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Abstract: Microfibers (MFs) are one of the most prevalent microplastic (MP) sub-groups found
in the aquatic environment released from many sources, including household laundry. MPs pose
risks to the growth rate of terrestrial/aquatic biota and through biomagnification. Although MFs
can be ingested by humans, their toxic effects and potential impact on public health are not yet
clearly understood. Moreover, the removal of MPs, including MFs, during wastewater treatment is a
challenge, since treatment plants are not designed to collect them. Therefore, this work aims to study
the potential of the in situ phytoremediation of microfibers from a domestic washing machine effluent
by growing barley in a vertical hydroponic system. The temporal variation in barley growth, water
quality parameters, length distribution of MFs, and their removal were evaluated over 4 weeks. We
investigated the MFs’ interaction with two systems: without barley (System NP) (used as a control)
and with barley (System P). The results show the barley growth is negatively affected at the end of
4 weeks, mainly by the accumulation of phosphate and the presence of fungi. However, the level
of dissolved oxygen in System P is satisfactory and the presence of MFs decreases considerably
(mainly for MFs > 600 µm) from different interactions with the barley roots. These interactions were
corroborated by microscopy images. The total removal of MFs through the hydroponic system was
52% in week 2, decreasing to 42%. This is the first time that the removal of MFs has been evaluated
using vertical hydroponics, which demonstrates that this phytoremediation system can be used at
the household level. It also shows that vertical hydroponics, as an experimental methodology, for the
analyses of MFs’ impacts on plant health has merit. It is expected that this study will contribute to
new investigations of MF removal by green technologies.

Keywords: barley; green technology; hydroponics; Hordeum vulgare; macrophytes; microfiber; roots;
washing wastewater

1. Introduction

Plastic plays an important role in our lives; they are in a majority of consumer products
due to being lighter or more economical than alternative materials. However, due to their
linear and high usage, they end up in the environment where they can persist for decades
and, depending on the environmental conditions, degrade into microscopic particles known
as microplastics (MPs). MPs, a concept first explored in the early 2000s [1], are defined by
their size < 5 mm [2,3] and composition.

MPs have recently attracted more attention owing to their potential impact on ecosys-
tems, particularly the risks they pose to terrestrial/aquatic biota, where biomagnification
can occur [4]. MPs can have detrimental effects on aquatic and terrestrial biota’s ingestion
and growth rate [5–7]. Additionally, long-term exposure to MPs could be related to diseases,
such as hormonal and liver and kidney disorders [8,9].

Generally, MPs can be divided into fibres, fragments, films, foam, and beads. The
properties of MPs’ composition vary widely, such as (i) polyvinyl chloride (PVC), a polymer
with properties, such as a robust, rigid, solid structure. It can be applied in building and
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construction, medical tubing, and water pipes, among others. (ii) Polyethylene tereph-
thalate (PET), related to high rigidity and a very-low moisture absorption capacity. Its
sources of water contamination usually originate from the disposal of fibres, bottles, jars,
and plastic containers in surface waters. (iii) Polyamide (nylon), which contains proper-
ties, such as high temperature and electrical resistance, and is applied, e.g., in synthetic
textile fibres and carpets [10–15]. As a subcategory of MPs, microfibers (MFs) are threads
mostly derived from synthetic fabrics during clothes washing [16,17]. It has been estimated
that ~35% of MPs found in the aquatic system are from washing textiles [18]. Moreover,
the removal of MPs, including MFs, during wastewater treatment is a challenge [19,20].
MFs in laundry wastewater are identified as the greatest source of MFs pollution [21].
MPs/MFs not removed during conventional wastewater treatment are discharged into
the water, soil, and atmosphere through their effluents and sludge. Sludge is used as
an agricultural fertilizer that can lead to the accumulation of MPs/MFs in the soil [22].
The quantitative analysis of MFs released from the laundry is complex. Several studies
indicated that the effect of pipeline residuals, washing machine performance, and cloth
dryers are underestimated [23,24].

Factors determining MF loss from domestic washing are still being studied. There is
research aiming to obtain an efficient and reliable way to reduce MF release at the household
level through changing washing habits, additives, washing machine performance, and
potentially incorporating water treatment at the source of the pollution. The advantage of
having treatment at the source level is that water reuse can be adopted by households to
reuse the water in gardening, for instance.

Recent research has focused on MPs’ impact on aquatic systems. While the effects on
the soil’s physical properties and biota [25,26] are starting to become a focal point, there is
still limited data on the impact of MPs on plant growth [27–30]. There are two main methods
for culturing plants: soil and soilless (hydroponics). Liao et al. (2019) [30] demonstrated
that the impact of MPs on plants in hydroponic conditions was greater than those under
soil culture conditions. This is because hydroponics increases the rhizosphere and water
interface. In addition, MPs are more uniformly dispersed and thus more mobile in a fluid
environment than in soil [29]. Therefore, the increase in the probability of MP contact
with the root matt, i.e., the MPs being filtered, makes hydroponics an excellent method
to study the impact of MFs on plants, but it could also act as a biofilter (Figure 1). There
is a consensus on the need for more sustainable technologies, such as phytoremediation,
for the possible delivery of lower net carbon levels. From this perspective, nature-based
systems, such as hydroponic systems, represent an opportunity to reduce carbon emissions
from treatment plants [31], including MP biofiltration. In general, this technology does
not require chemical additions, requires natural materials (plants), and demands lower
operational costs compared to conventional wastewater treatment processes, as only a
periodic inspection is required [31,32]. However, despite hydroponic technology being
applied to remove some nutrients (nitrogen and phosphorus), faecal coliforms, and some
pollutants (pharmaceuticals) [33–35], there is a gap in the studies addressing the removal
of MPs (including MFs) by a vertical hydroponic system.

This study aims to (1) investigate whether a vertical hydroponic system using Hordeum
vulgare (barley) can be used to reduce the abundance of MFs, and (2) explore how a vertical
hydroponic system can be used as an experimental method to investigate the impact of
MPs on plant health. This is the first study reported in the literature on MF removal using
barley vertical hydroponics. Due to the significant gap in this topic to date, it is expected
that this work will contribute to new studies and the optimization of existing ones in the
green technology sector for MP removal.
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Figure 1. Current practice in discharge leads to significant bioaccumulation and biomagnification of
MPs/MFs in aquatic and terrestrial ecosystems. A vertical hydroponic system could be used as a
biofilter for the removal of MPs/MFs.

2. Materials and Methods
2.1. Washing Wastewater Collection

The effluent containing MFs was generated by washing a 100% polyester blanket
(pink colour, size 1.40 × 2.00 m) for 1.5 h at 30 ◦C. Two types of effluents were sampled
from different washing modes. One included detergent (1 washing capsule) and the other
did not. With the aim to dilute the detergent concentration to avoid a higher phosphate
concentration in the effluent [36], 11 L of washing effluent, including detergent, and 9 L of
effluent without detergent were mixed into a large bucket, and the content was shaken for
a minute to homogenize the solution.

The initial characteristics of the diluted, washing wastewater are listed in Table 1.

Table 1. Initial parameters of washing wastewater after dilution.

Parameter Value

pH 7.73
Turbidity 14.8 NTU

Electric Conductivity 652 µS/cm
Dissolved Oxygen (DO) 7.64 mg/L (23 ◦C)

Total Suspended Solids (TSSs) 219.2 mg/L

2.2. Experimental Set-Up

Water filtration and MF sorption experiments using barley were conducted in two
hydroponic systems, as illustrated in Figure 2. System NP was a controlled system (without
plants) investigating whether MFs could be adhered to the hydroponic system’s walls,
pump, and tubing. System P (containing 5 rows by 3 columns of barley, a total of 15 plants)
was used to investigate the hydroponic plants’ potential for filtrating wastewater and their
ability to retain the MFs contained in the wastewater. For System P, a 140 W LED grow
light was added to produce an average photosynthetically active radiation (PAR) value of
200 µmol/m2·s. The light was switched on for a period of 10 h a day (8 a.m.–6 p.m.) to
simulate the diurnal cycle. Both systems had a water pump connected to a timer with eight
cycles a day, which controlled the water circulation. Each cycle consisted of a 1 h running
period followed by a 2 h cut-off. Then, the water flow of each dripper was 3.3 mL/s.
Aliquots were obtained from the tap, bottom, and pump for quantifying the MFs. All
experiments were run for four weeks. Additionally, a pre-test using the same apparatus in
different conditions was run with 1 barley grown for 3 weeks with LED timing set for 12 h.
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Figure 2. Designed experiment of hydroponic phytoremediation system: on the left is the system
with no plants (NP) and on the right is the system with plants (P).

Figures presented in the Supplementary Materials show the barley cultivation step
(Figure S1) and the experimental apparatus of vertical hydroponics (Figure S2).

2.3. Plant Propagation Stage

Hordeum vulgare (barley) was used for the vertical hydroponic system due to its strong
roots and rapid growth [37]. Brand Natural VITA barley seeds were purchased (UPM Trade
Limited) and 1% concentration of Formulex nutrient solution was added to the inner mesh
tray every week to provide essential macro- and micronutrients. After two weeks, 15 plants
with similar root lengths longer than ~5 cm were placed into System P. The barley growth
was estimated from their root lengths during different growth stages. Barley plants from
the top, middle, and bottom rows were taken out of the pot and recorded for 4 weeks.

2.4. Analytical Procedures

The daily measurements for pH, electric conductivity, dissolved oxygen (DO), and
turbidity parameters were measured in triplicate, according to the standard method for
the examination of water and wastewater (23rd edition). For extracting the aliquots, the
wastewater in the tank was first stirred uniformly. Then, 30 mL of sample from each
system was extracted by a syringe from the tank. The pH value and electrical conductivity
were analysed with an S47 SevenMultiTM duel pH/conductivity meter. Turbidity was
measured using HACH 2100An turbidity and dissolved oxygen, and its corresponding
temperature was analysed using a Jenway 9200 dissolved oxygen meter. Total suspended
solids (TSSs) were measured according to the standard method (Method 2540D). Total
organic carbon (TOC) was measured with a total organic carbon analyser (TOC-L CPH
179 model, Shimadzu, Milton Keynes, UK). The samples were previously filtrated with a
syringe filter (pore size: 45 µm) and analysed based on auto-generating a calibration curve
using standard methods. Ion concentration was analysed with an ion chromatography
system (DIONEX ICS-1100, Thermo Fisher Scientific, Sunnyvale, CA, USA) [38] every
four days. For this, the samples were filtered in triplicate using 0.45 µm cellulose acetate
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membrane before injection. For anion phosphate (PO4
3−), nitrate (NO3−), sulphate (SO4

2−),
chloride (Cl−), nitrite (NO2−), and bromide (Br−), the analytical and guard columns were
IonPac AS23 4 mm and IonPac AG23, respectively. Eluent solution consisted of 4.5 mmol/L
Na2CO3 with 0.8 mmol/L NaHCO3 at the flow rate of 1mL/min. For cation calcium
(Ca), magnesium (Mg), potassium (K), sodium (Na), lithium (Li), and ammonium (NH4

+),
the analytical column was IonPac CS12A 4 mm and guard column was IonPac CG12A
4 mm. Eluent was 20 mmol/L of methane sulfonic acid at the flow rate of 1 mL/min. For
both cation and anion determinations, the column temperature was set at 30 °C. Microbial
growth was assessed using the membrane filtration method [39] (Millipore, pore size:
45 µm) for a comparison of bacterial colonies between Escherichia coli (E. coli) and total
coliform. The investigated samples were diluted with the following dilutions: 1:104, 1:105,
and 1:106. Following filtration, the membrane filter was removed and placed in a plate
containing agar substrate, incubated for 24 h at 37 ◦C. Bacterial colonies were counted once
a week in duplicate from the water reservoir of both systems. The assessment of bacterial
growth was conducted for 4 weeks.

All equipment calibrations were performed before the tests and according to the
manufacturer’s guidelines.

2.5. Microfiber Adherence and Count

The MFs adhering to the plant roots were analysed by an endoscope stereomicroscope
(Bysameyee USB Digital Microscope, China) with a three-dimensional view, a stereo micro-
scope Carl Zeiss (Discovery V.8, Gottingen, Germany) recorded in an Axiocam 305 Colour Dig-
ital Camera, and scanning electron microscope—SEM (Zeiss Evo50 from Oxford Instruments,
Cambridge, UK, 20 kV). For the SEM, the samples were pre-treated with gold/palladium
(20 nm). Barley roots from the top, middle, and bottom rows were evaluated.

MFs were manually counted from 0.1 mL samples obtained from the tank’s bottom,
water pump area, and pipe outlet (Figure 2) to compare the MF abundance between the
different positions. The samples were divided into 10 × 10 grids (2 mm squares) and placed
in a lamina to be counted with the stereo microscope.

2.6. Data Analysis

Data from the MF counting and length distribution of different sampling positions
were analysed with variance (ANOVA) tests with Tukey HSD. All the data were processed
with Origin 2021b software.

3. Results
3.1. Ion and Water Parameters

Variations in anion concentrations (n = 3) in the water reservoir of Systems NP and P
are shown in Figure 3. The concentration of PO4

3− in System NP (without plants) did not
change considerably over the weeks, showing variations ranging from 2.8 to 8.5 mg/L. On
the other hand, in System P (with plants), PO4

3− increased from 0.64 mg/L in week 1 to
139.98 mg/L in week 3. Then, PO4

3− decreased considerably to 45.9 mg/L at the end of
the long-term interactions (4 weeks). The increasing PO4

3− levels may be related to lower
PO4

3− absorption by the barley since the maximum PO4
3− uptake rate occurs when the

pH is 5–6 [40]. The pH gradually increased in both systems (Figure S3, Supplementary
Materials), and this may have influenced the abnormally high accumulation of PO4

3− in
week 2. In this way, the root activities were hindered, with an inhibition of rhizospheric
activities. Furthermore, the inherent detergent present in washing wastewater contributed
to the increasing trend of pH in both systems [41]. NO3

− increased to 29.5 mg/L in System
NP and 44.3 mg/L in System P from week 3. This increased concentration of NO3

− in
System P may be due to the breakdown of nitrogen-containing substances found in nitrogen
fertilizers and plant manures, resulting in the formation of NO3

− [42]. Similar trends can
be observed for the levels of SO4

2− and Cl−. SO4
2− gradually increased from 16.6 to

67.4 mg/L in System NP and from 16.2 to 77.2 mg/L in System P. The overall accumulation
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of Cl− and SO4
2− indicates that plants are unable to absorb them. Moreover, Cl− toxicity

can play a significant role in the reduction in barley growth [43]. Additionally, Br− and
NO2

− were analysed because some detergents used for washing/cleaning have straight
hydrocarbon chains of cetyltrimethylammonium bromide (CTAB) [44], and nitrite may
be contained in laundry water in a concentration range of 1 to 3 mg/L [45]. However,
the values were <1 mg/L for both anions and there were no significant changes in either
system (ANOVA, p > 0.05).
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Figure 3. Variation in anions’ concentrations (n = 3): chloride (Cl−), nitrite (NO2
−), nitrate (NO3

−),
phosphate (PO4

3−), sulphate (SO4
2−), and bromide (Br−) in the water reservoir of (a) System NP and

(b) System P.

A similar ion variation was also observed for the concentration of the cations, mainly
for Ca, Na, and K, from the third week (Figure S4). Ca is an important macronutrient and its
concentration in hydroponic systems can significantly influence plant growth [46]. In both
systems (no plants—NP, and with plants—P), there was an increase in Ca concentration
between weeks 1 and 2. However, System P showed a progressive reduction in week 3,
with stability in calcium concentrations at the end of the long-term interactions. From
these results, it can be suggested that calcium was absorbed by the barley plants mainly
from week 3. Additionally, increasing potassium concentrations in the solution generally
decreased Ca concentrations in both the tops and roots of the barley plants [47]. Considering
that there was an increase in the potassium concentration in the water reservoir from week
3 onwards in System P, concomitant with the reduction in calcium levels, this fact can
also be considered to have occurred in the investigated hydroponic system. In addition,
the potassium concentration’s increase may be related to the lower absorption capacity
of the nutrient by the plant, since signs of the reduced growth of barley roots from week
3 onwards were observed in this study (Table S1). Regarding sodium concentration, there
was an increase over the weeks in both systems, with relatively higher concentrations in
the last week of phytoremediation in the system with plants. The non-intake of sodium
in this case by the barley could be due to the plant’s tolerance to Na accumulation and
its ion-exclusion (Na) mechanisms. This is a recognized physiological mechanism to aid
salinity tolerance in plant species, such as barley [48,49].

Previous studies reported that aquatic vegetation could reduce water turbidity, stabi-
lizing sludge and reducing sediment suspension [50,51]. However, the increase in turbidity
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in System P was the opposite (Figure 4a). In this vertical hydroponic system, the water flow
was periodically circulated with the sediments settled at the bottom of the tank, which is a
factor contributing to turbidity increase. Total suspended solid (TSS) variations in System
P (Figure 4b) corroborate the high turbidity identified in the same system. There was a
notable TSS increase in System P from week 3, compared to System NP, which might be
related to the increased turbidity [52]. Despite E. coli not being detected in the two systems,
there were high quantities of coliform (Figure 4c), mainly in System P, in the final week,
peaking at 123,333 CFU/mL coliform colonies. It is suggested that a small-scale ecological
system feeding the growth of microbes and zooplankton formed in the rhizosphere of the
barley plants [53,54]. Additionally, in the bottom rows of the hydroponic system, worms
and fungi were observed among the roots (Figure S5), which may also explain the turbidity
increase and bacteria present in the water tank at the late stage. In addition, the present
study showed promising results regarding dissolved oxygen (DO). The concentration in
System P was higher than in System NP (Figure 4d); this is likely due to the water flow
over the route matt having a stronger water/atmosphere interaction, due to the turbulent
flow and greater surface area [55].
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Other parameters, such as EC and TOC variations, are shown in Figures S6 and S7,
respectively. In general, the EC showed a tendency to increase over the weeks (in both
systems), as observed in the other parameters previously discussed. This increase in
conductivity may be associated with an increase in TSSs [56] and an increase in the levels
of phosphates, sulphates, and nitrogen in the system [57]. Despite these results, System P
showed a reduction in EC values, mainly in the third week. While TOC levels progressively



Sustainability 2023, 15, 2851 8 of 17

increased over the weeks in System NP, in System P, a reduction in and the stability of
the levels were verified. This indicates the efficiency and TOC control capability of this
hydroponic system [58].

3.2. Growth and Length of Roots

Root length was reduced from week 3, decreasing 2–4 cm in week 4, in addition to the
leaf upwards, as shown in Table S1. Additionally, from week 3, the barley roots were af-
fected by black spots (Figure S5f), indicating fungi presence [59]. Thus, these results suggest
that the treatment was affecting the barley negatively (e.g., vigour and root length were not
optimal) by the presence of fungi on the roots and phosphate accumulation (as discussed
in Section 3.1). Furthermore, a negative interference of MFs in the plant’s health could be
considered. A relevant observation is that there is a possibility of the cross-contamination
of fungi in the laboratory environment, which would justify its presence in the barley roots
during the experiments. In relation to MFs’ negative effect, when in contact with MPs in
high concentrations, plant height and root vigour can be considerably affected [60]. On
the other hand, recent studies investigating the effect of MPs on plants showed that MPs
generally exhibited non-significant effects on root morphology [61], or further exposure
resulted in a decrease in the effects on the root, indicating the ability to tolerate MPs for an
extended period [62]. However, despite the results, further investigations are needed to
understand the effect of different types and shapes of MPs on the health of plants’ roots [61].

3.3. Adherence of Microfibers to Barley Roots

Figure 5 shows microscope images of barley roots exposure to (diluted) washing
wastewater containing MFs. During the 4 weeks, MFs transported by water flow were
entangled (Figure 5a–d) and adhered (Figure 5e,f) vertically by the intensive root network
of barley, as indicated by red arrows. As for the longer MFs, they were more likely to be
entangled around the roots (Figure S5a,b). According to Mateos-Cárdenas [63], different
mechanisms of interaction between MPs and plants can occur, such as adsorption and/or
entrapment on plant structures. The adherence level depends on the hydrophobic or
hydrophilic attractions of the MPs, electrostatic forces, and interaction with the root hairs
and root surface layer, for example [63–65]. In this study, no MFs were detected among
the lateral roots, despite the hydroponic barley developing a strong filtration network
with lateral roots (Figure S5c). Among some interaction mechanisms, adhesion has been
proposed as one of the initial interactions between MPs and roots [62], and different plant
species have been reported to be in contact with MFs by adsorption [66]. According to
Huang et al., 2021 [67], adsorption may be more effective on rough-surface plants, mainly
for aged MPs. According to the images shown in Figure 5e,f, we can suggest that, in this
study, the adsorption mechanism may have occurred for some fibres, mainly those of a
shorter length.

The SEM micrographs (Figure 6) show specific locations of MFs in the roots. In the
phytoremediation process, only some ends of the MFs were attached to the root surface,
while the other end remained stretched and unadhered (Figure 6a,b). The morphological
characteristics of MPs and surface loads are factors that may affect the adherence of MFs
to plants [63]. Despite MFs being prone to adhering to the roots, in the present study, no
evidence showed the uptake of MFs in the internal root structure, which was previously
reported [68–70]. Furthermore, the potential for MF intrusion on the root surface is difficult
to confirm, as differentiating natural root fibres from MFs on SEM images is a challenge
(Figure 6c,d).
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Figure 5. Barley roots after 4 weeks of exposure to (diluted) washing wastewater containing MFs.
The roots were examined under a stereo microscope. The red arrows show MFs: (a) Under 200 µm
scale: A long dark fibre entangled to the roots’ surface, and (b) A long pink fibre and a small dark
fibre entangled to the roots’ surface; (c) Under 1000 µm scale: A region of the roots with some MFs;
(d) Under 200 µm scale: Long fibres dark and pink entangled between the roots; (e) Under 500 µm
scale: A region of the roots with a dark fibre adhered; and (f) Under 200 µm scale: fibre adhered on
the root surface.
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Figure 6. SEM images of barley roots. The red arrows show potential MFs. Under 20 µm scale: (a) a
long fibre attached to the surface; (b) several fibres adhere to the root surface. Under 2 µm scale:
(c) fibres are trapped between floccule; (d) potential MF intrusion into the root.

3.4. MF Length Distribution and Count

In general, shorter MFs (<400 µm) were predominant in the pump, while MFs with
longer lengths (>400 µm) were generally concentrated in both systems at the bottom of the
water reservoir over the weeks (Figure 7). Thus, fibres with a length that did not adhere
to the barley structure were re-circulated and/or remained at the bottom of the reservoir
during the experiment. Regarding the MFs identified in the tap, from week 1 (in System P),
there was a relevant decay of MFs > 600 µm to a distribution of MFs with length < 300 µm.
A quantitative assessment of the distribution of MFs in the System P tap shown in Figure 8b
supports this result. In this case, the distribution of fibres (600–800 µm) in week 1 was 31%,
decreasing to 14% in week 4. Furthermore, MFs in the range of 200–400 µm in the System P
tap showed a relevant difference in distribution, with 16% in week 1 and 37% in week 4. In
addition, at the pump, there was less fluctuation in the length distribution as a function of
temporal variation. For both systems, the greatest distribution of MFs was concentrated
at <400 µm over the weeks. At the bottom, the greatest distribution of MFs in System P
was concentrated around 400–600 µm in weeks 1 and 4 (33% for both), in addition to MFs
between 200–400 µm in week 4 (33%). In System NP (no barley), the greatest distribution
of MFs in the bottom remained constant in the range of 600–800 µm over the weeks. These
results indicate the lower efficiency of the P hydroponic system in removing fibres of a
smaller length and/or lower adherence capacity on the roots and greater efficiency in
adhering longer MFs on the barley roots (mainly by entanglement—see Section 3.3). In
addition, previous investigations reported that small sizes of MPs (mainly nanosized)
tended to be removed by some constructed wetlands [71]. It is worth noting that one of
the challenges in removing MPs, including MFs in water treatment plants, is their high
quantity and relatively low density, such as polyethylene terephthalate (PET)/polyester
(PEST), common polymers in MFs [72–74]. As the number of studies for the removal of
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MFs by phytoremediation (by vertical hydroponics) is still scarce, there is a significant
difficulty to compare the results obtained in the present study.
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Systems NP and P contain the least MFs at the bottom compared to the tap and
pump (Figure 9), indicating that MFs undergo continuous circulation under the strong
hydrodynamic conditions of the hydroponic apparatus, which is not favourable for MF
deposition. MFs in the System P tap significantly decreased from the initial MF level of
144 MFs/100 µL in incoming wastewater. Tap sampling contained 69 ± 3 MFs/100 µL
and 83 ± 4 MFs/100 µL at weeks 2 and 4, respectively, with temporal variations being
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significantly different (ANOVA, p < 0.05). The latter result may be due to the reduced
root growth from week 2 onwards (as discussed in Section 3.2). Most studies report on
MF abundance in the sea, lake, and reservoirs [75,76], which restrict comparisons with
the results of this study, since the scales evaluated are larger and from different matrices.
Moreover, the abundance of MF pollution changes over time, is particularly dependent
on the health of plants [68], and the randomness of sampling and potential effect of the
pump can interfere with the analysis, which can suck tiny fibres. It is worth mentioning
that despite the positive correlation between the abundance of MFs in the tap and pump
with the growth of barley, no significant difference was observed in the abundance of MFs
between the tap and pump in System P (ANOVA, p > 0.05) (Figure S8).

Sustainability 2023, 14, x FOR PEER REVIEW 13 of 19 
 

 
Figure 8. MFs' length distributions in percentage in (a) System NP and (b) System P. 

Systems NP and P contain the least MFs at the bottom compared to the tap and pump 
(Figure 9), indicating that MFs undergo continuous circulation under the strong 
hydrodynamic conditions of the hydroponic apparatus, which is not favourable for MF 
deposition. MFs in the System P tap significantly decreased from the initial MF level of 
144 MFs/100 µL in incoming wastewater. Tap sampling contained 69 ± 3 MFs/100 µL and 
83 ± 4 MFs/100 µL at weeks 2 and 4, respectively, with temporal variations being 
significantly different (ANOVA, p < 0.05). The latter result may be due to the reduced root 
growth from week 2 onwards (as discussed in Section 3.2). Most studies report on MF 
abundance in the sea, lake, and reservoirs [75,76], which restrict comparisons with the 
results of this study, since the scales evaluated are larger and from different matrices. 
Moreover, the abundance of MF pollution changes over time, is particularly dependent 
on the health of plants [68], and the randomness of sampling and potential effect of the 
pump can interfere with the analysis, which can suck tiny fibres. It is worth mentioning 
that despite the positive correlation between the abundance of MFs in the tap and pump 
with the growth of barley, no significant difference was observed in the abundance of MFs 
between the tap and pump in System P (ANOVA, p > 0.05) (Figure S8). 

 

 
Figure 9. MF count and removal rate (n = 3) in System NP (left) and System P (right) in the bottom, 
tap, and pump of the systems. 

3.5. MF Removal 

Figure 9. MF count and removal rate (n = 3) in System NP (left) and System P (right) in the bottom,
tap, and pump of the systems.

3.5. MF Removal

The MF removal percentage was calculated based on the initial count of 144 MFs/100 µL
in the raw washing wastewater (diluted washing wastewater). Due to the vertical structure
of the apparatus, the removal percentage at the bottom does not reflect the overall removal
of MFs. Therefore, the removal rate at the bottom was excluded from the comparison to elicit
a bias. Compared to the initial MF count, MF removal in the System P tap increased from
37% (week 1) to 52% (week 2), which indicated that MFs could adhere to the hydroponic
apparatus under the effect of hydrodynamic circulation (Figure 10). However, from week
3, the growth of the roots showed signs of reduction (Table S1) concomitant with lower
nutrient absorption (Section 3.1), where MF removal decreased at around 42.4–44.4%. Apart
from that, the MF removal in System NP might have been due to the retention of some MFs
in the system apparatus during wastewater circulation. A recent investigation reported
that the removal efficiency of MPs by constructed wetlands varies significantly, with lower
removal rates of roughly 20–30% and higher removal rates of 100% [77]. One of the factors
associated with this wide-ranging removal efficiency is that different characteristics of MPs,
such as their shape and size, have an impact on the phytoremediation process [71]. Previous
studies reported that duckweed (L. minor) was capable of absorbing 10–45 µm polyethylene
MPs under a microcosm investigation [78], and penny grass (Hydrocotyle vulgaris) could
bioaccumulate nanoscale polymer debris [79]. However, these studies focused on the effect
of MP debris on plants’ growth and photosynthesis.
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Based on the experimental results, the barley-free system (System NP) showed a higher
level of MF pollution than the barley system (System P), conclusively indicating that the
barley plant can retain MFs. However, despite the present study indicating MFs can be
efficiently removed with the barley roots’ involvement, it is difficult to compare with other
studies, as the vertical hydroponics system’s ability to remove MPs has been insufficiently
explored to date. Additionally, due to resource constraints, the experiments could not be
repeated; hence, we recommend to repeat the experiments.

4. Conclusions

To date, the removal of MFs using wastewater treatment plant (WWTP) is a challenge.
Additionally, MF numbers released during laundry are underestimated, as the effect of
pipeline residuals and washing machine performance are not considered. In this sense,
phytoremediation could be considered a nature-based technology for the in situ removal of
MFs from wastewater. However, there is still a limited number of studies on the interactions
between plants and MPs, mainly for the potential of MP removal by hydroponic systems.

The present investigation is the first to observe a vertical hydroponic system as a
mitigation system for MFs. Additionally, it is a study of the impact of waterborne MF
contamination on plants. In this sense, this study showed that the vertical hydroponic
system using barley emerges as a promising technology for MF removal and an experiment
methodology for the study of MF impacts on the health of plants. Based on the results, it
can be concluded that barley can survive in directly emitted diluted washing wastewater
in the hydroponic system, but is highly sensitive to water flow and fungus contamination.
Additionally, the accumulation of PO4

3− plays an important role in barley health. Regard-
ing water parameters, there was a significant increase in all factors (pH, EC, turbidity, DO,
TSS, bacterial concentration, and TOC) in the hydroponic apparatus filled with barley.

The system with barley attained a maximum MF removal rate of 52% in week 2
(concentration of 91 MFs/100 µL in week 1) and a lower distribution of MFs > 600 µm
after 4 weeks, indicating a higher removal efficiency for MFs of a larger size. Several
mechanisms might be involved in this removal, such as adsorption and entanglement.
However, further studies are needed to identify these mechanisms. In-depth studies on
how the flow from the drip system can affect plants and how the adherence of the MPs
to plants during phytoremediation can disturb the structure and growth of the plants are
also needed. Furthermore, as our results are based on short-term observations (4 weeks),
longer interaction experiments are needed to elucidate the MFs’ adherence efficiency to
barley roots for more than 4 weeks. Investigations addressing MF removal using different
real matrices and investigations using different root plants are other gaps in the knowledge
worth exploring. Finally, further investigations are needed to understand the effect of
different types and shapes of MPs on the health of plants’ roots.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su15042851/s1. Figure S1—Preliminary stage of barley cultivation
for phytoremediation experiments (a) germination stage and (b) grown barley to be used in the study;
Figure S2—Apparatus of vertical hydroponics system. System NP: no plants (control) and System
P: with plants (barley); Figure S3—Variation of pH (n = 3) in the water reservoir of System NP and
System P. Trendlines were added; Figure S4—Variation of cation concentration (n = 2) in the water
reservoir of (a) System NP and (b) System P; Figure S5—(a) MFs captured among roots from the top
row (b) MF are trapped in the healthy and neat root instead of dying, brown roots (c) intensive root
network (d) existence of worm (e) existence of fungi (f) black spots on roots; Figure S6—Variation of
EC (n = 3) in the water reservoir of System NP and System P. Trendlines were added; Table S1—Barley
root growth during 4 weeks of vertical hydroponics; Figure S7—Variation of TOC (n = 3) in the water
reservoir of System NP and System P. Trendlines were added; and Figure S8—Results of ANOVA
analysis (n = 3) of MF abundance in the bottom, tap and pump of the water reservoir, where “a”
means significantly different while “b” means insignificantly different. S1 means System 1 (System
no plants—NP) and S2 means System 2 (System with plants—P).
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