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ABSTRACT

The treatment of landfill leachate in constructed wetland systems is a common practice in
Europe. However, very few studies were made to evaluate their performance over a long
period of time. A free surface constructed wetland system consisting of sediment traps
followed by 10 ponds connected with overflows was built at Atleverket near Orebro, Sweden
in 2001. It receives pre-treated leachate from the municipal landfill. As part of the wetland
monitoring programme a large data set on the surface concentrations of 15 metals and 2
metalloids has been collected from different sampling sites within the wetland during the
operation period. In this study, the data from inlet and outlet of the wetland were compiled
and analysed. The aim of this paper is therefore to estimate the removal efficiency of metals
and metalloids using data on concentrations and flow and investigate the effect of wetland age
on removal pattern. The elements with the highest removal efficiency were Al, As, Ba, Ca,
Cr, Cu, Fe, Mn, Pb, V and Zn ranging from 95% for Pb to 65 % for Ca. The elements with the
lowest reduction were B, Co K, Mg, Ni and S ranging from Co 56 % to 40 % for S. It was
found that the removal efficiency was not related to inlet concentrations of the elements as the
elements with high and low inlet concentrations were found in both groups. Analysis of
reduction pattern also revealed that the group with higher removal efficiency showed fairly
constant outlet concentrations during the study period, while the elements with lower removal
efficiency demonstrated variable outlet concentrations. No statistical difference in removal
due to age of the wetland was found. The study results showed that the wetland system has
high removal efficiency of metals and metalloids and the removal pattern is not affected by
age of the wetland. The influence on reduction due to leachate characteristics, wetland design
and retention time will be discussed.
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1. INTRODUCTION

Landfilling of municipal solid wastes is a common practice of waste management in many
countries around the world[1]. Landfill leachates (LL) are produced due to different chemical
and biochemical reactions occurring in the waste. These toxic liquids contain large amount of
pollutants, some of which can be a threat to the health and environment if released into the
nature without any treatment. Based on [1]-[3] all pollutants in the LL can be classified into
four main groups: dissolved organic matter, inorganic macro-components, heavy metals, and
xenobiotic organic compounds. Usually LLs have high concentrations of total dissolved
solids, chemical oxygen demand (COD), biological oxygen demand (BOD) (with very low
BOD/COD ratio), ammonia, phenols, chloride, iron, manganese, arsenic, heavy metals such
as lead, cadmium, zinc or chromium but little or no phosphorus [4], [5]. Heavy metals and
metalloids presented in the LL can cause negative environmental effect on soil, surface and
ground water or even food chains.

There are many different treatment technologies available today for removal of the
contaminants from the wastewaters. They are biological, chemical and physical [3], [6].
Finding an efficient treatment method is one of the main tasks for landfill management. Due
to their reliability, simplicity and high cost-effectiveness, biological treatments are commonly
used for this purpose. Constructed wetlands (CW) have been widely applied for treating
different types of wastewaters, including sewage, storm waters, industrial wastewaters,
agricultural runoff, acid mine drainage and LLs [7]. They are cost efficient alternatives to a
conventional wastewater treatment plant. They can transform pollutants into harmless
compounds or even nutrients and they are easy to operate and maintain. CWs are able to treat
the wastewaters for decades. However, very few studies made to evaluate long-term
performance of the CWs. Therefore, it is of interest to look at their functioning and pollutants
removal over a long period of time.

There are different biological, chemical and physical processes included in metal removal in
constructed wetlands. They are sedimentation, sorption, precipitation, plant uptake and others.
The design of a wetland determines how wastewater will be treated and what mechanisms
will be involved [8]-[10]. Wetlands in which the wastewater flows horizontally over the
wetland sediment are called surface flow (SF) wetlands or free water surface (FWS) wetlands.
Incoming wastewater enclosing many dissolved and particulate pollutants slows down its flow
and dilutes with large area of shallow water with emerged and submerged vegetation [11],
[12]. Usually these wetlands work as advanced system for pre-treated wastewaters in lagoons,
trickling filters and activated sludge systems. FWS wetlands are suitable for all weather
conditions including northern territories. FWS wetlands can deal with changing water level.
Thus, they are the more favourable choice for leachate treatment than other wetland types.
Operating costs are usually also low if compared to other CW types.

Presently, there are a limited number of studies published about the possibility of CWs to
retain metals, metalloids from the LLs. Therefore, it is of great interest to study the behaviour
of metals and metalloids and sulphur in the LLs treated in a constructed wetland over
extended period of time. This study attempts to analyse the behaviour over the period of ten
years along with estimation of removal efficiency.
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2. MATERIALS AND METHODS

Atleverket landfill is a municipal landfill which has been in operation since 1978. It receives
all types of wastes (domestic waste, industrial waste, waste from the demolished buildings
and sludge from sewage treatment plant) but no classified hazardous waste. Currently, 4ha out
of 22ha of total landfill area are covered. Even though the wetland was not designed with the
major aim of removing heavy metals and metalloids, and the target elements were nitrogen
and organic materials, it has the potential to sequestrate these pollutants as has been shown
previously [13], [14].

The Atleverket treatment wetland for landfill leachate in Orebro, Sweden was constructed in
2001. The wetland covers 8 ha. It consists of sediment traps followed by a series of ten ponds
with surface flow connected with overflows. Before discharging leachate to the wetland, it is
pre-treated in an aeration lagoon which also evens out the flow to the wetland system. Some
parts of the pre-treated leachates go to the municipal sewage treatment plant (STP) while
others are pumped into the wetland system. In 2005, three sludge/sediment traps were
installed at the inlet. The sediment from ponds 1 and 2 were dredged up several times and
kept in a dewatered pond. Landfill leachate, after being treated in the wetland, is discharged
into a nearby river [13], [14].

The data measurements were taken every month and reveal a wide range of metals in LL. In
this study the concentrations of metals and metalloids in the inlet and outlet and not within the
wetland were taken for analysis. Two years have been excluded from the analysis as they did
not have complete data about the flow. In addition, the values with a flow less than
250m*/month were not included in the analysis. Therefore, the data used in this work included
metals and metalloids concentrations during ten years starting from 2003 to 2012 at two
different sites, inlet and outlet. The data comprised the following metals: aluminium (Al),
barium (Ba) , calcium (Ca), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), potassium
(K), magnesium (Mg), manganese (Mn), nickel (Ni), lead (Pb), vanadium (V) and zinc (Zn),
two metalloids: arsenic (As) and boron (B) and sulphur (S).

The following equation was used to calculate the load:

Ci*Q
Load = —— (1
oa y (D

where:

C; — concentration of a chemical in the inlet (g/m°)
Q - flow in the inlet, m%year

A — wetland area [15]

The statistical analysis of the data was conducted using STATISTICA 7 software package
developed by StatSoft® Scandinavia AB, Uppsala, Sweden. Statistical significance between
inlet and outlet metal and metalloid concentrations was assessed. Factorial analysis of
variance (ANOVA) was selected as a valuable way for evaluating the influence of time on
metal concentrations in two different sites, inlet and outlet. The significance level used for all
tests was set at p<0.05.

It was noted that two cases contained atypical values which did not fit the general trend. They
contained six and four extreme values respectively. The first case was sampled in May 2007
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and contained unlikely values for such elements like Al, As, Ba, Cu, Fe and Zn. The second
case was sampled in October 2011 and had extremely high values for Al, As, Fe and Pb. After
more detailed analysis these two entire cases were excluded from the examination and they
were defined as outliers.

As the wetland retention time is 6-12 months it was decided to analyse a possible change in
concentrations with time and the removal efficiency by dividing the data into three time
groups: early stage (2003-2005), mid stage (2006-2009) and late stage (2010-2012).

3. RESULTS AND DISCUSSIONS

Before applying the statistical test an assumption about the normality of the data was checked
using the probability-probability plots. After excluding two cases with atypical concentrations
mentioned above all points for each element fell onto the diagonal line proving the normality.

3.1 General removal trend

The removal efficiency over the whole period of ten years for each element was calculated for
concentrations and mass. All concentrations are given in mg/l, mass is given in kg if other not
stated. The results demonstrate that different elements have been retained with various
efficiency rates. The lowest removal was indicated for Mg with 34%. S, K, B and Ni had low
removal rates as well with the numbers 40%, 41%, 42% and 45% respectively. The highest
removal appeared to be for Pb (95%). Fe (93%), Vn (93%), Zn (92%), Mn (88%) and Al
(87%) had also high efficient removal coefficient (see Table 1). It shouldalso should be noted
that the influent concentration for all elements varies greatly. Using the total volume of water
entering and going out of the wetland system the dilution was calculated for the whole period.
It appeared to be 14%.

Table 1 Metal, metalloid and sulphur removal for concentration and mass during 2003-2012

Elemen Inlet (n=48) Outlet (n=144) Removal, %

t Mean + SD, mg/I Mass, kg Mean+SD, mg/| Mass, kg For Conc. For Mass
Al 1.377+0.814 670.0 0.158+0.195 87.8 89 87
As 0.014+0.005 6.7 0.002+0.001 1.0 86 85
Ba 0.213+0.083 103.8 0.031+0.017 17.0 85 84
B 1.724+0.411 838.8 0.881+0.344 490.6 49 42
Ca 171.877+41.179 83.7 52.773+16.806 29.47 69 65
Co 0.014+0.005 7.0 0.006+0.004 3.1 57 56
Cr 0.049+0.024 23.6 0.007+0.005 3.9 86 83
Cu 0.033+0.014 16.0 0.006+0.003 3.7 82 77
Fe 8.963+4.549 4.4 0.518+0.579 288.7 94 93
K 222.357+66.243 108.27 113.960+47.927 63.6° 49 41
Mg 44.209+11.365 215 25.327+8.484 14.17 43 34
Mn 2.271+0.798 117 0.236+0.303 131.6 90 88
Ni 0.043+0.011 20.9 0.021+0.009 11.5 51 45
Pb 0.008+0.004 4.1 0.0004+0.00 0.2 96 95
S 43.730+11.380 21.3" 22.717+8.642 12.7° 48 40
Vv 0.016%0.007 7.6 0.001+0.001 0.5 94 93
Zn 0.199+0.089 96.9 0.014+0.017 1.7 93 92

Total inflow, m®/year 486692 (43494 27507 48088 81235 24575 57283 29571 51724 68691 84095)
Total outflow, m3/year 557122 (59474 50445 52596 68577 36303 5987 54617 52570 73737 102816)

Dilution, % 14

* - the concentrations are given in tons
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Dilution could be a reason for pollutant depletion [16]. Thereby, it was quantitatively
estimated over the whole period of time. The level appeared to be 14%. It is a relatively low
value which allows to conclude that the removal of the pollutants occur due to additional
mechanisms within the wetland and not solely due to high dilution. In an earlier study of
Atleverket CW during 2003-2006 the level of dilution was 15% [13].

The outcome from statistical analysis has showed that the elements studied can be divided
into two groups based upon outlet concentration. The first group (GROUP 1) had a pretty
steady concentration line in the outlet no matter how different the concentration varied in the
inlet. These elements were Al, As, Ba, Ca, Cr, Cu, Fe, Pb, V, Zn, and Mn. Four elements are
given as an example of such trend and presented in

Figure 1. As and Cu represent elements with low loading concentrations while Ca and Fe
have high loading concentrations.
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Figure 1 Inflow and outflow concentrations in CW during 2003-2012. GROUP 1

The second group (GROUP 2) also shows a reduction in the outlet concentration when
compared to the concentrations in the inlet for all metals, metalloids and sulphur during the
period under consideration. However, the average concentrations in the outlet have higher
fluctuations when compared to GROUP 1. The following elements belong to this group: B,
Co, K, Mg, S and Ni.
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Figure 2 gives an overview how the overall trend occurs for GROUP 2 by the example of Co,
Ni (low loading concentrations) and Mg and K (high loading concentrations).

ANCVA for the whole pericd 2003-2012, p=0,0000 ANCVA for the whole pericd 2003-2012, p=0,0000
Vertical bars denote 0,95 confidence intervals Vertical bars dencte 0,85 confidence intervals
0,030 80
0,025 v
[:01]
0,020
B0
B 0.015 =
i =
o d 254
= c
3 0010 s
20
0,005
20
0,000
10
0,005 o
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 EID"E‘E‘ 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 E'D"“:-It
N 'I' —ﬁ- utlet
YEAR YEAR
AMNOVA for the wheole period 2003-2012, p=0,00284 AMOWVA, for the whole pericd 20023-2012, p=0,0000
Vertical bars denote 0,95 confidence intervals Vertical bars dencte 0,85 confidence intervals
0.08 400
0.07 350
200
0.08
250
0.05 e
E] 2 200
E E &
= § 0.04 i
s 5 150
o o
0.03
100
0.02 =0
0.01 o
0.00 =0 =
2003 2004 2005 200 2007 2008 2005 2010 2011 2012 o Inlet 2003 2004 2005 2006 2007 2008 2005 2010 2011 2012 Inlet
“@- Cutlet —&- Outlet
YEAR YEAR

Figure 2 Inflow and outflow concentrations in CW during 2003-2012. GROUP 2

The effluent concentration removal efficiency remained fairly constant over the whole period
for As, Al, Ba, V, Pb and Fe. This implies that CW tends to function approximately the same
for removal these metals and metalloids. For B, Ca, Cu, Co, Cr, K, Mg, Ni, S and Zn
concentration in the outlet was higher during 2006-2009 than the other years.

3.2 The effect of the wetland age on the removal pattern

The data were divided in to three time groups: early stage, mid and late stage accordingly.
Early stage included the years 2003-2005, mid stage group 2006-2009 and the late stage
group included all the four remaining years 2010-2012. The statistical analysis has shown a
statistically significant reduction in concentration in all three groups for all elements.

Since 2006 (mid stage group) there was a statistically significant increase in the receiving
concentration for such elements as Al, Pb, Cu, As, Ba, Zn, S, Mn and Fe. For Ca and V the
incoming concentration remained at almost the same level as in the early stage group. The
mid stage group had a decrease in the incoming concentration for the following metals: Co, B,
Ni, Mg and K. The late stage group can be characterised as decline in the incoming
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concentration for almost all elements but S when compared with the mid stage group. Sulphur
unlike the others in its group (late stage) has shown a slight raise in concentration in the inlet.
In spite of the variation in the input concentrations the wetland system managed to reduce the
amount of contaminants to a certain level in all three age groups.

In figure 5 the above described trend is shown by the example of Al, K, Fe, Mg, Co and Ni.
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Figure 3 Metal and metalloid concentrations at two different sites (inlet and outlet) during
different time groups. Al, Fe and Co belong to the elements of GROUP 1 in

Figure 1 and the elements K, Mg and Ni belong to the elements of GROUP 2 presented in
Figure 2. K and Mg are metals that occur in high concentration Co and Ni are metals with
low concentration.
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The overall trend analysis has shown that the concentrations in the outlet maintain at the same
level disregarding the variations in the inlet. Even though the heavy metals and metalloids are
not the major environmental concern in the landfill leachate [1] and the Atleverket wetland
was not specially designed for removal those pollutants it is interesting to notice that wetland
sequestrates these elements to a great extent. The evidence for this phenomenon is high
percentage of removal rates for almost all elements. Analytes’ concentrations were
significantly lower in the outlet compared to the inlet.

Removal rates were calculated using concentrations and mass in the inlet and outlet. The
results have shown high retention for 11 out of 17 elements. Among them were lead (95%),
vanadium (93%), and zinc (92%). These elements tend to have the highest retention.
However, for these compounds loading concentrations were very low and the measured
concentrations in the outlet were very often below the detection limit. Therefore, for the
computations in the current study, half of the detection limits were used for concentrations
below the detection limit. Due to this fact it can be concluded that the removal estimation of
these metals is hypothetical. Hence, the highest removal rates were achieved for Fe (93%)
followed by Mn (88%). Also, a large portion of Al (87%), As (85%), Ba (84%) and Cr (83%)
were retained in the constructed wetland system. The coefficient of variation (CV) in the
outlet for Fe, Mn, Al and Zn was above 100%. This indicates that the elements have high
variability in mean values in the effluent. Also, it can be concluded that these pollutants
behave in similar way. The lowest retention rate appeared for Mg (34%) next comes S (40%),
K (41%), B (42%) and Ni (45%). For all the others elements the removal efficiency was
above 50%.

Grouping analysis indicated that the loading concentration in the influent for the elements
such as B, Ca, Ni, K, Mg, Cr and Co gradually decreased in every next time group and as a
result, declined by the end of the period under review. While for the other compounds like Al,
Fe, Cu, Mn, Pb, Zn, Ba and As the incoming concentrations increased during the 2005-2008
(mid stage) and declined in the last years 2009-2012 (late stage). In contrast, the
concentration of S at the inlet increased with time.

3.3 Comparison with maximum permissible standards

There are no maximum permissible concentrations (MPC) established for metals, metalloids
and sulphur in freshwater in Sweden using risk assessment methodology. However, it was
interesting to compare the obtained results with basic environmental quality standards for
freshwater as the effluent is discharged onto the nearby river. The Dutch limits were chosen
as a benchmark. [17] presents in their study MPCs in the environment which are used by the
Dutch government for deriving environmental quality standards. The MPCs were compared to
the mean and maximum concentrations in the effluent of Atleverket CW. However,
determined MPCs was only available for 9 out of 17 analysed elements. These elements were
As, Ba, Cr, Co, Cu, Pb, Ni, V, Zn. The results are presented in Table 2 and they demonstrate
that for some elements these numbers exceeded both mean and max concentrations in the
outlet, these elements are Co, Cu, Ni and Zn. However, it should be noted that the
concentrations for Zn were below the detection limits in the last two years, 2011 and 2012 of
the study. For Cr maximum concentration in the outlet was higher than the one suggested
limit by Dutch study while the mean value was below this number. Moreover, it is important
to take into account the background concentrations of metals, metalloids and sulphur may
vary in different geographical areas depending upon for example bedrock and adaptations of
the ecological communities.
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Some studies explain the occurrence of a background concentration. It may happen when the
wetland is large compared to loaded contaminated water what leads to the outflowing
concentration displayed as a plateau where no further reduction has place. The reasons for this
may be that some contaminants are resistant to accumulation in the wetland or that
phytoplankton can contain some particles which can be also released into the water. Different
natural processes occurring in the wetland can contribute to the pollution of the wetland and
cause the occurrence of the background concentration in it [18], [19].

Table 2 Comparison of the metals, metalloids and sulphur concentrations at the outlet of
Atleverket CW with Dutch maximum permissible concentrations

Element Outlet (n=144) Mnfgjl '
Mean+SD, mg/l Range (min-max), mg/Il CV, %
Al 0.158+0.195 0.005-0.870 123.9 -
As 0.002+0.001 0.0002-0.004 53.4 0.025
Ba 0.031+0.017 0.005-0.075 56.1 0.22
B 0.881+0.344 0.150-1.80 39.0 -
Ca 52.773+16.806 17.0-110.0 31.8 -
Co 0.006+0.004 0.0014-0.018 63.8 0.0028
Cr 0.007+0.005 0.0019-0.020 65.7 0.0087
Cu 0.006+0.003 0.00005-0.016 49.3 0.0015
Fe 0.518+0.579 0.071-3.90 111.8 -
K 113.960+47.927 9.20-250.0 42.1 -
Mg 25.327+8.484 7.40-54.0 33.5 -
Mn 0.236+0.303 0.018-1.80 128.1 -
Ni 0.021+0.009 0.0048-0.049 44.6 0.0051
Pb 0.0004+0.00 0.00025-0.002 72.5 0.011
S 22.717+8.642 5.0-48.0 38.0 -
\Y 0.001+0.001 0.000025-0.003 75.3 0.0043
Zn 0.014+0.017 0.00025-0.150 121.9 0.0094

**MPC — maximum permissible concentrations (mg/l) for fresh water in the Netherlands,
obtained from [17]

3.4 Analysis of the high removal of metals and metalloids in the Atleverket CW

There are many potential major removal mechanisms for metal and metalloids in a wetland
[15]. A previous study, using data from 2003-2006 of the wetland, has shown that many of
them are removed to a large extent already in the first part of the wetland system where
sediment traps and a large pond treating 1/3 of the wetland volume is located[13].
Concomitantly a large part of the total solids (TS) is reduced. In this part of the wetland the
largest concentration of metals in the sediment has also been measured [14]. Sulphur may also
serve an essential role in formation and storage of metal sulphides.

In case of iron, which is usually one of the target elements for removal from the landfill
leachates, the great retention may be expected. In a surface flow constructed wetlands are
usually a good tool and more effective than subsurface CW because of aerobic conditions
which improve iron precipitation. The studies published earlier, show similar results with
large iron reduction in constructed wetlands for LL treatment [12], [20]-[22]. While
manganese is an essential element for plants vital functioning, in high concentrations it may
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be toxic to some organisms. Previous studies have stated that manganese has low removal rate
as it goes through CW and [15], [23], [24] mention 54% as average reduction rate in FWS
wetlands. However, in this study Mn was retained to a large extent equal to 88%. Aluminium
is toxic to many species of algae while wetland invertebrates and macrophytes are more
resistant to high Al concentrations. Al can form insoluble compounds which lead to oxides
and hydroxides formation. Sediments are usually rich in Al. The aluminium sludge may be
used for phosphorous removal [25], [26]. The Atleverket CW retains this element to a large
extent, 87%. Other sources also give large numbers of removal, over 90% [15], [22], [23]. Cr
removal in this study is 83%, which is comparable with the results found in studies made by
[20] and [21]. The reduction of copper was 77% and [9], [22], [27] stated similar results in
their studies. CW systems are usually not very effective for such metals as Ni [9], [22], [27].
Ni can be toxic in high concentrations. Plants have the potential to accumulate Ni in their
tissues with high values in their roots. Sediments can also contain large amount of Ni.
However, usually this capacity is not utilized due to low loading to the wetland. Ni very often
co-precipitates with iron and manganese hydroxides and oxihydroxides [15], [22]. In
Atleverket CW the removal was 45%. Diverse information was found about retention of lead.
[15] states that CWs remove Pb from wastewaters by accumulating it in sediment. However,
it will not work effectively if the influent concentration is the same or less than background
concentration. In the present paper the concentration in the outflow was often below the
detection limit. This means that high removal efficiency with 95% which the results showed is
uncertain. Usually calcium, potassium and magnesium are not a threat to the environment
even if they present in surface water in high concentrations.

4. CONCLUSIONS

The results from this study indicated that constructed wetland could be a useful tool for the
removal of various metals and metalloids even though these elements are not the major
targets. However, at the same time it seems that some elements, such as magnesium, boron,
sulphur and nickel, are not retained very efficiently (the removal efficiency is less than 50%).
Some metals (Pb, V, Ba, Zn) showed outlet concentrations below the detection limits, but low
concentrations do not eliminate environmental threats, as many compounds can be assumed to
be hazardous even in small amounts and negative effects are often caused by multiple and
synergistic effects (Oman and Junestedt, 2008). Also, pre-treatment of the landfill leachates in
the aerated lagoon is a good decision for increasing retention of some elements like the oxide
formers Fe and Mn.

The study showed that Atleverket constructed wetland is an effective sink for metals and
metalloids and it continues to show good removal performance for the elements measured in
landfill leachates during a decade of operation.
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