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Abstract
In this study, the efficiency of electrochemical oxidation to treat a sanitary landfill leachate was evaluated by the reduction in
physico-chemical parameters and in ecotoxicity. The acute toxicity of the sanitary landfill leachates, before and after treatment,
was assessed with the model organism Daphnia magna. Electrochemical oxidation treatment was effective in the removal of
organic load and ammonium nitrogen and in the reduction of metal ions concentrations. Furthermore, a reduction of 2.5-fold in
the acute toxicity towards D. magna after 36 h of treatment was noticed. Nevertheless, the toxicity of the treated leachate is still
very high, and further treatments are necessary in order to obtain a non-toxic effluent to this aquatic organism. Toxicity results
were also compared with others described in the literature for different leachate treatments and test organisms.
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Introduction

Sanitary landfill leachates (SLL), due to its composition, are
an important environmental problem with known toxic ef-
fects towards wildlife and human health (Öman and
Junestedt 2008; Eggen et al. 2010). The efficient treatment

of these effluents to effectively eliminate combined toxicity
is one of the greatest challenges in waste management.
Conventional biological processes, the most cost-effective
processes for wastewater treatment, have shown to be insuf-
ficient for the treatment of SLL. Therefore, the application
of less conventional technologies and integration of differ-
ent treatment processes to deal with such effluents is, now-
adays, an important topic of research.

Among the emerging technologies developed for land-
fill leachates treatment, electrochemical oxidation (EO)
has received great attention due to its effectiveness and
ease in operation (Martínez-Huitle and Ferro 2006; Rao
and Venkatarangaiah 2014; Martínez-Huitle et al. 2015).
There are several studies describing the application of EO
for SLL treatment with promising results, being boron-
doped diamond (BDD) the most intensively studied anode
material (Anglada et al. 2009; Sirés et al. 2014; Fernandes
et al. 2015). Anglada et al. (2010) reported chemical ox-
ygen demand (COD) and ammonia nitrogen removals of
100% when applying EO for SLL treatment, using BDD
anodes. In addition, Panizza and Martinez-Huitle (2013)
achieved similar results using the same anode material.
Fernandes et al. (2014) described the increase in the bio-
degradability index and the removal of metals from land-
fill leachates, due to its deposition on the cathode surface,
during EO treatment.
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EO presents very good results in the elimination of organic
load and ammonia, being the later identified as a major toxic
constituent present in landfill leachates (Thomas et al. 2009).
However, the influence of the EO treatment in the toxicity of
the leachates is not well known, since the removal of contam-
inants might not always correspond to a quantitative reduction
of the toxic effects. Due to the complex nature of the waste
and to the processes taking place within landfills, physico-
chemical and biological parameters, such as COD, biochem-
ical oxygen demand (BOD5), total organic carbon (TOC), and
ammonia, the most commonly used to evaluate effluent qual-
ity after treatment, are not sufficient to evaluate the toxicity to
organisms, caused by these effluents (Ma et al. 2005). Thus, to
better characterize the toxicity removal potential of a given
treatment, ecotoxicological tests with aquatic organisms
should be performed (Ma et al. 2005).

Some authors already used bioassays with aquatic organ-
isms to evaluate the toxicity profile of electrochemical oxida-
tion technologies for effluent treatment (Ghosh et al. 2017).
Anglada et al. (2011) assessed the acute ecotoxicity of a land-
fill leachate, before and after an EO treatment with a BDD
anode, using the luminescent marine bacteria Vibrio fischeri,
and the authors have found a decrease in the toxicity.
However, data on the efficiency in toxicity removal during
electrochemical oxidation of SLL using freshwater inverte-
brates is limited. Hence, this work aims to fill this gap by
evaluating the ecotoxicity of the treated leachates towards
Daphnia magna. This organism is a small freshwater crusta-
cean that feeds on green algae, being at the bottom of the food
web and thus plays a key role in the ecosystems’ health. Due
to its short lifespan, easiness of rearing, and reproduction by
parthenogenesis, it is widely used as a model species in eco-
toxicological tests being recommended by the major interna-
tional organizations, namely American Society for Testing
and Materials (ASTM), Organisation for Economic Co-
operation and Development (OECD), and International
Organization for Standardization (ISO).

The aims of this work were to assess the toxicity of sanitary
landfill leachates treated by EO, using a BDD anode, and to
evaluate the efficacy of the treatment method in the simulta-
neous reduction of organic load, metal ions, and toxicity to-
wards the model species Daphnia magna (Straus, 1820).

Materials and methods

Sample characterization

The sanitary landfill leachate used in this study was collected
from an intermunicipal sanitary landfill facility. This site,
which serves a population of over 368,000 inhabitants in 19
municipalities, has an onsite facility that comprises two re-
verse osmosis systems followed by a stripping column and

is capable of treating up to 175 m3 of leachate daily. The
leachate sample was collected from the homogenization tank,
before any kind of treatment, and its main characteristics are
presented in Table 1.

Electrodegradation experiments

The EO experiments were conducted in batch mode, with
stirring, using 300 mL of leachate at natural conditions. A
commercial Si/BDD anode (20 cm2), purchased from
Adamant Technologies, and a stainless-steel cathode
(20 cm2) were utilized as electrodes, being the inter-gap
0.5 cm. Electrolyzes were performed at an applied current
density of 700 A m−2, using a GW, Lab DC, model GPS-
3030D (0–30 V, 0–3 A) as power supply. Assays had dura-
tions of 4, 8, 12, 16, 20, 24, 28, 32, and 36 h, and in all trials,
samples were collected every 4 h, in order to perform analyt-
ical determinations and monitor the experiments.

All the EO assays were performed at least in duplicate. The
values presented for the parameters used to follow the assays
are mean values.

Toxicological assays

Test organism—Daphnia magna (Straus, 1820)

The freshwater crustacean D. magna cultured in the laborato-
ry, under standardized conditions, was used to perform the

Table 1 Characterization of the sanitary landfill leachate sample used in
the experiments

Parameter Mean value (±SD)

COD/g L−1 11.9 ± 0.7

BOD5/g L
−1 1.62 ± 0.07

BOD5/COD 0.14

TC/g L−1 9.0 ± 0.2

TOC/g L−1 4.9 ± 0.1

IC/g L−1 4.1 ± 0.1

TN/g L−1 4.7 ± 0.3

TKN/g L−1 4.4 ± 0.2

N-NH3/g L−1 3.9 ± 0.2

Chloride/g L−1 7.2 ± 0.3

Nickel/mg L−1 1.32 ± 0.06

Zinc/mg L−1 0.65 ± 0.01

Lead/mg L−1 0.30 ± 0.02

Cadmium/mg L−1 0.069 ± 0.003

Acute toxicity (EC50(48 h)/TU) 1.01%/98.6

pH 8.4 ± 0.1

Conductivity/mS cm−1 48.3 ± 0.6

SD standard deviation, TU toxic units (TU = 100/EC50, 10 < TU< 100:
very toxic (Pablos et al. 2011))
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toxicological assays. In short, adult females of D. magna (30
individuals per 1-L jar) were maintained in ASTM (American
Society of TestingMaterials) hard water under controlled tem-
perature and light conditions (T = 20 ± 1 °C; photoperiod:
12:12 h light/dark). The daphnids were fed daily with a sus-
pension of the green algae Raphidocelis subcapitata (3.0 ×
105 cells mL−1), and the culture media (supplemented with
seaweed extract) was changed three times per week. Prior to
the performance of the test, adult daphnids were isolated and
maintained in 100-mL glass beakers under the same standard
conditions. The 3rd to the 5th broods were used to perform
toxicity tests, whereas the animals from the 6th brood were
used to start new cultures.

D. magna test validation

OECD Guideline 202 (2004) recommends a test with a refer-
ence substance (such as potassium dichromate), preferably,
every month and at least twice a year in order to assess the
sensitivity of the organisms. Hence, prior to the tests with the
real samples, a 24-h acute toxicity test with K2Cr2O7 was
performed. Six different concentrations of K2Cr2O7 were pre-
pared in ASTM water and tested in quadruplicate alongside a
control (ASTM water). For each replicate, 5 neonates with
less than 24 h were exposed to the test solution during 24 h.
After this exposure period, the number of immobilized
daphnids was registered and the concentration responsible
for 50% of immobilization (EC50) calculated using the
Sigmaplot software package (v12.5).

Acute toxicity tests

The acute toxicity tests were performed in neonates with less
than 24 h from the 3rd to the 5th brood in accordance with the
OECD Guideline 202 (2004). Five replicates, with five neo-
nates each, were tested on a set of dilutions (0.5, 1, 1.5, 2, 2.5,
and 3%) of each treatment with different duration (4, 8, 12, 16,
20, 24, 28, 32, 36 h) and for the untreated effluent (raw sam-
ple, t = 0 h). Immobilized daphnids were registered after 24
and 48 h of exposure and EC50 calculated. All the tests were
performed within 1 week of the EO treatment and the treated
samples were maintained under dark conditions at 4 °C.

Physicochemical determinations

The samples collected before, during, and after the
electrodegradation assays were analyzed, according to the
procedures described in the Standard Methods (Eaton et al.
2005), for the following parameters: COD, BOD5, TOC, total
carbon (TC), inorganic carbon (IC), total nitrogen (TN), total
Kjeldahl nitrogen (TKN), and ammonia nitrogen (N-NH3).

COD determinations were made using the closed reflux
titrimetric method adapted to samples containing high

concentrations of chloride (Freire and Sant’Anna 1998;
Eaton et al. 2005). The digestion of the samples occurred in
strongly acid solution with a known excess of potassium di-
chromate, with addition of a silver compound as catalyst, to
promote the oxidation of resistant organic compounds, and
mercury sulfate, to reduce interferences from the oxidation
of chloride ions. The sample closed reflux digestion was per-
formed in a thermoreactor Merck Spectroquant TR 420, dur-
ing 2 h at 150 °C. After digestion, the remaining unreduced
dichromate was titrated with ferrous ammonium sulfate, using
ferroine as indicator, to determine the amount of dichromate
consumed, which is equivalent to the amount of oxygen re-
quired to oxidize the organic matter.

The BOD5 was evaluated by the respirometric method,
which provided the direct measurement of the oxygen con-
sumed by microorganisms from an air-enriched environment,
after 5 days of incubation, in a closed vessel, under conditions
of constant temperature (20 ± 1 °C) and stirring. Manometric
respirometers that relate oxygen uptake with the change in
pressure caused by oxygen consumption at constant volume
were used. The assays were performed in a WTW Oxitop IS
12 Inductive Stirring System, in a WTW TS 606-G/2-i
Thermostat Cabinet, using lyophilized biomass PolySeed,
commercially available.

A Shimadzu TOC-VCPH analyzer combined with a TNM-
1 unit was used to measure TC, TOC, IC, and TN. TKN and
N-NH3 were determined according to standard procedures
using a Kjeldatherm block-digestion-system and a Vapodest
20-s distillation system, both from Gerhardt.

Nitrate, nitrite, chloride, chlorate, and perchlorate ions con-
centrations were determined by ion chromatography, using a
Shimadzu’s Prominance LC-20A system with a Shimadzu
CDD 10Avp conductivity detector, equipped with an IC I-
524A Shodex (4.6 mm ID × 100 mm) anion column. The
mobile phase was an aqueous solution of 2.5 mM of phthalic
acid, at pH 4, with a flow rate of 1.5 mL min−1. Column
temperature was 40 °C.

Nickel, zinc, lead, and cadmium concentrations were
determined by flame atomic absorption spectrometry
using a Perkin Elmer AAnalyst 800 spectrometer. The
sample preparation followed a procedure adapted from
Standard Methods (Eaton et al. 2005) and Sabejeje et al.
(2014) that includes an HNO3/HCl acid digestion. Thus,
5 mL of HNO3 was added to 50 mL of leachate sample
and the mixture was heated to boiling and evaporated to a
final volume of 20 mL. After cooling, 5 mL of HNO3 was
added to the remaining 20 mL of the mixture sample, the
beaker was covered and, in the hot plate, temperature was
increased until a gentle reflux occurred. When a clear
solution was observed, indicating complete digestion of
the sample, the mixture was removed from the hot plate.
After cooling, 2 mL of HNO3 was added to the mixture
sample and heated until complete dissolution of the
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precipitate. After cooling, 10 mL of a HCl solution (5 mL
of HCl 37% + 5 mL of ultrapure water) was added to the
mixture sample. The beaker was covered and returned to
the hot plate where it stayed in a gentle reflux during
30 min. After cooling, the sample was filtered, transferred
to a 50-mL plastic volumetric flask, and diluted with ul-
trapure water, obtained with Milli-Q® equipment. Each
sample was prepared and analyzed three times.

The pH was measured using a HANNA pH meter (HI
931400). The conductivity was determined using a Mettler
Toledo conductivity meter (SevenEasy S30K).

Results and discussion

Figure 1a, b presents, respectively, COD and carbon decays
along EO treatment. Until 16-h treatment, a regular linear
decay in COD and carbon content is observed, pointing to a
high mineralization degree of the easily oxidized species pres-
ent in the sample. This regular linear decay, typical of an
electrochemical reaction controlled by electrical current, was
expected and can be explained by the high COD values pre-
sented by the landfill leachate in the first hours of the assay,
which are higher than critical COD, according to medium
mass transfer coefficients presented in literature for leachate
samples (Anglada et al. 2011; Fernandes et al. 2012). For
longer treatment times, pollutant’s concentration significantly
decreased and a different decay behavior is observed, since the
electrochemical reaction is mainly controlled by the diffusion
of the species undergoing degradation towards the electrode
surface. The treatment time was prolonged until the COD of
the treated solution was below the legal Portuguese discharge
limit (150 mg L−1). Thus, after 36-h treatment, COD, TOC,
and IC values were, respectively, 54, 33, and 230 mg L−1,

being most of the carbon content in the form of inorganic
carbon.

From Fig.1b, it can be seen that, despite similar TOC and
IC initial concentrations, TOC removal rate is slightly higher
than IC removal rate, which points to a low net formation rate
of inorganic forms of carbon that remain in solution, such as
carbonates. This is corroborated by the high decrease in TC
that points to a high mineralization degree, with formation of
carbon volatile compounds, such as CO2.

Figure 1a (inset) contains the values of the biodegradability
index (BOD5/COD) obtained. There are no significant differ-
ences in the biodegradability index in the first 20-h treatment.
However, after that time, the biodegradability index increased
exponentially, reaching the value of 0.84 after 36-h treatment.
The small variation observed up to 20-h treatment can be
explained by the high pollutants’ concentration in the first
hours of the assay and by the formation of non-
biodegradable intermediates, such as organochloride com-
pounds. By continuing the oxidation process, more oxidized
intermediates are formed, such as short-chain carboxylic acids
that are easily biodegradable and are known to be present in
the final stage of EO treatment (Panizza and Cerisola 2009;
Brillas and Martínez-Huitle 2015).

Regarding nitrogen forms evolution, presented in Fig. 2a, a
regular linear decay for ammonia nitrogen is observed, being
this nitrogen form inexistent at 36-h assay. According to liter-
ature, considering the high chloride concentration present in
the leachate, ammonia nitrogen removal should occur mainly
through indirect oxidation, originating nitrogen gas and nitrate
(Pérez et al. 2012). As can be seen in Table 1, about 83% of
the initial total nitrogen was in the form of ammonia nitrogen
and the remainder in the form of organic nitrogen. During the
36-h EO treatment, 80% of total nitrogen was removed, and,
at the end of the treatment, all nitrogen present in solution was

Fig. 1 a COD decay and (inset) biodegradability index evolution. b TC,
TOC, and IC decays along EO treatment performed at the following
conditions: volume of landfill leachate—0.3 L; anode—BDD plate with

20 cm2; cathode—stainless steel plate with 20 cm2; distance between
electrodes—0.5 cm; applied current density—700 A m−2; natural pH
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in the form of nitrate, with a concentration of 3.8 g L−1. No
nitrite ions were detected during the EO treatment. Thus, it can
be assumed that ammonia nitrogen was converted into nitrate
and oxidation of organic matter yielded ammonia, which was
then oxidized to nitrate. This assumption was reported in a
previous study (Anglada et al. 2011). In addition, attending
to the amount of nitrate formed during the assays, it can be
concluded that nitrogen removal preferentially took place by
the formation of nitrogen gas, since the amount of N-NO3

−

produced is quite inferior to the TN removed. This observa-
tion is in accordance with literature, which states that at high
chloride concentration, the formation of nitrogen gas is fa-
vored (Pérez et al. 2012).

When chlorine species are analyzed (Fig. 2b), it can be seen
that chloride concentration linearly decreases during EO treat-
ment, being inexistent after 28 h, which is due to the formation
of other chlorine species. Chloramines, considered as very
toxic substances, are, according to literature, produced during
the first hours of EO treatment, due to the presence of ammo-
nia and free chlorine in solution, being eliminated at the end of
the assay (Pérez et al. 2012). Despite chloramines were not
monitored in the present work, their presence in solution can
be excluded after 36-h treatment, since all nitrogen was in the
form of nitrate. Other undesirable chloride oxidation by-prod-
ucts, referred in literature, are chlorate and perchlorate (Pérez
et al. 2012), monitored in the present work, being the results
presented in Fig. 2b. Chlorate formation occurred during the
EO treatment; it increases with time, achieving a maximum at
24-h assay, and then decreases, being completely eliminated at
32-h assay. Regarding perchlorate concentration, it was ob-
served that it increased with time, at higher formation rate than
chlorate, achieving a plateau after 24-h assay, meaning that it
is a stable end-product of the chloride oxidation in the pres-
ence of BDD anodes, as previously reported (Pérez et al.

2012). The perchlorate concentration at 36 h of EO treatment
was approximately 7 g L−1.

Since landfill leachates can contain metals in its com-
position (Öman and Junestedt 2008; Eggen et al. 2010),
some of them with toxic effects, the concentration of the
most relevant heavy metals usually found in leachates was
determined before and during the EO treatment. Nickel
and zinc were chosen from the group of essential metals,
and lead and cadmium were selected from non-essential
metals. Figure 3 presents the heavy metal decay along EO
treatment. For the essential metals (Fig. 3a), which exist
in higher concentrations in the leachate, a marked de-
crease in its concentration can be observed, due to cathod-
ic reduction. For the toxic metals lead and cadmium (Fig.
3b), despite the low concentrations found in the leachate,
a decrease in its concentration was also attained, being
this decrease by one order of magnitude for lead.

Regarding ecotoxicity tests, they were validated by
accessing the sensitivity of the daphnids using the reference
substance potassium dichromate. The EC50 value obtained
(0.873 mg L−1) is within the recommended range (0.6–
2.1 mg L−1) (OECD/OCDE 2004), and the mortality in the
control was always lower than 10%. After verifying the
sensitivity of the organisms, a series of range finding tests
were performed, to access the leachate concentrations to be
used in the subsequent toxicity tests. It was concluded that
leachate dilutions above 3% (corresponding to 3% leachate,
97%ASTM) were responsible for 100%mortality, and thus,
concentrations below this value (0.5, 1, 1.5, 2, 2.5, and 3%)
were tested. Table 2 and Fig. 4 depict the obtained results.
After 48 h of exposure, the initial non-treated leachate (cor-
responding to 0 h) is toxic towards Daphnia with an EC50

close to 1%, which according to the toxicity classification
based on toxic units (TUs) reported by Pablos et al. (2011)

Fig. 2 a TN, N-NH3, NO3
− (nitrate concentration), and N-NO3

−

(nitrogen concentration in nitrate form). b Chloride, chlorate, and
perchlorate evolution along EO treatment performed at the following

conditions: volume of landfill leachate—0.3 L; anode—BDD plate with
20 cm2; cathode—stainless steel plate with 20 cm2; distance between
electrodes—0.5 cm; applied current density—700 A m−2; natural pH
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corresponds to a very toxic effluent and very close to be
considered highly toxic (98.6 TU; see Fig. 4). After 4 h of
EO treatment, the toxicity of the leachate increases, with an
EC50 of 0.75% (133.0 TU), to start decreasing at the 8 h
mark (EC50 = 1.01%, 98.8 TU) and continuing to decrease
after 12 h (EC50 = 1.78%, 56.2 TU). However, the 16-h as-
says register a new increase in toxicity (EC50 = 0.65%,
153.1 TU). This increase is followed by a decrease until
the 24-h treatment (EC50 = 1.35%, 74.3 TU, with a 20 h
EC50 = 0.91%, 109.5 TU) to be in turn followed by another
increase at 28 h, when the highest toxicity value was obtain-
ed (EC50 = 0.53%; 189.2 TU, highly toxic effluent). From
then onwards, toxicity decreases to its lowest level at 36 h
(EC50 = 2.48%, 40.3 TU). Such fluctuation in toxicity, par-
ticularly the increase after EO treatments, is well described
in the literature. Wang et al. (2016) when testing the acute

toxicity of a leachate towards D. magna, after Fenton treat-
ment, obtained a significant increase in toxicity. The authors
suggested that the toxicity of the intermediate products ini-
tially formed was probably greater than that of the primary
pollutant. Gotsi et al. (2005) treated olive mill wastewaters
with electrochemical oxidation methods and observed a
sharp increase in the toxicity towards D. magna at short
treatment times and even after prolonged oxidation, the tox-
icity levels remained high. In fact, in all experimental con-
ditions, the toxicity of the treated effluent was higher than
that of the original non-treated effluent. The authors quan-
tified organochlorinated compounds by GC-MS and con-
cluded that the formation of chlorinated compounds was
responsible for the increased toxicity. Because they exhibit
high octanol/water coefficient (Kow), they are able to inter-
fere with biological membranes and thus exert toxic effects
more pronounced towards living organisms. The formation

Fig. 4 Evolution of toxicity of the treated leachate towards D. magna in
terms of EC50 (represented by black dots) and in terms of toxic units
(represented by bars). The indication of the toxicity classification
according to Pablos et al. (2011) is also depicted (10 < TU< 100: very
toxic; TU ≥ 100: highly toxic)

Table 2 Evolution of D. magna acute toxicity across the different
treatments. EC50: concentration responsible for 50% of immobilization

Assay duration/h 24 h EC50
a (TU) 48 h EC50

a (TU)

0 (raw leachate) 1.12 (89.5) 1.01 (98.6)

4 0.95 (105.1) 0.75 (133.0)

8 1.47 (68.2) 1.01 (98.8)

12 1.99 (50.3) 1.78 (56.2)

16 2.03 (49.2) 0.65 (153.1)

20 1.48 (67.4) 0.91 (109.5)

24 1.65 (60.7) 1.35 (74.3)

28 0.93 (107.6) 0.53 (189.2)

32 35.2 (2.84) 1.64 (61.0)

36 47.6 (2.10) 2.48 (40.3)

a EC50 expressed as dilution (%)

TU toxic units (TU = 100/EC50, 10 < TU< 100: very toxic (Pablos et al.
2011))

Fig. 3 a Ni and Zn decays; b Pb and Cd decays along EO treatment
performed at the following conditions: volume of landfill leachate—
0.3 L; anode—BDD plate with 20 cm2; cathode—stainless steel plate

with 20 cm2; distance between electrodes—0.5 cm; applied current
density—700 A m−2; natural pH
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Table 3 A summary of toxicity removal results previously reported for different treatments of sanitary landfill leachates

Treatment process Bioassay TU before
treatment

Toxicity
reduction/TU
(%)

Reference

Electrochemical oxidation Invertebrate (Daphnia magna) 98.6 58.3 (59) This study

Air stripping Invertebrate (Daphnia magna) 3.6 a Marttinen et al.
2002Algal assays (Raphidocelis subcapitata) 50 35.7 (71)

Nanofiltration Invertebrate (Daphnia magna) 6.3 2.5 (40)

Algal assays (Raphidocelis subcapitata) 12.5 5.4 (43)

Ozonation Invertebrate (Daphnia magna) 4.8 a

Algal assays (Raphidocelis subcapitata) 5.9 a

Coagulation/flocculation Luminescent bacteria (Vibrio fisheri) 6.7 a Silva et al. 2004
Invertebrate (Daphnia similis) 43.5 27.9 (64)

Invertebrate (Artemia salina) 8.4 2.7 (32)

Fish (Brachydanio rerio) 45.5 31.4 (69)

Ozonation (after coagulation/flocculation) Luminescent bacteria (Vibrio fisheri) 333 83 (25)

Invertebrate (Daphnia similis) 15.6 a

Invertebrate (Artemia salina) 5.7 3.4 (60)

Fish (Brachydanio rerio) 14.1 7.8 (55)

Ultrafiltration Luminescent bacteria (Vibrio fisheri) 6.7 0.2 (3)

Invertebrate (Daphnia similis) 43.5 29.2 (67)

Invertebrate (Artemia salina) 8.4 5.8 (69)

Coagulation/flocculation + air striping Luminescent bacteria (Vibrio fisheri) 6.7 3.3 (49)

Invertebrate (Daphnia similis) 43.5 36.4 (84)

Coagulation/flocculation + Ozonation Fish (Brachydanio rerio) 16.1 7.8 (48) Bila et al. 2005
Fish (Poecilia vivípara) 44.6 37.7 (85)

Electrochemical oxidation Luminescent bacteria (Vibrio fischeri) 5.6 3.3 (59) Anglada et al.
2011

Coagulation Fish (Oreochromis niloticus) 23.7 19.1 (81) Theepharaksapan
et al. 2011Fish (Cyprinus carpio) 12.8 7.4 (58)

Invertebrate (Moina macrocopa) 12.4 6.7 (54)

Sand filtration (after coagulation) Fish (Oreochromis niloticus) 4.6 1.1 (24)

Fish (Cyprinus carpio) 5.4 1.6 (30)

Invertebrate (Moina macrocopa) 5.7 1.5 (26)

Microfiltration (after coagulation + sand filtration) Fish (Oreochromis niloticus) 3.5 0.9 (26)

Fish (Cyprinus carpio) 3.8 0.4 (11)

Invertebrate (Moina macrocopa) 4.2 1.3 (31)

Reverse osmosis (after coagulation + sand
filtration +microfiltration)

Fish (Oreochromis niloticus) 2.6 2.6 (100)

Fish (Cyprinus carpio) 3.4 3.4 (100)

Invertebrate (Moina macrocopa) 2.9 2.9 (100)

Fenton Luminescent bacteria (Photobacterium
phosphoreum T3 mutation)

236.3b b He et al. 2015

Electrochemical oxidation Luminescent bacteria (Vibrio fischeri) 16.7 12.2 (73) Del Moro et al.
2016Biological reactor a

Biological reactor + electrochemical oxidation 15.0 (90)

Coagulation/sedimentation Luminescent bacteria (Vibrio fischeri) 3.4 1.8 (53) Qiu et al. 2016
Fish (Zebrafish larvae) 84.8 28.9 (34)

Fish (Zebrafish embryos) 82.6 55.6 (67)

Anaerobic reactor (after coagulation/sedimentation) Luminescent bacteria (Vibrio fischeri) 1.6 0.3 (19)

Fish (Zebrafish larvae) 55.9 20.7 (37)

Fish (Zebrafish embryos) 27.0 8.1 (30)

Electrochemical oxidation (after
coagulation/sedimentation + anaerobic reactor)

Luminescent bacteria (Vibrio fischeri) 1.3 0.7 (31)

Fish (Zebrafish larvae) 35.2 14.9 (42)
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of organochlorinated compounds during electrochemical
treatment was also considered to be the cause for the
higher toxicities obtained by Costa et al. (2008) when
treating tannery wastewater with a current density of
100 mA cm−2. It is thus possible that, in the present study,
these compounds will also be responsible for the increased
toxicity observed at specific time points of EO treatment.
Since neither chlorate nor perchlorate had statistically sig-
nificant different correlations with EC50 (Pearson product-
moment correlation, p = 0.440, and Spearman rank correla-
tion, p = 0.7982, respectively), it can be postulated that tox-
icity was modulated (as previously mentioned) by
organochlorinated compounds. Reinforcing this hypothesis
is the fact that the other causes of toxicity generally identi-
fied, namely ammonia, metals, and alkalinity (Thomas et al.
2009), also did not show statistically significant correlations
with the EC50 obtained for the treatments. Pearson product-
moment correlation was used to test the linear association
between EC50 and ammonia, and the metals Ni, Zn, and Cd
returning p values above the 5% significance level (p =
0.2964, 0.2403, 0.3724, and 0.1011, respectively). Non-
normally distributed variables Pb and pH were tested using
Spearman rank correlation, being the obtained p values
0.5587 and 0.4589, respectively. COD is a legal criterion
for direct leachate discharge and BOD5/COD is a well-
accepted stability index. However, by not obtaining statis-
tically significant correlations between EC50 and COD and
BOD5/COD (Pearson product-moment correlation, p =
0.3130 and 0.0910, respectively), the results also reinforce
that the use of those parameters without the aid of bioassays

is not suitable for evaluating toxicity of effluents towards
aquatic organisms.

As above-mentioned, there was an overall decrease in tox-
icity at the end of the treatment. After 36 h of oxidation, the
lowest toxicity was registered, corresponding to a 59% decrease
in toxicity. This is further indication that chloramines were,
potentially, the main responsible for the registered toxicity. In
fact, they fit the profile of varying toxicity, by being formed
during the process as by-products, but being transformed into
other compounds, this transformation being total at the end of
the experiment (36-h treatment) without any chloramines pres-
ent in solution, since all existent nitrogen was in the form of
nitrate. Anglada et al. (2011) that assessed the acute ecotoxicity
of a landfill leachate treated by EO with a BDD anode, using
the luminescent marine bacteriaVibrio fischeri, obtained similar
overall results, although the initial toxicity of the effluent was
significantly lower (TU = 5.6) than the one utilized in the pres-
ent study (TU = 98.6). They found that the toxicity of the raw
sample yielded EC50 values of 18% whereas after 8 h of treat-
ment, the EC50 increased to 43%, concluding that EO process
decreased the toxicity, even though chlorinated volatile organic
compounds were formed (Anglada et al. 2011). When the re-
sults obtained in the present work are compared with others
described in the literature for different leachate treatments, sum-
marized in Table 3, it can be seen that few treatment processes
achieved the absolute toxicity reduction accomplished by the
present work, which shows one of the highest toxicities towards
D. magna for the initial sample. This indicates that electro-
chemical oxidation is feasible for reducing the acute toxicity
of sanitary landfill leachates.

Table 3 (continued)

Treatment process Bioassay TU before
treatment

Toxicity
reduction/TU
(%)

Reference

Fish (Zebrafish embryos) 18.9 5.9 (31)

Aerobic reactor (after
coagulation/sedimentation + anaerobic
reactor + electrochemical oxidation)

Luminescent bacteria (Vibrio fischeri) 0.9 0.3 (33)

Fish (Zebrafish larvae) 20.3 8.3 (41)

Fish (Zebrafish embryos) 13.0 2.4 (18)

Membrane bioreactor Luminescent bacteria (Vibrio fischeri) 53 50.2 (95) Zolfaghari et al.
2016Invertebrate (Daphnia magna) 15 13.8 (92)

Electrochemical oxidation (after membrane bioreactor) Invertebrate (Daphnia magna) 1.2 a

Electrochemical oxidation Luminescent bacteria (Vibrio fischeri) 53 26 (49)

Invertebrate (Daphnia magna) 15 a

Membrane bioreactor (after electrochemical oxidation) Luminescent bacteria (Vibrio fischeri) 27 25.5 (94)

Invertebrate (Daphnia magna) 17 14.3 (84)

Dark Fenton Luminescent bacteria (Aliivibrio
fischeri)

7.7 5.8 (75) Costa et al. 2018
Solar photo-Fenton 6.0 (78)

TU toxic units (TU = 100/(%EC50 or %LC50)) (Ghosh et al. 2017)
a An increase in toxicity was observed after treatment
b EC50 value in mg L−1 . EC50 after treatment = 225.6 mg L−1
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In data presented in Table 3, different test organisms were
used, which makes a direct comparison unfeasible. It is also
important to emphasize that in some of these studies, toxicity
evaluation was performed only by bioassays with luminescent
bacteria. Though this type of bioassays responds to the pres-
ence of organic compounds and ammonia, it shows reduced
sensitivity to inorganic compounds, being this a major limita-
tion to its application in leachate toxicity evaluation (Ghosh et
al. 2017). Coagulation, membrane bioreactors, and reverse
osmosis are among the treatment processes that lead to toxic-
ity reductions above 60%. However, this kind of technology
presents the disadvantage of sludge/concentrates production,
not offering a treatment solution, but a problem transfer.

Conclusions

The electrochemical oxidation treatment effectively re-
moved the organic load and ammonium nitrogen present
in the sanitary landfill leachate and reduced the heavy metal
ions, including the toxic Cd and Pb. Furthermore, the tox-
icity of the sanitary landfill leachate was significantly re-
duced, with a decrease in the acute toxicity towards D.
magna of 59%. Despite such a significant reduction in acute
toxicity, the treated leachate was still very toxic, and there-
fore, further treatments are necessary to remove completely
the toxicity of the effluent.

After 36 h of treatment, COD was below the legal
Portuguese discharge limit (150 mg L−1) and the biodegrad-
ability index (BOD5/COD) was 0.84. These parameters are,
respectively, legal criteria for direct leachate discharge and an
accepted stability index. However, their correlations with
EC50 were not statistically significant and the results empha-
size that the use of those parameters without the aid of bioas-
says is not suitable for evaluating toxicity of effluents towards
aquatic organisms.

The toxicity results obtained in this work were com-
pared with results from other SLL degradation studies,
performed using different technologies. Although differ-
ent test organisms were utilized in the toxicological eval-
uation, the following conclusions can be drawn: electro-
chemical oxidation is effective in the reduction of acute
toxicity, even when the initial toxicity is as high as the
observed for the SLL studied in this work; in several
studies, bioassays were performed with luminescent bac-
teria, which respond to the presence of organic com-
pounds and ammonia, but shows reduced sensitivity to
inorganic compounds, being inadequate to evaluate toxic-
ity in SLL; although coagulation, membrane bioreactors,
and reverse osmosis lead, in general, to toxicity reduc-
tions in the treated effluent higher than 60%, the toxic
pollutants stay in the sludge/concentrates produced.
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