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Featured Application: A new and innovative steel-swarf-based electrode is proposed for the re-
moval of heavy metal and total coliforms in sanitary landfill leachate.

Abstract: Sanitary landfill leachate (LL) composition varies according to climate variables variation,
solid waste characteristics and composition, and landfill age. Leachate treatment is essentially carried
out trough biological and physicochemical processes, which have showed variability in efficiency
and appear a costly solution for the management authorities. Electrocoagulation (EC) seems a
suitable solution for leachate treatment taking into account the characteristics of the liquor. One
of the problems of EC is the electrode passivation, which affects the longevity of the process. One
solution to this problem could be the replacement of the electrode by one made of recyclable material,
which would make it possible to change it frequently and at a lower cost. The objective of the present
work was to evaluate the removal of heavy metals (As, Ba, Cd, Cr, Cu, Fe, Pb, Mn, Ni, Se and Zn)
and coliforms from a LL by EC using electrodes made from steel swarf (SfE) up to 8 h. Removal
efficiencies of detected heavy metals were 51%(Cr), 59%(As), 71%(Cd), 72%(Zn), 92%(Ba), 95%(Ni)
and >99%(Pb). The microbial load of coliforms in leachate was reduced from 10.76 × 104 CFU/mL
(raw leachate) to less than 1 CFU/mL (after treatment with SfE) (i.e., approximately 100% reduction).
The use of SfE in EC of LL is very effective in removing heavy metals and coliforms and can be used
as alternative treatment solution for such effluents.

Keywords: heavy metal removal; coliforms removal; landfill leachate; electrochemical treatment;
steel-swarf-based electrode

1. Introduction

Sanitary landfill leachate (LL) is a type of wastewater with high loads of organic
and inorganic compounds, namely natural and synthetic organics, xenobiotics, ammonia,
nitrate, pathogenic microorganisms, and heavy metals. The LL is composed of four
different fractions: the natural humidity of the garbage, which increases in the rainy events;
the aqueous constitution of organic matter, which is released during the decomposition
processes; the bacteria in the trash, which secrete enzymes that dissolve organic matter
with liquid formation; and from existing water sources in the area [1].

The leachate composition is very varied and heterogeneous, but generally contains [1–3]:
High concentration of dissolved organic matter (as chemical oxygen demand (COD)),
ammoniacal nitrogen (N-NH4+), nitrate nitrogen (N-N03−), chloride (Cl−), potassium
(K+), sodium (Na+), calcium (Ca2+), iron (Fe2+), magnesium (Mg2+), manganese (Mn2+),
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sulfate (SO4
2−), hydrogen carbonate (HCO3

−), heavy metals (lead (Pb2+), chromium (Cr3+)
cadmium (Cd2+), nickel (Ni2+), copper (Cu2+) and zinc (Zn2+)) [3,4] and also xenobiotic
organic compounds (e.g., phenols, aromatic hydrocarbons, pesticides [5], pharmaceutical
compounds and personal use [6], antibiotics [7] and microplastics [8]).

The disposal of solid wastes in inappropriate places can cause significant negative im-
pacts on soil and water bodies and public health problems, namely due to the groundwater
and soil contamination with LL, and; therefore, the treatment of this effluent is necessary
and important [4]. In general, the treatment of LL involves the use of biological processes
(e.g., activated sludge, stabilization ponds and constructed wetlands) and physicochemical
processes (e.g., coagulation, AOPs, ultrafiltration (UF) and reverse osmosis (RO)) [1–3,5,7].
However, the most used biological and physicochemical processes have showed variation
in efficiency and high operation costs due to the use of UF and RO, and, additionally, the
filtered material is returned to the landfill which will become a problem in the future [1,9].

Electrochemical processes such as electrocoagulation (EC) have proved to be a promis-
ing option in the treatment of various types of industrial effluents [10], for the removal
of dyes [11], pesticides [12], heavy metals [13,14] and pharmaceutical compounds [15].
There still exist some studies on the use of conventional EC for leachate treatment [10,16].
Similar to other coagulation procedures, EC is based on sedimentation or flocculation of
iron and aluminum multi-charged polynuclear complexes, with high adsorption properties.
Nevertheless, in EC the coagulant ions, Fe3+ and Al3+ are electro generated by dissolution
sacrifice anodes of stainless steel and aluminum, respectively [17,18]. The EC process is
a relatively low-cost method, but the inherent metal lixiviation limits the durability of
electrodes, thus increasing the operational cost [19]. An inexpensive solution for replacing
the electrodes is to manufacture using industrial metallic residues (chips), since they have
low cost and equal effectiveness to conventional electrodes [20]. Electrocoagulation with
electrodes can be a lower cost option compared with UF and RO for removing heavy metals,
micropollutants and pathogens. This technology can be used downstream of biological
processes or physic-chemical processes for the removal of organic matter from LL.

Thus, the objective of this study was to investigate the use of electrodes obtained from
metallurgical steel swarf (SfE) for the EC treatment of LL, in order to remove total coliforms
and the following heavy metals: arsenic (As), barium (Ba), cadmium (Cd), chromium (Cr),
cooper (Cu), iron (Fe), lead (Pb), manganese (Mn), nickel (Ni), selenium (Se) and zinc (Zn).

2. Materials and Methods
2.1. Electrode’s Production

The electrodes were manufactured using steel metallic residues from a local metallur-
gical industry that had more than 98% of iron in their composition. Steel was the chosen
material, as it was the metal that showed the best treatment efficiency in a previous research
work carried out by our group [20]. The preparation of filling electrodes of steel swarf (SfE)
is presented in Figure 1.

Figure 1. Schematic preparation of steel-swarf-based (SfE) electrode.



Appl. Sci. 2021, 11, 5009 3 of 7

The SfE was produced with suitable amounts of steel fillings, which was weighted,
mixed and compressed in order to reach the same comparative dimensions, namely,
0.2 cm thickness and 2.5 cm diameter. Their final weigh was 2.5 g. The compression
of 525.6 kgf cm−2 (8 ton) was carried out in a hydraulic press (Metal Técnica Bovenau,
Brazil) for 10 min.

2.2. Electrocoagulation Experiments

The leachate was collected at a sanitary landfill located close the city of Goiânia
(Brazil), using a previously cleaned container. The SfE were used as anode and cathode.
The distance between the electrodes was 1 cm, as limited by the cell dimensions. The
current was 0.1A and voltage of 5 V was applied by a DC power supply (HF-30035, Hikari,
São Paulo, SP, Brazil).

An electrochemical cell with 250 mL capacity, containing 100 mL of LL for treatment
was used. This small volume was used because it was a bench scale study that analyzed
the behavior and efficiency of the designed electrodes. The experiments were carried out
for 8 h, at room temperature (28 ± 2 ◦C). LL samples were collected at the beginning (raw
LL) and after 8 h treatment for analysis of heavy metals (As, Ba, Cd, Cr, Cu, Fe, Pb, Mn,
Ni, Se and Zn) and total coliforms. Total coliforms growth was also measured after 4 h of
treatment. pH was measured for the raw and treated LL. The summary diagram of the
electrocoagulation process is shown in Figure 2.

Figure 2. Schematic of the experimental electrocoagulation process.

2.3. Analytical Methods

The analysis of heavy metals (As, Ba, Cd, Cr, Cu, Fe, Pb, Mn, Ni, Se and Zn) were
performed using an ICP-OES spectrometer (Perkin-Elmer, Optima 8000, Waltham, MA,
USA) following the Standard Methods [21].

Total coliforms were evaluated by pour plate method, using the MacConkey Agar
(Scharlau®, Barcelona, Spain) as presented in the Standard Methods [9]. The volume of
1 mL of LL was placed separately in Petri dishes (in duplicate) and later the culture medium
melted and cooled at 45 ◦C was placed. The entire procedure was carried out in a biological
safety cabin. After the procedure, the plates were incubated in a bacteriological oven at
35–37 ◦C for 18–24 h for later counting of colony forming units (CFU/mL).

pH was measured through a pH meter PHS3-BW (BEL Engineering, Monza, Italy)
before and after the EC treatment.
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3. Results and Discussion

The results on heavy metals are shown in Table 1, as well as the standard limits for
discharging treated LL in water bodies [22,23], reuse for irrigation [23] and discharging in
municipal sewers [24]. pH for the raw and treated LL were 8.3 and 8.93, respectively.

Table 1. Heavy metals concentration in the raw and treated landfill leachate (LL).

Parameters
(mg·L−1) Raw LL Treated LL

Removal
Efficiency (%)

Standard Limits for Treated LL (mg·L−1)

Brazil a

[22]
WHO/FAO 2007 b

[23]
India b

[23]
Oman c

[24]

As 0.06636 0.02767 59 0.5 * * 0.1
Ba 0.6363 0.0498 92 5.0 * * 1.0
Cd 0.00412 0.00119 71 0.2 0.01 1.0 0.01
Cr 0.21614 0.10494 51 0.1 * 2.0 0.05
Fe 6.7248 1.5082 77 15.0 * * 1.0
Pb 0.0547 <DL >99 0.5 5.0 1.0 0.1
Ni 10.66 0.5030 95 2.0 * 3.0 0.1
Zn 0.3054 0.08313 72 5.0 2.0 * 5.0

LL: landfill leachate; DL: less than the detection limit; * Not mentioned; a discharging into water bodies; b irrigation water; c discharging in
municipal sewers.

A very good removal efficiency (greater than 51%) can be observed for all the eight
detected heavy metals (As, Ba, Cd, Cr, Fe, Pb, Ni and Zn). The metals Cu, Mn and Se were
not detected either in the raw LL or in the treated LL. Therefore, there was not an increase
in the concentration of these three metals in the treated LL, because it is known that EC can
promote the electro-dissolution of the electrode used in the process.

The results show that the treated LL has a quality in agreement with several heavy
metals standard limits for discharging in water bodies or irrigation. However, it is not
suitable for discharging in public sewers due to higher values for Cr, Fe and Ni.

The research has evaluated the possibility of using treated LL in agriculture, since it
is an effluent with a high concentration of ammonia [1,2,25]. The results of our research
pointed out that the irrigation practice with treated LL, obtained through EC with SfE,
would bring positive environmental advantages since it would reduce the use of water
from surface waters and groundwater for the irrigation of green spaces, such as football
fields, squares and gardens.

Some studies have analyzed the removal of heavy metals by EC, evaluating parameters
such as pH, conductivity and electric current. Although the present study does not aim to
analyze these parameters, but the behavior of electrodes produced from metallic residues,
some correlations were observed between the cited parameters and the results obtained.
A study that used an EC with Fe/Al electrodes for the removal of ions Cr3+, Cu2+, Ni2+

and Zn2+ showed a removal efficiency above 90% for all metals, in the pH range of 7.89
to 9.56 [26]. Therefore, for the pH range observed in this study (8.3 to 8.93), the removal
efficiency of Cr and Zn was lower than the obtained by [26], but it was similar for Ni.

The influence of EC on the microbial load of total coliforms was analyzed and is
present in Figure 3 and the growth of total coliforms in Petri dishes is shown in Figure 4.

The initial coliform load of the LL was 10.76 × 104 CFU/mL, and, after EC treatment
using SfE, that load was completely eliminated in the time of 4 h (<1 CFU/mL in the
treated LL). Similar results were found in other studies [27,28]. Research [28] analyzed the
influence of E. coli cell density in different treatment technologies applying electro-Fenton,
electro-peroxi-coagulation and EC. Regarding the EC technology, these authors observed
that the higher the microbial cell density (microbial load), the longer it takes to completely
inactivate the microorganisms and, the higher is the current applied for a good inactivation.

In the present work, the applied current was 0.1A and it was enough for the almost
total coliform inactivation in LL in 4 h treatment with SfE. Therefore, it seems this current
and 4 h of contact time is enough to destroy the cytoplasm of the microorganisms present in
LL, which makes this sensor very competitive in relation to other disinfection technologies,
such as chlorination, with the additional advantage of not leaving by-products in the
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water. The exposure of a biological cell to an electric field can produce a wide variety of
biochemical and physiological responses, and most of these responses are based on the
modification of the membrane potential by the influence of the external electric field. If
the strength of this electric field exceeds a certain limit (0.2–1 V), it results in the forma-
tion of pores in the plasma membrane, a phenomenon called electro-permeabilization or
electroporation [29,30].

Figure 3. Microbial load after electrocoagulation (EC) experiments using electrodes of steel swarf (SfE).

Figure 4. Microbial load of LL: (A) Raw LL; (B) after 4 h of treatment and (C) after 8 h of treatment.

Another fact that contributes to the elimination of these microorganisms in an indirect
way is the contact between bacteria and oxidants generated during the process and/or the
adhesion of these microorganisms to the generated coagulants and consequent removal of
the effluent by flotation or sedimentation. This phenomenon has been explained by other
authors by observing live bacteria found in solids decanted throughout the EC process [29].
The results suggest that modifying parameters such as applied current, electrode size and
treatment time the removal efficiency can be improved.

Therefore, taking into account the great efficiency of the EC process with SfE in the
removal of heavy metals and coliforms from LL, as well as the need in valorizing metallic
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residues, the proposed SfE it arises as promising alternative for the treatment of such
wastewaters. This solution could also result in lower operation costs in LL treatment plants
in comparison with chemical coagulation along with UF and RO technologies that present
highly operation costs.

4. Conclusions

The use of filling wastes from metallurgy in the manufacture of electrodes for elec-
trocoagulation of LL was performed for the first time. The new electrodes produced from
metallic residues were able to remove from 51% to 95% of heavy metals, a removal effi-
ciency that can be improved with the modification of parameters such as applied current,
electrode size and treatment time. The new steel-swarf-based electrode was able to re-
move 100% of the thermotolerant coliforms present in LL, for contact times between 4 and
8 h, showing that it can be very competitive in relation to other disinfection technologies.
Therefore, metallic waste from metallurgic industries or machining facilities can be used
for producing innovative and efficient electrodes for EC purposes, especially for removing
heavy metals and thermotolerant coliforms from LL. Moreover, this sensor is a green
technology and it seems an economical solution for industrial metal waste recycling.
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