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Most phytoremediation studies are limited to several of the most common plants and in
most cases these studies are performed to a very limited extent. There are also few
publications on the assessment of the effectiveness of the removal of pollutants, performed
simultaneously with various plants and using physicochemical analyses as well as toxicity
tests. Therefore, the conducted studies focused on assessing the removal of pollutants
from leachate by physicochemical analyses and toxicity tests. The leachate was collected
from four municipal waste landfills of different ages (2 non-operational facilities and 2
active). The studies were conducted for two biological systems: using emergent
macrophytes (Phragmites australis) and submergent macrophytes (Ceratophyllum
demersum L.). It has been observed that efficiency of biological treatment of leachates
with Phragmites australis and Ceratophyllum demersum shows significant differences at
lower concentrations of solutions. Even after the treatment with Phragmites australis and
Ceratophyllum demersum, the analyzed leachate samples produced a toxic effect on the
test organisms. A reduction or no toxicity of the leachate after the biological treatment was
observed only in some cases. The observed effects of the biological leachate treatment
were not conclusive. Particular attention should be paid to the persistent toxicity, which
can pose a real threat to the environment when discharging leachates after treatment.
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INTRODUCTION

The reduction of municipal waste landfilling has recently become increasingly important. However,
even after major changes in waste management and closure of some landfills, management of
leachate from these facilities will still remain a challenge (Białowiec et al., 2019).

Leachate can be characterized as an aqueous solution containing dissolved organic and inorganic
compounds, heavy metals, suspended particles and hazardous substances (Christensen et al., 2001; Kjeldsen
et al., 2002; Aziz et al., 2010; Naveen et al., 2017). Before discharging into the environment, leachates require
treatment because they can be a serious pollutant (Kjeldsen et al., 2002). The literature distinguishes three
main groups of processes used to treat landfill leachate: biological (aerobic or anaerobic), physicochemical and
hybrid (combination of physicochemical and biological processes) (Thomas et al., 2009).
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Physicochemical methods are effective in removing most
pollutants, particularly in the treatment of leachate from old
landfills and the reduction of compounds resistant to
biodegradation, but their use generates high costs and
additional pollution (Renou et al., 2008). For treatment of
leachate from young landfills, mainly biological methods are
used, but their selection should be preceded by an analysis of
leachate properties, technical possibilities and the cost-
effectiveness of a given method (Kurniawan et al., 2010).

Biological methods have become the most popular technique
in leachate treatment due to low costs and high efficiency in the
removal of nitrogen (Jemec et al., 2012; Miao et al., 2019). Their
additional advantage is the possibility to be applied on-site.
Although treatment at the site of formation is the best
solution, treatment together with wastewater in municipal
treatment plants still remains the most popular option
(Yalcuk, Ugurlu, 2009).

One of the good alternatives to treatment plants, enabling on-
site use, is a constructed wetlands (CW). It is a solution justified
not only for economic, but also for technical reasons, as these
systems do not have high operating and maintenance
requirements (Yalcuk, Ugurlu, 2009; Białowiec et al., 2012). In
CW, macrophytes are used: emergent (e.g., common reed,
broadleaf cattail, reed sweet-grass); floating-leaved (e.g.,
European white water lily and yellow water lily); submergent
(e.g., rigid hornwort) and free-floating (e.g., common duckweed)
(Ravi et al., 1998; Rahman et al., 2020). The most popular ones
include: broadleaf cattail (Typha latifolia L.), common reed
(Phragmites australis), common rush (Juncus effusus L.),
yellow flag (Iris pseudacorus L.) and reed sweet-grass (Glyceria
maxima) as well as willow (Salix sp.) (Białowiec et al., 2012).

Before choosing a treatment method or discharging into the
environment, tests are required to study pollution of the leachate.
Although the conducted physicochemical analyses allow for
identification of most of the pollutants, in many cases a
significant proportion of toxic substances remain undetected.
Toxicity tests are helpful in this situation. It is a well-known
method, but very rarely used in practice (Jemec et al., 2012),
despite the fact that the tests are very important from the point of
view of the organisms living in the environment (Hassan et al.,
2016). Toxicity tests use organisms representative of different
trophic levels.

For the assessment of complex mixtures, such as landfill
leachate, among the most commonly used organisms are
Daphnia magna crustaceans (Persoone et al., 2009; Barrios
Restrepo et al., 2017; Przydatek, 2019b), which are presented
as a model species in the international toxicity testing guidelines
(Persoone et al., 2009; Cui et al., 2017). Their advantage is a small
size, a short life cycle, allowing for rapid testing and ease of
cultivation under laboratory conditions (Manakul et al., 2017;
Lari et al., 2018).

The second common type is the phytotoxicity test involving
terrestrial plants. One of the species used is Sinapis alba L, which
has gained popularity due to the sensitivity to a wide range of
substances (Zloch et al., 2018; Vaverková et al., 2020).
Phytotoxicity tests are most frequently performed in the early
development phase and include seed germination as well as

growth of roots and shoots (Maiorana et al., 2019). Their
advantage is a short time, ease of execution and low costs
(Šourková et al., 2020). In addition, the use of phytotoxicity
tests helps to determine and maintain appropriate concentration
of leachate, which is important for the effectiveness of
phytoremediation (Kalčíková et al., 2012).

Most phytoremediation studies are limited to several of the
most common plants and in most cases these studies are
performed to a very limited extent (Abdallah, 2012). There are
also few publications on the assessment of the effectiveness of the
removal of pollutants, performed simultaneously with various
plants and using physicochemical analyses as well as toxicity tests.
Therefore, the conducted studies focused on assessing the
removal of pollutants from leachate by physicochemical
analyses, but also toxicity tests. The conducted study is
important in supplementing the information on the
effectiveness of removing pollutants from landfill leachate
from objects of different ages (2 non-operational facilities and
2 active), using various plants, i.e. emergent macrophytes
(Phragmites australis) and submergent macrophytes
(Ceratophyllum demersum L.).

MATERIALS AND METHODS

Leachate Samples
The leachate samples were collected in June 2020, from four
municipal waste landfills located in the Lower Silesian
Voivodeship in Poland. Two landfills are non-operational, i.e.
a landfill located in Wrocław and a landfill in Bielawa. The
oldest landfill was established in 1966, in Wrocław, and it
operated until 2000. Its area occupies 11.7 ha, and the landfill
capacity is about 2 million m3. The second non-operational
landfill is located in Bielawa, the facility operated from 2001 to
2011. The landfill area is 0.86 ha, and its capacity is
37.8 thousand m3.

The largest active landfill is in Legnica, with the area of
14.12 ha, and the total capacity of the facility is 2.34 million
m3. The landfill has been operating since 1977. The second
active landfill, in Jawor, has existed since 1997. The area
occupied by waste is 3.37 ha. The total capacity of the landfill
is 231.3 thousand m3.

More detailed characteristics of the research objects are
presented in the article (Wdowczyk and Szymańska, 2021a).

Physicochemical Composition of Leachate
Immediately after collecting, the samples were transported to the
Environmental Research Laboratory of the Institute of
Environmental Engineering at Wrocław University of
Environmental and Life Sciences. The analyses of
physicochemical properties were conducted by commonly used
methods, in accordance with the ISO (International Organization
for Standardization) standards. Laboratory analyses not requiring
mineralization of samples were performed within 24 h of their
collection (Tomczyk and Wiatkowski, 2021). Simultaneously,
mineralization was performed, and subsequently, analyses
requiring mineralization were conducted.
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The raw and post-treatment leachate was tested for: pH,
electrical conductivity (EC), Chemical Oxygen Demand
(COD), biochemical oxygen demand and concentration
(BOD5), total Kjeldahl nitrogen (TKN), organic nitrogen
(ON), ammonium nitrogen (AN), total phosphorus (TP), total
solids (TS), total dissolved solids (TDS), total suspended solids
(TSS), sulphates, chlorides, sodium, potassium, calcium,
magnesium, iron, manganese, zinc, lead and nickel, cadmium.

Organization and Course of the Experiment
Laboratory tests included the exposure of the seedlings of
common reed (Phragmites australis) and rigid hornwort
(Ceratophyllum demersum L.) to the increasing concentrations
of landfill leachate.

Phragmites australis was selected for research due to the fact
that for many years it has been used in phytoremediation for the
treatment of various types of wastewater. It has a high capacity to
accumulate nutrients, heavy metals and micropollutants, in this
respect surpassing other aquatic plants (Milke et al., 2020). The
second plant selected for research was Ceratophyllum demersum
L. It is a completely submerged plant, commonly found in water
bodies with moderate and high levels of nutrients (Foroughi et al.,
2013). It is capable of absorbing even high concentrations of
various components, including phosphorus and nitrogen,
without additional aeration (Foroughi et al., 2010).

Figure 1 shows a diagram of the conducted experiment. The
experiment was aimed at checking the effectiveness of landfill

leachate treatment by physicochemical analyses and toxicity tests,
using various concentrations of leachate.

Experiment With Phragmites australis
The transported seedlings of Phragmites australis after watering
with tap water during the period of 14 days were being adapted to
laboratory conditions. Then, from the seedlings that had
acclimatized, 60 plants of similar sizes were selected and
transferred individually to containers with a volume of
1.5 dm3. The containers were filled with the leachate from the
four landfills. The series for each landfill consisted of solutions
with increasing concentration from 0% (tap water) through 6.25;
12.5; 25; 50–100% (Figure 1A).

The choice of dilution occurred on the basis of previously
performed toxicity analyses. In order to facilitate the calculations,
the series consisted of solutions with decreasing concentrations,
each successive one constituting 50% of the previous one. A
similar range of sample concentrations was used in other
Białowiec i Kasiński, who conducted research on the
neutralization of landfill leachate in wetlands systems
(Białowiec and Kasiński, 2009). Exposure to the leachate lasted
another 14 days. The same exposure time was also chosen in the
studies (Tahmasbian, Safari Sinegani, 2016; Antić et al., 2018;
Daud et al., 2018). No additional aeration was used during the
experiment. Each variant was performed in 3 replications.

After the plants had been exposed to the leachate, the same
volume of solution was withdrawn from each of the three

FIGURE 1 | Diagram of the experiment on the treatment of landfill leachate with: (A) Phragmites australis, (B) Ceratophyllum demersum L.
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containers. After mixing, they were samples for physicochemical
composition and toxicity tests.

Experiment With Ceratophyllum demersum L
The second part of the experiment was conducted with rigid
hornwort Ceratophyllum demersum L. The plants after
transportation to the laboratory were watered with tap
water for the period of 14 days. Of the plants, 120 were
selected with an average length of approx. 20 cm. Two
plants were placed in each container with a volume 0.5 dm3.
The containers were filled with the leachate from the four
landfills with increasing concentration from 0% (tap water)
through 6.25; 12.5; 25; 50–100% (Figure 1B). Exposure to the
leachate lasted another 2 weeks; no additional aeration was
used during the experiment. Each variant was performed in 3
replications. After the plants had been exposed to the leachate,
the same volume of solution was withdrawn from each of the
three containers. After mixing, they were samples for
physicochemical composition and toxicity tests.

Toxicity Tests
Acute toxicity tests were performed on white mustard (Sinapis
alba L.) and on the freshwater crustaceans Daphnia magna
Straus, for the raw leachate samples and the leachates after the
biological treatment with Phragmites australis andCeratophyllum
demersum L.

Acute Toxicity Test on White Mustard Sinapis alba L
For the leachate samples from the four landfills, 3-days acute
toxicity tests were conducted on white mustard seeds (Sinapis
alba L.) based on the Phytotoxkit™methodology (MicroBioTests
Inc.). The test was performed twice, i.e. before the treatment and
after the biological treatment with Phragmites australis and
Ceratophyllum demersum L.

White mustard was chosen for this study due to its sensitivity
to a number of substances and its frequent use in toxicity testing
(Zloch et al., 2018; Vaverková et al., 2020).

The acute toxicity tests were conducted in flat boxes with foam
pads and paper filters. On the basis of previous analyses and data
presented in the literature, a definitive range of dilutions was
selected for the actual study. For most landfills the range was: 100,
50, 25, 12.5, 6.3, 3.2%. However, for the leachate from the
Wrocław landfill, the range of concentrations was limited, and
it amounted to: 100 and 50% (which resulted from the age of the
landfill and the previously conducted analyses). A similar range of
concentrations was also used in other studies of acute toxicity of
leachate (Sackey et al., 2020). For dilution, dechlorinated tap
water was used, which was also a control sample. Each filter was
wetted with 20 cm3 of diluted leachate. For dilutions,
dechlorinated tap water was used, which also constituted a
control sample.

On each pre-soaked plate, 10 Sinapis alba seeds of equal size
and weight were placed. The samples prepared in this way were
kept in the dark for a period of 3 days. The test consisted of 3
replications.The experiment was performed at room temperature
(±25°C). After 3 days, the number of germinating seeds as well as
the growth of roots and shoots were recorded. For a

comprehensive interpretation, data on seed germination and
root length gain were used to calculate the germination index
(GI) according to the pattern eq. 1:

GI � GsLs
GcLc

x 100% (1)

where: Gs and Ls are seed germination (%) and root length gain
(mm) in the tested sample, and Gc and Lc are the respective
control values (García, 2014).

Depending on the value of the GI germination index, leachate
toxicity can be divided into:

— high phytotoxicity: GI < 50%,
— moderate phytotoxicity: GI 50–80%,
— no phytotoxicity: GI > 80%,
— stimulating effect for plants: GI > 100% (Zucconi et al.,

1984; Bożym et al., 2020).

Acute Toxicity Test on Freshwater Crustaceans
Daphnia magna Straus
Toxicity tests on D. magna crustaceans have been widely used
in toxicity testing for over 30 years. This method has been
standardized by OECD 202 (2004) and is recommended for
toxicity testing by the Environment Agency, SEPA and most
other national environmental authorities (Thomas et al.,
2009).

Toxicity tests were performed in accordance with the
applicable ISO 6341:2012 standard (European Committee
for Standardization, 2012). The actual toxicity tests were
conducted based on the concentration range established
during the preliminary tests. The test consisted in preparing
the following solutions of the tested sample: 100, 50, 25, 12.5,
6.3 and 3.2%. For dilution of the leachate, dechlorinated tap
water was used, which also constituted a control sample. In
each replication, 5 organisms were subjected to the toxicity
test. The preliminary test was performed with one replication
(5 organisms); the actual test consisted of 4 replications (5
each, 20 organisms in total) for each dilution.

In each prepared test solution with a volume of 100 cm3,
5 Daphnia magna Straus organisms were placed for a period of
24 h. After 24-h exposure, the degree of immobilization of
organisms exposed to the individual test solutions was visually
assessed. The toxic effect was expressed as the mean percentage of
the immobilized subjects. Immobilized organisms were
considered to be those that were unable to swim for 15 s after
shaking the sample, even if they could still move the antennae.
The control sample, with dechlorinated tap water meeting the
criteria specified in the standard was similarly analyzed. If the
number of immobilized organisms exceeded 10%, the tested
control sample was considered unrepresentative (European
Committee for Standardization, 2012).

Acute toxicity for Daphnia magna organisms was defined as
the mean concentration that caused the immobilization effect in
50% of the tested organisms. On the basis of the conducted
analyses, EC50 values were determined, defining the
concentration of the leachate, which caused the
immobilization effect in 50% of the tested organisms. Based
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on the EC50 value, the TU (Toxic Unit) value was calculated,
according to eq. 2:

TU � (1/EC50
) · 100 (2)

Depending on the TU value, leachate toxicity can be divided
into:

— no acute toxicity: TU < 0.4,
— slight acute toxicity: 0.4 < TU < 1,
— acute toxicity: 1.0 < TU < 10,
— high acute toxicity: 10 < TU < 100,
— very high acute toxicity: TU > 100 (Persoone et al., 2003;

Barrios Restrepo et al., 2017; Przydatek, 2019b).

Data Treatment and Statistical Analysis
The obtained results of the studies of leachate properties and
phytotoxicity tests from landfills in the raw samples and post-
treatment with Phragmites australis and Ceratophyllum
demersum were subjected to statistical analysis, using Statistica
13.1 software (StatSoft Polska, StatSoft, Inc, Tulsa, OK,
United States).

The analysis of the differences between the properties of the
leachate from the active landfills (Legnica, Jawor) and the closed
landfills (Wrocław, Bielawa), treated with Phragmites australis
(P) and Ceratophyllum demersum (C), was conducted using the
parametric t-test for dependent groups, frequently applied in
many studies.

RESULTS AND DISCUSSION

Physicochemical Properties of Leachate
Analysis of Physicochemical Properties in Raw
Leachate
Table 1 presents the results of physicochemical analyses of the
raw leachate from the active and closed landfills.

As part of the studies of the physicochemical composition of
the leachate, 25 selected parameters were analyzed. The pH values
of the leachate from the landfills where the research was
conducted ranged from 8.11 to 8.84. The alkaline nature of
the leachate indicates a mature stage of landfilling and is
characteristic of older landfills (Jorstad et al., 2004). All the
landfills where the research was conducted can be classified as
mature facilities, i.e. operating for >10 years (Nájera-Aguilar,
2019).

Larger differences between landfills occurred in the case of EC.
The leachate from the non-operational landfills was characterized
by values in the range 1800–2,318 μS/cm, while for the leachate
from the active landfills, the EC values were higher and ranged
from 3,919 to 7,791 μS/cm. Similar trends can be observed in the
case of the TDS content, changing with the age of landfills, which
can be explained by the decrease in the concentration of organic
and inorganic solutes (Tatsi and Zouboulis, 2002). The highest
value of TDS was observed in the active landfill in Legnica
(7,065 mg/dm3), and the lowest in the landfill in Wrocław
(1,690 mg/dm3). The high content of solid solutes is reflected
in the high EC values of the leachate (Wdowczyk and Szymańska,
2020).

TABLE 1 | Physicochemical properties of raw landfill leachate.

Pollution indicators Unit Non-operational landfills Active landfills

Bielawa Wrocław Legnica Jawor

pH - 8.42 8.16 8.84 8.11
EC μS/cm 2,318 1800 7,791 3,919
BOD mg O2/dm

3 28.4 1.8 76 288
COD mg O2/dm

3 321.8 127.6 2007 1765.9
TKN mg N/dm3 51.12 1.09 269.85 310.16
ON mg Norg/dm

3 22.7 1.07 81.69 63.54
AN mg NNH4/dm

3 28.42 0.02 188.16 246.62
TP (Total Phosphorus) mg P/dm3 3.11 0.22 3.936 12.04
TS mg/dm3 2045 2,190 7,395 3,890
TDS mg/dm3 1920 1,680 7,065 2,915
TSS mg/dm3 125 510 330 975
Sulphates mg SO4/dm

3 1,481 1,035 261.6 130.8
Chlorides mg Cl/dm3 303 74 2,160 660
Sodium mg Na/dm3 151.8 91.2 177.8 162.9
Potassium mg K/dm3 256.2 61.2 507.6 410
Calcium mg Ca/dm3 150.3 309.4 68.1 171.5
Magnesium mg Mg/dm3 79.3 52.5 87.9 91.2
Iron mg Fe/dm3 0.5 0.15 2.16 3.81
Manganese mg Mn/dm3 0.35 0.02 0.47 1.61
Copper mg Cu/dm3 0.0457 0.0486 0.1448 0.059
Zinc mg Zn/dm3 0.1977 0.2241 0.4987 0.3049
Chromium mg Cr/dm3 0.00025 0.00025 0.1927 0.00025
Lead mg Pb/dm3 0.0163 0.0054 0.0866 0.004
Nickel mg Ni/dm3 0.00025 0.00025 0.1716 0.0209
Cadmium mg Cd/dm3 0.0033 0.0047 0.0033 0.0039
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The leachate from the active landfills was characterized by
high COD values, much higher than those recorded in the closed
facilities. In the active landfills, COD values ranged from
1765.9 mg O2/dm

3 to 2007 mg O2/dm
3. In contrast, in the

non-operational facilities, COD ranged from 127.6 mg O2/dm
3

(Wrocław) to 321.8 mg O2/dm
3 (Bielawa). Lower COD values in

the closed landfills result from the fact that the susceptibility of
the leachate to biological degradation processes decreases with
age (Mohammad-Pajooh, 2017). The presented results are
consistent with the literature data indicating the presence of a
high content of organic matter (Vedrenne et al., 2012). The values
obtained in this study do not differ from the COD values found in
leachates by other authors (Kjeldsen et al., 2002; Tatsi, Zouboulis,
2002).

In the leachate from the active landfills, high BOD values can
also be observed. The highest BOD was recorded in the landfill in
Jawor, and it was 288 mg O2/dm

3, while the lowest value was
found in the non-operational, oldest landfill in Wrocław, and it
was only 1.8 mg O2/dm

3. The low COD value and the low BOD/
COD ratio prove the dominance of the methanogenic phase
inside the landfill and the low biological activity due to the
low concentration of volatile fatty acids and a relatively higher
amount of fulvic and humic compounds (Öman and Junestedt,
2008).

Leachate may pose a potential threat to the environment due
to the high content of organic matter, high load of nitrates and
ammoniacal nitrogen (Jabłońska-Trypuć, 2021). The main factor
influencing the presence of nitrogen in leachate is the
decomposition of complex nitrogen compounds in the solid
waste (Al Yaqout and Hamoda, 2020). Much higher nitrogen
contents were observed in the leachate from the active facilities. In
the active landfills, TKN ranged from 269.85 mg N/dm3 (landfill
in Legnica) to 310.16 mg N/dm3 (landfill in Jawor). In contrast, in
the closed landfills, the TKN value was much lower, ranging from
1.09 mg N/dm3 (landfill in Wrocław) to 51.12 mg N/dm3 (landfill
in Bielawa).

Among the analyzed forms of nitrogen, AN had the highest
share, except for the oldest landfill in Wrocław, where the
dominant share can be attributed to ON, which is consistent
with the results obtained by other authors, who also indicated AN
as the main form of nitrogen occurring in landfill leachate
(Kjeldsen et al., 2002; Tatsi, Zouboulis, 2002; Thomsen et al.,
2012). The high concentration of ammonium nitrogen is often
attributed to acute toxicity of leachate (Isidori et al., 2003; Dave,
Nilsson, 2005; Kalka, 2012).

The values of other indicators, such as the content of TP and
chlorides, decrease in the emerging leachate with the age of the
stored waste. According to the data presented in the literature, the
content of chlorides in mature leachate is on average 10 times
lower than in young leachate (Ding et al., 2017). This is confirmed
by the obtained results: the lowest among the recorded contents
of chlorides and TP were recorded in the leachate from the oldest
landfill in Wrocław. The highest contents of chlorides were
observed in the leachate from the active landfill in Legnica
(2,160 mg/dm3), while in the second active landfill, in Jawor,
the content of chlorides was lower and amounted to 660 mg/dm3.
All the analyzed landfills can be classified as middle-aged facilities

(i.e. > 5 years). According to the data presented in the literature,
the content of chlorides in the leachate from such facilities usually
ranges up to 400 mg/dm3, but these values have also been found
to reach up to even 8,000 mg/dm3 (Bowman et al., 2002).

Low concentrations of Ca, Mg, Fe and Mn cations were
observed in the leachate from the active and closed landfills.
All the obtained values were within the range of values reported in
the literature, characteristic for leachates from landfills in the
methanogenic phase (Ehrig, 1983). It can be assumed that the low
concentrations of Ca, Mg, Fe and Mn cations are related to the
high pH values found in the leachate from all the landfills. In
alkaline solutions, the intensity of sorption and precipitation
increases, and the content of dissolved organic matter
decreases (Öman and Junestedt, 2008).

In the active landfills, the contents of sulphates were much
lower than in the closed landfills, ranging up to 374 mg/dm3

(Kulikowska, Klimiuk, 2008), which may also confirm that the
landfill is in the methanogenic phase and there was a reduction of
sulphates in the previous, acidic anaerobic phase
(Öman,Junestedt, 2008). In contrast, in the leachate from the
closed landfills, higher contents of sulphates were recorded,
reaching 1,481 mg/dm3 (in the leachate from the Bielawa
landfill), which in turn can be explained by the high content
of organic matter, which is associated with a high concentration
of sulphates (Liu et al., 2011; Wdowczyk and Szymańska-
Pulikowska, 2021a).

The contents of sodium and potassium in the samples from
the active landfills were higher than those recorded in the non-
operational landfills. The mean sodium concentrations in the
active landfills ranged from 162.9 mg/dm3 (Jawor) to 177.8 mg/
dm3 (Legnica), while in the closed facilities these values were
lower and ranged from 91.2 mg/dm3 (Wrocław) to 151.8 mg/dm3

(Bielawa). The mean potassium concentrations were similar, the
highest values were observed in the active landfills, from 410 mg/
dm3 (Jawor) to 507.6 mg/dm3 (Legnica). The lowest value was
obtained for the non-operational landfill in Wrocław and it
amounted to 61.2 mg/dm3, while in the second non-
operational landfill in Bielawa that value was much higher and
amounted to 256.2 mg/dm3. The contents of sodium and
potassium are not significantly influenced by microbiological
changes occurring inside the landfill. These ions play an
important role in plant physiology, and their presence in
leachate may indicate that the landfill contained plant residues
and other bio-waste (Christensen et al., 2001; Wdowczyk and
Szymańska-Pulikowska, 2021b).

Researchers emphasize that the content of heavy metals in
leachate is an important issue, because metals can cause its
toxicity, accumulate in aquatic organisms, which in turn may
lead to biomagnification and transfer in the subsequent links of
the food chain (Alkassasbeh et al., 2009; Fauziah et al., 2013).
Leachate was classified as one of the main sources of heavy metal
transfer to the environment (Gworek et al., 2016; Przydatek,
2019b), and their presence as a potential hazard to human health
(Borjac et al., 2019).

In recent years, increasingly more studies have shown that the
content of heavy metals ceases to be the most serious threat posed
by landfill leachate (Christensen et al., 2001; Przydatek, 2019a;
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Wdowczyk and Szymańska-Pulikowska, 2020). However, studies
showing a serious threat of heavy metal contamination of soil,
surface water and groundwater by landfill leachate can still be
found. This is especially the case of some developing countries,
e.g. Ghana (Boateng et al., 2019), where storage is carried out in
an uncontrolled manner (Borjac et al., 2019). The prevailing
redox conditions, anaerobic environment, pH, the degree of
oxidation of metals and microbiological activity play an
important role in the leaching of metals (Hussein et al., 2021).

The results of the conducted research show that the content of
heavy metals in the leachate from the studied active and closed
landfills in Poland remains at a very low level, i.e. in each case
<1 mg/dm3. Low concentrations of heavy metals in the tested
leachate confirm that the deposited waste was mainly municipal
waste (Naveen et al., 2017). Other researchers also found low
contents of heavy metals in landfill leachate (Tatsi, Zouboulis,
2002; Zainol et al., 2012; Przydatek, 2021).

Differences Between Physicochemical Properties of
the Leachate After the Treatment With Phragmites
australis and Ceratophyllum demersum
The results of analyzes of the physicochemical properties of raw
leachate and after treatment with Phragmites australis (P) and
Ceratophyllum demersum are presented in Supplementary
Tables S1–S4 (for each landfill), included in the
supplementary materials. They also marked statistically
significant differences between the results of studies on the
composition of leachate samples with such a dilution, treated
with different plants. Differences were assessed using a paired
t-test.

The following parameters were included in the test: pH, EC,
COD, BOD5, TKN, ON, AN, TP, TS, TDS, TSS, sulphates,
chlorides, sodium, potassium, calcium, magnesium, iron,
manganese, zinc, lead, nickel and cadmium. The parameters
were determined for all the tested concentrations (6.25, 12.5,
25, 50, 100%).

The conducted analysis showed several cases of significant
differences between the properties of solutions with the same
concentration of leachate, treated with different plants, i.e.
Phragmites australis (P) and Ceratophyllum demersum (C). In
the non-operational landfills, significant differences were seen in
the leachate dosed at the lowest concentration, i.e. 6.25%.
However, in both active landfills, significant differences were
observed for solutions containing 12.5% leachate; in addition, in
the samples for the Legnica landfill, a significant difference
occurred at a concentration of 50%. In the samples for which
significant differences were found, lower values of the tested
parameters occurred mainly in the treatment of the leachate with
C. demersum. This concerned the leachate solutions from the
closed landfills (6.25%) and the active landfill in Jawor (12.5%).
Only in the case of the active landfill in Legnica, the statistical
analysis showed better treatment efficiency for the samples
treated with P. australis (samples with a concentration of 12.5
and 50%). The conducted studies showed that despite many
favorable properties, P. australis might not always be the most
effective species in removing pollutants from leachate. Liang et al.
report that P. australis and other plants are able to remove from

40 to 80% of organic substances, such as COD, BOD and AN
from landfill leachate (Liang et al., 2017).

Leachate Toxicity
Toxicity Test on Dicotyledonous Plant Sinapis alba L
Of the many toxicity indicators based on germination and early
growth of higher plants, the GI germination index was used to
assess the phytotoxicity of the leachate. Figure 2 shows the GI
values for the leachate from the four landfills, before and after the
biological treatment, dosed at different concentrations. The
graphs also show the classification of phytotoxicity based on
the GI values, where: GI < 50% - medium high phytotoxicity, GI
within 50–80% medium moderate phytotoxicity, GI > 80% no
phytotoxicity, a GI > 100% - a plant stimulating effect (Zucconi
et al., 1984; Bożym et al., 2020).

Leachate is a complex mixture, containing a wide variety of
different substances. Its composition changes over time and
depends on many factors. Among them are, inter alia,
location, age of the landfill or landfilling technology
(Kheradmand et al., 2010; Fitzke et al., 2013; Xaypanya et al.,
2018). The conducted research shows a large variation in the
values of the GI between individual landfills. The greatest
difference can be observed depending on the stage of
operation (active, closed), the age of the landfill and the
concentration of leachate.

The highest toxicity was observed in the leachate from the
active landfills, at concentrations of 100%. In all the samples, both
before and after the treatment, the leachate had a toxic effect on
plants. Also Šourková et al. during the research conducted in the
Bukov landfill showed a significant growth inhibition of Sinapis
alba L. when dosing higher concentrations of leachate (Šourková
et al., 2020).

The leachate from the non-operational landfills was not as
toxic to the Sinapis alba seeds as the leachate from the active
facilities. A significant difference can also be noticed between the
two closed landfills. The leachate from the Bielawa landfill
showed higher toxicity than the leachate from the Wrocław
landfill, which can be explained by the age of the facilities.
The landfill in Wrocław was closed in 2000, and the facility in
Bielawa 11 years later. During the studies of the leachate from the
landfills in Slovenia, significant differences were also observed in
the composition and toxicity of the leachate, depending on the
stage of landfill operation. The leachate from the active part of the
landfill had a negative impact on the tested plants (Lens
esculentum, Triticum aestivum, Sinapis alba). In contrast, the
leachate from the closed part of the landfill did not have a toxic
effect on the tested plants due to the stabilization of the occurring
processes (Kalčíková et al., 2012).

The leachate from the younger landfill out of the non-
operational landfills (in Bielawa) at a concentration of 100%
caused a moderate toxic effect in the raw samples and post-
treatment with Ceratophyllum demersum L., and a high toxic
effect in the samples after the treatment with Phragmites australis.
In the second non-operational landfill in Wrocław (in the raw
samples and post-treatment with Ceratophyllum demersum L.)
the leachate caused a stimulating effect for Sinapis alba seeds.
However, after the treatment with Phragmites australis its
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positive impact on Sinapis alba seeds decreased, but the leachate
still did not cause a toxic effect.

The observed increase in toxicity of the leachate after the
treatment with Phragmites australis could have been related to a
strong phytotoxic effect on germination and growth of other aquatic
plants from these plant organs extracts, which was confirmed in
previous studies (Rudrappa et al., 2007; Uddin et al., 2014).

The GI values of the raw leachate from the non-operational
landfill in Bielawa ranged from 64% (at a leachate concentration
of 100%) to 86% (at a concentration of 6.25%). The raw leachate
showed moderate and no phytotoxic effect on the seeds of the
Sinapis alba plant. In the leachate treated with Ceratophyllum
demersum L., GI values were similar to those in the raw leachate.
The GI values ranged from 60% (at the leachate concentration of
100%) to 93% (at a concentration of 50%). The post-treatment

leachate also demonstrated moderate or no phytotoxic effect on
the seeds of the Sinapis alba plant.

Better results were obtained with low leachate concentrations
(from 6.25 to 12.5%), after the treatment with Phragmites australis,
where a stimulating effect on plant growth was observed. The GI
ranged from 123% (at a concentration of 6.25%) to 121% (at a
concentration of 12.5%). A positive effect of the leachate on Sinapis
alba seeds after the treatment with Phragmites australis was also
noted at a concentration of 50%, where the GI was 102%. In the
remaining cases (i.e. at leachate concentrations of 25 and 100%), a
toxic effect on the seeds was observed, whichwas not recorded even
for the raw leachate.

The GI values of the raw leachate from the Jawor landfill
ranged from 0% (at a leachate concentration of 100%) to 86% (at a
concentration of 25%). Thus, the raw leachate at various

FIGURE 2 | Germination index (GI) of Sinapis alba L. in the raw leachate from the active landfills (L-Legnica, J-Jawor) and the closed landfills (W-Wrocław,
B-Bielawa), and after the treatment with Phragmites australis (P) and Ceratophyllum demersum L (C) at various concentrations.
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concentrations showed a toxic, moderate and no toxic effect on
the seeds of the Sinapis alba plant. Even after the biological
treatment with Ceratophyllum demersum L. and Phragmites
australis the leachate from the Jawor landfill at a
concentration of 100% caused severe toxicity to Sinapis alba
seeds, ranging from 2% (Phragmites australis) to 6%
(Ceratophyllum demersum L.).

In contrast, at lower concentrations, the raw leachate from
the Jawor landfill showed a moderate and no phytotoxic effect
on Sinapis alba seeds. In the leachate treated with
Ceratophyllum demersum at low concentrations (i.e. 6.25%
and 12.5%) the GI values were very similar to those in the
raw leachate. The GI values ranged from 69% (at the leachate
concentration of 6.25%) to 74% (at a concentration of 12.5%),
causing moderate toxicity to Sinapis alba. At a higher leachate
concentration (25%), a significant improvement could be
observed after the treatment with Ceratophyllum demersum
compared to the raw leachate. The GI reached the level of 139%,
thus stimulating the seeds of Sinapis alba. Good results were
also obtained with low concentrations of the leachate from
Jawor (within the range 6.25–12.5%), after the treatment with
Phragmites australis. In both cases, a stimulating effect on plant
growth was observed. The best treatment result was obtained
for Phragmites australis at a leachate concentration of 6.25%,
where the GI was the highest among all those recorded in the
Jawor landfill and amounted to 194%. The obtained results
confirm the thesis that leachate may have a positive effect on
plant growth. This may be due to the high nitrogen levels and
the presence of other nutrients necessary for plant growth
(Calabrese and Blain, 2005; Vaisi and Žaltauskaitė, 2010;
Guerrero, 2014). In both cases, after treating the leachate at
a concentration of 50%, a higher phytotoxicity was observed
than before the treatment.

GI values in the raw leachate from the active landfill in Legnica
ranged from 0% (at a concentration of 100%) to 159% (at a
concentration of 12.5%). Depending on the concentration, the
leachate demonstrated a toxic to a stimulating effect on Sinapis
alba seeds. There was no improvement after either treatment:
with Phragmites australis and with Ceratophyllum demersum L.,
at a leachate concentration of 100%. The GI after the treatment
was 0%, and the leachate was still highly toxic to Sinapis alba
seeds. At a leachate concentration of 50%, improvement could be
seen after the treatment of the leachate, with both the first and the
second plant. A particularly noticeable improvement was noted
after the treatment with Phragmites australis, the GI increased
from 9% (in the raw leachate) to 38%. A lower result was obtained
after the treatment with Ceratophyllum demersum L., where the
GI was 21%. Despite the improvement achieved after the
treatment of the leachate, in both cases it showed a toxic effect
on Sinapis alba seeds. At lower concentrations (6.25 and 12.5%),
the post-treatment leachate in both cases showed a worse effect
on Sinapis alba seeds than in the raw samples. A reduction in the
GI from the growth stimulating one (in the case of the raw
leachate) to the GI characteristic of moderate and no toxicity was
observed. At a leachate concentration of 25%, an improvement
was noted after the treatment with Phragmites australis from 61%
(in the raw leachate) to 83% (after the treatment). However, in the

case of Ceratophyllum demersum L., the GI deteriorated, from the
level of moderate toxicity to high toxicity (after the treatment).

The scope of the toxicity tests in the leachate from the
closed landfill in Wrocław was limited to 50 and 100%, which
resulted from previous analyses. The raw leachate in both
concentrations showed a stimulating effect on the
germination of Sinapis alba seeds. Also other authors,
during the conducted research, noted the growth
stimulation of Sinapis alba compared to the control sample
(Šourková et al., 2020). The stimulating effect of leachates on
plant growth can be explained by the fact that they contain a
large amount of nutrients, e.g. carbon and nitrogen as well as
low concentrations of heavy metals (Morozesk et al., 2017).
Only in the case of a concentration of 100% of the leachate
from Wrocław, the treatment with Ceratophyllum demersum
L. improved the GI from 171% (the raw leachate) to 186%
(after the treatment). In the remaining cases, the treatment
did not have satisfactory results and adversely affected toxicity
to Sinapis alba seeds.

When determining toxicity in higher plants, the following
parameters of seed germination, root or shoot length are
commonly used. Research shows that the seed germination
parameter itself is less sensitive to leachate toxicity, which
results from the fact that substances considered to be toxic do
not directly impact the seed germination process (Klauck et al.,
2015; Wdowczyk and Szymańska, 2020). Direct contact of
meristematic tissue of the root with leachate causes increased
sensitivity, influencing permeability, growth hormone
production and cell differentiation (Kummerová and
Kmentová, 2004). Therefore, in addition to the GI parameter,
Figure 3 shows the root lengths [mm] after exposure to the
leachate from the four landfills, dosed at various concentrations.
The graphs also show the root lengths before and after the
biological treatment with Ceratophyllum demersum L. and
Phragmites australis, as well as in the control sample.

In the leachate from the active landfills (Legnica, Jawor), it can
be observed that the length of the roots of Sinapis alba L.
decreases with the increase in leachate concentration. Vaisi
and Žaltauskaitė (Vaisi and Žaltauskaitė, 2010) also observed
such a dependency during the studies conducted on Lactuca
sativa L. The mean root length of the control samples for Sinapis
alba was 38 mm. In the active landfills (Legnica, Jawor), the mean
root length at the leachate concentrations of 100% before and
after the treatment was much lower than in the control sample
and ranged from 0.4 mm (100 L) to 5.7 mm (100 JC).

Despite the applied treatment, the increase in the root growth
of Sinapis alba was small compared to the control sample.
Kwarciak-Kozłowska et al. found a high degree of pollutant
removal during the research on the effectiveness of landfill
leachate treatment with the advanced oxidation process (AOP)
with biochar adsorption, but despite this, at a concentration of
100% before and after the treatment they did not find any
germination of Lepidium sativum and Sinapis alba seeds
(Kwarciak-Kozłowska and Fijałkowski, 2021).

The conducted analyses showed that not in all cases the
leachate treatment had a positive effect on Sinapis alba seeds.
Although in many cases, after the treatment, an increase in the
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length of Sinapis alba roots was recorded compared to the raw
leachate, it cannot be concluded that it was a permanent
dependency. Similarly, Klauck et al. during the growth
assessment of Lactuca sativa and Allium cepa roots showed that
those are sensitive to the toxic effects of substances present both in
raw and treated leachate. Even after biological treatment, the
leachate was toxic to Allium cepa (Klauck et al., 2015). Other

authors showed during their research that after the treatment of
leachate with biological andmechanical methods, the negative effect
on root growth was less pronounced (Vaisi and Žaltauskaitė, 2010).

In the control samples, the highest growth of Sinapis alba roots
was observed in the sample with Ceratophyllum demersum L., and
the lowest growth with the use of Phragmites australis. The lower
growth of Sinapis alba roots in aqueous solutions with Phragmites

FIGURE 3 | Root length of Sinapis alba L. for the raw leachate from the active landfills (L-Legnica, J-Jawor) and the closed landfills (W-Wrocław, B-Bielawa), and
after the treatment with Phragmites australis (P) and Ceratophyllum demersum L (C) at various concentrations.
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australismay have been due to the fact that aqueous extracts from
the organs of P. australis may have a phytotoxic effect on the
growth of other plant species (Rudrappa et al., 2007; Uddin et al.,
2014).

Tests on Freshwater Crustaceans Daphnia magna
Straus
Daphnia magna invertebrates were selected from the many
species commonly used for toxicity testing. In the conducted

study, immobilization of D. magna after 48 h of exposure to
landfill leachate was assumed for determining toxicity. Figure 4
shows the results of the conducted acute toxicity tests with
Daphnia magna for the raw samples and after the treatment
with Phragmites australis and Ceratophyllum demersum L. at
various concentrations.

The percentage of immobilization of Daphnia magna in the
leachate from the active landfills (Legnica, Jawor) was much
higher than that determined in the samples from the closed

FIGURE 4 | Percentage of immobilization of water fleas (Daphnia magna) after exposure to the leachate from the active landfills (L-Legnica, J-Jawor) and the closed
landfills (W-Wrocław, B-Bielawa): raw and after the treatment with Phragmites australis (P) and Ceratophyllum demersum L (C) at various concentrations.
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landfills (Wrocław, Bielawa). No test organism survived in a
concentration of 100% of leachate from Legnica. Even after the
biological treatment of the leachate from the Legnica landfill, at a
concentration of 100%, no improvement was noted. The lack of
improvement after the biological treatment proves that the applied
treatment was not a good solution for the leachate from that
landfill. Biological treatment is known to have the best results in the
treatment of young leachate (from landfills <5 years of operation)
with a high BOD to COD ratio (>0,6) (Jemec et al., 2012).
However, the effectiveness of biological treatment is limited in
the case of high toxicity of leachate and a low BOD to COD ratio
(Goi et al., 2009; Jemec et al., 2012), which was the case for the
leachate from the stabilized landfill in Legnica.

The test organisms were also completely immobilized in the raw
(100%) leachate from the second active landfill (in Jawor). High
toxicity can arise for a number of reasons, In the literature, high
levels of AN and heavymetals are often indicated as themain cause
of toxicity (Sackey et al., 2020). In the raw leachate from the Jawor
landfill, 246.62 mg AN/dm3 was recorded and it was the highest
content noted in the leachate from the landfills where the research
was conducted. However, the content of heavy metals in the
leachate from all the facilities was very low. Therefore, it can be
concluded that it was the high AN content that caused a complete
immobilization of the test organisms.

However, after the treatment, an improvement in the survival of
the test organisms was observed. The treatment with Phragmites
australis reduced immobilization of Daphnia magna by 5%. The
treatment with Ceratophyllum demersum brought much better
results, reducing the immobilization of organisms by 90%.

At a concentration of 100%, the lowest percentage of
immobilization of test organisms was recorded in the
leachate from the Wrocław landfill. In the raw (100%)
leachate from Wrocław, the survival rate of organisms was
100%, but after the treatment with both plants, the survival
rate decreased by 5% compared to the raw samples. In the
second non-operational landfill (in Bielawa), immobilization
in the raw 100% samples was 35%. After the treatment with
Ceratophyllum demersum, a 10% improvement in the survival
of the organisms was noted. However, after treatment with
Phragmites australis the survival rate of organisms decreased
by 10% compared to the raw leachate.

In the concentrations of 50% of the leachate from the Legnica
landfill, a 10% improvement after the treatment with Phragmites
australis and a 15% improvement after the treatment with
Ceratophyllum demersum can be noted.

In the second active landfill in Jawor, much better results were
obtained with leachate concentrations of 50% after the treatment.
From the 100% immobilization of test organisms, in leachate
concentrations of 50%, after the treatment, immobilization
decreased to 60% (Phragmites australis) and to 65%
(Ceratophyllum demersum). In contrast, in the leachate from
the non-operational landfills, in concentrations of 50%, after the
treatment, greater immobilization of test organisms was observed
than in the raw samples. Similarly, in the case of the remaining,
lower concentrations (i.e. 25, 12.5, 6.25%), after the treatment, an
increase in immobilization of Daphnia magna was observed
compared to the raw samples.

In the active landfill in Legnica, even with a leachate
concentration of 25%, after the treatment, an improvement by
30% (Ceratophyllum demersum) and by 35% (Phragmites
australis) can be noted compared to the raw samples. In
contrast, at lower concentrations (12.5%, 6.25%), the leachate
after the treatment caused greater immobilization of organisms.
The deterioration of the survival rate of the test organisms was
particularly visible in the leachate from the Jawor landfill (at a
concentration of 12.5 and 6.25%) after the treatment with
Ceratophyllum demersum, which increased immobilization of
organisms by 90%.

The toxicity test results were also examined for their
environmental relevance, calculating the toxicity unit (TU)
values. Table 2 shows the TU values in the landfills covered
by the study, calculated for the raw leachate and after the
biological treatment with Phragmites australis and
Ceratophyllum demersum L.

The TU values of the raw leachate from the active landfills
ranged from 2.56 to 3.37. The TU values in the raw leachate from
the closed landfills were much lower and ranged from 0.001 to
0.642. Also other authors during the research found that the TU
values in the leachate from active landfills were much higher than
the TU values for the leachate from old landfills (Kalka, 2012).

The obtained results indicate that the untreated leachate from
the active landfills (Legnica, Jawor) shows acute toxicity of the
tested aquatic invertebrates TU > 1 (Persoone et al., 2009; Barrios
Restrepo et al., 2017; Przydatek, 2019b). The TU values only
slightly improved in the leachate after the biological treatment
with Phragmites australis. Toxicity was successfully reduced by
0.267 in the leachate from the Jawor landfill, and by 0.642 in the
leachate from the Legnica landfill. Unfortunately, even after the
treatment, the leachate produced acute toxicity (TU > 1) to
Daphnia magna organisms. Better results were obtained after
the treatment with Ceratophyllum demersum, where toxicity was
reduced by 0.99 (Legnica) and by 0.85 (Jawor). However, the
leachate still remained toxic to Daphnia magna organisms.

In the raw leachate from the non-operational landfill in
Wrocław, the TU values were <0.4, which means no acute
toxicity. In the raw leachate from the second non-operational
landfill (in Bielawa), a slight acute toxicity was demonstrated
(Persoone et al., 2003; Barrios Restrepo et al., 2017; Przydatek,
2019b). In the leachate from the oldest, non-operational landfill
in Wrocław, after the treatment, a slight increase in the TU values
was observed compared to the raw samples. However, it was still
non-toxic to Daphnia magna. After the leachate from the Bielawa
landfill had been treated with Ceratophyllum demersum, the TU
value increased. The increase in the toxicity of leachate after
treatment with Ceratophyllum demersum may result from the
direct and mutual interaction of natural organic matter on
Daphnia magna organisms - subjected to toxicity tests. Meems
et al. and investigated the direct and interplay of natural organic
matter on the toxicological effects of Daphnia magna.
Demonstrated that natural organic matter can have a direct
effect on Daphnia magna organisms, causing acute stress and
toxic reactions (Meems et al., 2004).

A slight improvement was noted only in the case of the
treatment of the leachate from Bielawa with Phragmites australis.
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After the treatment, the leachate still showed a slight acute activity.
The applied biological treatment did not significantly reduce
toxicity of the leachate, while other authors, during the research
on biological treatment of leachates observed a complete absence or
reduction of leachate toxicity to water fleas (Marttinen et al., 2002).

CONCLUSION

(1) Properties of landfill leachates (e.g. the content of AN, heavy
metals, toxicity) may interfere with the processes of their
biological treatment.

(2) The efficiency of biological treatment of leachates with
Phragmites australis and Ceratophyllum demersum shows
significant differences at lower concentrations of solutions.

(3) Even after the treatment with Phragmites australis and
Ceratophyllum demersum, the analyzed leachate samples
produced a toxic effect on the test organisms. A reduction
or no toxicity of the leachate after the biological treatment
was observed only in some cases.

(4) The conducted analyses showed that in some of the analyzed
cases the biological treatment had a positive effect on the
growth of the roots of Sinapis alba seed.

(5) The observed effects of the biological leachate treatment were
not conclusive. Particular attention should be paid to the
persistent toxicity, which can pose a real threat to the
environment when discharging leachates after treatment.
Therefore, it is worth extending the scope of further
research with indicators demonstrating the possible impact
of leachates on living organisms.
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