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A B S T R A C T

Plastics are widely known to contribute to environmental pollution, but recent concerns focus on microplastics 
(MPs), which are <5 mm in size and can accumulate in aquatic ecosystems. Constructed treatment wetlands 
(CTWs) effectively remove diverse nutrients and pollutants, prompting this study to ask if CTWs can remove and/ 
or degrade MPs. Complementary field and laboratory studies were conducted in a treated municipal wastewater 
CTW (Florida, USA) to quantify, 1) differences in MP concentration and type in inflow and outflow water for one 
year, 2) the degradation of textiles (natural, semi-synthetic, and fully synthetic) deployed up to 6 months, and 3) 
changes in microbial respiration (CO2 and CH4 production) with MP additions in wetland microcosms. Results 
indicate the CTW MP removal efficiency averaged 93% over one year. Pellets comprised >89% of inflow MPs and 
had the highest removal rate (98%). In contrast, fibers were uncommon (~2%) and showed no removal. Natural 
(100% cotton) and semi-synthetic (95% Rayon® and 5% Lycra®) textile strips averaged an area loss of 38.3% in 
3 weeks, and 64.6% loss in 6 months, respectively, when deployed in the CTW. Meanwhile, synthetic (100% 
polyester) showed a ~ 15.6% decline in tensile strength in 6 months. Both natural and semi-synthetic fibers 
accelerated CO2 by 113.5% and increased CH4 production by 1024.6% (natural) and 848.2% (semi-synthetic) in 
the laboratory, suggesting microbial degradation; microbial respiration did not change with synthetic fibers and 
polypropylene beads. Results provide empirical evidence of the potential for CTWs to filter MPs from wastewater 
and contribute to natural bioremediation.

1. Introduction

Global society is heavily reliant on plastic, from product packaging to 
agriculture and household items (Plastics Europe, 2018). Between 1950 
(considered the beginning of plastic mass production) and 2017, 
approximately 9.2 billion tons of primary plastics were produced, and 
~7 billion tons became waste (Geyer, 2020). The environmental impacts 
of macroplastics have been widely researched, but recent focus has 
shifted to microplastics (MPs; Cole et al., 2011). Defined as synthetic 
polymers <5 mm (Arthur et al., 2009), MPs can be primary (i.e., pro
duced within this size range) or secondary (i.e., fragments of larger 
plastics; Cole et al., 2011). Early studies documented high MP abun
dance in the coastal waters of New England (USA) (Carpenter et al., 
1972) and the Sargasso Sea (Carpenter and Smith Jr., 1972), while 
follow-up studies demonstrated MPs can release toxins, be ingested by 
marine fauna, and bioaccumulate in seafood (Xu et al., 2020). Diverse 

organisms are negatively impacted by MPs (Ribeiro et al., 2018), 
including developmental and survival consequences (Blarer and 
Burkhardt-Holm, 2016).

Aquatic ecosystems can serve as source, sink, and transport mecha
nisms for MPs. Rivers transport 70–80% of MPs (Horton et al., 2017), 
while traditional water treatment plants serve as conduits for MPs from 
households, businesses, and manufacturing sources into receiving water 
bodies (Xu et al., 2020). Studies of wastewater outflows show median 
MP concentrations of 54 particles L− 1 (Simon et al., 2018) with common 
sources including personal care and cosmetic products (Guerranti et al., 
2019) and laundry grey water containing synthetic textile fibers (Galvão 
et al., 2020).

Constructed treatment wetlands (CTWs) are engineered wetlands 
designed to leverage physical processes and natural biogeochemical 
cycles (e.g., microbially mediated chemical transformations, sedimen
tation, and plant assimilation) to improve water quality (Faulwetter 
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et al., 2009; Hatano et al., 1994; Kadlec and Knight, 1996; Vymazal, 
2014). Often implemented for excess nutrient and pollutant removal 
(Shahid et al., 2020), CTWs are diverse and found globally (Reed and 
Brown, 1995). Given their unique location between traditional waste
water treatment plant outflows and natural waterways, there is growing 
interest in CTWs' potential to remediate MP pollution.

This study sought to quantify the removal of MPs and degradation of 
textiles in a CTW receiving tertiary-treated municipal wastewater using 
two complementary field studies. Specifically, 1) CTW inflow and 
outflow MP concentrations and assemblages were quantified monthly 
for one year and 2) the degradation of textiles (natural, partially syn
thetic, and fully synthetic) deployed in a CTW was quantified over time. 
In addition, a laboratory study assessed 3) changes in microbial respi
ration (CO2 and CH4 production) with the addition of MPs and textile 
fibers in microcosms. We hypothesized that, 1) the MP abundance would 
significantly decline between the inflow and outflow of the CTW, 2) 
textiles of all compositions would show evidence of degradation (areal 
loss or reduced tensile strength), with natural textiles being most rapidly 
degraded, and 3) natural textile fibers would accelerate microbial 
respiration rates, while MPs and synthetic fibers would have no effect.

2. Methods

2.1. Field site description

This research was conducted at a free-water surface-flow CTW in 
northeast Orange County, central Florida (USA) (Fig. 1). The regional 
climate is humid subtropical with average annual temperatures of 28 ◦C 
(high) and 18 ◦C (low). The area receives roughly 130.7 cm of rainfall 
annually, which occurs predominately between May and October 
(Florida Climate Center, 2026). The 1220-acre CTW receives ~132 
million L of tertiary-treated municipal wastewater daily, which flows 
horizontally due to the slope of the site through diverse wetland habi
tats, including deep marsh (e.g., Typha sp. and Scirpus sp.), mixed marsh 
(e.g., Pontederia sp. and Sagittaria sp.), hardwood swamp (e.g., Taxodium 
sp. and Nyssa sp.), and open water (submerged aquatic vegetation) over 
30–40 days prior to discharge into the receiving river (Slayton, 2021). 

The CTW is characterized by 18 treatment cells divided into three 
separate flow-trains emanating from a single inflow boil and leading to a 
single outflow weir (Fig. 1). The CTW is continuously inundated with a 
water depth that varies by habitat (typically <1 m deep), but inflow 
rates vary based on time of day (e.g., variability in wastewater pro
duction) and season (e.g., higher infiltration during the wet season). 
Vegetation biomass is highly variable in space and time and is actively 
managed to remove invasive species and optimize hydraulic perfor
mance (Martinez and Wise, 2003; White et al., 2008). For substrate, 
most of the CTW is characterized by a layer of detrital floc (~10–70 cm 
thick) and a surface horizon of organic soil (up to 30+ cm) on top of the 
native fine sands and subsurface clay layers (Boudreau et al., 2024).

2.2. Field MP removal efficiency

The MP removal efficiency was quantified by collecting grab samples 
of surface water once monthly (July 2022 to June 2023) at the inflow 
(where the water bubbles out of a subterranean pipe; Fig. 1b) and 
outflow (a weir and incline to the receiving river; Fig. 1d). Both locations 
provided a homogenized water sample due to turbulent mixing of the 
water column. Triplicate water samples were collected by hand in acid- 
washed 950 mL amber glass bottles. Bottles were submerged elbow- 
deep, triple rinsed with site water, then the sample collected and 
immediately stored on ice, and then at 4 ◦C in the laboratory, until 
processing.

In the laboratory, each 950 mL water bottle was inverted three times, 
then a 500 mL subsample was vacuum-filtered through a 0.45 μm 
gridded nitrocellulose filter paper using an acid-washed glass apparatus, 
then rinsed with nanopure water. Filter paper was placed on a clean 
dissecting microscope stage and 3 blank filter papers were placed 
around the microscope to quantify aerial contamination. The air-dried 
filter paper was visually inspected within 3 weeks of collection at 45×
magnification grid-by-grid and row-by-row, marking each cell with a 
probe after inspection. Specifically, MPs in this study were defined as 
>0.45 μm and less than 5 mm (as measured on the gridded filter paper). 
They were identified as materials that lack cellular components, exhibit 
consistent coloration and thickness (for fibers), and maintain or return 

Fig. 1. An aerial photograph of the treated municipal wastewater CTW used in this study with the 6 site locations used to deploy litterbags (pictured in (c)) for the 
textile field degradation rate study. The approximate location within the southeastern USA (a) is depicted, along with photographs of the inflow boil (b) and outflow 
weir (d) where samples were collected for the field MP removal efficiency study.
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to shape when manipulated (Hidalgo-Ruz et al., 2012; Masura et al., 
2015). The type and size were recorded for all MPs. Type included 
two primary MPs (pellets- oval shaped and beads- spherical shaped) and 
two secondary MPs (fibers- threadlike and fragments- variable in shape 
with jagged and uneven edges; Cole et al., 2011). Following sample filter 
inspection, the control blanks were inspected. This process was repeated 
for all samples (n = 3 for inflow and outflow) and every month for one 
year. If there was any uncertainty regarding the identity of a particle as a 
MP, it was not counted. Final counts of MPs were then extrapolated from 
500 mL− 1 to L− 1 to reflect commonly published units. Removal effi
ciency was calculated as (mean inflow count per month - mean outflow 
count the following month) / mean inflow count * 100. This method of 
using the following month's outflow concentration was done to reflect 
the ~30 day residence time of the water within the CTW. These monthly 
efficiencies were then averaged for an annual MP removal efficiency.

2.3. Textile field degradation rate

Textile degradation was quantified using three field experiment de
signs due to differences in material loss rate and quantification method: 
a rapid (1-, 2-, and 3-weeks) qualitative degradation study for “natural” 
textile (100% cotton), a longer (1-, 3-, and 6-month) qualitative degra
dation study for “semi-synthetic” textile (95% Rayon® and 5% Lycra®), 
and a longer (1-, 3-, and 6-month) quantitative degradation study for 
“fully synthetic” (100% polyester) textiles. All studies utilized litter bags 
(Nitch et al., 2021) where a 10 × 25 cm fiberglass 1 mm mesh bag was 
impulse heat-sealed to make equally sized pockets, each containing a 7 
× 22 cm fabric strip (Fig. 1c). In the natural and semi-synthetic degra
dation studies, litter bags were deployed at 6 sites, 3 near the inflow 
(numbered 4, 5, 6) and 3 near the middle of the CTW flow path 
(numbered 1, 2, 3) with one set in each of the 3 flow trains in the CTW 
(Fig. 1). Distance from the inflow was used as a proxy for water nutrient 
concentration, which has been found to be positively correlated with 
microbial activity and decomposition rate in wetlands (e.g., DeBusk and 
Reddy, 1998, 2003; Wright et al., 2009). Based on Slayton (2021) the 
1988–2020 average surface water nutrient concentrations near inflow 
(sites 4–5) were 1.98 mg L− 1 total nitrogen (TN) and 0.25 mg L− 1 total 
phosphorus (TP); meanwhile TN and TP averaged 1.00 mg L− 1 and 
0.083 mg L− 1, respectively, mid-flow path (sites 1–3). At each deploy
ment location, 6 litter bags containing 18 total material swatches per 
textile type were tethered to a PVC pole; half were attached to floats to 
keep them near the water surface, while the other half were attached to 
weights to keep them on the soil surface (108 total swatches per textile 
type). The two depths were intended to test the effects of biotic (soil 
microbial community exposure) and abiotic (temperature and ultravi
olet (UV) radiation) gradients in the CTW on degradation rates. In the 
fully synthetic degradation study, litter bag deployment was restricted 
to 3 litter bags across 3 sites (3, 4, 6; Fig. 1), and all were weighted to the 
soil surface (27 total textile swatches). At the time of retrieval, litter bags 
were placed in Ziploc bags at 4 ◦C until processing.

In the laboratory, fabric strips were rinsed with deionized water to 
eliminate large debris. Natural and semi-synthetic textiles could not be 
tensile tested because the fabrics were too weak. Instead, they were 
visually assessed in the litterbag using a quartile-based scoring system 
by estimating if the percent area remaining of the degraded sample strip 
is 0, 25, 50, 75, or 100% of the area of the intact reference sample placed 
behind it. The polyester textile was tensile tested after being removed 
from the litter bags and air-dried at room temperature for 48 h. Tensile 
strength, an established metric of fabric degradation (Latter and Walton, 
1988), was quantified on a Shimadzu AGS-X Universal Testing Machine 
equipped with a 5 kN loading cell (Shimadzu Scientific Instruments, 
Kyoto, Japan). Samples were clamped vertically between grips on a 
machine that applied a strain rate of 150 mm min− 1. Parameters were 
calibrated to the material's dimensions and clamped within a gauge 
length of 25 mm; maximum stress before failure was noted as the ulti
mate tensile strength.

2.4. Microbial respiration lab study

Laboratory wetland microcosms were constructed using soil and 
water samples collected from the CTW near the outflow because this 
location was anticipated to have the lowest concentration of MPs of the 
system. Surface water (~2 L) was collected in glass bottles in the 
wetland just before the outflow using the methods described above. Four 
replicate 0–10 cm soil cores were collected within a 5 m area using the 
push core method and a 7 cm dimeter polycarbonate tube (Boudreau 
et al., 2024). Soil cores were extruded in the field, placed in glass jars, 
and transported to the laboratory for experimentation.

In the laboratory, the field collected soil and site water were used to 
construct 35 replicate microcosms in 120 mL glass serum bottles. The 4 
experimental treatments included 0.1 g of one of the following pre-dried 
materials: 1) natural fibers (100% cotton), 2) semi-synthetic fibers (95% 
Rayon® and 5% Lycra®), 3) synthetic fibers (100% polyester), or 4) 
polypropylene (PP) beads (spherical, Poly-Fil® stuffing). All treatments, 
plus soil and water only controls, were replicated 7 times. Bottles and 
caps were steam-sterilized in an autoclave for 15 min at 121 ◦C prior to 
construction. Then, 40 g homogenized soil and the treatment material 
was added, the bottles were sealed with a butyl stopper and Al crimp 
cap, vacuum-evacuated for 60 s, and purged for 3 min with N2 gas to 
create anaerobic conditions. Site water (40 mL, also N2 purged) was 
added by syringe (t = 0). Bottles were placed on an orbital incubator 
shaker in the dark at 150 rpm and 30 ◦C. During the 16 week experi
ment, headspace samples were extracted and analyzed weekly (first 9 
weeks), then biweekly (subsequent 1 month), on a Shimadzu GC-2014 
gas chromatograph equipped with a Flame Ionized Detector (FID) and 
Methanizer (Shimadzu Scientific Instruments, Kyoto, Japan). After each 
sampling, the bottles were re-purged with N2 gas to prevent CO2 build- 
up. Rates were calculated as the slope of the regression line between 
CO2-C and CH4-C concentrations and time after applying the Ideal Gas 
Law and Henry's Law to the concentration calculation (Bridgham and 
Ye, 2013).

2.5. Data analysis

Data analysis was performed using R version 4.03 (R Foundation for 
Statistical Computing, Vienna, Austria) and RStudio (RStudio Team, 
2020); all data wrangling and visualization were completed using the 
“tidyverse” package (Wickham et al., 2019). For MP removal efficiency, 
location (inflow vs outflow) and month were predictor variables in a 
generalized linear model (glm) with a Poisson distribution and an 
“identity” link. For textile degradation, max stress was modeled using a 
glm with a Gamma distribution and “identity” link with site and time as 
predictors. The mean flux for CO2 and CH4 respiration were modeled 
using generalized linear mix models within the “glmmTMB” package 
(Brooks et al., 2017) using a gaussian distribution and “log” link with 
material type as the fixed predictor and bottle replicate as the random 
predictor. All models were selected using visualization and the “com
pare_performance” function within the “performance” package 
(Lüdecke et al., 2021). A Tukey pairwise comparison within each model 
was done to compare groups using the “emmeans” package (Lenth, 
2024). Data is represented as mean values ± standard error.

3. Results

3.1. Field MP removal efficiency

Inflow concentrations of MPs ranged from a high of 688 ± 108 L− 1 in 
August to a low of 12 ± 4 MPs L− 1 in January (Fig. 2). Meanwhile, the 
outflow concentrations ranged from a high of 20 ± 5.2 MPs L− 1 in 
September to a low of 4 ± 5 MPs L− 1 in February. Average annual 
removal efficiency for all MPs within our quantified size range (i.e., 
0.45 μm- 5 mm) was 93% and inflow concentration exceeded outflow 
concentration (p < 0.001) every month but January and June, when 
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inflow concentration was particularly low. Inflow and outflow had 
different MP type assemblages. Of the 2988 total MPs identified in the 
inflow samples, >89% were pellets, followed by fragments (~8%), fi
bers (~2%), and beads (~1%; Fig. 3a). Of the 225 MPs identified in the 
outflow samples, 49% were fragments, followed by pellets and fibers 
(both ~25%), then beads (~1%; Fig. 3b). This translated to the 
following removal efficiencies by type: 98% efficiency for pellets, 87% 
for beads, 58% for fragments, and 0% removal for fibers (Fig. 3c). Aerial 
laboratory contamination ranged from 0 to 2 MPs per filter and was not 
considered in calculations.

3.2. Textile field degradation rate

One week of natural textile deployment in the CTW revealed no 
material loss, but removal increased to 6.9 ± 1.9% and 38.3 ± 3.7% at 2 
and 3 weeks, respectively. Site was a significant predictor of natural 
textile degradation (p = 0.001) with sites 4 and 5 consistently showing 
greater % removal than other sites. Depth in the water column was not a 
significant predictor of natural textile degradation (p = 0.570). Five out 
of 6 semi-synthetic textile sites demonstrated material loss over the 6- 
month study, with average % area declines of 35.4 ± 6.3, 48.6 ± 5.4, 
and 64.6 ± 3.9% at 1-, 3-, and 6-months deployed. Again, site was a 
significant predictor (p < 0.001), with site 4 showing the fastest 
degradation rates, followed by site 2. Depth in the water column was not 
a significant predictor of semi-synthetic degradation rate (p = 0.188). 
For synthetic material, maximum stress did not differ among the 3 sites 
(p = 0.739) or from month 1 to 3 (p ≥ 0.340). By 6 months, maximum 
stress had decreased from 35.2 ± 1.1 N m− 2 to 29.8 ± 0.7 N m− 2 

(~15.6% decline). The impact of water column depth was not assessed 
for the synthetic textile.

3.3. Microbial respiration lab study

Microbial respiration (CO2 production) rate was higher for natural 
(75.8 ± 1.0 μg CO2-C g− 1 d− 1) and semi-synthetic (74.1 ± 2.2 μg CO2-C 
g− 1 d− 1) fibers than all other treatments (averaging 113.5% higher than 
the control; p < 0.001; Fig. 4a). For CH4 production rate, natural fiber 
(6.3 ± 0.1 μg CH4-C g− 1 d− 1) exceeded semi-synthetic fiber (5.3 ± 0.2 
μg CH4-C g− 1 d− 1; p < 0.001), while the other 3 treatments (control, PP 
beads, and synthetic fibers) were significantly lower (p < 0.001; 

Fig. 4b). This represented a 1024.6% and 848.2% increase in CH4 pro
duction for natural and semi-synthetic fibers, respectively, compared to 
the control.

4. Discussion

4.1. Field MP removal efficiency

This surface flow CTW averaged a 93% MP removal efficiency for the 
size range studied over 1 year. It was noted during sampling the water 
flow rate at the inflow varied significantly during the year and was likely 
the cause of the variability in inflow MP concentrations. This monthly 
variability was based on the discharge rate of the wastewater treatment 
plant, which was likely related to rainfall patterns (i.e., July and August 
tend to be peak wet season in central FL, causing greater infiltration into 
the sewer system). However, despite the observed inflow variability, the 
outflow MP concentration remained consistently low (averaging 10 ±
2.6). The ability of the CTW to reduce the MP concentration to this low 
outflow concentration regardless of inflow concentrations (which 
ranged from 688 ± 108 L− 1 to 12 ± 4 MPs L− 1) suggests the CTW has a 
greater potential for removal than currently realized. This removal rate 
was comparable to the findings from several other studies in similar 
systems. For example, percent removal rates exceeding 90% have been 
reported in multi-step floating and subsurface flow systems (Cabrera 
et al., 2023) and other surface-flow treatment wetlands (Boyer et al., 
2024; Baylan et al., 2024). Meanwhile, a subsurface flow treatment 
wetland in Belgium reported a ~ 88% removal rate (Wang et al., 2020). 
Lower efficiency (50% MP removal) was reported for a natural wetland 
in India (Sarkar et al., 2021), and an increase in MP abundance was 
found in a floating treatment wetland in Australia (Ziajahromi et al., 
2020). Percent removal rates are difficult to compare due to variable 
methodology. Some studies sampled only after large rain events 
(Ziajahromi et al., 2020) or rainy seasons (Sarkar et al., 2021), while 
others included seasonal variability (Baylan et al., 2024). Future studies 
should investigate load-based removal rates of MPs to improve the un
derstanding of the relationship between discharge rate and removal 
efficiency.

While visual MP inspection and identification is an established 
method (Hidalgo-Ruz et al., 2012; Masura et al., 2015; Chambers et al., 
2026), other researchers have employed Fourier-Transform Infrared 

Fig. 2. Mean and standard error of the number of total microplastics identified in triplicate water samples collected at the inflow boil and outflow weir of the CTW 
each sampling month of the study.
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Spectroscopy (FTIR) (Baylan et al., 2024; Ziajahromi et al., 2020; Sarkar 
et al., 2021; Wang et al., 2020), Ramam spectroscopy (Boyer et al., 
2024), or the hot needle test (Cabrera et al., 2023; Wang et al., 2020) 
to assist in identification. Minimum MP size also varied, from 25 μm 
(Ziajahromi et al., 2020), 40 μm (Cabrera et al., 2023; Wang et al., 
2020), 63 μm (Sarkar et al., 2021), or 100 μm (Baylan et al., 2024). In 
this study, our filter paper captured everything >0.45 μm. Therefore, if 
the 1 μm-5 mm definition of MPs is applied, our results may slightly 
overestimate the abundance of MPs by including a small portion of large 
nanoplastics (NPs) (Arif et al., 2024). In contrast, the studies with 
minimum sizes >1 μm may have underestimated MPs.

It is important to note that the mass balance approach used in this 
study (i.e., inflow minus outflow MP concentration) fails to address 
potential MP processing (e.g., fragmentation into particles <0.45 μm) or 
MP additions (e.g., atmospheric deposition) during the surface water's 
30–40-day residence time in the CTW. Biological fragmentation of MPs 
into NPs during organismal digestion has been documented by others 

(Dawson et al., 2018). Ecological fragmentation of MPs into NPs is also 
plausible, particularly for secondary MPs that have already formed as 
the result of prior fragmentation. These fragmentation processes could 
mean some of our observed reduction in MPs just became NPs, which 
were not quantified. Atmospheric deposition of MPs into the CTW was 
also not quantified. Both wet and dry MP depositions have been docu
mented across diverse habitats, from urban to remote areas (Wright 
et al., 2020; Allen et al., 2019), with fragments and fibers being the 
most frequently deposited (Zhang et al., 2020). Therefore, atmospheric 
deposition could have contributed to the greater relative proportion of 
fragments and fibers in the outflow water, relative to the inflow. Overall, 
consideration of these limitations should be made when interpreting the 
results of this study.

Pellets accounted for most of the inflow MPs in this study and ach
ieved the highest removal efficiency (98%). The removal mechanism 
was not studied, but sedimentation is key for total suspended solid 
removal in CTWs (Gargallo et al., 2018). Pellets and beads (87% removal 
efficiency) are both primary MPs, which generally have higher densities 
than secondary MPs, allowing them to settle out more effectively 
(Waldschläger and Schüttrumpf, 2020). Higher MP abundance in sedi
ment nearest a CTW inflow, relative to further downstream (suggestive 
of sedimentation), has been seen elsewhere (Lu et al., 2022 & Bydalek 
et al., 2023), but MP removal can also occur through biofilm accumu
lation (Zhang et al., 2024), plant uptake (Li et al., 2020), and microbial 
deterioration (Arkatkar et al., 2010). Previous studies in CTWs 
commonly report fibers (Baylan et al., 2024; Wang et al., 2020; Cabrera 
et al., 2023) or fragments as the dominant MP inflow type (Sarkar et al., 
2021; Ziajahromi et al., 2020). These two types of secondary MPs are 

Fig. 3. Mean relative percentage of each type of microplastics identified in (a) 
inflow water samples and (b) outflow water samples during the monthly sam
pling events; (c) average percent removal by type was calculated by subtracting 
mean outflow from mean inflow number.

Fig. 4. Influence of microplastic or fiber addition on soil and water a) CO2 
production rate and b) CH4 production rate (mean ± standard error; n = 7 per 
treatment) relative to a no material addition control.
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considered unintentionally created through the laundering of synthetic 
clothing or breakdown of MPs in the wastewater stream (Song et al., 
2024). It was this prior research highlighting the abundance of fibers 
in CTWs that prompted our focus on textile degradation, but surprisingly 
few fibers were documented in the inflow. The dominance of pellets 
(>89% of the inflow MPs) in this CTW suggests a source(s) of pellet 
production or release within this waste watershed.

4.2. Textile field degradation rate

The field textile degradation study provided data on the potential 
contribution of non-sedimentation processes to MPs loss. In the field, 
~38% of the natural textile was removed in 3 weeks. Natural cotton is 
derived from cottonseed (Gossypium sp.), making it renewable and 
readily biodegradable in nature (Li et al., 2010). Semi-synthetic textile 
(a cellulose-based substance chemically processed to be molded into 
fibers (Chen and Burns, 2006)) also degraded, albeit more slowly (64.6% 
removal in 6 months). In contrast, fully synthetic polyester is neither 
natural nor renewable (Chen and Burns, 2006). No removal was 
observed over the 6-month field study, but the average maximum tensile 
strength did decrease by ~15.6% during that time, suggesting a possible 
weakening of the textile's structure. In a 243-day study by Zambrano 
et al. (2019), biodegradation rates based on oxygen demand were 
documented to be 75.9% for cotton, 62% for Rayon®, and 4% for 
polyester.

In this study, whether the sample was floating at the surface of the 
water or was submerged on the sediment surface had no measurable 
impact on the degradation rate for any material. Although not directly 
quantified in this study, it was assumed floating samples would be 
exposed the higher temperatures and UV light, while submerged sam
ples would experience lower temperatures and greater soil microbial 
colonization. Polyester fiber has been shown to degrade with UV 
exposure, causing a ~ 84–94% reduction in fiber length in 5 months 
(Sait et al., 2021), and warmer temperatures are known to cause Rayon® 
to swell (Zambrano et al., 2019). However, the high spatial heteroge
neity of this field study and potentially confounding factors that corre
late with depth may have led to a lack of an observable effect of textile 
placement.

Degradation rate did vary by site for natural and synthetic textiles. It 
was predicted that if biodegradation was responsible for textile % 
removal, the rate would be greater near the inflow where surface water 
TN and TP concentrations are higher (Slayton, 2021) due to the positive 
correlation between microbial activity and nutrient availability typi
cally observed in wetlands (Faulwetter et al., 2009; Kadlec and Knight, 
1996). Two of the 3 inflow sites (i.e., 4 and 5) showed significantly 
greater % removal for natural textiles compared to other sites. However, 
the lack of an effect at inflow site 6 weakens the ability to draw con
clusions about the role of site or nutrients on degradation rates. The 
spatial results for semi-synthetic textiles were even less clear, with site 4 
(inflow), followed by site 2 (mid-flow) having the two highest rates of 
removal. Overall, we suspect other factors not measured, such as plant 
type, vegetation density, or disruption by native fauna, likely influenced 
the observed variability in degradation rates by site. Further study under 
more controlled conditions is necessary to disentangle the impacts of 
factors such as nutrient availability and local biotic conditions on textile 
degradation.

4.3. Microbial respiration lab study

The general field-degradation trends were supported by the lab 
experiment, which confirmed the role of microbes (through accelerated 
respiration) in degrading natural and semi-synthetic fibers. Natural 
cotton fibers (roughly 45% carbon by mass (Cui et al., 2018)) likely 
provided electron donors and plant-based macro- and micronutrients 
(Gamble, 2009) to stimulate CO2 production rate, relative to the control. 
The equivalent CO2 production from semi-synthetic fibers was 

unexpected but may indicate rapid mineralization of the cellulose 
components during this 4-month lab study. Incubations were kept 
anaerobic to mimic in-situ CTW conditions, resulting in ~5.5% of the 
total C flux escaping as CH4, rather than CO2 for natural fibers. The 
relative rates of CH4 production observed, with natural fibers being 
respired faster than semi-synthetic fibers, followed expectation given 
the amount of organic material present in each material. The fully 
synthetic fibers and PP beads had no effect on microbial respiration. 
Microbes are known to accumulate on the surface of plastic particles in 
marine environments (De Tender et al., 2017; Zettler et al., 2013), and 
some microbes are capable of plastic degradation (Auta et al., 2018), at 
slow rates (Kathiresan, 2003). A longer-term study may be necessary to 
see any microbial respiration of synthetic fibers and MPs.

5. Conclusion

Three complementary studies were used to improve the under
standing of the potential for a treated municipal wastewater CTW to 
reduce surface water MP concentrations, degrade different types of 
textiles, and provide an environment that could promote the microbial 
respiration of MPs. In support of our initial hypothesis, MP abundance 
did decline significantly from inflow to outflow of the CTW, averaging a 
93% removal efficiency over one year within the size range studied 
(0.45 μm-5 mm). Despite an expectation that the CTW inflow would be 
dominated by fibers and fragments, as suggested by prior studies, pellets 
dominated the inflow (>89%) and had the highest removal rate (98%). 
In contrast, fragments dominated the outflow surface water (49%) and 
fibers were rare and showed no removal. The second hypothesis, stating 
that textiles of all compositions would show evidence of degradation, 
with natural textiles being most rapidly degraded, was also supported. 
Natural (100% cotton) degraded so rapidly the study had to be limited to 
only 3 weeks, by which point nearly 40% of the material had been lost. 
The semi-synthetic (95% Rayon®/5% Lycra®) textile required 6 months 
to lose ~65% of the material. The fully-synthetic (100% polyester) 
textile showed no removal after 6 months, but a ~ 16% decline in tensile 
strength suggested a weakening of the fibers. Finally, textiles containing 
natural fibers (100% cotton and 95% Rayon®/5% Lycra®) both roughly 
doubled the rate of microbial respiration (CO2 production) in laboratory 
incubations, despite cotton being all-natural, and the Rayon®/Lycra® 
mix being semi-synthetic. Both also accelerated CH4 production, but 
cotton had a greater stimulatory effect than the Rayon®/Lycra®. As 
hypothesized, MPs and synthetic fibers had no effect (positive or nega
tive) on microbial respiration in this laboratory study. Overall, the study 
results are promising for the use of CTWs for MP removal from treated 
wastewater. Further research is needed to address some of the study 
limitations, including an inability to account for fragmentation or at
mospheric deposition of MPs, the need for further research to determine 
the mechanisms of degradation, and improving the understanding the 
role of environmental factors (e.g., nutrient concentration, temperature, 
UV light, and vegetation characteristics) have in influencing MP 
removal and degradation rates.
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Baylan, N., Koyuncuoğlu, P., Erden, G., 2024. Microplastics in a horizontal subsurface 
flow constructed wetland: A Case Study of Denizli/Türkiye. Ecol. Eng. 207. https:// 
doi.org/10.1016/j.ecoleng.2024.107349.

Blarer, P., Burkhardt-Holm, P., 2016. Microplastics affect assimilation efficiency in the 
freshwater amphipod Gammarus fossarum. Environ. Sci. Pollut. Res. 23 (23), 
23522–23532. https://doi.org/10.1007/s11356-016-7584-2.

Boudreau, P., Sees, M., Mirabito, A.J., Chambers, L.G., 2024. Utilizing water level draw- 
down to remove excess organic matter in a constructed treatment wetland. Sci. Total 
Environ. 918, 170508. https://doi.org/10.1016/j.scitotenv.2024.170508.

Boyer, J.J., Brooks, J.M., Arias, M.E., 2024. Microplastics in a large Constructed Wetland: 
Retention, Transport, and Characteristics. Environ. Eng. Sci. 41 (12), 530–540. 
https://doi.org/10.1089/ees.2024.0083.

Bridgham, S.D., Ye, R., 2013. Organic matter mineralization and decomposition. In 
DeLaune, R. D., Reddy, K. R., Richardson, C. J., & Megonigal, J. P. (Eds.). Meth. 
Biogeochem. Wetlands 10, 385–406. https://doi.org/10.2136/sssabookser10.c20.

Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A., Berg, C.W., Nielsen, A., 
Skaug, H.J., Maechler, M., Bolker, B.M., 2017. glmmTMB balances speed and 
flexibility among packages for zero-inflated generalized linear mixed modeling. R J 9 
(2), 378–400. https://digitalcommons.unl.edu/r-journal/675/.

Bydalek, F., Ifayemi, D., Reynolds, L., Barden, R., Kasprzyk-Hordern, B., Wenk, J., 2023. 
Microplastic dynamics in a free water surface constructed wetland. Sci. Total 
Environ. 858. https://doi.org/10.1016/j.scitotenv.2022.160113.

Cabrera, D.C., Wang, Q., Martín, M., Rajadel, N.O., Rousseau, D.P.L., Hernández- 
Crespo, C., 2023. Microplastics occurrence and fate in full-scale treatment wetlands. 
Water Res. 240. https://doi.org/10.1016/j.watres.2023.120106.

Carpenter, E.J., Smith Jr., K.L., 1972. Plastics on the Sargasso Sea Surface. Science 175 
(4027), 1240–1241. https://doi.org/10.1126/science.175.4027.1240.

Carpenter, E.J., Anderson, S.J., Harvey, G.R., Miklas, H.P., Peck, B.B., 1972. Polystyrene 
Spherules in Coastal Waters. Science 178 (4062), 749–750. https://doi.org/ 
10.1126/science.178.4062.749.

Chambers, L.G., Gay, S., Cheek, N., Barnes, C., Jensik, M., Donnelly, M., Sacks, P.E., 
Beazley, M., Walters, L.J., 2026. Microplastic and biogeochemical releases from 
plastic, metal, cement, and fiber coastal restoration materials. Mar. Pollut. Bull. 226. 
https://doi.org/10.1016/j.marpolbul.2026.119329.

Chen, H.L., Burns, L.D., 2006. Environmental analysis of textile products. Cloth. Text. 
Res. J. 24 (3), 248–261. https://doi.org/10.1177/0887302X06293065.

Cole, M., Lindeque, P., Halsband, C., Galloway, T.S., 2011. Microplastics as contaminants 
in the marine environment: a review. Mar. Pollut. Bull. 62 (12), 2588–2597. https:// 
doi.org/10.1016/j.marpolbul.2011.09.025.

Cui, L.P., Shi, S., Hou, W.S., Yan, Z.F., Dan, J.M., 2018. Hydrolysis and carbonization 
mechanism of cotton fibers in subcritical water. New Carbon Mater. 33 (3), 245–251. 
https://doi.org/10.1016/S1872-5805(18)60337-3.

Dawson, A.L., Kawaguchi, S., King, C.K., Townsend, K.A., King, R., Huston, W.M., 
Bengtson Nash, S.M., 2018. Turning microplastics into nanoplastics through 
digestive fragmentation by Antarctic krill. Nat. Commun. 9. https://doi.org/ 
10.1038/s41467-018-03465-9.

De Tender, C., Devriese, L.I., Haegeman, A., Maes, S., Vangeyte, J., Cattrijsse, A., 
Dawyndt, P., Ruttink, T., 2017. Temporal Dynamics of Bacterial and Fungal 
Colonization on Plastic Debris in the North Sea. Environ. Sci. Technol. 51 (13), 
7350–7360. https://doi.org/10.1021/acs.est.7b00697.

DeBusk, W.F., Reddy, K.R., 1998. Turnover of detrital organic carbon in a nutrient- 
impacted Everglades marsh. Soil Sci. Soc. Am. J. 62, 1460–1468. https://doi.org/ 
10.2136/sssaj1998.03615995006200050045x.

DeBusk, W.F., Reddy, K.R., 2003. Nutrient and hydrology effects on soil respiration in a 
northern Everglades marsh. J. Environ. Qual. 32, 702–710.

Faulwetter, J.L., Gagnon, V., Sundberg, C., Chazarenc, F., Burr, M.D., Brisson, J., 
Camper, A.K., Stein, O.R., 2009. Microbial processes influencing performance of 
treatment wetlands: a review. Ecol. Eng. 35 (6), 987–1004. https://doi.org/ 
10.1016/j.ecoleng.2008.12.030.

Florida Climate Center, 2026. Station: Orlando International Airport County: Orange 
COOP ID Number: 012815. https://climatecenter.fsu.edu/products-services/dat 
a/1991-2020-normals/orlando.

Galvão, A., Aleixo, M., De Pablo, H., Lopes, C., Raimundo, J., 2020. Microplastics in 
wastewater: microfiber emissions from common household laundry. Environ. Sci. 
Pollut. Res. 27 (21), 26643–26649. https://doi.org/10.1007/s11356-020-08765-6.

Gamble, G.R., 2009. Regional, varietal, and crop year variations of metal contents 
associated with the separate structural components of upland cotton (Gossypium 
hirsutum) fiber. J. Cotton Sci. 13, 221–226. http://journal.cotton.org.

Gargallo, S., Solimeno, A., Martín, M., 2018. Which are the most sensitive parameters for 
suspended solids modelling in free water surface constructed wetlands? Environ. 
Model. Softw. 102, 115–119. https://doi.org/10.1016/j.envsoft.2018.01.015.

Geyer, R., 2020. A Brief history of Plastics. In: Mare Plasticum - the Plastic Sea: 
Combatting Plastic Pollution through Science and Art. Springer International 
Publishing, pp. 31–47. https://doi.org/10.1007/978-3-030-38945-1_2.

Guerranti, C., Martellini, T., Perra, G., Scopetani, C., Cincinelli, A., 2019. Microplastics in 
cosmetics: Environmental issues and needs for global bans. Environ. Toxicol. 
Pharmacol. 68, 75–79. https://doi.org/10.1016/j.etap.2019.03.007.

Hatano, K., Frederick, D.J., Moore, J.A., 1994. Microbial Ecology of Constructed 
Wetlands used for Treating Pulp Mill Wastewater. Water Sci. Technol. 29 (4), 
233–239. https://doi.org/10.2166/wst.1994.0199.

Hidalgo-Ruz, V., Gutow, L., Thompson, R.C., Thiel, M., 2012. Microplastics in the marine 
environment: A review of the methods used for identification and quantification. 
Environ. Sci. Technol. 46 (6), 3060–3075. https://doi.org/10.1021/es2031505.

Horton, A.A., Walton, A., Spurgeon, D.J., Lahive, E., Svendsen, C., 2017. Microplastics in 
freshwater and terrestrial environments: evaluating the current understanding to 
identify the knowledge gaps and future research priorities. Sci. Total Environ. 586, 
127–141. https://doi.org/10.1016/j.scitotenv.2017.01.190.

Kadlec, R.H., Knight, R.L., 1996. Treatment Wetlands. Lewis Publishers, Boca Racon. 
https://doi.org/10.4236/oalib.1100459, 893 p. 

Kathiresan, K., 2003. Polythene and Plastics-degrading microbes from the mangrove soil. 
Revista de BiologiaTropical 51, 3–4. https://www.scielo.sa.cr/scielo.php?script 
=sci_arttext&pid=S0034-77442003000300003.

Latter, P.M., Walton, D.W.H., 1988. The cotton strip assay for cellulose decomposition 
studies in soil: history of the assay and development. In: Harrison, A.F., Latter, P.M., 
Walton, D.W.H. (Eds.), Cotton strip assay: an index of decomposition in soils, 24. 
NERC/ITE, Grange-over-Sands, pp. 7–10. ITE Symposium. 

Lenth, R., 2024. Emmeans: estimated marginal Means, aka Least-Squares Means_. . R 
package version 1.10.2. https://CRAN.R-project.org/package=emmeans.

Li, L., Frey, M., Browning, K.J., 2010. Biodegradability Study on Cotton and Polyester 
Fabrics. J. Eng. Fibers Fabrics 5 (4), 42–53. https://doi.org/10.1177/ 
155892501000500406.

Li, L., Luo, Y., Li, R., Zhou, Q., Peijnenburg, W.J.G.M., Yin, N., Yang, J., Tu, C., Zhang, Y., 
2020. Effective uptake of submicrometre plastics by crop plants via a crack-entry 
mode. Nat. Sustainability 3 (11), 929–937. https://doi.org/10.1038/s41893-020- 
0567-9.

Lu, H.C., Ziajahromi, S., Locke, A., Neale, P.A., Leusch, F.D.L., 2022. Microplastics profile 
in constructed wetlands: distribution, retention and implications. Environ. Pollut. 
313. https://doi.org/10.1016/j.envpol.2022.120079.

Lüdecke, D., Ben-Shachar, M.S., Patil, I., Waggoner, P., Makowski, D., 2021. 
Performance: an R Package for Assessment, Comparison and Testing of Statistical 
Models. J. Open Source Software 6 (60), 3139. https://doi.org/10.21105/ 
joss.03139.

Martinez, C.J., Wise, W.R., 2003. Hydraulic analysis of Orlando Easterly Wetland. 
J. Environ. Eng. 129, 553–560. https://doi.org/10.1061/(ASCE)0733-9372(2003) 
129:6(553).

Masura, J., Baker, J., Foster, G., Arthur, C., 2015. Laboratory Methods for the analysis of 
Microplastics in the Marine Environment: Recommendations for quantifying 
synthetic particles in waters and sediments. . NOAA Technical Memorandum. htt 
ps://repository.library.noaa.gov/view/noaa/10296.

Nitch, C.K., Walters, L.J., Sacks, J.S., Sacks, P.E., Chambers, L.G., 2021. Biodegradable 
material for oyster reef restoration: first-year performance and biogeochemical 

K. Johnsen et al.                                                                                                                                                                                                                                Ecological Engineering 232 (2026) 108108 

7 

https://doi.org/10.1038/s41561-019-0335-5
https://doi.org/10.1038/s41561-019-0335-5
https://doi.org/10.1016/j.jenvman.2024.120618
https://doi.org/10.1016/j.ibiod.2010.06.002
https://doi.org/10.1016/j.ibiod.2010.06.002
http://www.MarineDebris.noaa.gov
https://doi.org/10.1016/j.marpolbul.2017.11.036
https://doi.org/10.1016/j.marpolbul.2017.11.036
https://doi.org/10.1016/j.ecoleng.2024.107349
https://doi.org/10.1016/j.ecoleng.2024.107349
https://doi.org/10.1007/s11356-016-7584-2
https://doi.org/10.1016/j.scitotenv.2024.170508
https://doi.org/10.1089/ees.2024.0083
https://doi.org/10.2136/sssabookser10.c20
https://digitalcommons.unl.edu/r-journal/675/
https://doi.org/10.1016/j.scitotenv.2022.160113
https://doi.org/10.1016/j.watres.2023.120106
https://doi.org/10.1126/science.175.4027.1240
https://doi.org/10.1126/science.178.4062.749
https://doi.org/10.1126/science.178.4062.749
https://doi.org/10.1016/j.marpolbul.2026.119329
https://doi.org/10.1177/0887302X06293065
https://doi.org/10.1016/j.marpolbul.2011.09.025
https://doi.org/10.1016/j.marpolbul.2011.09.025
https://doi.org/10.1016/S1872-5805(18)60337-3
https://doi.org/10.1038/s41467-018-03465-9
https://doi.org/10.1038/s41467-018-03465-9
https://doi.org/10.1021/acs.est.7b00697
https://doi.org/10.2136/sssaj1998.03615995006200050045x
https://doi.org/10.2136/sssaj1998.03615995006200050045x
http://refhub.elsevier.com/S0925-8574(26)00218-1/rf0115
http://refhub.elsevier.com/S0925-8574(26)00218-1/rf0115
https://doi.org/10.1016/j.ecoleng.2008.12.030
https://doi.org/10.1016/j.ecoleng.2008.12.030
https://climatecenter.fsu.edu/products-services/data/1991-2020-normals/orlando
https://climatecenter.fsu.edu/products-services/data/1991-2020-normals/orlando
https://doi.org/10.1007/s11356-020-08765-6
http://journal.cotton.org
https://doi.org/10.1016/j.envsoft.2018.01.015
https://doi.org/10.1007/978-3-030-38945-1_2
https://doi.org/10.1016/j.etap.2019.03.007
https://doi.org/10.2166/wst.1994.0199
https://doi.org/10.1021/es2031505
https://doi.org/10.1016/j.scitotenv.2017.01.190
https://doi.org/10.4236/oalib.1100459
https://www.scielo.sa.cr/scielo.php?script=sci_arttext&amp;pid=S0034-77442003000300003
https://www.scielo.sa.cr/scielo.php?script=sci_arttext&amp;pid=S0034-77442003000300003
http://refhub.elsevier.com/S0925-8574(26)00218-1/rf0180
http://refhub.elsevier.com/S0925-8574(26)00218-1/rf0180
http://refhub.elsevier.com/S0925-8574(26)00218-1/rf0180
http://refhub.elsevier.com/S0925-8574(26)00218-1/rf0180
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1177/155892501000500406
https://doi.org/10.1177/155892501000500406
https://doi.org/10.1038/s41893-020-0567-9
https://doi.org/10.1038/s41893-020-0567-9
https://doi.org/10.1016/j.envpol.2022.120079
https://doi.org/10.21105/joss.03139
https://doi.org/10.21105/joss.03139
https://doi.org/10.1061/(ASCE)0733-9372(2003)129:6(553)
https://doi.org/10.1061/(ASCE)0733-9372(2003)129:6(553)
https://repository.library.noaa.gov/view/noaa/10296
https://repository.library.noaa.gov/view/noaa/10296


considerations in a Coastal Lagoon. Sustainability 13 (13), 7415. https://doi.org/ 
10.3390/su13137415.

Plastics Europe, 2018. Plastics - the Facts 2018: an analysis of European plastics 
production, demand and waste data. https://plasticseurope.org/wp-content/uploads 
/2021/10/2018-Plastics-the-facts.pdf.

Reed, S.C., Brown, D., 1995. Subsurface flow wetlands – A performance evaluation. 
Water Environ. Res. 67 (2), 244–248. https://doi.org/10.2175/106143095X131420.

Ribeiro, F., O’Brien, J., Galloway, T., Thomas, K.V., 2018. Accumulation and fate of 
nano- and microplastics and associated contaminants in organisms. Trends Anal. 
Chem. 111, 139–147. https://doi.org/10.1016/j.trac.2018.12.010.

RStudio Team, 2020. RStudio: Integrated Development for R. RStudio. PBC, Boston. htt 
p://www.rstudio.com. 

Sait, S.T.L., Sørensen, L., Kubowicz, S., Vike-Jonas, K., Gonzalez, S.V., Asimakopoulos, A. 
G., Booth, A.M., 2021. Microplastic fibres from synthetic textiles: Environmental 
degradation and additive chemical content. Environ. Pollut. 268. https://doi.org/ 
10.1016/j.envpol.2020.115745.

Sarkar, D.J., Das Sarkar, S., Das, B.K., Sahoo, B.K., Das, A., Nag, S.K., Manna, R.K., 
Behera, B.K., Samanta, S., 2021. Occurrence, fate and removal of microplastics as 
heavy metal vector in natural wastewater treatment wetland system. Water Res. 192. 
https://doi.org/10.1016/j.watres.2021.116853.

Shahid, M.J., AL-surhanee, A.A., Kouadri, F., Ali, S., Nawaz, N., Afzal, M., Rizwan, M., 
Ali, B., Soliman, M.H., 2020. Role of microorganisms in the remediation of 
wastewater in floating treatment wetlands: a review. Sustainability 12 (14). https:// 
doi.org/10.3390/su12145559.

Simon, M., van Alst, N., Vollertsen, J., 2018. Quantification of microplastic mass and 
removal rates at wastewater treatment plants applying Focal Plane Array (FPA)- 
based Fourier Transform infrared (FT-IR) imaging. Water Res. 142, 1–9. https://doi. 
org/10.1016/j.watres.2018.05.019.

Slayton, K., 2021. Orlando Easterly Wetlands Compliance and Performance Review for 
the City of Orlando’s Easterly Wetlands Treatment System: 2020 Annual Report. City 
of Orlando Water Reclaation.

Song, J., Wang, C., Li, G., 2024. Defining primary and secondary microplastics: a 
connotation analysis. ACS EST Water. https://doi.org/10.1021/ 
acsestwater.4c00316.

Vymazal, J., 2014. Constructed wetlands for treatment of industrial wastewaters: a 
review. Ecol. Eng. 73, 724–751. https://doi.org/10.1016/j.ecoleng.2014.09.034.
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