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The formation of leachate is one of the inevitable consequences associated with the
operation of landfills. In addition to the study of physicochemical composition, toxicity is an
important parameter taken into account, among others because of the need to subject
leachate to treatment before discharge into the environment. The aim of this study was to
determine the degree of leachate contamination using LPI and toxicity index. An analysis of
the relationship between the toxic effect on plants and the calculated LPI values was also
carried out to assess whether they could provide a measure of leachate toxicity when
selecting a treatment method. The research conducted was to determine the degree of
leachate contamination using LPI and toxicity index. An analysis of the relationship
between the toxic effect on plants and the calculated LPI values was also carried out
to assess whether they could provide a measure of leachate toxicity when selecting a
treatment method. Calculated values of the leachate pollution index showed that leachates
from selected Polish landfills are characterized by low andmedium levels of LPI values. The
variation in index values obtained was particularly evident between active and closed
landfills and was related to the physicochemical composition of leachates. In closed
landfills this value ranged from 7.4 to 11.1, while in active landfills from 12.9 to 15.9. The
variation in index values obtained was particularly evident between active and inactive
landfills and was related to the physicochemical composition of leachates. Phytotoxicity
tests showed that leachate at low concentrations can promote plant growth. At higher
concentrations (50 and 100%), leachates caused inhibition of root and shoot growth,
which correlated with high LPI values. The results confirmed the relationship between the
toxic effect on plants and the LPI values, so it can be considered as a reliable indicator of
leachate toxicity.
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INTRODUCTION

In many countries landfilling is still a popular method of municipal waste disposal due to the fact that
it is considered easy and cost-effective (Nagarajan et al., 2012; Rana et al., 2018). Poland belongs to
the European Union countries, and according to HDI (Human Development Index) is classified as a
highly developed country (United Nations, 2019). Despite this, a large part of municipal waste still
ends up in landfills. According to Eurostat, on average, 38.7% of municipal waste went to landfills in
the European Union countries in 2018. The largest amount of municipal waste (among EU
countries) in 2018 was collected in Germany and it was more than 50 million tons, of which
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only 1% of waste went to landfills. Similarly in Belgium,
Denmark, Finland, and Sweden, where 1% of the collected
municipal waste went to landfill in 2018. In Switzerland, on
the other hand, municipal waste was not landfilled at all
(Eurostat, 2014). In Poland, almost 12 million tons of
municipal waste was collected in 2018, of which 43% went to
landfills. There were also EU countries where the majority of
waste in 2018 was landfilled. These included: Malta-83%, Greece-
78%, and Romania-74% (Eurostat, 2014).Landfills can pose a
serious threat to the environment, especially when they are
improperly secured and active (Tałałaj et al., 2016). The
formation of leachate is one of the inevitable consequences
associated with the operation of landfills. Leachates are
generated both during operation and many years after the
closure of the landfill as a result of seepage of rainwater
through waste layers (Aziz et al., 2010). Leachate formation is
one of the most important factors that is considered in the
operation and long-term management of municipal landfills
(Tränkler et al., 2005)

Leachates contain large amounts of organic pollutants
(expressed by chemical oxygen demand (COD), biochemical
oxygen demand (BOD), and ammonia content, among others)
and inorganic pollutants such as calcium, magnesium, sodium,
potassium, iron, sulfates, chlorides, and heavy metals (cadmium,
chromium, copper, lead, nickel, and zinc) (Christensen et al.,
2001; Jones et al., 2006; Singh et al., 2016). They may contain
many other substances and their composition for each landfill
may be different (Öman and Junestedt, 2008). This causes
difficulties in assessing the actual degree of threat to the
environment and selecting an appropriate method of leachate
disposal (Gao et al., 2014; Bove et al., 2015). Leachate water
quality studies are conducted all over the world, but often the
analysis ranges differ, which significantly hinders the comparison
of results. One solution to this problemmay be the use of leachate
pollution index (LPI), proposed by Kumar and Alappat (Kumar
and Alappat, 2005a). The LPI makes it possible to determine the
degree of leachate contamination from different sites (with
different size, age, and waste composition) and to compare
them with each other. LPI can also be used to assess the
toxicity potential of leachates (Rana et al., 2018), but the
significance of the index in assessing their phytotoxic effects is
not known (Guerrero-Rodríguez et al., 2014).

The LPI is determined based on 18 variables (parameters),
selected by expert judgment. The selected parameters are pH,
Total Dissolved Solids (TDS), Biological Oxygen Demand (BOD),
Chemical Oxygen Demand (COD), Total Kjeldahl Nitrogen
(TKN), Ammonium Nitrogen (AN), Fe, Cu, Ni, Zn, Pb, Cr,
Hg, As, Phenolic Compounds (PC), Cl, Cyanide (CN), and Total
Coliform Bacteria (TCB). Each of the selected parameters was
assigned weights, which were calculated based on the mean scores
given by the experts in the questionnaires on a scale of 1–5. A
value of “1” indicated the parameter that had the lowest relative
importance for leachate contamination, while a value of “5” was
assigned to the parameter that had the highest relative
importance (Kumar and Alappat, 2004; Kumar and Alappat,
2005b). Weights were determined for the selected variables and
relationships were formulated between the concentration ranges

most frequently observed during the study and the corresponding
individual pollution sub-index (Kumar and Alappat, 2004).
When the results of analyses of all 18 pollution indices are
available, the LPI is calculated using the formula:

LPI � ∑
n

i�1
wipi (1)

where: LPI-leachate pollution index, wi-weight of the i-th
parameter, pi-individual pollution index, read from the curve,
made on the basis of experts’ evaluations, n-number of studied
variables for 18 ∑

n

i�1
wi � 1) (Kumar and Alappat, 2005a).

In addition to the study of physicochemical composition,
toxicity is an important parameter taken into account, among
others because of the need to subject leachate to treatment before
discharge into the environment. Leachate from landfills can be
treated by various methods. One possibility is the use of
phytoremediation. This is a technique that uses plants and
associated rhizospheric microorganisms to remove, transform,
or retain toxic substances from soil, water, sludge, or landfill
leachate (Liao and Chang, 2004). Phytoremediation is used to
remove petroleum hydrocarbons, pesticides, or heavy metals,
among others (McCutcheon et al., 2002). It is a promising
technique due to its low cost, self-sufficiency, and ability to
remove contaminants at the site of leachate generation, among
others (Singer et al., 2007; Akinbile et al., 2012).
Phytoremediation has many advantages, but landfill leachate
can adversely affect plants and cause leaf damage, reduced
photosynthesis, necrosis, and even mortality (Zalesny et al.,
2008; Kalčíková et al., 2012). The ability of plants to tolerate
the stress caused by leachate and the selection andmaintenance of
appropriate concentrations within the limits of non-toxic effects
on plants determines the effectiveness of phytoremediation
(Kalčíková et al., 2012). Phytotoxicity tests are usually
performed at the early germination stage due to short
duration, ease of execution and low cost (Šourková et al.,
2020). Popular parameters considered for phytotoxicity
determination are seed germination, root, and shoot length
increment (Maiorana et al., 2019), and therefore were used in
the present study.

The aim of the study was to determine the degree of leachate
contamination using LPI and toxic effect. An analysis of the
relationship between the toxic effect on plants and the calculated
LPI values was also carried out to assess whether they could
provide a measure of leachate toxicity when selecting a treatment
method.

MATERIALS AND METHODS

Landfills Site Characterization
The study was conducted at four landfills located in southwestern
Poland (Figure 1). Two sites are inactive: landfill in Wrocław (N
51° 10′ 23.784″ E 16° 55′ 40.74″’), landfill in Bielawa (N 51° 9′
21.485’’ E 17° 14′ 18.03″). The landfill in Wrocław was in
operation from 1966 to 2000. The total capacity of the landfill
is about 2 million m3, and the total area of its quarters is 11.7 ha.
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The second inactive landfill is located in Bielawa; the landfill was
in operation from 2001 to 2011, its total capacity is 37.6 thousand
m3 and the area of its quarters is 0.86 ha.

Two other sites (landfill in Legnica site: N 51° 14′ 21.317″ E 16°

11′ 0.251″ and landfill in Jawor: N 51° 3′ 56.112″ E 16° 12′
38.927″) are still in operation. The landfill in Legnica was
opened in 1977, its total capacity is about 2.3 million m3 and
the total area of the quarters is 14.2 ha. The second exploited
landfill in Jawor has been functioning since 1997, its total
capacity is about 231 thousand m3 and the total area of the
quarters is 3.37 ha. Figure 1 presents the location of the
research facilities and marks the places where samples
were taken for testing. At sites 1, 2, and 3 leachate was
collected from tanks, while at site 4 leachate was collected
from wells.

Physicochemical Composition of Leachate
Landfill leachate quality studies were conducted in September
and December 2019. The leachates were tested for pH, chemical
oxygen demand (COD), total Kjeldahl nitrogen (TKN),
ammonium nitrogen (AN), total dissolved solids (TDS),
chlorides (Cl), iron (Fe), zinc (Zn), copper (Cu), chromium
(Cr), lead (Pb), and nickel (Ni). Immediately after sampling,
the samples were transported in refrigerated conditions to the
Environmental Research Laboratory of the Institute of
Environmental Engineering, Wroclaw University of Life
Sciences. Determinations of parameters were performed
according to the methodology presented in ISO standards.
Laboratory analyses that did not require mineralization of the
samples were performed within 24 h of their collection
(Tomczyk, 2021). At the same time, mineralization was carried
out, and then analyses requiring mineralization were also
carried out.

Leachate Pollution Index Calculation
Due to the fact that in this study, selected parameters, which are
part of the LPI index, were analyzed, a modified equation,

described by Kumar and Alappat (2005a), was used for cases
when the full range of research results is not available:

LPI �
∑
m

i�1
wipi

∑
m

i�1
wi

(2)

where: LPI-leachate pollution index, wi-weight of the i-th
parameter, pi-individual pollution index, read from the curve,
made on the basis of experts’ evaluations, m-number of studied
variables (for m < 18 ∑

m

i�1
wi < 1).

The weight (wi) of the pollutant indicates the importance of
each parameter in the overall level of leachate contamination.
With the full range of tests, the sum of the weights of all 18
parameters is 1. An individual pollutant index of the sub-index
value (pi), is read from the curves showing the relationships
between the concentrations of the analyzed parameters and the
values of the corresponding sub-indexes (Kumar and Alappat,
2005a).

Overall LPI-Sub-indices of Leachate Pollution Index
The LPI has been divided into three sub-indices. The three partial
indices are based on the leachate characteristics and indicate the
dominant contamination present in the leachate. The eighteen
variable pollutants in the leachates selected for the LPI are
grouped into three components: organic compounds-LPIor
(i.e.,: COD, BOD, Phenolic compounds, Total coliform
bacteria), inorganic components of leachate-LPIin (i.e.,: pH,
TKN, AN, TDS, Chloride), and heavy metals-LPIhm (Total
Chromium, Lead, Mercury, Arsenic, Cyanide, Zinc, Nickel,
Copper, Iron) (Kumar and Alappat, 2005b).

When calculating the overall LPI, the m values shown in Eq. 2
correspond to the number of pollutants included in the sub-LPI.
The three sub-LPIs have their own distinct meanings which are
particularly important in making decisions related to the
treatment of leachate.

FIGURE 1 | Landfills location and placement of water sampling points, Poland.
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An individual pollutant index of the sub-index value (pi), is
read from the curves showing the relationships between the
concentrations of the analyzed parameters and the values of
the corresponding sub-indexes (Kumar and Alappat, 2005a).
The three sub-LPI values (LPIor, LPIhm, LPIin) were calculated
using the new weighting factors provided by Kumar and Alappat
(2005c) and according to a modified equation in the absence of
the full range of test results Eq. 2.

The following equation was derived by Kumar and Alappat
(2005c) S based on the new weighting factors for the eighteen
parameters in the LPI standard and their contribution to each
sub-LPI.

Overall LPI � 0.232 LPIor + 0.257 LPIin + 0.511 LPIhm (3)

where: Overall LPI-leachate pollution index, LPIor-sub-leachate
pollution index organic component value, LPIin-sub-leachate
pollution index inorganic component value, LPIhm-sub-
leachate pollution index heavy metal component value.

Acute Toxicity Tests
The analyzed leachate samples were subjected to 3-days acute
toxicity tests using white mustard seed (Sinapis alba L.) based on
PhytotoxkitTM methodology. 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 test was performed twice (in September and
December 2019). The tests were conducted in containers lined
with foam pads and paper filters, which were wetted with 20 ml of
leachate at different concentrations. The final dilution range for
each test sample was selected based on previously conducted
analyses: 100, 50, 25, 12.5, 6.25% (except for leachate from the
landfill in Wrocław where the concentration range in September
2019 was 100 and 50% and in December 2019 it was 100, 50, and
25%). Dechlorinated tap water was used for dilutions and also
served as a control sample.

Dried white mustard seeds of equal size and weight were
placed on previously leachate-soaked test plates. Ten seeds were
placed on each plate. The prepared boxes were inactive and
placed in a rack in an upright position. The experiment was
conducted at room temperature (approximately 25°C), in the
darkness, for a period of 3 days. After 3 days, the number of
germinated seeds and root and shoot length increments were
recorded. Calculation of the toxic effect of leachate, manifested by
inhibition of root and shoot growth, was done according to the
formula:

EtL (%) � L(a) − L(b)
L(a) × 100 (4)

where: EtL-toxic effect [inhibition of root and shoot growth (%)],
L(a)-mean root or shoot length in the control trial (mm), and
L(b)-mean root or shoot length in the test trial (mm) (Based on
PhytotoxkitTM methodology).

Data Treatment and Statistical Analysis
The obtained results of leachate properties and phytotoxicity tests
were subjected to statistical analysis using Statistica 13.1 software

(StatSoft Poland, StatSoft, Inc., Tulsa, OK, United States). Two
types of tests were used to evaluate the differences between the
obtained phytotoxicity test results: the Student’s t test for
dependent samples was used to detect statistically significant
differences between leachate dilutions, while the Student’s
t test for independent samples was used to detect statistically
significant differences between the control sample (containing
dechlorinated tap water) and samples containing leachate at
different concentrations. The evaluation of the relationship
between the calculated LPI values and the toxic effect obtained
for the different leachate concentrations is presented in the form
of correlation coefficient.

RESULTS AND DISCUSSION

Physicochemical Composition of Leachate
The quality of leachate depends on many factors, including the
composition of waste, age of a landfill, extent of waste bed
processes, location or local climate. Consequently, leachate
composition is variable and site-specific. Table 1 presents the
characteristics of the physicochemical composition of the
analyzed leachates from four landfills.

pH
Leachates generated during the initial period of landfill operation
(up to 5 years) are characterized by pH values in the range of
3.7–6.5. The low pH value of leachates from young landfills is
associated with the presence of carboxylic acids and bicarbonate
ions. As landfills age, the pH of leachates changes from values
corresponding to acidic to alkaline solutions. It is usually in the
range of 8–8.5 pH, which is associated with the formation of
alkaline compounds (Słomczyńska and Słomczyński, 2004). The
pH values of the studied leachates, from active and inactive
landfills were in the range of 7.4–8.7, which is typical of
leachates from older and mature landfills (Jorstad et al., 2004).

The pH value of leachate affects seed germination process. It
was found that it can negatively affect plant germination, both in
very acidic (pH < 2) and strongly alkaline environment (pH > 13)
provided that heavy metals are present in the leachate. The
development and growth of roots and shoots is most favorably
affected by pH above seven but not higher than 13, which is
determined, among other things, by the ability to transport more
solutes (Phoungthong et al., 2016; Naveen et al., 2017). In the case
of the tested leachates, pH should not adversely affect
germination and root and shoot growth.

TDS
TDS values in inactive landfills ranged from 2,225 mg/l
(Wroclaw, September series) to 2,970 mg/l (Bielawa, September
series). In active landfills the values varied more, from 3,975 mg/l
(Jawor, September series) to 7,830 mg/l (Legnica, September
series). Based on the study, it can be concluded that the TDS
value was related to the age of the landfills, which could be
determined by a decrease in the concentration of organic and
inorganic dissolved substances (Tatsi and Zouboulis, 2002),
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confirmed by the conducted study. Higher TDS concentrations
were found in leachate from active landfills.

COD
The COD values of the leachates from the two landfills remained
stable: the lowest values characterized the samples collected at the
landfill in Wroclaw (inactive) and the highest values occurred in
the case of leachates from the landfill in Legnica (active). These
are the biggest of the investigated landfills and accumulation of
large amounts of waste with stabilized decomposition processes
(Wrocław) and fresh waste (Legnica) might have influenced the
stable level of COD values. In case of the remaining landfills
(inactive in Bielawa, active in Jawor), the December series of
studies showed an increase of COD value in comparison with the
September series. The studies showed similar level of COD values
in leachates from these landfills. It should be noted that the
landfills were put into operation at a similar time (1997–2001)
and the results of the investigations may confirm a similar
character of the decomposition processes taking place in the
deposits of the deposited wastes.All COD values obtained in the
conducted studies were within the ranges reported also by other
authors (Kjeldsen et al., 2002; Tatsi and Zouboulis, 2002;
Wdowczyk and Szymańska-Pulikowska, 2020), confirming that
one of the main factors affecting their values is the age of the
landfill site (or rather the age of the deposited waste), because
with the passage of time the susceptibility of waste to biological
and chemical degradation processes decreases.

TKN, AN
Among the nitrogen forms that make TKN up, AN is the most
abundant in landfill leachate. This relationship was confirmed by
studies carried out in the landfills in Legnica, Jawor, and Bielawa.
Only the results of the studies on leachates from the landfill in
Wrocław did not confirm this relationship.

AN concentrations in leachates from active landfills usually
range from 10 to 100 mg/l, but higher values have also been
reported, reaching even above 10,000 mg/l (Tatsi and Zouboulis,
2002). In leachates from active landfills, AN concentrations were
higher than in inactive facilities. The lowest AN values (< 1 mg/l)
were recorded at the landfill in Wrocław. Much higher values
were observed in the leachates from the second inactive landfill
(in Bielawa), where this value exceeded 100 mg/l during two
series of studies. However, in active landfills the values were even
four times higher, exceeding 460 mg/l. Other authors in their
works also emphasized that ammonium nitrogen belongs to the
main pollutants occurring in landfill leachates (Kjeldsen et al.,
2002; Tatsi and Zouboulis, 2002).

Cl-
All samples collected in September 2019 were characterized by
high chloride concentrations, and a clear variation in the results
obtained was also evident: leachate samples from active landfills
contained from 853 mg Cl/l (Jawor) to 2,670 mg Cl/l in Legnica.
At the same time, the leachate samples from the inactive landfills
contained from 110 mg Cl/l in Wrocław to 674 mg Cl/l in
Bielawa. In leachate samples collected in December 2019, a
marked decrease in chloride concentrations was observed, but
differences between active and inactive landfills were still
evident. Significantly higher concentrations of chloride in the
leachate could have been caused by high precipitation in
September 2019, exceeding the 1971–2000 norm for that month
(115.4% of the norm). They could cause increased leaching of
pollutant components from the waste (Meteorological Yearbook,
2019)

Leachates from active landfills contained from 11.5 mg Cl/l
(Jawor) to 21.95 mg Cl/l (Legnica) and leachates from inactive
landfills contained from 0.82 mg Cl/l (Wrocław) to 5.5 mg Cl/l
(Bielawa).

TABLE 1 | Characteristics of analyzed landfill leachates

Landfill Inactive landfills Active landfills The highest
admissible

values
in accordance

with
regulation
ME of

12.7.2019

Wrocław Bielawa Legnica Jawor

Season Autumn Winter Autumn Winter Autumn Winter Autumn Winter

Date 09.2019 12.2019 09.2019 12.2019 09.2019 12.2019 09.2019 12.2019

pH 7.6 8.2 7.8 8.5 8 8.7 7.4 8.3 6.5–9.0
TDS 2,225 2,240 2,970 2,605 7,830 7,290 3,795 4,630 -
COD 183 222 2,370 4,270 3,670 3,590 2,260 4,110 125
TKN 0.18 1.36 131.19 189.96 249.35 547.55 346.27 613.3 -
AN 0.02 0.002 109.9 109.35 132 460.9 240.7 460.91 10
Cl 110 0.82 674 5.5 2,670 21.95 853 11.5 1,000
Fe 4.44 0.019 8.66 1.60 3.56 2.60 26.23 38.73 10
Cu 0.020 0.087 0.021 0.311 0.070 0.130 0.241 0.490 0.5
Ni 0.00005 0.00005 0.00005 0.011 0.143 0.165 0.050 0.077 0.5
Zn 1.515 0.554 0.871 1.572 2.033 0.754 1.275 2.560 2
Pb 0.00005 0.123 0.00005 0.158 0.00005 0.076 0.020 0.025 0.5
Cr 0.956 0.005 0.497 0.006 0.578 0.023 0.157 0.184 0.1

*Pollutant concentrations values were expressed in mg/l except for pH.
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According to the data presented in literature, usually in
middle-aged landfills (i.e., more than 5 years old) chloride
content in leachates decreases significantly, ranging from 100
to 400 mg Cl/l (Deng and Englehardt, 2007), which is confirmed
by the results obtained during the second series of studies, both in
active and inactive landfills. The results obtained in the first series
of studies were clearly outside this range, however, such high
concentrations were also observed by other authors, e.g., during
studies of leachates from the landfill in Sydney carried out by
Bowman et al. (2002) values reaching up to 8,000 mg Cl/l were
observed.

Fe, Cu, Ni, Zn, Pb, Cr
Fe content in leachates from inactive landfills ranged from
0.019 mg/l (Wroclaw 12.2019) to 8.66 mg/l (Bielawa 09.2019),
while in active landfills the values were higher, ranging from
2.6 mg/l (Legnica 12.2019) to 38.73 mg/l (Jawor 12.2019).

In both series of studies, in leachates from active and
inactive landfills, Cu, Ni, Pb, and Cr contents did not
exceed the value of 1 mg/L. Low contents of heavy metals
(< 1 mg/l) in leachates from active landfills may indicate that
the landfilled waste is mainly municipal waste, not containing
these components (Naveen et al., 2017). Also in other studies,
the authors reported low concentrations of heavy metals in
leachates, emphasizing that their presence is not a major
concern at present (Öman and Junestedt, 2008; Bożym
et al., 2020). The clearly higher concentrations of chromium
in the leachate (except for the landfill in Jawor) could have
been caused (as in the case of chromium) by high precipitation
in September 2019.

The zinc content in leachates from inactive landfills ranged
from 0.554 mg/l at the landfill in Wrocław to 1.572 mg/l at the
landfill in Bielawa. However, in active landfills, the value reached
2,560 mg/l (Jawor 12.2019).

Metals, such as Zn, Fe, Cu, Cr, Ni, act as micronutrients,
needed for plant development. Therefore, in certain
concentrations they are necessary for their proper functioning,
they can stimulate growth, but after exceeding threshold values
they become toxic for them. Metals in too high concentrations
can lead to germination stopping and inhibition of root or shoot
growth. For some heavy metals, such as Cd or Pb, toxic effects to
plants can occur even at low concentrations (Umar et al., 2010;
Kranner and Colville, 2011).

Leachate Pollution Index
The LPI is a tool that allows the obtained results to be
standardized and compared with each other (Naveen et al.,
2017). The characteristics of the selected leachate series for one
of the four sites where the study was conducted, i.e., Jawor
landfill (December 2019 series), and the method of calculating
the LPI value along with the parameters used for its calculation,
i.e.,: weight parameter (wi), contaminant concentration and
sub-index value (pi) are presented in Table 2.

12 out of the 18 parameters selected for LPI calculation were
determined in the leachate samples. The calculated LPI values for
the four landfills along with the shares of each parameter are
presented in Figure 2.

LPI values in active landfills ranged from 11.9 (Jawor 09.2019)
to 15.1 (Jawor 12.2019). In inactive landfills, the values were lower
and ranged from 5.2 (09.2019) in Wrocław, to 10.9 in Bielawa
(12.2019).

The age of the landfill and the phase of operation influence the
composition of leachate and thus the value of LPI (Singh et al.,
2016), which is confirmed by the analyses performed. In inactive
landfills, the value of LPI was lower than in active landfills, which
indicates the stabilization of decomposition processes and is
consistent with the results obtained by other authors (Kumar
and Alappat, 2005a; Ahmed and Lan, 2012).

The smallest variation in the LPI value was recorded at the
landfill in Wrocław. Such low values may result from the fact that
the landfill was inactive in 2000 and the waste decomposition
processes are stabilized.

The calculated LPI values were influenced by, among other
things, low concentration of heavy metals in the leachate, which is
related to the age of the landfills. With the passage of time, the
amount of heavy metals in leachates decreases due to the change
of reaction from acidic to basic, which is a result of organic acids
consumption by methane bacteria and formation of hardly
soluble forms of metals (Šourková et al., 2020). In the
analyzed landfills (except for the landfill in Wrocław), higher
contaminant values were recorded for COD, AN, and TKN,
which influenced higher LPI values.

Calculated LPI values indicate that leachates from inactive
landfills are contaminated to a lesser extent than from active sites.
In the study performed, the LPI values did not exceed 16, and
according to literature, only LPI > 35 indicates a poor
environmental condition (Kumar and Alappat, 2005a). Such
high values (at 34.8) were recorded at a landfill site in Mexico,
as well as in leachates from Chandigarh, India (LPI � 33.2) and
Bhalswa, New Delhi, India (LPI � 31.5), and Panchkula, India
(LPI � 21.9). LPI values recorded in other studies ranged from
11.5 in Pajam 2,Malaysia, to 18.5 in leachates fromToluca (TOL),
Mexico. In our study, similar LPI values were obtained (ranging
from 11.1 to 15.9), only at the landfill in Wrocław the LPI value
was much lower than reported in the literature and was 7.4
(Table 3).

The LPI does not show the influence of the different groups of
pollutants in the leachate. Therefore, Kumar and Alappat have
formulated sub-indices of LPI: LPIin, LPIor and LPIhm.

The three sub-LPIs were calculated using the procedure
explained in Eq. 2 and are shown in Table 4.

The overall LPI was calculated using the procedure explained
in Eq. 3.

At the closed landfill in Wrocław, the overall LPI value ranged
from 5.43 (series 09.2019) to 6.03 (series 12.2019). The dominant
pollutants were heavy metals-LPIhm was 42.4(series
12.2019)–48.8 % (series 09.2019). A high content of organic
substances was also noted, LPIor ranged from 25.6 (series
09.2019) to 34.6 % (series 12.2019). Inorganic substances had
a smaller share, LPIin ranged from 23 to 25.5%.

In the remaining three landfills, organic substances were the
dominant group of pollutants. The corresponding LPIor values at
the closed landfill in Bielawa were from 74.1% (series 09.2019) to
76.4% (series 12.2019). At an active landfill in Legnica, the LPIor
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values were from 66.97 % (series 09.2019) to 65.5% (series
12.2019At the second active landfill in Jawor, the LPIor was
in the range from 65.9% (series 12.2019) to 69.2% (series
09.2019).

LPIhm values, reflecting the content of heavy metals in the
leachate from the closed landfill in Bielawa, were from 14 (series
12.2019) to 16% (series 09.2019). For an active landfill in Legnica,
LPIhm was from 12.2% (series 12.2019) to 21.6 (series 09.2019),
for the second active landfill in Jawor LPIhm was in the range 12.3
(series 12.2019) to 15.5 % (series 09.2019)

Values LPIin, representing the content of inorganic substances
in the Bielawa leachate, ranged from 9.6 (series 12.2019) to 9.9%
(series 09.2019). For an active landfill in Legnica, these values
were higher, the LPIin was 11.45 (series 09.2019) to 22.31% (series
12.2019). At the second active landfill in Jawor, LPIin was in the
range 15.3 (series 09.2019) to 21.74% (series 12.2019).

The LPI sub-index calculations showed a low content of heavy
metals in the analyzed leachates, therefore they should not
adversely affect the biological treatment process. The exception
is the oldest, closed landfill in Wrocław, where heavy metals were

the dominant group of pollutants, but they also remained at a
low level.

The obtained results show that the presence of heavy metals in
the leachate should not disturb their biological treatment.
Additionally, the leachate has a high content of organic
substances (LPIor), which means that biological treatment will
be a good method of their purification.

Effect of Leachate on Seed Germination
The percentage of germinated seeds of mustard Sinapis alba L. at
different concentrations of leachate from four landfills is shown
in Table 5.

A high percentage of germinated seeds was found in the
inactive landfills. The lowest values among inactive landfills
were recorded in Bielawa, where the percentage of germinated
seeds ranged from 90% (in leachate concentration: 6.25, 50,
100%) to 100% (in leachate concentration: 12.5%, 25%). For
the landfill in Wroclaw, only in September 2019 at 50% leachate
concentration 90% of the seeds germinated. The other trials
showed no effect on the germination of Sinapis alba L.

TABLE 2 | Leachate pollution index (LPI) calculation results-Jawor landfill 12.2019.

Parametr Pollution weight (wi) Pollutant concentration* Sub-index value (pi) Overall pollution rating
(wipi)

PH 0.055 8.25 5 0.275
TDS 0.050 4,630 11 0.55
COD 0.062 4,110 59 3.658
TKN 0.053 613.3 18 0.954
AN 0.051 460.91 49 2.499
Cl 0.048 11.5 5 0.24
Fe 0.045 38.726 5 0.225
Cu 0.050 0.4897 5 0.25
Ni 0.052 0.0767 5 0.26
Zn 0.056 2.5604 5 0.28
Pb 0.063 0.02461 5 0.315
Cr 0.064 0.184 5 0.32
LPI 15,14

*Pollutant concentrations were expressed in mg/l except for pH. Pollutant weight (wi) and sub-index value (pi) are from the study of Kumar and Alappat (Kumar and Alappat, 2005c).
Calculations for all the landfills where the study was carried out are provided in the Supplementary Material.

FIGURE 2 | LPI values and shares of particular parameters in calculated values for the investigated active (L-Legnica, J-Jawor) and inactive (W-Wrocław,
B-Bielawa) landfills.
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For active landfills, a greater effect of leachate
concentration on seed germination can be observed.
Especially for the landfill in Jawor, where at 100%
leachate concentration the proportion of germinated
seeds was 0% (December 2019 series) and 10%
(September 2019 series). The significant inhibition of
germination may have been due to a damage to the
plant defense system (Gupta and Rajamani, 2015). For
the second active landfill (in Legnica), a higher
percentage of germinated seeds was observed: in the
raw leachate it was 20% (December 2019 series) and
50% (September 2019 series).

Studies conducted for four landfills show that a clear
relationship between seed germination and leachate
composition cannot always be observed. Only in the
case of the landfill in Jawor the December series of tests
showed unequivocally the influence of increasing
leachate concentration on the decrease of
germinating seeds. In the remaining cases there were
deviations from this trend, despite the fact that single
dilutions (e.g., 12.5 and 100% in Legnica in December,
25 and 100% in Jawor in September) caused a
significant decrease in the germination capacity of
the seeds of Sinapis alba L. Other researchers came
to similar conclusions. During leachate toxicity tests on
three species i.e., lettuce (Lactuca sativa L.), arugula
(Eruca sativa Mill.) and onion (Allium cepa L.), seed
germination test was found to be insensitive to leachate
toxicity (Klauck et al., 2015). The same was found
during the study conducted by Vaisi and Žaltauskaitė
(2010) on lettuce (Lactuca sativa L.), which showed no
clear relationship between seed germination and
leachate concentration. Similar conclusions were also
reached by Guerrero-Rodríguez et al. (2014) conducting
a study on common bean, during which a negligible
toxic effect on the seed stage was found.

Effects of Leachate on Root and
Shoot Growth
Figures 3–6 show the results of tests of differences
between samples (Student’s t tests), performed for the
control sample (0), and leachate dilutions. The graphs
show the basic characteristics (mean, standard
deviation, minimum, and maximum) of the empirical
root (Figures 3, 4) and shoot (Figures 5, 6) length
distributions for the four landfills where the study was
conducted. Letters “a” and “b” indicate test results for
independent groups, i.e., dilutions (samples) that
significantly differed from the control sample in root
or shoot length: “a” indicates root or shoot lengths
significantly greater than those obtained for the control
sample, “b” are lengths significantly less than those
obtained for the control sample. Additionally, symbol
“x” denotes the dilutions (trials) that significantly
differed from the other dilutions (without the control
trial), which was confirmed by the results of the testT
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conducted for dependent trials. The marked differences are
significant with p < 0.05.

Roots
Many studies have pointed out that the root length test performs
better than the seed germination test in phytotoxicity assessment,
which is related, among other things, to its greater sensitivity to
contaminants (Galbraith et al., 1995; Fuentes et al., 2004;
Kummerová and Kmentová, 2004; Vaisi and Žaltauskaitė,
2010; Kranner and Colville, 2011). The analyses performed
confirmed that seed germination is not as sensitive to
increasing leachate concentrations as root growth. This is most
likely due to the increased sensitivity of the root creative tissue,
which directly affects permeability, growth hormone production,
and cell differentiation (Arunbabu et al., 2017). Figures 3, 4 show
the effect of leachate concentrations on root growth of Sinapis
alba L.

In the first series of tests conducted in September 2019, it was
observed that at a leachate concentration of 6.25%, root length
was greater than for the control sample (Figure 3). Further
increase in leachate concentrations resulted in inhibition of
root development. In the active landfills (Legnica, Jawor) it
can be observed that at the highest concentration (100%), the
root length increments were significantly smaller than for the
control sample.

In each of the analyzed cases better root growth was observed
at low concentrations (compared to the control sample). The
results presented here indicate that diluted leachate can have a

positive effect on plant growth. This may be due to the high
concentration of nitrogen and the presence of other nutrients
necessary for growth (Calabrese and Blain, 2005; Jones et al.,
2006; Vaisi and Žaltauskaitė, 2010; Guerrero-Rodríguez et al.,
2014). Other authors, on the other hand, explain the increase in
root or shoot length at low leachate concentrations by hormonal
action and stimulation of defense reactions in plants, which lead
to a general activation of metabolism (Cargnelutti et al., 2006;
Klauck et al., 2015)

During the second series of tests, conducted in December
2019, in most cases it was observed (with the exception of the
landfill in Wrocław) that at 100% leachate concentrations root
lengths were significantly smaller than those obtained for the
control sample (Figure 4). In the active landfills (Legnica,
Jawor) it was observed that even at lower concentrations
leachate had an inhibitory effect on root growth and their
lengths were smaller than for the control sample. Similar
conclusions were reached by Vaverková et al. (2020) who
observed during a study conducted on white mustard Sinapis
alba L. that regardless of the concentration, leachates caused
root growth inhibition.

Shoots
The analyzed leachate samples in both series showed effects on
shoot growth (Figures 5, 6). The effects vary between series and
depend on the dose selected. In both series, significant differences
in shoot length increments can be observed depending on the
origin of the leachate (from active or inactive landfills). In the case
of active landfills (Jawor, Legnica), at high leachate doses (above
50%), shoot length increments were smaller.

During the series performed in September (Figure 5) in the
active landfills, at high leachate concentrations (50 and 100%) a
significant decrease in shoot length increments was observed in
comparison with the control sample. However, at lower
concentrations shoot lengths remained at a similar level or
were slightly larger than for the control sample (Legnica and
Jawor). At the inactive landfills (Bielawa, Wrocław) such a
pronounced decrease in shoot length increment was not
observed with increasing doses of leachate in comparison with
the control sample, and larger differences occurred only at 100%
concentration.

TABLE 4 | Sub-indices of LPI and overall LPI for leachate from active and closed
landfills.

Landfill Date LPIor LPIin LPIhm Overall LPI

Wrocław Series 09.2019 6.00 5.39 5.19 5.43
Series 12.2019 9.00 5.39 5 6.03

Bielawa Series 09.2019 53.00 6.39 5.19 16.59
Series 12.2019 60.00 6.81 5.00 18.22

Legnica Series 09.2019 58.00 8.95 8.48 20.09
Series 12.2019 59.00 18.15 5.00 20.91

Jawor Series 09.2019 53.00 10.57 5.38 17.77
Series 12.2019 59.00 17.56 5.00 20.76

TABLE 5 | Effect of increasing landfill leachate concentrations on seed germination of Sinapis alba L.

Landfill WROCŁAW–September 2019 WROCŁAW–December 2019

Leachate concentration [%] 6.25 12.5 25 50 100 6.25 12.5 25 50 100
Seed germination [%] — — — 90 100 — — 100 100 100
Landfill BIELAWA–September 2019 BIELAWA–December 2019
Leachate concentration [%] 6.25 12.5 25 50 100 6.25 12.5 25 50 100
Seed germination [%] 100 100 100 100 100 90 100 100 90 90
Landfill LEGNICA–September 2019 LEGNICA–December 2019
Leachate concentration [%] 6.25 12.5 25 50 100 6.25 12.5 25 50 100
Seed germination [%] 100 100 90 100 50 100 10 100 100 20
Landfill JAWOR–September 2019 JAWOR–December 2019
Leachate concentration [%] 6.25 12.5 25 50 100 6.25 12.5 25 50 100
Seed germination [%] 100 90 80 100 10 100 100 80 30 0
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FIGURE 3 | Characteristic values (mean, standard deviation, minimum, maximum) for root length measurement results-series 09.2019.

FIGURE 4 | Characteristic values (mean, standard deviation, minimum, maximum) for root length measurement results-series 12.2019.
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FIGURE 5 | Characteristic values (mean, standard deviation, minimum, maximum) for shoot length measurements results-series 09.2019.

FIGURE 6 | Characteristic values (mean, standard deviation, minimum, maximum) for the results of shoot length measurements-series 12.2019.
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The results of the second series of shoot growth tests
(Figure 6), conducted in December, show much greater
differences between active and inactive landfills, compared to
the September series. Raw leachate in all cases showed an
inhibitory effect on shoot growth, compared to the control
sample. In active landfills, shoot growth in raw leachate was
completely stopped. At low doses, leachates showed little
stimulating effect on shoot growth-except at the landfill in
Legnica, where even low leachate concentration (6.25%)
resulted in less shoot growth compared to the control
sample. Also Gupta and Rajamani in their study on Vicia
faba found that high leachate concentrations significantly
reduced shoot growth (in relation to the control sample),
which may be due to the organism’s ability to defend itself
against stress. The plant could show stress resistance with low
leachate concentrations but not with high concentrations
(Klauck et al., 2015).

Correlations Between LPI and Toxic Effect
Table 6 shows the magnitudes of the toxic effect (calculated from
the inhibition of root and shoot growth) and the correlation
coefficient between the toxic effect and LPI values. The toxic
effect and the correlation coefficient were calculated for leachates
from the landfills in Legnica, Jawor, and Bielawa. The results of
the studies on leachate from the landfill in Wrocław were not
taken into account because due to the low level of contamination
less dilutions were performed for them, which resulted in
rejection of the series differing in numbers during the
calculations.

Statistically significant correlations, ranging from 0.592 to
0.785, occurred for dilutions from 25 to 100%. Testing of
leachate samples from three landfills showed that the toxic
effect at higher concentrations results in inhibition of root and
shoot growth, which correlates with high LPI contaminant index
values. From the above results, it can be concluded that leachate
toxicity is related to contaminant concentration. It should be
remembered that it is also influenced by other factors such as
persistence and bioavailability in the environment. The results
obtained confirmed the existence of a relationship between plant
toxic effect and LPI values.

CONCLUSION

1. The use of LPI as a tool for assessing the quality of leachate
water from different landfills significantly facilitates their rapid
comparison with each other, even with a different range of
analyses performed. Thus, it is possible to take quicker actions
to reduce the negative impact on the environment. The
application of LPI can also be helpful in the selection of
leachate treatment technologies.

2. The division into LPI index subgroups allowed for a better
definition and grouping of pollutants present in the leachate
and turned out to be more useful in selecting the method of
their treatment.

3. In the case of the three analyzed landfills, the sub-LPI indexes
allowed to classify the leachate as rich in organic substances

and characterized by a low content of heavy metals. This
classification indicates that the biological treatment method
may be the best possible treatment option for the analyzed
effluents. Only in the case of the closed landfill in Wrocław, it
was observed that heavy metals constitute the dominant group
of pollutants, but the content of organic substances remained
only at a slightly lower level.

4. Calculated values of the leachate pollution index showed that
leachates from selected Polish landfills are characterized by
low and medium levels of LPI values. The variation in index
values obtained was particularly evident between active and
inactive landfills and was related to the physicochemical
composition of leachates.

5. Phytotoxicity tests showed that leachate at low concentrations
can promote plant growth. At higher concentrations (50 and
100%), leachates caused inhibition of root and shoot growth,
which correlated with high LPI values. The results confirmed
the relationship between the toxic effect on plants and the LPI
values, so it can be considered as a reliable indicator of leachate
toxicity.
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TABLE 6 | Toxic effect values (calculated from inhibition of root and shoot growth)
and correlations between toxic effect values and LPI for analyzed leachate
dilutions (marked values are significant for p < 0.05, N � 12).

Landfill/serie Test Leachate concentration [%]

6.25 12.5 25 50 100

B 09.2019 Roots −133.1 −53.8 −26.9 −41.9 -9.4
B 12.2019 34.0 10.7 −6.4 3.0 56.1
L 09.2019 −68.1 −116.9 −43.8 21.9 89.4
L 12.2019 43.7 31.0 19.5 33.6 98.8
J 09.2019 −58.1 −65.0 −42.5 14.4 96.3
J 12.2019 19.9 36.8 53.3 98.6 100.0
B 09.2019 Shoots −37.1 −12.9 −5.6 −29.8 20.2
B 12.2019 −5.6 −25.5 −39.4 −32.9 55.8
L 09.2019 −5.6 −33.9 1.6 43.5 100.0
L 12.2019 49.4 −1.7 −26.4 −6.5 100.0
J 09.2019 −3.2 −17.7 −10.5 39.5 98.4
J 12.2019 −6.9 1.7 35.1 100.0 100.0
Correlation coefficient
with LPI

0.561 0.400 0.592 0.770 0.785
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Wdowczyk and Szymańska-Pulikowska Leachate Properties (LPI and Phytotoxicity)

https://www.frontiersin.org/articles/10.3389/fenvs.2021.693112/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fenvs.2021.693112/full#supplementary-material
https://doi.org/10.1016/j.desal.2011.12.012
https://doi.org/10.1016/j.desal.2011.12.012
https://doi.org/10.1080/10889868.2011.628350
https://doi.org/10.1080/10889868.2011.628350
https://doi.org/10.1016/j.wasman.2017.07.012
https://doi.org/10.1155/2010/747953
https://doi.org/10.1002/ceat.201500257
https://doi.org/10.1002/ceat.201500257
https://doi.org/10.1023/A:1014114500269
https://doi.org/10.1023/A:1014114500269
https://doi.org/10.1007/s13762-020-02980-x
https://doi.org/10.1016/j.taap.2004.06.023
https://doi.org/10.1016/j.chemosphere.2006.03.037
https://doi.org/10.1016/j.chemosphere.2006.03.037
https://doi.org/10.1016/S0883-2927(00)00082-2
https://doi.org/10.1016/j.wasman.2006.02.004
https://doi.org/10.1016/j.wasman.2006.02.004
https://ec.europa.eu/eurostat/data/databas
https://doi.org/10.1016/j.jhazmat.2004.02.014
https://doi.org/10.1016/j.jhazmat.2004.02.014
https://doi.org/10.1002/etc.5620141111
https://doi.org/10.1007/s11157-014-9349-z
https://doi.org/10.1007/s11270-014-2002-1
https://doi.org/10.4236/jbise.2015.86034
https://doi.org/10.1016/j.enmm.2019.100232
https://doi.org/10.1016/j.enmm.2019.100232
https://doi.org/10.1016/j.wasman.2005.06.014
https://doi.org/10.1016/j.wasman.2005.06.014
https://doi.org/10.1007/s00254-004-0978-3
https://doi.org/10.1007/s00254-004-0978-3
https://doi.org/10.1002/jctb.3776
https://doi.org/10.1080/10643380290813462
https://doi.org/10.1080/10643380290813462
https://doi.org/10.1590/1519-6984.1813
https://doi.org/10.1016/j.envexpbot.2010.05.005
https://doi.org/10.1177/0734242X05054875
https://doi.org/10.1177/0734242X05054875
https://doi.org/10.1007/s10098-004-0269-4
https://doi.org/10.1061/(asce)1090-025x(2004)8:4(253)
https://doi.org/10.1061/(asce)1090-025x(2004)8:4(253)
https://doi.org/10.1016/j.chemosphere.2004.01.007
https://doi.org/10.1016/j.envint.2018.11.057
https://doi.org/10.1016/S0925-8574(02)00026-5
https://doi.org/10.1016/j.jenvman.2016.10.061
https://doi.org/10.1016/j.enmm.2018.09.002
https://doi.org/10.1016/j.enmm.2018.09.002
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Nagarajan, R., Thirumalaisamy, S., and Lakshumanan, E. (2012). Impact of
Leachate on Groundwater Pollution Due to Non-engineered Municipal
Solid Waste Landfill Sites of Erode City, Tamil Nadu, India. J. Environ.
Health Sci. Engineer 9. doi:10.1186/1735-2746-9-35

Naveen, B. P., Mahapatra, D. M., Sitharam, T. G., Sivapullaiah, P. V., and
Ramachandra, T. V. (2017). Physico-chemical and Biological
Characterization of Urban Municipal Landfill Leachate. Environ. Pollut. 220,
1–12. doi:10.1016/j.envpol.2016.09.002

Öman, C. B., and Junestedt, C. (2008). Chemical Characterization of Landfill
Leachates - 400 Parameters and Compounds. Waste Manag. 28, 1876–1891.
doi:10.1016/j.wasman.2007.06.018

Phoungthong, K., Zhang, H., Shao, L.-M., and He, P.-J. (2016). Variation of the
Phytotoxicity of Municipal Solid Waste Incinerator Bottom Ash on Wheat
(Triticum aestivum L.) Seed Germination with Leaching Conditions.
Chemosphere 146, 547–554. doi:10.1016/j.chemosphere.2015.12.063

Rana, R., Ganguly, R., and Gupta, A. K. (2018). Indexing Method for Assessment of
Pollution Potential of Leachate from Non-engineered Landfill Sites and its
Effect on Ground Water Quality. Environ. Monit. Assess. 190. doi:10.1007/
s10661-017-6417-1

Singer, A. C., Bell, T., Heywood, C. A., Smith, J. A. C., and Thompson, I. P. (2007).
Phytoremediation of Mixed-Contaminated Soil Using the Hyperaccumulator Plant
Alyssum Lesbiacum: Evidence of Histidine as aMeasure of Phytoextractable Nickel.
Environ. Pollut. 147, 74–82. doi:10.1016/j.envpol.2006.08.029

Singh, S., Raju, N. J., Gossel, W., and Wycisk, P. (2016). Assessment of Pollution
Potential of Leachate from the Municipal Solid Waste Disposal Site and its
Impact on Groundwater Quality, Varanasi Environs, India. Arab. J. Geosci. 9,
1–12. doi:10.1007/s12517-015-2131-x
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