 

Unice et al., 2019; Halle et al., 2020). Important sources of microplastic are tire wear, brake 344 

wear, road wear and road paint (Wagner et al., 2018; Vijayan et al. 2019; Järlskog et al., 345 

2020).  346 



In the following, tire wear, bitumen, plastic fibres, plastic fragments, and paint particles are 347 

grouped under the term microplastics (which is in accordance with, e.g., Hartmann et al. 348 

(2019) and Järlskog et al. (2020)). Tire wear and bitumen particles are not considered as 349 

plastics from a material science perspective, but commonly included into the microplastic 350 

definition used in environmental sciences since they descend from manmade, synthetic 351 

products of environmental concern (Hartmann et al., 2019; Järlskog et al., 2020).  352 

Despite the relevance of microplastic pollution from stormwater, there is scarce empirical 353 

evidence regarding microplastics treatment in stormwater control measures. Ziajahromi et al. 354 

(2020) studied microplastic occurrence in water and sediment from a floating treatment 355 

wetland. Interestingly, they detected higher particle concentrations in the effluent than in the 356 

influent. The identified particles also included certain black particles suspected to derive from 357 

car tires; however, their origin could not be confirmed. It has been suggested that the 358 

microplastics in urban and highway runoff may be partly removed by sedimentation ponds 359 

but may require further treatment due to the presence of these particles in the water phase of 360 

treatment ponds (Liu, Vianello et al., 2019; Liu, Olesen et al., 2019 and Olesen et al., 2019). 361 

However, these studies investigated neither the treatment performances of the ponds nor 362 

analyzed specifically traffic-related microplastics, i.e., black particles from tire wear and 363 

bitumen. Klöckner et al. (2019) sampled road runoff from a soil retention filter including pre-364 

sedimentation with the aim of developing an analytical method for traffic-related 365 

microplastic. Although the treatment performance was not investigated, the presented data 366 

imply that sedimentation processes alone may be insufficient to sufficiently remove 367 

microplastics, which commonly have relatively low densities (Unice et al., 2019;  Klöckner et 368 

al., 2019; Kooi and Koelmans 2019); polyethylene (PE) and polypropylene (PP) particles will 369 

tend to float, while heavier particles (e.g. polystyrene (PS) or poly(methyl 2-370 

methylpropenoate) (PMMA) particles, might settle but then easily be resuspended at 371 



subsequent storm events. In summary, these studies suggest that sedimentation only is 372 

insufficient for microplastics removal and further treatment steps are required. 373 

Stormwater bioretention systems, which often include a pre-sedimentation step (e.g., forebay, 374 

or gross pollutant trap (GPT)), can be a suitable alternative for the treatment of microplastics. 375 

Bioretention systems effectively remove particulate stormwater contaminants (e.g., suspended 376 

solids, particulate metals, particle associated PAHs) via filtration through a filter material 377 

(e.g., Davis et al., 2009). However, only two studies describe the microplastics treatment 378 

performance of bioretention. Notably, Gilbreath et al. (2019) studied the effectiveness of an 379 

urban rain garden for microplastic treatment and suggest, based on data covering three rain 380 

events only, that bioretention systems could effectively treat microplastic particles >125 µm. 381 

In addition, Smyth et al., 2021 demonstrated that a bioretention cell at a parking lot was 382 

generally effective for removing microplastic particles >106 µm.  383 

Most bioretention systems have a limited stormwater capture capacity (defined as the fraction 384 

of stormwater captured and filtered by the system). When the system is exposed to high 385 

flows, excess water is bypassed the filter via overflow pits (Zhang and Guo, 2014). This could 386 

affect the overall treatment of microplastic particles, which commonly have lower densities 387 

than, for instance, mineral particles and subsequently show slower sedimentation rates 388 

(Klöckner et al., 2019; Unice et al., 2019). Thus, particles either suspended in the stormwater 389 

or re-suspended after having previously accumulated on top of the filter may be released 390 

when overflow occurs. It should be noted that this potential risk was not discussed by either 391 

Smyth et al. (2021) or Gilbreath et al. (2019). 392 

No study has yet evaluated microplastic removal in bioretention systems equipped with a pre-393 

sedimentation forebay or GPT. However, we assume that pre-sedimentation would not 394 

significantly affect the overall removal, given that sedimentation is likely not sufficient to 395 



efficiently remove microplastics, particularly not those composed of low density polymers 396 

(Klöckner et al., 2019). In addition, the pre-sedimentation section prior to bioretention 397 

systems is of relatively small size compared to e.g., a stormwater pond. 398 

Furthermore, both aforementioned bioretention studies (Gilbreath et al., 2019; Smyth et al., 399 

2021) investigated runoff from catchments with relatively little traffic; as such, using 400 

bioretention systems to remove microplastics from road runoff in areas with high traffic loads 401 

and thus probably higher microplastic concentrations has not yet been evaluated.  402 

Like vegetated bioretention, non-vegetated gravel/sand filters have a high potential to remove 403 

total suspended solids (TSS) and (particle-bound) other pollutants (Zarezadeh et al., 2018), 404 

and thus, should also be applicable for microplastic removal. However, the treatment of 405 

microplastics in bioretention systems could be affected by inter alia vegetation, as has 406 

previously been observed for TSS and particulate metals (Lange et al., 2020). Hence, the 407 

comparison of vegetated and unvegetated systems would shed light on how vegetation 408 

influences the treatment performance and which treatment potential stormwater sand/gravel 409 

filters have.   410 

In summary, only two studies (Gilbreath et al., 2019.; Smyth et al., 2021) have described 411 

microplastics removal by bioretention, which limits the generalizability of the results. 412 

Furthermore, one of the studies only investigated three events and neither of them evaluates 413 

the role of overflow, runoff from highly trafficked roads, the influence of vegetation in 414 

bioretention or the effect of a pre-sedimentation step. 415 

This study aimed to investigate traffic-related microplastic particle concentrations in highway 416 

runoff, and to determine whether a stormwater treatment train consisting of a pre-417 

sedimentation GPT with an overflow pit, in combination with either (i) a vegetated 418 

bioretention system or (ii) an unvegetated sand filter (Figure 1), can remove these 419 



microplastics. Measurements were carried out in a way that the contribution of all 420 

components of the treatment train could be evaluated separately. The research included the 421 

following hypotheses: (i) the filters, rather than the GPT, will reduce the concentrations of 422 

microplastic particles in stormwater; and (ii) the sand filter and vegetated bioretention system 423 

will show comparable performance in the removal of these particles.   424 

 425 

2 Methods 426 

2.1 Site description 427 

The stormwater treatment train, located in Sundsvall on Sweden’s Baltic Sea coast 428 

(62°23'0.5"N 17°20'50.5"E), experiences seasonal changes, with relatively mild summers and 429 

cold winters (yearly mean temperature 5.2 °C, warmest month July 16.9 °C, coldest month 430 

January -4.9 °C). The treatment facility receives runoff from a total impervious catchment 431 

area of 4.7 ha, including 1.9 ha of motorway bridge (E4) with average traffic of 13 250 432 

vehicles/day in 2019 and a motorway exit.  433 

The stormwater treatment train consists of a GPT connected to either a subsequent vertical 434 

flow bioretention system or a non-vegetated sand filter system. The GPT has a volume of 47 435 

m3 and consists of a sedimentation chamber, where the overflow weir of the system is located, 436 

and a compartment for oil separation. The stormwater enters the GPT through a horizontal, 437 

submerged pipe (i.e., pipe top below water level).  438 

The evaluated sections of the subsequent filter system have a total surface area of 470 m2 and 439 

consist of one vegetated bioretention cell and one non-vegetated sand filter cell. These filter 440 

cells are divided by a subsurface membrane made of ethylene propylene diene monomer 441 

(EPDM) rubber. Such a membrane could be a potential source of microplastics. However, 442 

plastic degradation below the soil surface is considered generally as low (Bläsing and 443 



Amelung 2018). The presence of separate underdrains means that the effluent can be sampled 444 

separately from each cell. A third cell (visible in Figure 1) was not included in this study.  445 

The bioretention system was designed according to recommendations of the German 446 

Association for Water, Wastewater and Waste (DWA) (DWA, 2005) and consists of 0.5 m 447 

deep sand-based material (Mass-median-diameter D50=0.77, Uniformity coefficient Cu=0.27). 448 

During a rain event, the water spreads evenly over the filter cells and rises to a maximum 449 

height of one meter. In the case that the rain event exceeds the design capacity, the 450 

stormwater bypasses over the overflow weir in the GPT and is discharged untreated to the 451 

receiving water. At the start of the sampling, the stormwater treatment train had been in 452 

operation for one year and four months.  453 

2.2 Experimental setup and sampling 454 

Volume-proportional, composite water samples were taken during nine rain events with 455 

varying characteristics (Table 1) in autumn 2019 and spring/summer 2020 using automatic 456 

samplers (ISCO6712) and 25L white HDPE water canisters (particles of the canisters were 457 

not detected in any of the samples). To reliably assess the treatment performance of the 458 

biofilters, it would have been desirable to include samples representing more than nine rain 459 

events. However, when compared to previous studies that examined removal of microplastics 460 

and other pollutants by stormwater bioretention systems, the nine rain events in this study are 461 

in a common range (Smyth et al., 2021: 12 events; Gilbreath et al., 2019: 3 events; Chen et 462 

al., 2013: 10 events). Järlskog et al. (2020) and Piñon-Colin et al. (2020) evaluated five and 463 

seven rain events, respectively.  464 

The sampled storm events in this study cover rains with different characteristics (intensities 465 

varying between 0.9 and 8.8 mm/h and rain depths between 6.2 and 23.6 mm) and are thus 466 



representing a wide variety of events. Rain events less than 5 mm could not be included in the 467 

study since they did not generate sufficient runoff to the treatment facility.  468 

Since the rain volumes could not be predicted with absolute accuracy, sample volumes varied 469 

from 1.8 to 20 L. Such variations are unavoidable when collecting flow proportional samples 470 

since neither precipitation nor filter outflow can be predicted exactly in advance when 471 

programming the automatic sampler. An impact of the varying volumes on the results is not 472 

expected. The flow-proportional composite samples account for the variability during each 473 

rain events.  474 

The samples were taken at five points (Figure 1): from the stormwater inflow (abbreviated 475 

SW); the outflow after treatment in the GPT which is equal to the filter inflow (abbreviated 476 

GPT); the outflow from the vegetated bioretention cell (abbreviated F1); and the outflow from 477 

the non- vegetated filter cell (abbreviated F2). Furthermore, during rain events #1, #2, and #9, 478 

grab samples were taken from the surface water (0-5cm) of the sedimentation compartment 479 

that was close to the overflow pit (OP). This was done to estimate the potential release of 480 

microplastic from the overflow pit (no overflow occurred during rain event #2 due to 481 

relatively low flows, but an OP sample was nevertheless taken).  482 

Rain data were obtained from a tipping bucket rain gauge (ISCO 674) installed at a height of 483 

2.5 m at the sampling site (Figure 1). For the last rain event (#9) data were obtained from a 484 

weather station ca. 0.2 km from the sampling site due to malfunctioning of this rain gauge. 485 

The GPT outflow was steered by valves which opened when the water level in the chamber 486 

reached a maximum level. After discharging a certain volume to the filter, the valves close 487 

again. These pulses were logged and used to trigger the SW and GPT samplers, as well as to 488 

calculate stormwater inflow and outflow from the GPT. Outflow data for F1 and F2 were 489 



obtained from in-pipe electromagnetic flowmeters installed in the outflow pipes of the 490 

bioretention systems. The outflow samplers were triggered by these flowmeters. 491 

Rain and flow data for the nine events are summarized in Table 1. Antecedent dry days 492 

(ADDs) describe the days since the last rain event above 0.5 mm/24 hrs. 493 

2.3 Microplastic analyses 494 

2.3.1 Processing of the water samples 495 

The canisters containing the stormwater were shaken to bring settled particulate matter into 496 

suspension. Next, all the water was filtered in sequence over clean nylon filters (mesh sizes 497 

300 and 100 µm), which were fitted in a stainless-steel filter holder. No vacuum suction was 498 

used. A diameter of 5 mm was chosen as the upper microplastic particle size boundary based 499 

on recommendations from the UN Joint Group of Scientific Experts of Marine Environmental 500 

Protection (GESAMP 2019). The filters were then put in individual petri dishes. Filters with 501 

little organic and minerogenic material were analyzed without any pretreatment, whereas 502 

filters in which the amount of such material hampered analysis were first treated with 503 

enzymes to remove organic matter other than the microplastic particles, and if necessary, 504 

density separated with a saturated solution of NaI (>1.85 g cm-3) to separate the lighter 505 

microplastic particles from the heavier mineral particles (Järlskog et al. 2020). These 506 

treatments were required for some of the 100 µm filters. The enzymatic treatment included 507 

treating the filters with pancreatic enzymes (Creon® 40,000, Abbott Laboratories GmbH, 508 

Hannover, Germany) at pH 8.0, and 37ºC for 24 hours (von Friesen et al. 2019). This method 509 

has been demonstrated to not have any harmful effects on plastic polymers (von Friesen et al. 510 

2019). After enzymatic treatment, the filters were thoroughly rinsed with MilliQ water to 511 

remove the dissolved organic matter. Filters that did not require further treatment were placed 512 

in a petri dish until analysis, while the filters which still contained excess minerogenic 513 



material were further treated in a density separation step. In this step, all material on the 514 

enzyme-treated filters was rinsed into a 1-liter glass separating funnel with saturated NaI 515 

solution. Additional NaI solution (~500 mL) was added to the funnel, which was then shaken 516 

vigorously for several minutes to separate the rubber, bitumen and microplastics from the 517 

heavier mineral particles. The inner wall of the funnel was carefully rinsed with NaI to wash 518 

out all the particles, and the solution was left to settle until it was clear. The separation was 519 

completed in 12 – 24 hours. The heavy bottom layer containing the natural mineral particles 520 

was removed by opening the valve at the bottom of the funnel. The rest of the NaI was poured 521 

over a 100 µm filter. The funnel was rinsed several times with NaI solution, and each portion 522 

was poured over the filter. Finally, the filter was rinsed with MilliQ and put in a petri dish 523 

prior to analyses.  524 

2.3.2 Analyses of microplastic particles 525 

Rubber, bitumen and other microplastic particles were analyzed with stereo microscopy 526 

(Leica M205 C 80-160×, Wetzlar, Germany). This is considered to be a reliable approach for 527 

particles >50-100 µm provided that the analysis is carried out by experienced staff, as was the 528 

case in this study. The examined particles were divided into five categories according to 529 

material and shape: tire wear; bitumen; plastic fibers; plastic fragments; and paint particles. 530 

Particles originating from tire wear will hereafter be referred to as rubber particles, while 531 

particles originating from bitumen will be referred to as bitumen particles. Plastic fibers, 532 

plastic fragments and paint particles will all be included under the term “other microplastic 533 

particles”.  534 

Type and number of particles were identified by visual analyses in combination with tactile 535 

and melting tests. A tweezer was used to distinguish the elastic structure of rubber particles 536 

from the tar-like bitumen (for further details, see Järlskog et al., 2020). This tactile 537 



identification is also suitable to distinguish between mineral particles, with their hard and 538 

impenetrable surfaces, and the always much softer plastic particles. Plastic fibers are 539 

distinguished from non-synthetic fibers (cotton, cellulose) by the smooth surface, rounded 540 

edges, and stiff structure (Magnusson and Wahlberg, 2014; Zubris and Richards, 2005). When 541 

necessary, a melting test was performed to verify whether the particle or fiber melted, which 542 

is characteristic of plastic. More specifically, the particle in question was placed on an object 543 

glass which was heated from below with an alcohol burner.   544 

A detailed discussion of the methods for detecting the microplastics used in this study in 545 

comparison with other analytical methods for microplastic analyses is provided in the 546 

supplementary material.  547 

2.3.3 QA/QC 548 

Precautions were taken to minimize potential contamination of the samples during handling. 549 

Two types of blank samples were included in the analyses. The first type covered the entire 550 

process, from sampling to analysis of the water (field blank), while the second type only 551 

included the steps carried out in the laboratory (laboratory blank). For the field blanks, during 552 

rain events #1, #6, #7, #8 and #9 tap water was collected in similar containers as used for the 553 

stormwater samples. These containers and samples were handled and analyzed the same way 554 

as the stormwater containers and samples. Field blank volumes varied from 8.3 to 14 L. For 555 

the laboratory blanks, all analytical processes, from filtration, enzyme treatment and density 556 

separation, were carried out on tap water. Particles were scraped of the wall of the plastic 557 

canisters used to collect the water. They were then used as reference particles during analysis 558 

to control for potential contamination of the samples from the canisters. During the visual 559 

inspection of samples, wetted filters exposed to the air were placed around the 560 

stereomicroscope to estimate possible contamination by airborne particles during the analysis.  561 



2.4 Data analyses 562 

When no microplastic particles were found in a sample, these were reported to be below a 563 

detection limit. These detection limits were calculated by dividing the minimum number of 564 

plastic particles which can be found in a sample (i.e., 1) by the volume of the sample 565 

(Supplementary table 1). Thus, the detection limit expresses the sensitivity of the microplastic 566 

analyses and vary depending on the sample volume of each sample. For statistical 567 

calculations, half the detection limit was used.  568 

Wilcoxon signed-rank tests were conducted to identify statistically significant differences 569 

between components of the studied treatment train. The Mann-Whitney test was used to 570 

determine whether the vegetated and sand-only filters significantly differed in terms of 571 

treatment performance. Furthermore, the removal percentage for microplastic (1-572 

(outflow/inflow)*100) was calculated separately for road runoff vs. GPT outflow, the GPT 573 

outflow vs. the vegetated filter (F1) and the non-vegetated filter (F2), as well as for the full 574 

treatment trains (road runoff vs. outflow from F1 and F2). Spearman’s rho was calculated to 575 

determine whether any of the rain characteristics were correlated to microplastic particle 576 

concentrations in the stormwater. The threshold for statistical significance was set at p≤0.05, 577 

and all the statistical tests were carried out with Minitab© (version 17.2.1, Minitab, State 578 

College, PA). 579 

 580 

3 Results 581 

3.1. Microplastic particle concentrations in the highway runoff 582 

The concentrations of rubber, bitumen and other microplastic particles in the stormwater were 583 

considerably higher in the size fraction 100 -300 µm than in the size fraction >300 µm. 584 

Rubber, bitumen and other microplastics in the 100-300 µm size fraction were detected for all 585 



rain events, apart from rain events #4 and #7, for which no rubber and bitumen particles were 586 

found (Table 2). The concentrations of these particles varied greatly between the sampled rain 587 

events, e.g., rubber particles ranged from <0.31 to 740 particles/L while bitumen particles 588 

ranged from <0.31 and 870 particles/L (Table 2). Lower overall concentrations, as well as 589 

lower variation between rain events, were found for other microplastic particles (<0.38 – 6.2 590 

particles/L, Table 2, Figure 2). The inflow concentrations of rubber, bitumen and other 591 

microplastic particles in the 100-300 µm fraction were correlated with each other (rubber and 592 

bitumen: Spearman rho= 0.933, p<0.001; Rubber and other microplastics: Spearman rho= 593 

0.667, p= 0.050; Bitumen and other microplastics: Spearman rho = 0.700, p=0.036). The 594 

highest rubber and bitumen concentrations were observed for rain events #1 and #9, which 595 

also showed the highest rain peak intensities (Table 2; peak intensity vs. rubber: Spearman 596 

rho =0.770, p=0.015; peak intensity vs. bitumen: Spearman rho = 0.678, p=0.045). The 597 

observed concentrations of other microplastic particles in stormwater were not correlated with 598 

the rain intensity (Spearman rho = 0.452, p=0.222). 599 

Rubber and bitumen particles >300 µm were only detected in the highway runoff for rain 600 

events #1 and #9, Table 2), which were the rain events with the highest intensities (Table 1). 601 

Other microplastic particles >300 µm were found more frequently (in 6/9 rain events: Table 602 

2). When detected, the concentrations of microplastic particles >300 µm were far lower than 603 

those observed for the smaller fraction (100-300 µm). 604 

3.2. Microplastic removal by the treatment train 605 

3.2.1 Overall performance of the treatment train 606 

Overall, the GPT in combination with the downstream filters efficiently removed 607 

microplastics in the 100-300 µm fraction, i.e., all categories of microplastics showed lower 608 

median concentrations in the filter effluent than in the stormwater from the highway (Table 2, 609 

Figure 2). However, high variation between the events was observed in the outflow 610 



concentrations of microplastics (Table 2, Figure 2). The treatment trains were mostly effective 611 

at removing rubber particles (GPT+F1: 46->99% removal and GPT+F2: 77-98% removal; 612 

Table 3). During rain event #2, there was a net-release of rubber particles from the vegetated 613 

filter (removal -144%, stormwater: 4.6 particles/L, F1 = 9.0 particles/L), while rubber 614 

particles were released from the sand only filter during events #4 (stormwater: <0.38 615 

particles/L, F2= 0.38 particles/L) and #7 (stormwater: <0.31 particles/L, F2= 0.26 616 

particles/L). The removal rates observed for bitumen particles were between 80->99% 617 

(GPT+F1) and 25-98% (GPT+F2) (Table 3). However, during rain events #2 (stormwater: 9.1 618 

particles/L, F1: 11 particles/L) and #7 (stormwater: <0.31 particles/L, F2: 0.64 particles/L), 619 

bitumen particles were released from the treatment train. The concentrations of other 620 

microplastic particles were mostly lower in the effluent of both filters than in the stormwater 621 

inflow (Table 3; removal: GPT+F1, between 65% and 97%; GPT+F2, between 13% and 622 

94%). Other microplastic particles were released from the treatment trains during events #1 623 

(GPT+F1, -150%; GPT+F2, -24%), #4 (GPT+F2; -96%), and #5 (GPT+F2; -29%). The 624 

rubber, bitumen and other microplastic particles released from the system during the studied 625 

rain events may have originated from either the GPT or the filter cells or may represent 626 

previously trapped particles. 627 

Rubber, bitumen and other microplastic particles >300 µm were present in both the untreated 628 

stormwater and the effluent at far lower concentrations than particles in the 100-300 µm 629 

fraction (Table 2, Figure 2). Rubber and bitumen particles were only detected in the inflow of 630 

the treatment train during rain events #1 and #9. For these two rain events, the removal of 631 

these >300 µm particles by the stormwater treatment train was mostly effective, i.e., removal 632 

rates ranged from 33 to >99%. Furthermore, low concentrations of rubber, bitumen, and other 633 

microplastic particles >300 µm were occasionally detected in some of the GPT and filter (F1 634 

& F2) samples (Table 2). However, these concentrations were very low and single particles 635 



were detected in only few samples (Table 2). Given the very low concentrations of these 636 

particles, a general trend and conclusions for the treatment of rubber, bitumen and 637 

microplastic particles >300 µm cannot be drawn. 638 

3.2.2 Effect of the gross pollutant trap (GPT) 639 

Our results suggest that a GPT alone does not efficiently remove any of the evaluated 640 

microplastic types in the two size fractions (Table 2; Figure 2). No significant differences 641 

between particle concentrations in the stormwater samples (inflow) and outflow of the GPT 642 

were identified based on the Wilcoxon signed-rank test (Table 4). Moreover, the effluent of 643 

the GPT often contained higher concentrations of microplastics than the stormwater, which 644 

indicates resuspension and release of earlier accumulated microplastic particles at some 645 

events. Hence, variation between the removal and/or release of rubber, bitumen and other 646 

microplastic particles (representing the >300 µm and 100–300 µm fractions) between 647 

different rain events indicates that a GPT is not a reliable system for microplastic treatment 648 

(Table 3).  649 

3.2.3 Performance of the vegetated bioretention cell and the non-vegetated sand filter 650 

The concentrations of rubber, bitumen and other microplastic particles between 100 and 651 

300 µm generally decreased after passage through the vegetated bioretention cell (F1) and the 652 

non-vegetated sand filter (F2), respectively (Table 2; Table 3; Figure 2). The removal of 653 

rubber particles in the 100 - 300 µm fraction from the filter inflow (i.e., outflow GPT) was 654 

between >80->99% at 5 out of 9 rains and 46-97 % at 6 out of 9 rains in the F1 and F2 filters, 655 

respectively, while the F1 and F2 filters resulted in removal rates of >19% (6/9 rains) and 656 

>63% (6/9 rains), respectively, for bitumen in the 100 - 300 µm fraction (Table 3). However, 657 

the release of rubber and bitumen particles was observed in several instances (rubber: rain #2 658 

(F1), #6 (F1; F2) and #4 (F2); bitumen: rain #1(F2), #6 (F1; F2) and #7(F2)). Although there 659 



was a considerable degree of variation in the collected data, the results of the Wilcoxon 660 

signed-rank test revealed that the effluent of the GPT and effluent of the vegetated filter cell 661 

(F1) significantly differed in terms of concentrations of 100-300 µm big bitumen particles, but 662 

not rubber particles (Table 4). For other microplastics between 100 and 300 µm no significant 663 

differences between the effluent of the GPT and the effluent of vegetated filter cell (F1) or of 664 

the non-vegetated sand filter (F2) were found. For 7 out of the 9 rain events the removal of 665 

other microplastic particles was between 32% and 97% for the vegetated bioretention system 666 

(F1). For the non-vegetated sand filter (F2), only 3 events showed removals exceeding 50%; 667 

for the other events removal <12% or release of other microplastics were detected (Table 3). 668 

Microplastics >300 µm could in most cases not be quantified. When microplastics >300 µm 669 

were quantified in the stormwater or after the GPT, the corresponding effluent concentrations 670 

were mostly low. Reliable calculations of the removal rates for these particles were not 671 

possible due to the many values below detection limit. However, given these very low 672 

concentrations, at least for the evaluated system and rains, microplastic in that larger fraction 673 

was of less environmental concern in the biofilter effluent compared to the smaller fraction.  674 

The vegetated (F1) and non-vegetated filter cells (F2) did not differ significantly in terms of 675 

removal efficiency for rubber and bitumen particles in the 100-300 µm fraction (Mann-676 

Whitney Test; Rubber: W=59.5, p=0.248; Bitumen: W=62, p=0.361). This indicates that the 677 

presence of vegetation did not influence the removal of rubber and bitumen particles during 678 

the treatment process. For other microplastic particles, the Mann-Whitney test results revealed 679 

significantly higher effluent concentrations (W=50, p=0,039) in the sand filter cell (F2) 680 

relative to the vegetated filter (F1).   681 

3.2.4 Release of microplastic particles during overflow events 682 



The concentrations of rubber and bitumen particles measured from the surface water in the 683 

GPT that was close to the overflow pit reached considerably high values (Table 2). These 684 

concentrations were lower than what was measured in the stormwater, but far higher than 685 

what was measured from the treated biofilter outflow (Table 2). Other microplastic particles 686 

were present in the overflow at similar concentrations as had been determined in the 687 

stormwater (Table 2). In the case of an overflow, the particles observed in the surface water of 688 

the GPT would bypass the system and enter the receiving waters. Although this data set is 689 

limited to three events, the results nevertheless indicate that overflow events may 690 

considerably affect the bioretention performance concerning microplastics.  691 

 692 

4 Discussion 693 

4.1 Microplastic particles in highway runoff 694 

The rubber, bitumen and other microplastic particle concentrations in stormwater (Table 2; 695 

Figure 2) presented in this study vary considerably but are generally within the range of 696 

concentrations reported in earlier studies; as such, the current data is representative and the 697 

findings support earlier claims that stormwater can be an important source of microplastic 698 

(e.g., Smyth et al., 2021; Gilbreath et al., 2019; Piñon-Colin et al., 2020; Järlskog et al., 699 

2020). The studies by Gilbreath et al. (2019), and Järlskog et al. (2020) share that the research 700 

investigated a limited number of rain events (3 and 5 events, respectively). Piñon-Colin et al. 701 

(2020) evaluated seven rain events, but used grab sampling, which is insufficient for 702 

stormwater sampling, and thus, limits generalizability and comparability. The limited number 703 

of rain events also limits the ability to draw general conclusions regarding how rain intensity 704 

and antecedent dry days influence microplastic concentrations; Järlskog et al. (2020) did not 705 

explicitly discuss either of these characteristics in their study. Moreover, it is difficult to 706 



compare the current findings with what has been reported in earlier research due to 707 

methodological differences between studies, such as differences in sampling strategies or 708 

sampled volumes (Covernton et al., 2019; Smyth et al., 2021; Shruti et al., 2021). 709 

Nevertheless, a comparison of results reveals some parallels with regards to microplastic 710 

concentrations in stormwater. 711 

As was reported in the present study, high variations in particle concentrations between rain 712 

events have also been observed in previous research (Smyth et al., 2021, Gilbreath et al., 713 

2019, Piñon-Colin et al., 2020; Järlskog et al., 2020). For example, Piñon-Colin et al., 2020 714 

found 12 to 2054 particles/L (>200 µm) in stormwater grab samples from seven rain events 715 

taken directly from the streets of urban catchments in Tijuana, Mexico. The researchers did 716 

not specifically address tire and bitumen particles. Smyth et al. (2021) studied microplastics 717 

in parking lot runoff at an inlet of a bioretention system. In the collected samples – which 718 

represented 17 distinct rain events - they found up to 586 microplastic particles/L (median 719 

=34 particles/L) between 106 -300 µm in size. According to the researchers, rubber particles 720 

accounted for only 17% of the total detected microplastic particles. Gilbreath et al. (2019) 721 

investigated anthropogenic microparticles (including glass beads and asphalt fragments) in 722 

runoff from an urban catchment across three separate rain events and detected up to 315 723 

particles/100L that were >125 µm in size (mean=160 particles/100L). The combined data 724 

indicated that rubber fragments only account for 4% of the anthropogenic microparticles 725 

identified from the runoff. Moreover, Järlskog et al. (2020) reported higher concentrations of 726 

plastic and paint particles than tire/bitumen wear particles (≥100 µm) based on analyses of 727 

flow-proportional, composite samples from an urban catchment in Gothenburg, Sweden 728 

(n=5).  729 

In contrast to what has been reported earlier (e.g., Smyth et al., 2021, Gilbreath et al., 2019 730 

and Järlskog et al., 2020), we found that rubber and bitumen particles were the dominating 731 



microplastic groups and that their concentrations exceeded the concentrations of other 732 

microplastics in stormwater (Table 2). This discrepancy may be explained by differences 733 

between catchments. More specifically, Smyth et al. (2021) sampled runoff from a parking lot 734 

in a recreational area, while Gilbreath et al. (2019) and Järlskog et al. (2020) sampled urban 735 

catchments representing a variety of different land uses while this study investigated 736 

motorway runoff. All these catchments were undoubtedly influenced by human activity, i.e., 737 

human behavior (synthetic clothes, shoes and backpacks, along with the consumption of 738 

synthetic food packages) may have contributed to higher levels of fibers than what was 739 

measured in the current study of highway runoff. Furthermore, tire wear abundance on a street 740 

is related, among other factors, to velocity (e.g., Kole et al., 2017), which will be higher on 741 

the highway evaluated in this study than in car parks and/or inner urban streets. 742 

In their evaluation of 17 rain events, Smyth et al. (2021) found that rainfall intensity was 743 

correlated with the amount of microplastic particles (excluding microfibers) in the sampled 744 

stormwater. The results of the present study provide support for this relationship, as rain peak 745 

intensity was positively correlated to the concentrations of rubber and bitumen (see Table 1 746 

and Table 2, rain events #1 and #9) in stormwater. The correlation between peak intensity and 747 

other microplastic particles was not so distinct. Many of the compounds included in the other 748 

microplastic particles class likely have a lower density (~1g/cm3; Kooi and Koelmans 2019) 749 

than that of the rubber and bitumen particles which can be higher inter alia due mineral or 750 

metal encrustations in these particles (<1.8 g/cm3 according to Unice et al., 2019); for this 751 

reason, it is likely that other microplastic particles are more readily washed off from surfaces 752 

than rubber/bitumen particles, even during rain events with lower peak intensity. The high 753 

rubber and bitumen particle concentrations measured in rain event #9 (Table 2) were most 754 

likely due to the high inflow velocity (v = 0.9 m/s) during this event, which could have 755 



resuspended previously accumulated material in the storm sewer between the road and the 756 

GPT inlet. 757 

In this study, the microplastic particles identified from the stormwater were found in the 100-758 

300 µm size fraction more often than in the >300 µm size fraction in which far lower 759 

concentrations were detected. This in line with similar observations in previous studies 760 

(Covernton et al., 2019; Smyth et al., 2021). Explanations for this might either be that the 761 

road traffic generates fewer particles in this size range, and/or that a larger fraction of these 762 

larger particles are permanently deposited closer to the road. The latter explanation is 763 

supported by the fact that there were higher concentrations of the lighter microplastic particles 764 

>300 µm which are more easily transported with road runoff than the heavier rubber and 765 

bitumen particles. However, this remains speculative and further research on microplastic 766 

pathways from road surfaces is required to shed light on this issue. 767 

 768 

4.2. Effect of the treatment train on microplastic particle concentrations and removal 769 

The results of this study suggest that rubber, bitumen and other microplastic particles between 770 

100 and 300 µm in size can be retained by the treatment train, particularly by the bioretention 771 

system. Only a limited amount of rubber and bitumen particles >300 µm were observed in 772 

this study, and thus statements regarding the treatment of these particles cannot be made. 773 

Other microplastic particles >300µm were more abundant than rubber and bitumen particles 774 

in that size range, with the data indicating that these compounds were relatively efficiently 775 

removed by the treatment train. As was the case for rubber and bitumen particles >300 µm, 776 

other microplastic particles occurred in higher concentrations in the 100-300 µm fraction than 777 

in the >300 µm fraction. This is consistent with previous research, i.e., the concentrations of 778 



microplastic particles tend to increase with decreasing filter mesh size (Covernton et al., 779 

2019; Smyth et al., 2021).  780 

The presented findings demonstrate that the biofilter and sand filters were responsible for the 781 

observed removal of microplastic particles. The GPT did not effectively remove rubber, 782 

bitumen, or other microplastic particles in either of the evaluated size fractions. This is in line 783 

with the results of Klöckner et al. (2019), who only investigated one rain event at a 784 

stormwater treatment train consisting of a sedimentation basin and soil retention filter. Their 785 

samples were analyzed for tire and road wear particles by analyzing the Zn content of the 786 

light fractions (<1.9 g/cm³). Although there is no consensus in the literature that Zn-content is 787 

a good proxy for tire wear, the results indicate that concentrations of tire and road wear 788 

particles slightly increased from the sedimentation basin (0.57 ± 0.07 mg Zn/g) to the closest 789 

sampling point at the soil retention filter (0.65 ± 0.13 mg Zn/g). Similarly, numerous other 790 

studies have indicated that sedimentation ponds are inefficient means for the removal of 791 

microplastic particles (excluding tire wear and bitumen particles) (Liu et al., 2019; Liu et al., 792 

2019 and Olesen et al., 2019). The most likely reason that GPTs are ineffective at removing 793 

these microplastic particles is the relatively low density of rubber (Halle et al., 2020), bitumen 794 

(Unice et al., 2019), and other microplastic particles (Kooi and Koelmans 2019), which may 795 

translate to low sedimentation rates. 796 

The hypothesis that bioretention systems can retain microplastics was confirmed by the 797 

results for particles in the 100-300 µm size fraction. Likely, the filters also remove 798 

microplastics in the larger fraction efficiently. However, to prove that further studies with 799 

larger sample volumes would be required to enable quantification of the (compared to the 800 

100-300 µm fraction) low concentrations in the >300µm fraction.  801 



To date, only two studies have investigated the treatment of microplastics in bioretention 802 

systems. In a study of anthropogenic microparticles (including rubber, paint, plastic and 803 

asphalt fragments, and fibers, among others) in the in- and outflow of a bioretention system, 804 

Gilbreath et al., 2019, found that particles were retained well across all three observed rain 805 

events with removal efficiencies of 55% (125-355 µm fraction), 81% (355-500 µm fraction) 806 

and 100% (> 500 µm). Furthermore, Smyth et al., 2021 showed that a bioretention system can 807 

reduce the concentrations of microplastic particles between 106-300 µm in size by 63%. As 808 

suggested by Smyth et al., 2021, the process underlying effective microplastic removal is 809 

most likely filtration. The presented results provide evidence that both the vegetated biofilter 810 

and the sand filter were generally able to efficiently remove microplastic particles. While 811 

rubber and bitumen were removed equally well by both filter cells, the vegetated filter was 812 

(statistically) significantly better at removing other microplastic particles. However, the 813 

difference between the effluents from the vegetated and sand-only filters (0.33 particles/L and 814 

0.86 particles/L, respectively) likely has no or only little practical significance; as such, a 815 

general statement that bioretention systems with plants are preferable to sand-only filters for 816 

the treatment of microplastics cannot be made based on this study. 817 

Although the presented results as well as findings from two other studies (Gilbreath et al., 818 

2019; Smyth et al., 2021) suggest that bioretention systems effectively retain microplastic 819 

(100-300 µm), further research in diverse catchments is needed to corroborate these claims. 820 

Moreover, future studies should include the size fractions not analysed in this study. Smaller 821 

particle sizes (i.e., <100 µm) are highly relevant because, for example tire wear particles are 822 

often <100 µm (Wagner et al., 2018) or even <100nm in size (Kukutschová et al., 2011) 823 

which have not been evaluated for stormwater bioretention. Furthermore, microplastic 824 

particles captured in bioretention systems may degrade over time due to weathering processes 825 

(Unice et al., 2019), and thus, become finer and/or more mobile (O'Connor et al., 2019). This 826 



justifies the need to also analyze larger particles. There is previous evidence that bioretention 827 

systems are effective at removing particles (TSS, particulate metals) down to 0.45µm in size 828 

(Davis et al., 2009). However, other studies have shown that environmental conditions, such 829 

as dry periods, can negatively affect the performance of bioretention systems towards TSS 830 

(>1.2 µm) and particulate metals (>0.45µm) (Blecken et al., 2009, Lange et al., 2020). 831 

Moreover, O'Connor et al., 2019 found that the penetration depth of polyethylene particles in 832 

soil columns may be influenced by wet/dry cycles. Thus, it is plausible that environmental 833 

conditions (e.g., extended dry periods) affect how readily microplastic particles >0.45µm 834 

penetrate the filter material. O'Connor et al., 2019 found that specifically, the mobility of 835 

particles with higher densities, may be increased by wet/dry cycles. That could be relevant for 836 

rubber and bitumen particles which are encrusted with minerals (Unice et al., 2019). 837 

Despite efficient microplastic removal, microplastic concentrations in the effluent of the 838 

bioretention systems varied between 0.26 and 0.87 particles/L depending on the presence of 839 

vegetation on the filter and the type of microplastic. These concentrations are still 1000-fold 840 

higher than concentrations measured from the Baltic sea (e.g., 0.21 ± 0.15 particles/m3, 841 

plankton sample <100 µm, Beer et al., 2018). Further, the accumulation of traffic-related 842 

microplastics in bioretention systems could lead to lethal concentrations of toxic substances in 843 

receiving waters, as Tian et al., 2021 discovered that 6PPD (N-(1,3-dimethylbutyl)-N′-phenyl-844 

p-phenylenediamine) - quinone, which originates from tire wear particles, contributes to 845 

mortality in a Pacific salmon species. Based on these findings, the researchers emphasized 846 

that evaluations of stormwater pollutants cannot solely focus on the previously defined 847 

priority substances, but also assess how other compounds can impact the surrounding 848 

environment. This claim needs to be integrated into future research concerning how effective 849 

bioretention systems are at removing microplastic particles. 850 



The high concentrations of rubber, bitumen and other microplastic particles in the surface 851 

water of the GPT close to the overflow pit (Table 2) indicate that particles suspended in the 852 

top layer (Miller et al., 2021) may be released into receiving waters during overflow events. 853 

The environmental impact of this type of situation depends on the design of the bioretention 854 

facility, which determines the frequency of overflows. The presented results indicate that 855 

other microplastic particles (relatively low density) are most likely to be released with 856 

overflowing surface water, followed by rubber and bitumen particles in the 100-300µm 857 

fraction. This dynamic is predominantly linked to the increasing densities of the materials 858 

(microplastic particles: very variable, ~1 g/cm³ according to Kooi and Koelmans 2019; 859 

rubber: 1.15 and 1.20 g/cm3 according to Halle et al., 2020; bitumen: <1.8 g/cm³ according to 860 

Unice et al., 2019). Thus, the overflow pits of catchments with a particularly high fraction of 861 

lighter microplastic particles relative to rubber and bitumen particles (Smyth et al., 2021; 862 

Gilbreath et al., 2019) could impair the treatment performance of bioretention systems 863 

(similar to other pollutants in stormwater). In this study, the overflow pit was located in the 864 

GPT, i.e., it was not in direct contact with the filter. In other designs, the overflow pit is 865 

commonly placed within the bioretention filter bed. This could involve a risk for the release 866 

of low-density microplastics which had accumulated on top of the filter surface. However, 867 

this remains a speculative hypothesis, with further studies needed to evaluate that risk 868 

associated with overflow pits (along with their specific location). 869 

 870 

5 Conclusion 871 

The results of this study on microplastic treatment in a bioretention system equipped with a 872 

gross pollutant trap suggest that: 873 



• Stormwater from highway catchments can contain high, but varying concentrations of 874 

rubber (740 to <0.31 particles/L) and bitumen (870 to <0.31 particles/L) particles 875 

between 100-300 µm in size. Rubber, bitumen and other microplastic particles >300 876 

µm occurred in far lower concentrations and were not quantified frequently (19 to 877 

<0.07, 3.1 to <0.07 and 0.69 to <0.24 particles/L, respectively).  878 

• The gross pollutant trap did not provide effective treatment of rubber, bitumen and 879 

other microplastic particles between 100 - 300 µm in size. 880 

• Bioretention systems, however, did show sufficient treatment performance often with 881 

high removal percentages exceeding 70%, thus providing an overall sufficient 882 

performance of the treatment train. Lower removals or leaching were only observed 883 

in some occasions. 884 

• Both the vegetated and non-vegetated filter cells demonstrated effective treatment of 885 

the studied microplastics. For both filters, removal percentages exceeded mostly 70% 886 

except for the removal of other microplastic particles by the non-vegetated filter 887 

which was lower.    888 

• Excessive water inflows, i.e., those which surpass the designed capacity of the 889 

treatment train, may contribute to the discharge of rubber, bitumen, and other 890 

microplastic particles to receiving waters. 891 

Further studies should include evaluation of the removal of microplastic fractions <100µm, 892 

removal efficiencies and pathways of microplastic fractions >300µm, integrate environmental 893 

factors such as dry/wet periods, and investigate the fates of potential microplastic leachates. 894 
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Figure 1 Treatment train overview. SW: Stormwater inflow to the gross pollutant trap, GPT: 

outflow of the gross pollutant trap/inflow to the bioretention system, F1: vegetated 

bioretention cell, F2: non-vegetated bioretention cell, OP: overflow pit/ overflow when the 

system receives high inflows, RG: rain gauge. 

 



 
Figure 2 Boxplot of rubber, bitumen and other microplastics concentrations (particles/L) for the 

>300µm and 100-300µm size fractions. SW=Stormwater, GPT=Gross-pollutant trap, F1=Filter 1 

(vegetated), F2=Filter 2 (non-vegetated), OP=Overflow pit. ♦ = Median. N=9 (F1: N=8). Some 

outliers are not shown on the graph (SW 100-300 µm: Rubber 740 particles/L, Bitumen 870 

particles/L; SW >300 µm: Rubber 19 particles/L, Bitumen 3 particles/L; GPT 100-300 µm: Rubber 

500 particles/L, Bitumen 60 particles/L; GPT >300 µm: Rubber 8.9 particles/L, Bitumen 2.9 

particles/L; F1 >300µm: 0.57 particles/L). 

 



Table 1 Rain event and outflow characteristics (ADDs = Antecedent dry days, F1 vegetated 

filter section, F2: non-vegetated sand filter section) 

  Rain event characteristics   Outflow characteristics 

Rain 
event 

Date of rain 
start 

Rain 
event 
duration 
[h] 

Depth 
[mm] 

Peak 
intensity 
[mm/h] ADDs    

F1 Peak 
flow [l/s]  

F1 
Volume 
[m3]         

F2 Peak 
flow [l/s]  

F2 
Volume 
[m3]        

1 2019-10-09 7 20.5 5.1 5   7.2 200 10 350 
2 2019-11-11 16 9 1.6 15   0.89 36 3.5 140 
3 2019-11-16 15 9.6 1.6 4   1.6 77 5.2 230 
4 2019-11-21 23 7.5 0.9 2   0.3 26 1 54 
5 2019-12-13 45 23.6 1.5 1   3.7 290 9.6 790 
6 2020-05-01 21 23.6 3.3 16   6.1 350 10 590 
7 2020-05-08 11 6.2 1.1 5   1.3 56 3.7 140 
8 2020-06-06 22 7.2 1.8 3   3.2 81 4.5 92 
9A 2020-06-17 3 12.4 8.8 8    7.9 140 6.7 140 

 A Sampling only covered 117 m3 (F1) and 126 m3 (F2) of the total outflow volume of 140 m3. 

 



Table 2 Microplastic concentrations (particles/L) for the 100-300 µm and the >300 µm size fractions. SW=Stormwater, GPT=Gross-pollutant trap, F1=Filter 
1 (vegetated bioretention cell), F2=Filter 2 (non-vegetated sand filter), OP=Overflow pit  

                                                  

  Rubber  Bitumen  Other microplastic particles  Sum all plastic particles 
Size 
fraction 

Rain 
event SW GPT F1 F2 OP  SW GPT F1 F2 OP  SW GTP F1 F2 OP  SW GPT F1 F2 OP 

100-
300 µm 

1 45 75 1.6 5.0 20  23 13 2.7 17 2.4  0.96 1.2 2.4 1.2 1.1   69 89 6.7 23 24 

2 4.6 8.0 9.0 1.1 1.8  9.1 14 11 2.0 3.8  3.25 1.7 1.1 1.5 2 
 17 24 21 4.5 7.5 

3 2.7 5.2 0.11 0.15  
 8.9 5.3 1.5 0.22  

 1.8 1.6 0.34 0.66  
 13 12 1.9 1.0  

4 <0.38 <0.37  0.38  
 <0.38 0.74  <0.38  

 0.38 0.37  0.75  
 0.38 1.1  1.1  

5 4.4 6.0 <0.16 0.92  
 14 12 <0.16 1.05  

 1.9 2.3 0.32 2.5  
 20 20 0.32 4.4  

6 3.9 <0.09 0.87 0.87  
 4.7 <0.09 0.52 0.68  

 1 0.82 0.35 0.87  
 9.6 0.82 1.7 2.4  

7 <0.31 0.47 <0.10 0.26  
 <0.31 <0.24 <0.10 0.64  

 0.92 0.71 0.1 0.64  
 0.92 1.2 0.1 1.5  

8 3.3 <0.48 <0.19 <0.29  
 0.48 0.48 <0.19 <0.29  

 1.4 3.8 0.19 0.86  
 5.2 4.3 0.19 0.86  

9 740 500 0.40 16 99   870 61 0.40 23 260   6.2 7.7 0.2 0.36 7.2   1624 573 1.0 39 364 
 Median 3.9 5.2 0.3 0.87 20  8.9 5.3 0.46 0.68 3.8  1.4 1.6 0.33 0.86 2  13 12 1.4 2.4 24 
 Min <0.31 <0.09 <0.10 <0.29 1.8  <0.31 <0.09 <0.10 <0.29 2.4  0.38 0.37 0.1 0.36 1.1  0.38 0.82 0.1 0.86 7.5 

  Max 740 500 9 16 99  870 61 11 23 260   6.2 7.7 2.4 2.5 7.2   1624 573 21 39 364 

>300 
µm 

1 0.68 0.12 0.15 0.09 0.87  0.14 <0.12 0.15 0.09 0.1  0.69 0.12 0.2 0.64 0.96  1.5 0.24 0.45 0.82 1.9 

2 <0.08 <0.08 <0.56 <0.13 0.5  <0.08 <0.08 0.56 0.13 0.25  0.081 0.40 1.1 <0.13 0.75  0.081 0.40 1.7 0.13 1.5 

3 <0.07 <0.07 <0.11 <0.07  
 <0.07 <0.07 <0.11 <0.07  

 0.28 0.073 <0.11 0.07   0.28 0.073 <0.11 0.073  

4 <0.38 0.37  <0.38  
 <0.38 <0.37  <0.38  

 <0.38 0.37  <0.38   <0.38 0.74  <0.38  

5 <0.08 0.08 <0.16 <0.07  
 <0.08 0.08 <0.16 <0.07  

 0.54 0.72 0.16 <0.07   0.54 0.88 0.16 <0.07  

6 <0.09 <0.09 <0.17 0.10  
 <0.09 <0.09 <0.17 <0.10  

 0.18 0.70 <0.17 0.10   0.18 0.70 <0.17 0.19  

7 <0.31 <0.24 <0.10 <0.13  
 <0.31 <0.24 <0.10 <0.13  

 <0.31 <0.24 <0.10 0.13   <0.31 <0.24 <0.10 0.13  

8 <0.48 <0.48 <0.19 <0.29  
 <0.48 <0.48 <0.19 <0.29  

 <0.48 0.48 0.37 <0.29   <0.48 0.48 0.37 <0.29  

9 19 8.9 <0.05 0.27 8.8   3.1 3.0 <0.05 <0.09 1.6   0.38 1.6 <0.05 0.09 0.95   23 13 <0.05 0.36 11 
 Median 0.16 0.12 0.08 0.09 0.87  0.14 0.08 0.08 0.07 0.25  0.24 0.4 0.13 0.10 0.95  0.24 0.48 0.13 0.15 1.9 
 Min <0.07 <0.07 <0.05 <0.07 0.5  <0.07 <0.07 <0.05 <0.07 0.1  <0.31 <0.24 <0.05 <0.07 0.75  <0.31 <0.24 <0.05 <0.07 1.5 

  Max 19 8.9 0.15 0.27 8.8   3.1 3 0.56 0.13 1.6   0.69 1.6 1.1 0.64 0.96   23 13 1.7 0.82 11 

                         



 



Table 3 Microplastic removal (%) by the stormwater treatment train as well as its various 

components, presented for the 100-300 µm and > 300 µm size fractions. GPT+F1 and GPT+F2: 

removal stormwater vs. vegetated biofilter and non-vegetated sand filter, respectively; GPT: Removal 

stormwater vs gross pollutant trap; F1 and F2: removal GPT outflow vs. vegetated biofilter and non-

vegetated sand filter, respectively.  

  Rubber  Bitumen  Other microplastic particles 

Size 
fraction 

Rain 
event 

GPT 
+ F1 

GPT 
+ F2  GPT  F1  F2    

GPT 
+ F1 

GPT  
+ F2  GPT  F1  F2    

GPT  
+ F1 

GPT  
+ F2 GPT F1 F2 

100 - 
300 µm 

1 94 89 -68 98 93  88 25 43 80 -31  -150 -24 -26 -98 1.5 

2 -144 77 -72 -13 87  -24 78 -52 19 86  65 55 49 32 12 

3 46 95 -91 98 97  84 98 41 72 96  81 63 11 79 59 

4  -99 n.d.  <-104   0 <-290  >74   -96 3.70  -104 

5 >98 79 -37 >99 85  >99 92 15 >99 91  83 -29 -21 86 -7 

6 87 78 99 <-1832 <-1832  89 86 99 <-1059 <-1403  65 13 18 57 -6 

7 n.d. <-65 <-204 >89 46  n.d. <-314 n.d. n.d. <-434  90 31 24 86 9 

8 >97 >96 >93 n.d. n.d.  >80 >70 0 >80 >70  87 40 -170 95 78 

9 >99 98 32 >99 97   >99 97 93 99 63   97 94 -25 97 95 
 



Table 4 Results of Wilcoxon signed-rank tests 

  Rubber  Bitumen  other microplastic 

Size 
fraction Test 

Wilcoxon 
statistic p 

estimated 
median*   

Wilcoxon 
statistic p 

estimated 
median*   

Wilcoxon 
statistic p 

estimated 
median* 

100 -300 
µm 

GPT -F1 29 0.141 4.1   33 0.042 5.5   32 0.059 1.3 
GPT -F2 39 0.058 5.0  34 0.193 5.0  33.5 0.263 0.40 
SW-GPT 22 1 -0.12   28 0.183 2.4   18 0.636 -0.10 

* The estimated median quantifies the difference of particle concentration between the 
samples (negative estimated median indicates higher particle concentrations in the effluent 
than in the influent (“negative removal”). 

 



Supplementary material 

Supplementary material 1 

Discussion and justification of the methodology – Visual microplastic analysis  

In this study, visual analyses combined with tactile and melting tests were used to detect the 
type and number of microplastic particles. Similarly, visual identification and sorting of 
microplastic particles is needed in most microplastic studies which have the objective to 
determine particles numbers, regardless if a further identification of the polymer type is 
desired (Hidalgo-Ruz et al., 2012; Shruti et al., 2021). In the following, a discussion on this 
analytical method in comparison to other methods (Fourier transform infrared (FTIR) 
spectroscopy, Raman, usage of markers) is provided. All these methods seem to have 
different advantages and disadvantages depending on microplastic type and size fraction and 
all involve uncertainties. We propose that no method is not superior to the other method for 
microplastic > 100 µm. 

Spectroscopic methods for particle analyses (FTIR and Raman) can provide additional 
information about the chemical composition of microplastic particles, but not necessarily 
more accurate information on their number, especially when the objective is to analyze rubber 
and bitumen particles (Cabernard et al., 2018; Wagner et al., 2018). For instance, Cabernard et 
al., 2018 compared Raman and FTIR and showed that results for microplastic particle number 
and chemical composition differed between both technologies. Further, in their bioretention 
study, which was recently published in Water Research, Smyth et al. (2021) report problems 
when analyzing rubbery particles with µFTIR. One important aspect is that the polymer 
structure of microplastic particles from field samples generally has an altered spectra 
depending on their degradation, which means that there is never a perfect match between the 
FTIR/Raman library of polymer spectra and the spectra obtained for field collected 
microplastic particles (Brandon et al., 2016). Thus, the interpretation of FTIR/Raman spectra 
relies, as the visual identification of microplastic, on the experience of the person carrying out 
the analysis, thus resulting in uncertainties. Even more apparent challenges occur when 
analyzing bitumen particles deriving from the road surface since these are seldom included in 
any studies and there are no established analytical methods for them (Wagner et al., 2018). 
Also, microplastic fibers can be difficult to analyze also with Rahman and FTIR (Cabernard et 
al., 2018). Other methods for road related microplastic analysis such as the usage of markers 
(e.g., Zn signature) involve high uncertainty in the results as well (Wagner et al., 2018). In 
summary, also microplastic analyses based on FTIR/Raman spectroscopy or the use of 
markers, include considerable uncertainty dependent on the type of microplastics and the 
experience of the staff conducting visual identification of particles and/or interpreting the 
results of the spectra.  

Uncertainties obviously also apply for results based on visual analyses as conducted in this 
study. However, these are not necessarily higher than for the above-mentioned methods: as 
summarized in this paragraph, several recently published studies show that visual microplastic 
analysis can be a reliable method for determining the number and source of microplastic 
particles in environmental samples. Dahl et al., (2021) used FTIR to verify a selection of 



visually identified suspected microplastic particles with FTIR. All particles considered to be 
plastic polymers were confirmed to be so by the FTIR illustrating the reliability of the visual 
identification. Also, Lusher et al., (2020), who investigated microplastic particles <125 µm in 
fish samples, report that high percentages of particles were correctly identified (87% plastic 
and anthropogeny particles, 82% non-plastic particles, Attenuated Total Reference FTIR and 
Raman spectrometry were used for comparison) when tactile and visual microplastic particle 
investigation is combined, as it was done in our study. Finally, Smyth et al. (2021) reported 
82% recovery when visually analyzing artificial microplastic samples in stormwater 
bioretention influent and effluent. To be able to conduct visual analyses, the target 
microplastics should not be too small; particles >100 µm are regarded to be in a size fraction 
which can reliably analyzed (e.g., Dahl et al., 2021). These results emphasize that, as long as 
the particles are in a size range allowing this method, combined visual and tactile 
identification (as chosen in this study) is a reliable method especially for rubber and bitumen 
particles (which were one scope in this study on highway runoff).  

When analyzing particles larger than approximately 50 µm, especially tire wear and bitumen 
particles are relatively easily identified with stereomicroscopy. If these two groups of particles 
have a visual resemblance, the difference gets obvious when touching the particles. After 
being squeezed with a pair of fine tweezers the tire wear particles will regain their original 
shape, whereas the bitumen particles will remain compressed. If still in doubt, whether a 
particle is from plastic/rubber/bitumen or not, heat is applied to the respective particle(s). 
Heated plastic particles will melt, and heated bitumen will also release a distinct smell of oil. 
Some example figures showing melted particles and a related discussion are provided in 
Järlskog et al. (2020).  

Equally, visual methods exist to distinguish plastic and non-plastic fibers. Cotton fibers are 
easily distinguished from synthetic fibers by being flat instead of rounded and having uneven 
edges as opposed to the rounded edges of synthetic fibers as also described in earlier studies 
(for instance Zubris & Richards, 2005; Magnusson & Wahlberg, 2014, Covernton et al., 
2019). If in doubt whether a fiber was made of synthetic or non-synthetic polymer, melting 
tests can be carried out. It should be pointed out, that fibers can be difficult to analyze also 
with Rahman and FTIR (Cabernard et al., 2018), and therefore scanning electron microscopy 
is sometimes used, which also is a visual analysis although the magnification is larger.  

Another advantage of visual microplastic identification is that particles of the same polymer 
type can be distinguished. In this way it was for example possible to exclude that PE particles 
from the sampling vessels contaminated the samples in this study, although PE generally is 
one of the most common plastic polymers of microplastics in the environment. By scratching 
off fragments from the plastic canister prior to the analysis, and observing them with the 
stereomicroscope, the canister fragments could be visually compared to other microplastic 
particles found in the sample. With just FTIR it would hence have been impossible to separate 
PE particles deriving from the canister from PE particles of other origin, whereas visual 
analysis allows the observer to make this distinction. 

The two recent studies investigating microplastics treatment in biofilters (one of them 
published very recently in Water Research; Smyth et al., 2021; Gilbreath et al., 2019) both 



rely (partly) on visual analyses since a spectroscopic analysis was only done on a subset of 
particles which were handpicked and visually sorted under stereomicroscopes. I.e. also in 
these studies, the results rely largely on visual inspection of the samples. To the best of our 
knowledge, in their paper Gilbreath et al. (2019) do not communicate the size of the subset 
they analyzed. Smyth et al. (2021) analyzed (only) 10% of the particles per morphological 
subset of each sample. In both studies, the results of the spectroscopic analyzes were not used 
to correct their particle numbers when determining the treatment function of their bioretention 
systems.  

In our study all microplastic analyses were carried out by the same senior scientist who has 
over 10 years’ experience in (visually) analyzing microplastic particles in environmental 
samples (as e.g., documented by numerous publications in high ranked journals and reports: 
Dahl et al., 2021; Järlskog et al., 2021; van Friesen et al., 2020; Järlskog et al., 2020; 
Hassellöv et al. 2018; Setälä et al., 2016, Magnusson & Wahlberg 2014). The advantage that 
only one experienced researcher analyzed all samples is that the uncertainty (i.e., error rate 
due to wrongly determined particles) is equal for all samples which makes the comparison of 
microplastic concentrations in the stormwater, after the gross-pollutant trap and in the effluent 
at the different rain events more reliable. The benefit of experienced staff and that all analyses 
are conducted by the same person is also emphasized by Covernton et al. 2019 in their study 
on seawater microplastic sampling techniques.  

Finally, a more general argument, which indicates that a visual approach for the analyses of 
microplastics can be considered as reliable method, is that visual analyses using 
stereomicroscopy are regarded as a well-accepted identification tool in a range of other 
scientific fields such identification of microorganisms in environmental samples, histological 
studies, etc. 
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Supplementary Table 1 Sample volumes in L and detection limits in particles/L  

  Volumen  Detectionlimit 

Size fraction 
Rain 
event SW GPT F1 F2 OP   SW GPT F1 F2 OP 

100-300 µm 1 7.3 8.3 6.7 11.0 4.5  0.14 0.12 0.15 0.09 0.22 

 2 12.3 12.6 1.8 7.5 4  0.08 0.08 0.56 0.13 0.25 

 3 14.4 13.7 8.9 13.7   0.07 0.07 0.11 0.07  
 4 2.6 2.7  2.7   0.38 0.37  0.38  
 5 13.0 12.5 6.2 15.3   0.08 0.08 0.16 0.07  
 6 11.1 11.0 5.8 10.4   0.09 0.09 0.17 0.10  
 7 3.3 4.3 10.5 7.8   0.31 0.24 0.10 0.13  
 8 2.1 2.1 5.4 3.5   0.48 0.48 0.19 0.29  
  9 5.2 5.1 20.0 11.1 10.5   0.19 0.20 0.05 0.09 0.10 

>300 µm 1 7.3 8.3 6.7 11.0 10.4  0.14 0.12 0.15 0.09 0.10 

 2 12.3 12.6 1.8 7.5 4  0.08 0.08 0.56 0.13 0.25 

 3 14.4 13.7 8.9 13.7   0.07 0.07 0.11 0.07  
 4 2.6 2.7  2.7   0.38 0.37  0.38  
 5 13.0 12.5 6.2 15.3   0.08 0.08 0.16 0.07  
 6 11.1 11.5 5.8 10.4   0.09 0.09 0.17 0.10  
 7 3.3 4.3 10.5 7.8   0.31 0.24 0.10 0.13  
 8 2.1 2.1 5.4 3.5   0.48 0.48 0.19 0.29  
  9 5.2 5.1 20.0 11.1 10.5   0.19 0.20 0.05 0.09 0.10 
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