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Electrochemical techniques for pollution abatement in sanitary landfills

E. Cataldo, A. Fernandes, P. Spranger, R. Simdes, M.J. Pacheco, L. Ciriaco, A. Lopes

UMTP and Department of Chemistry, University of Beira Interior, Covilha, Portugal

Abstract

The anodic oxidation of leachate samples collected in a
portuguese municipal sanitary landfill was performed
using as anode boron-doped diamond material. Two
different experimental setups were tested: a batch reactor,
with stirring, and a batch up-flow reactor with
recirculation. Several different applied current densities
were assayed, varying from 30 to 140 mA cm™, Although
faster organic load removal is obtained at higher current
density, the increase in current density also leads to a
decrease in the current efficiency. However, to have
significant removal rates in the organic or ammonium
nitrogen, it is necessary to work with higher current
densities and these parameters only start to decrease at an
appreciable rate after most of the organic load, measured
as chemical oxygen demand, is eliminated.

Introduction

Several types of pollutants can be found in sanitary
landfill leachates composition, such as heavy metals,
organic and inorganic compounds, some of them
refractory and toxic [1-2]. The composition and
concentration of the pollutants are influenced mainly by
the nature of the solid wastes deposited, the climatic
conditions and the age of the sanitary landfill [3-4]. One
of the major problems in sanitary landfill leachate
treatment is its low biodegradability. In fact, biological
processes, the most commonly used to treat sanitary
landfill leachates, have shown to have limited
effectiveness when the ratio between the biological
oxygen demand and the chemical oxygen demand, i.e.,
BOD;/COD ratio, also known as biodegradability index,
is lower than 0.5 [3]. :

Over the past 20 years, there are several studies reporting
the application of technologies based on oxidation
processes to eliminate colour, reduce the organic load and
improve the biodegradability of sanitary landfill leachates
[4-6]. Among the most promising electrochemical
methods used in the wastewater treatment is the anodic
oxidation [7,8].

Deng and Englehardt [6] present an overview of
electrochemical oxidation processes used to treat landfill
leachates. Although different materials are being used as
anodes in the oxidation of persistent pollutants, the best
results are obtained with boron-doped diamond (BDD)
anodes, due to their unique chemical, electrochemical and
structural stabilities that allow their use at high potentials,
where most organic pollutants can be oxidized [9].

This way, the aim of this work was to evaluate the
application of anodic oxidation, with BDD anode, to treat
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leachate from an intermunicipal sanitary landfill, in order
to fully fill the requisites that allow its discharge in the
municipal wastewater treatment plant.

Materials and Methods

Leachate Characterization

The leachate samples used in this study were collected at
a Portuguese intermunicipal sanitary landfill site before
being submitted to any kind of treatment and the
characteristics of the two different samples used are

presented in Table 1. Besides the high COD content, the -

samples A and B have a ratio BODs/COD of 0.18 and
0.13, respectively, which points to an almost inexistent
biodegradability. Also, TKN is very high and most of it is
due to ammonium nitrogen.

Table 1. Characterization of the raw leachate samples
used in this study.

Parameter Sample

A B
COD (g/L) 92+0.7 83+04
BODs (g/L) 1.7+£0.2 1.1+04
DOC (g/L) 34+£0.1 33+04
TN (g/L) 2.7+0.1 27+0.1
TKN (g/L) 24+0.1 24402
N_NH;(g/L) 22+0.1 2.1+03

SS (g/L) 0.7+0.1 -

SD (g/L) 16.6 £0.1 -

pH 845+£0.05 821030

Cond. (mS/crn) 28812 29.4+0.8

Electrochemical Experiments

Anodic oxidation (AO) experiments were conducted in
two different cells: cell A, working in batch mode with
stirring, having as anode a 10 cm® BDD plate and as
cathode a 10 cm’ stainless steel foil; cell B, working in
batch mode with recirculation, having as anode a.20 cm?
BDD plate and as cathode a 20 cm? stainless steel foil.
The volume of raw leachate used in the experiments
varied between 200 and 400 mL and assays were started
at room temperature (252 °C). However, during the
assays the temperature can be naturally raised up to 45 °C.
Several current densities were assayed, ranging from 30 to
140 mA cm™. A DC power supply GW, Lab DC, model
GPS-3030D (0-30 V, 0-3 A) was used in the
electrochemical experiments.

e e R e e e
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Analytical Methods

Degradation tests were followed by determinations,
according standard procedures [10], of COD, BODs,
Dissolved Organic Carbon (DOC), Total Nitrogen (TN),
Total Kjeldahl Nitrogen (TKN), Total Ammeonia Nitrogen
(NH;-N), Suspended Solids (SS) and Dissolved Solids
(DS): COD determinations were made using the closed
reflux titrimetric method; BODs was measured by
incubation for 5 days; DOC and TN were measured in a
Shimadzu TOC-V CSH analyser and, before their
determinations, the samples were filtrated through 0.45
um glass microfiber filters; TKN and NH;-N were
determined using a Kjeldatherm block-digestion-system
and a Vapodest 20s distillation system, both from
Gerhardt. UV-Visible absorbance was measured from 200
to 800 nm using a Shimatzu UV-1800 spectrophotometer.
pH was measured with a pH meter HANNA (HI 931400)
and conductivity was determined using a conductivity
meter Mettler Toledo (SevenEasy S30K).

Results and Discussion

For all the assays performed, the evolution in time of the
COD was compared with the evolution of the theoretical
COD, CODy, determined according to the following
equation [9]:

8.1
F. Vt M
were CODy is the initial COD, in mg/L, I is the current
intensity, in A, F is the Faraday constant, 96485 C/mol, V
is the volume of the sample, in m®, and t is the time, in s.
Factor 8 relates the molar mass of O, (32 g) with electrons
used in the oxidation of 1 mol of O, (4 ). Bias between
experimental COD and theoretical COD can be used to
predict the current efficiency of the process.

CODlh = CODO -

Batch with stirring

In Figure 1 the results for the COD variation in time for
the assays run at different current densities are presented.
The figure also includes the theoretical COD, calculated
according to equation 1, and we can observe that there is
an increase in the bias between the theoretical and the
experimental COD values with the current density, with a
consequent decrease in the current efficiency.

In the assay run at 140 mA cm™ the anode area used was
only 10 cm? and this is the reason why, apparently, the
discrepancy between theoretical and experimental lines
are similar to those from the assay run at 70 mA cm™. In
fact, the intensity of the current in both assays, 70 and 140
mA cm?, is exactly the same and, since the experiments
are performed in kinetic (current) control, the current
efficiency should also be the same, which, in fact, can be
observed in the Figure 1. This result is in agreement with
the theoretical approach that, for the high COD of the
samples, the assays are being run during most of the time
in kinetic control, being the COD removal a function of
the electrical charge that is provided to the reacting

system.

%)

The absolute removals in the various parameters used to
follow the assays, after 6 h, are presented in Table 2. For
the assays run between 50 and 100 mA cm'z, and despite
the decrease in current efficiency with current density,
there is an increase in the removal of all the parameters.
Regarding 140 mA cm™ assay results, and although the
previous reasoning that pointed to removals similar to
those of the assay run at 70 mA cm'z, there is a big
increase in all the parameters related with nitrogen
removal, showing that the removal of the different
nitrogen forms is very sensitive to the current density,
instead of what happens with COD that is sensitive
mainly to the electrical charge.

10 4

cop/gL’
*

¥=-149xe 860 y=-1.04 x+ 8.56

o 2 4 Ll a 4 4 6
tih t/h

Figure 1. COD decay with time for the assays performed
with cell A at different current densities: points —
experimental; lines — theoretical.

Table 2. Absolute removals after 6 h assay for the
experiments run with cell A, in batch with stirring mode
at different current densities.

Current density / mA cm™

Parameter

50 70 100 140
COD /mgL’?! 2379 2417 3256 2030
DOC/mg L™ 647 863 969 476
TN /mg L 497 677 862 1040
TKN /mg L 220 860 950 1148
N_NH; /mg L™ 527 867 1085 1022
BODs/mgO, L' 554 -

“not determined.

Up-flow batch with recirculation

The results obtained in the cell B, working in up-flow
batch with recirculation mode, are presented in Figure 2
and Table 3. The general conclusions that can be drawn
from their observation are, in general, very similar to
those gathered with the assays run with cell A. Only the
assay run at 50 mA cm” shows a COD decay with
“irregular” performance that exceeds the tendency line
predicted by equation 1. The removals of the nitrogen
compounds are very good, although always lower than
COD removals.



Regarding current efficiencies, they are close to 100 % in
the assays performed at lower current densities and, even
at 100 mA cm, it is very high.

il ¥=-0.806 x + 981
: !
0 2 4 8 [ 2 4 ]
1h tih
TomAem® o 100 mA em?
:'_:u
>
=]
84 .
2 - :
il 'y=.230x4897 & a2
. SR, Qo) : s =N |
] z 4 ] 0 2 4 3
trn uh

Figure 2. COD decay with time for the assays performed
with cell B at different current densities: points —
experimental; lines — theoretical.

Table 3. Absolute removals after 6 h assay for the
experiments run with cell B, working in batch with
recirculation mode at different current densities.

~——— Current density / mA cm™

30 50 70 100
COD /mgL?! 4835 8097 6870 7674
DOC/mgL™ 1676 2458 2355 2667
TN/mgL” 80 777 770 1074
TKN /mg L™ 241 624 1057 1668
N_NH; / mg L 551 711 837 1211

BODs /mgQ,L" 415 &= - -

“not determined.

Conclusions

From this study the following conclusions can be drawn;

® Anodic oxidation with BDD anodes can, definitively,
be an alternative to treat effluents as difficult as
leachates from sanitary landfills are,

® For the experimental conditions tested and for both
experimental setups, an increase in the current density
leads to an increase in the organic load removal rate.
However, it also decreases the current efficiency.

® For equal current density, COD removal rate is higher
when cell B is used, i.e., the hydrodynamic in the cell
with recirculation is more effective in the oxidation
process.

" The removal of the nitrogen compounds increases with
current density and their removal is more effective
when COD becomes low.
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Photocatalytic degradation of Rhodamine 6G by nanocrystalline CagsHoy,MnO;
film under visible light

B. Barrocas', A. Rovisco?, Y Nunes?, S. Sério, M.E. Melo .Tc)rge1
'cCMM, Departamento de Quimica e Bioquimica, Faculdade de Ciéncias da Universidade de Lisboa, Campo Grande, 1749-
016 Lisboa, Portugal, 2CEFITEC, Departamento de Fisica, Faculdade de Ciéncias e Tecnologia da Universidade Nova de
Lisboa, 2829-516 Caparica, Portugal. d

Abstract

In this work, the perovskite (Cag¢Hog 4MnO;) film was
prepared by RF-magnetron sputtering from nanosized
powder target previously prepared by self-combustion
method using citric acid and the catalytic activity was
examined on the decolorization of Rhodamine 6G (Rh6G)
aqueous solutions. The CaygHogsMnO5 film showed a
promising photocatalytic performance under visible light
irradiation, with very low variation of decay rate after two
consecutive usages. The structural and morphological
characterization was performed by XRD and DRIFTS,
and revealed high stability of the film after two successive
photodegradations assays.

Introduction

Textile and industrial dyes are a major source of water

contamination and therefore, many methods have been
used for the purification of water contaminated with dyes
[1]. The most efficient method for water purification,
destroying  organic  pollutants is heterogeneous
photocatalysis [2].

Many materials have been studied and tested for use as
catalysts in photodegradation studies, such as TiO,, CdS,
WO; and others, but the TiO, is one of the most studied
semiconductors for photocatalytic reactions because it
shows a high reactivity under ultraviolet (UV) light and it
is nontoxic, stable and inert chemically. However, TiO,
only becomes active under irradiation with ultraviolet UV
light whose energy exceeds the band gap of 3.2 eV in the
anatase crystalline phase. This inhibits the utilization of
solar light as a sustainable energy source for TiO,
activation because only 5 % of the incoming solar energy
on the earth’s surface is in the UV range [3-5]. In this
context, it is important to search other alternative
materials that can have a photoresponse in the visible
range. Temary metal oxides with different crystal
structures show excellent photoactivity due to the
orientation of atoms in a layer structure and the presence
of vacancies in the crystal structure. For example,
different crystal structures such as perovskites (ABO;),
pyrochlores (A;B;0;), spinels (AB,0,), and delafossites
(ABO;) are of interest as photocatalysts [6]. Therefore,
perovskites are a family of interesting compounds that can
offer the desired properties for an ideal photocatalyst.
Recently, perovskites have been explored as potential
materials for photocatalytic applications. Compounds like
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LaNiOs;, CeAlO; [1], CeVO;, Prv0s;, NdVO; [7], SrFe0;
[8], SrTiO;, NaTa0;, NaNbQ,, KNbO; and KTaO; [9]
have been reported to have p-type semiconductor
characteristics and, for that reason, they are
photocatalytically active using UV and visible light [10].
The band structure of the perovskites has been reported to
be responsible for making the perovskites
photocatalytically active [11]. Therefore, it is desirable to
explore the photocatalytic properties of perovskites [1,
12]. The general formula of manganite perovskite-type
structure is A;,LnMnO; (A = alkaline earth, Ln= rare
earth) [13]. In this work the CagsHo,4MnO; catalyst was
prepared with perovskite structure, by RF-magnetron
sputtering using nanosized powder target. This work
reports also some preliminary results of the
photodegradation under visible light of Rh6G using the
Cag¢Hop 4sMnO; film.

Materials and Methods

CaggHop4MnO; film was deposited at room temperature
by RF-magnetron sputtering from a nanosized powder
target previously prepared by self-combustion method
using citric acid, as described in detail in previous works
[15, 16]. The sputtering target was prepared by mixing the
synthesized powder with acetone. The mixture was placed
on the cathode top and it was pressed and compacted until
the acetone evaporation. The target was sputtered in
99.999% pure argon at constant total sputtering gas
pressure (Pry) of 0.23 Pa and the deposition time was 80
min. It was used a RF power supply: Plasmaloc 2HF and
the deposition was done using a sputtering power of 25 W
and frequency = 100 KHz. The manganite film was
deposited on an unheated fused silica substrate. In order
to allow the crystalline growth, the film was annealed at
800 °C in air during 6 h.

The structural characterization of the film was carried out
by X-ray diffraction (XRD) on a Philips Analytical PW
3050/60 X’Pert PRO (theta/2 theta) equipped with
X’Celerator detector and with automatic data acquisition
(X’Pert Data Collector (v2.0b) software), using a
monochromatized CuKo radiation as incident beam, 40
kV-30 mA. Diffractograms were obtained by continuous
scanning in a 20-range of 10° to 90° with a 20-step size of
0.02° and a scan step time of 20 s,

The surface morphology and thickness of the film was
examined by field-emission scanning electron microscope
(FEG-SEM JEOL 7001F). In order to prevent charge



build up a thin gold film was coated on the film during
analysis.
For a detailed study of the surface, an atomic force
microscope (AFM) was used, AFM Topometrix TMX
2000 (Veeco Instruments), in contact mode. Silicon
cantilevers were employed. The images were taken with
400%400 pixels resolution and with an area of 1x1 pm?. A
one step-leveling was applied to the images for accurate
measurement of Z-height across a sample without adding
any erroneous tilt information to the data and the root
mean square roughness (Rrms) was calculated by
Topometrix software.
All the photodegradation experiments were conducted
using a 250 mL refrigerated photoreactor [2]. The
radiation source used was a 450 W Hanovia medium-
pressure mercury-vapour lamp, the total irradiated energy
being 40-48% in the ultraviolet range and 40-43% in the
visible region of the electromagnetic spectrum. A glass
filter was used in order to eliminate the UV radiation. The
catalytic photodegradation assays were performed using
Cag gHog4MnO; film with geometric area (9.75 cm?) into
175 mL of 5 ppm R6G aqueous solution. Prior to
irradiation, the solutions were stirred in darkness for 1 h
to ensure the adsorption equilibrium. During irradiation,
with visible light, the solutions were sampled at regular
intervals and analyzed by UV-vis spectroscopy. A UV-vis
spectrophotometer Shimadzu UV-2600 was used for
monitoring the absorption of the Rh6G solutions and the
rate of decolorization was observed in terms of change in
intensity at Amax of the dye (526 nm). The decolorization
photocatalytic efficiency (%) has been calculated as:
Co—C i
c, X 100

Photocatalytic Efficiency (%) =

where C, is the initial concentration of dye and C is the
concentration of dye after photoirradiation. In order to
study the reusability of the catalysts, all the experimental
parameters were kept constant and the experiments were
repeated for 2 sets using the same catalyst and fresh dye
solutions. After each photodegradation assay the catalyst
was cleaned with distilled water to remove any organic
contamination. The films structural stability was also
checked after each photodegradation assay by XRD. The
surface of the catalyst was studied using diffuse
reflectance infrared Fourier transform spectroscopy
(DRIFTS) before de photocatalytic assays and after each
reuse.

The diffuse reflectance infrared Fourier transform spectra
(DRIFTs) were obtained on a Nicolet 6700 FT-IR
attached to Smart Diffuse Reflectance Accessory, in the
region 400-4000 cm™. The background was done using a
gold plate and the data acquisition was performed using
the program Omnic.

Results and Discussion

The XRD pattem for the annealed manganite film
depicted in figure 1, revealed the formation of perovskite-
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type phase with orthorhombic symmetry, space group
Pnma.

Intensity / a. u.
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Figure 1 - XRD patterns of the annealed manganite
(Cap ¢Hog 4MnO;) film deposited in fused silica substrate,

The surface morphology of the Cag¢Hog4MnO; film was
analyzed with SEM and AFM techniques (Figure 2). Both
techniques show a film with a smooth and homogeneous
surface texture, with a surface roughness of
approximately 1.09 nm. The film presents a thickness of
890 nim.

a)

b)

Figure 2 — a) SEM images (surface and cross-sectional image)
b) AFM images (two- and three-dimensional images) of the
Cag¢Hop 4MnO; film,

To study the catalytic activity, the film was tested in the
photodegradation of an organic dye, Rh6G. For
comparative purposes the Rh6G photolysis (without any
catalyst) was also performed.



Figure 3 shows typical time dependent UV—vis spectra of
Rh6G decolorization with annealed CagsHog4MnO; film
catalyst during 8 hours of visible light irradiation.
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Figure 3 - Absorbance spectra of Rh6G solution during the first
photodegradation experiment, using the CaggHog 4MnO; film as
catalyst,

Rh6G presents the main absorption peaks at 526 nm in
visible region and 276 and 343 nm in UV region. The rate
of decolorization was recorded with respect to the change
in intensity of absorption peak at 526 nm. During the 8
hours of irradiation this absorption peak diminished,
indicating that the dye has been degraded.

Using the data from the UV-vis spectra obtained after
each degradation was possible to represent graphically the
photodegradation curves of 175 mL aqueous solution of 5
ppm Rh6G over time. The obtained results are present in
Figure 4.
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Figure 4 - Rh6G degradation percentage evolution during the
several photocatalytic degradations of a 5 ppm aqueous solution
for the Can 5H00 4MnO; film.

As can be seen from Figure 4 the material tested
demonstrated to be catalytic in this photodegradation
process. After 8 hours of irradiation with visible light no
significantly Rh6G was detected in the solution, It can be
observed that the CaggHog4MnO; film, when used for the
first time, could degrade 91.5% dye, with a very small
change to 90.9% in the efficiency when used for second
time. This result reveals that CaggHog4MnO; film to be
good dye-decolorizing using visible light and a promlsmg
catalytic after two consecutive usages.

To evaluate the film photochemical stability after
successive photodegradations assays it was performed the
structural characterization by XRD and DRIFT spectra,
after each degradation and the obtained results are
depicted in Figures 5 and 6, respectively. The XRD data
of the reused CaygHoysMnOQ; film shows that there were
no additional phases and the data matched with the fresh
Cay ¢Hoy4MnO;.This indicated that CapHopsMnO; film
did not leach out/corrode after reusing it in two
consecutive assays. It can also be observed that the
crystalline structure of the film remains the same after the
successive degradations. The DRIFTS data of the reused
Cay¢Hog 4MnO; film shows the absence of any organic
species on the film surface.

" ;
§ A 27 degradation

s
“. R s T "
! |
é ] } ® degradation
g ———TT A M e e A
Initial
r T T L T T T + T ¥ ‘;ﬂ_ T T ¥ T v 8l
10 20 30 40 50 60 70 80 9%

20/°

Figure 5 - XRD patterns of the Cag ¢Hop 4MnO; film after each
photodegradation experiment.
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Figure 6 — DRIFTS spectra of the CapHog 4MnO; film after
each photodegradation experiment.
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Therefore, the reuse of the CapgHoosMnO; film show a
promising performance not only in the stability but also
with very low variation of decay rate after two
consecutive usages.

Conclusions

The reuse of Cay¢Hoy 4 MnO; manganite film prepared by
magnetron sputtering technique using nanosized powder
compacted target was evaluated in the degradation of
Rh6G. Under visible light irradiation the Cay¢Hog4MnO;
film has worked efficiently to degrade Rh6G in aqueous
phase. The film show a promising catalytic performance
without significant decrease in the removal efficiency
after two consecutive usages. XRD revealed high stability
of the films after successive photodegradations assays and
DRIFTS revealed that the film has no adsorbed organic
species on the surface.
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The degradation mechanism of the polluting compounds
by photocatalysis is illustrated in Figure 1.

Energy Level

Figure 1 - Mechanism of the formation of the pair
electron-hole in a TiO, semiconductor in the presence of a
pollutant molecule P (adapted from [5]).

Conduction band electrons (ecp”) and valence band holes
(hyg") are generated when TiO, film is irradiated with
light energy higher than its band gap energy (Eg, 3.2 eV).
The photogenerated electrons could reduce the dye
(pollutant molecule) or react with electron acceptors such
as O, adsorbed on the Ti(lll)-surface or dissolved in
water, reducing it to superoxide radical anion O,”. The
photogenerated holes can oxidize the organic molecule or
react with OH™ or H,0 oxidizing them into OH" radicals,
Together with other highly oxidant species (peroxide
radicals) they are reported to be responsible for the
heterogeneous TiO, photodecomposition of organic
compounds such as dyes. According to this, the relevant
reactions at the semiconductor surface causing the
degradation of dyes can be expressed as follows [1]:

TiO; + hv (UV) > TiOx(ec™ + hys*) (1)
TiOZ(hVB+) + Hzo - T102 % H++ OH. (2)
TiO(hyg") + OH™ + TiO, + OH' 3
TiOZ(BCB‘) + 02 ‘“:* T102 + 02-_ {4)
o, + H" — HO, )
Dye + OH" — degradation products (6)
Dye + hyg" — oxidation products )
Dye + ecg — reduction products (8)

TiO, catalysts can also be used in electrocatalysis or
photoelectrocatalysis as anode. Figure 2 presents the
mechanism of the electrodegradation at the anode of the
organic molecule R mediated by OH". The degradation
can take place via combustion or conversion, In the latter




s

case, if the resulting by-products are biodegradable, it
may correspond to a successful process.

€0,+ H,0O H,0
i H
,0 Coﬂve;s:on 2!
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C H,0 0, evolution
=S o J

Figure 2 - Mechanism of the anodic oxidation of the
organic molecule R, mediated by OH",

Materials and Methods

The TiO, films used in the degradation assays were
deposited by DC reactive magnetron sputtering on
conductive glass (F-doped tin oxide (Sn0;:F)) substrates
(FTO substrates) at room temperature in a custom made
system as previously reported and described in detail
elsewhere [6]. A titanium disc (99.99% purity) having
64.5 mm of diameter and 4 mm of thickness was used as
sputtering target. The gases in the system were 99.99%
pure Ar and 02, and partial pressures of these gases were
separately controlled by mass flow controllers. The total
pressure, Pr, during the deposition was kept constant at
0.8 Pa and the partial pressure of oxygen was 0.8 Pa (i.e.
10% of Pr). The spuitering power was kept at 1000 W and
the deposition time was 80 min. In order to improve
crystalline growth the as-sputtered films were thermal
annealed in air at 400 <C for 4 h in a tubular furnace.

The structural characterization was carried out on a

" . Philips Analytical PW 3050/60 X'Pert PRO (8/20)

equipped with X’Celerator detector and with automatic
data acquisition (X'Pert Data Collector (v2.0b) software),
using a monochromatized Cu Ko radiation as incident
beam, 40 kV-30 mA. Diffractograms were obtained by
continuous scanning in a 20-range of 20-90° with a scan
step time of 20 s.For the degradation assays, two 7 W UV
lamps (254 nm) were deepen in the solution, with the
TiO; film (5 cm® geometric area) between.

The electrocatalytic experiments were conducted using a
Potentiostat/Galvanostat, VoltaLab PGZ 301, as power
source, being the applied current density 1 mA cm™. The
assays were performed in a three electrodes cell, of one
compartment, being the anode the FTO/TiO, film or just
the substrate (FTO), the cathode a stainless steel foil and
the reference electrode a commercial Ag/AgCl, KClsat.
As model solution, 170 mL of an aqueous AO7 50 ppm
solution in 5 g L Na,SO, was used.

Before starting the test, the solution, with the electrodes
immersed, was stirred for one hour. After that, a sample
was collected from the solution and analyzed by UV-Vis
spectrophotometry, to exclude the hypothesis of dye
adsorption on the surface of the electrodes. The assay was
then started and run during 4 h.

122

The samples collected during the assays were analysed,
according to standard procedures for the following
parameters: Chemical oxygen demand, using closed
reflux dichromate titrimetric method; Total organic
carbon (TOC), measured using a TOC analyser, Shimadzu
TOC-V CPH; UV-Visible absorption spectrophotometric
analyses, with absorbance (Abs) measurements from 200
to 800 nm, using a Shimatzu UV-1800 spectrophotometer.

Results and Discussion

Figure 3 shows the XRD diffraction pattern obtained for
the heated FTO/TiO, film. It can be observed a small
diffraction peak with (101) orientation at 20 near to 25°
typical of the anatase TiO, structure (JCPDS/ICDD 21-
1272). The average crystallite size for the TiO, film was
calculated from the broadening of this diffraction peak
using the Scherrer’s formula, D = 0.9A/B cos8, where A is
the wavelength of Cu Ka radiation, B is the full width at
half maximum (FWHM) of XRD peaks and 6 the Bragg
diffraction angle of the line. A value of ~60 nm for the
anatase TiO; crystallite size was estimated. All the other
reflections correspond to the FTO substrate.
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Figure 3. XRD diffraction pattern of TiO, deposited on
FTO substrate.

Table 1 presents the removals in COD, TOC and AO7
concentration, determined by UV-Vis spectrophotometry
at 485 nm, for the different assays performed, with the
FTO and with FTO/ TiO, film. The variation in time of
absorbance, measured at 485 nm, for those assays is
depicted in Figure 4.

COD removals in the assays performed with FTO/TiO,
film are higher than those obtained in the assays
performed with the substrate alone.However, the best
COD removal was obtained in the photolysis assay, which
signifies that the most effective process for the
degradation of AQ7 is the UV light, and the presence of
the substrate or substrate+TiO, film only prevents light to
reach the solution. TOC removals are negligible and COD
and color removals are similar, meaning that the



degradation of the dye happens mainly by a conversion
mechanism.

In Figure 5, the spectra for the samples collected during
some of the performed assays are presented. There is a
regular decay in time of the absorbances in the visible
region. On the other hand, at UV wavelengths these decay
is not so regular and, in some cases, there is an increase in
the absorbances measured in the region 200-300 nm,
which may be due to the break of the azo bond, with the
consequent increase in the aromatics concentration, that
absorbe in that region of the spectrum.

Table 1. Removals of the monitored parameters after 4 h

assay.-AO7 concentration determined by UV-Vis at 485 nm.

Removal

Processes AAOT+/ ppm ” -

COD TO
Photolysis 41 44 3
Photocatalysis (substrate) 15 3 3
Electrocatalysis (substrate) 36 3 0
Photoel‘ecu’ocata]ysis 38 3
(substrate) 37
Photocatalysis (Ti0s) 24 32 0
Electrocatalysis (TiOz) 24 5 0
Photoelectrocatalysis (Ti0) 44 41 0

*Variation of AO7 concentration during the assay.
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Figure 4 — Variation with time of the absorbance,
measured at 485 nm, for the different assays performed.

Conclusions

From the degradation study of AO7 with TiO, films,

performed with different techniques, the following

conclusions can be drawn:

®* In’ general, AO7 degradation is possible using TiO,
films, either by photocatalysis, electrocatalysis or
photoelectrocatalysis, since AO7 removals between 15
and 44 ppm were observed only after 4 h degradation.

@ Good color removal was detected by UV-Vis
spectrophotometry, being, however, COD removals
lower and TOC removals almost inexistent.
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Figure 5 - UV/Vis spectra for the assay of

photoelectrolysis with TiO, film

= TiO; films have not enough stability when current
density is higher than 1 mA cm™,

= After 4 h assay, the absorbance removal at 485 nm was
almost complete in photoelectrolysis process, being
lower for all the others processes.

® Photolysis presents better results than TiO,
photocatalysis, probably because the most influent
factor is the UV light that is prevented from reaching
the solution due to the presence of the film.
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Heavy metals monitoring during the electrochemical
treatment of municipal landfill leachates
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Abstract

The aim of this study is to evaluate the removal of
heavy metals (Fe, Zn and Cr) during an
electrochemical combined treatment,
electrocoagulation (EC), using a consumable iron
anode, followed by anodic oxidation (AQ) with a
BDD anode, of a landfill leachate samples,
collected in a municipal landfill in the Beira
Interior region. In EC experiments, it was observed
an iron content fluctuation, mainly due to the
cycles of iron hydroxyl formation and
precipitation. During AO, the iron removal was
85%. After EC, zinc and chromium content
removals were about 65%. After the combined
treatment, removals were almost complete.

Introduction

Solid wastes containing heavy metals and other
species can be a serious environmental problem.
Once released to the environment, these species
may accumulate in soils in different forms, as
water-soluble extractable compounds or linked to
carbonates, iron-manganese oxides and organic
matter. The species in the solid waste that are
soluble and extractable in water are considered
bioavailable and are likely to be transported to the
water and, as a consequence, can be absorbed by
plants and can eventually bicacumulate in the food
chain [1]. In some cases, these solid wastes
containing heavy metals are disposed in municipal
sanitary landfills. The heavy metals can remain
trapped in the landfills and eventually be released
to the environment, due to generation of leachates
caused by the rainwater percolation through the
solid wastes and wastes decomposition [2].In fact,
compared to the total amount of heavy metals
disposed into landfills the content of heavy metals
in leachate is relatively low. The major part of the
metals is retained in the landfill. As a consequence,
it must be expected that leaching of heavy metals
from the landfills will continue for a long time [3].

Besides heavy metals, leachates also contain
various pollutants such as organic matter,
biodegradable and non-biodegradable, ammonia-
nitrogen, chlorinated organic and inorganic salts
[4]. Some of these pollutants can be removed by
biological treatment but heavy metals and non-
biodegradable organic matter are bio-refractory.
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So, the leachate treatments to reduce high
contents in organic matter and simultaneously
heavy metals contents represent a big challenge.
Thus, a combined treatment approach may be the
solution to minimize the environmental impact of
these complex wastewaters. In this context, several
studies have proved the feasibility of
electrochemical technologies, namely
electrocoagulation (EC) and anodic oxidation
(AQ), for the treatment of landfill leachates [5,6].

The objective of this study is to evaluate the
removal of heavy metals (Fe, Zn and Cr) during a
combined treatment, EC followed by AO, of
leachates coming from a municipal landfill in the
Beira Interior region.

Materials and Methods

Sample collection

The leachate samples were provided by a Beira
Interior municipal sanitary landfill.

The samples were collected in containers of 25
L, just before the biological treatment. In the
laboratory, the samples were stored at 4°C until
processing and analysis.

Electrochemical Experiments

Electrocoagulation experiments were
conducted in batch mode, without stirring and
using 500 mL of leachate. Tron electrodes were
used as cathode and as anode, both with an
immersed area of 40 cm’, with a 1.0 cm gap
between them. All experiments were conducted
with an applied current intensity of 2.5 A, at room
temperature and without addition of background
electrolyte, during three hours. After the EC
treatment, the samples were allowed to settle and
the supernatant liquid was then submitted to the
anodic oxidation treatment. Anodic oxidation
experiments were conducted in batch mode, with
stirring, and using 200 mL of the electrocoagulated
effluent, during eight hours. A BDD anode, with an
immersed area of 20 cm?, and a stainless stecl
cathode, with identical area, were used. Different
current intensities were applied, namely, 1.0 and
1.4 A. During both electrochemical experiments,



samples were withdrawn at various time intervals
and analyzed for the total Fe, Zn and Cr content.

Analyses

The samples withdrawn during EC were
centrifuged and 10 mL of the supernatant solution
was submitted to an HCI-HNO; acid digestion
according to a procedure described in the Standard
Methods for the Examination of Water and
Wastewaters [7]. The AO samples were submitted
to the same treatment without the centrifugation
step.

The total Fe, Zn and Cr contents were
determined by Flame Atomic Absorption
Spectrometry, using a SP9 Pye Unicam apparatus.

All glassware used in the analyses had been
pre-cleaned and acid-washed before use. All
reagents were of analytical grade and were used
without further purification.

All tests were repeated at least twice, to
guarantee the reproducibility of the results.

Results and Discussion

During EC, the iron consumable anode oxidizes
and iron ions are formed. In solution, these ions
hydrolyze and, depending on the medium pH,
different polymeric hydroxides may be formed.
These polymeric hydroxides are excellent
coagulation agents, which have strong affinity for
colloids, dispersed particles and ionic species
forming flocs that can be removed by
sedimentation and/or flotation [8]. In the present
study, in order to understand the iron behavior
during the EC treatment, the variation of iron in the
solution was monitored and results are presented in

Figure 1.
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Figure 1 — Evolution of disselved iron during EC

treatment, performed at applied current intensity of
2.5 A, during 3 h.

In the first 45 min of the EC treatment, the
dissolved iron content in the wastewater increased
sharply, due to the oxidation of the iron
consumable anode that generates Fe** in solution,
followed by a fall, due to the growth of polymeric
iron hydroxyl flocs, which were transformed in
non soluble forms. The iron content fluctuation
during EC treatment is mainly due to these cycles
of iron hydroxyl formation and precipitation.

Figure 2 presents the total Fe, Zn and Cr
contents before and after three hours of EC
treatment and after the combined treatment, three
hours of EC followed by eight hours of AO.
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Figure 2- Heavy metal concentration before and
after EC and after the combined treatment EC (3 h)
+ AO (8h): (a) iron; (b) chromium; (c) zinc.




As it was expected, for the reasons mentioned
previously, in the end of the EC treatment, the iron
content value is higher than the initial value (Fig. 2
a). During the anodic oxidation performed with the
highest current intensity, 85% of the iron was
removed.

Regarding the total of chromium and zinc
concentrations at the end of the EC and the
combined treatment (Fig. 2 b and c), they have
decreased during both processes. After the EC, the
zinc and chromium removals were 63% and 67%,
respectively. In the final of the combined
treatment, for the AO performed at the applied
current intensity of 1.4 A, the chromium removal
was almost complete, its concentration was lower
than the limit of detection of the method. In the
case of zinc, the best removal, 96%, was obtained
for the applied current intensity of 1,0 A,

Heavy metals removal by these two combined
electrochemical methods may envolve two
processes: in the EC, the co-precipitation with the
formed iron hydroxyl polymeric flocs and,
simultaneously, the reduction in the cathode, with
the correspondent deposition on it, and in AOQ
mainly due to the latter process.

Conclusions

During electrocoagulation there is an increase in
the iron content, mainly due to the oxidation of the
iron consumable anode. The iron content
fluctuation during EC is mainly due to the cycles
of iron hydroxyl formation/precipitation. During
AO, 85% of the iron formed during EC, which
remains in the EC treated effluent, is removed and
the removal efficiency increases with applied
current density. At the end of the combined
treatment, the chromium and zinc are almost
completely removed; the legal limits for disposal
into the municipal sewage were accomplished.
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