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ABSTRACT

Among numerous techniques, electro-oxidation occupies a noticeable place in landfill
leachate treatment. In recent years, electro-oxidation processes have been shown to be effec-
tive alternative for the removal of refractory organic compounds from stabilized landfill
leachate. This paper aims to provide an overview about the effectiveness and mechanism of
electro-oxidation processes employed for stabilized landfill leachate treatment. A review of
the recent literature published on the electro-oxidation processes (i.e. electrochemical, electro-
Fenton, photoelectro-Fenton, photoelectrochemical, and electrochemical peroxidation) perfor-
mance and efficiency in stabilized leachate treatment are summarized and presented in this
study. This study concluded that, although the high treatment cost caused by the energy
consumption may limit electro-oxidation techniques, electro-oxidation processes are still a
promising and effectual technology for the reduction of pollutants in stabilized landfill

leachate.

Keywords: Electro-oxidation; Landfill; Stabilized leachate; Organic compounds removal

1. Introduction

Production of leachate that can seep into the
ground and contaminate the ground water, surface
water, and soil is generally a main drawback associ-
ated to municipal sanitary landfill disposal method
[1]. Typically, landfill leachate contains large amounts
of organic pollutants, ammonia-nitrogen, inorganic
salts, and heavy metals [2-7]. The impact of landfills
is also long term. This is due to the fact that landfills
will continue to produce leachate and release biogas
for a long period after closure. Primo et al. [5]

*Corresponding author.

reported that landfill leachate is a type of extremely
polluted wastewater produced from municipal sani-
tary landfill. Organic substances (BODs and COD) and
NH;-N are two main chemical features of environ-
mental concern in landfill leachate.

The quantity and quality of landfill leachate vary
with time, because deposited wastes consist of a wide
range of inorganic, organic, and/or xenobiotic
compounds that have an effect on the composition
and the environmental potential of formed leachate
[8]. Foo and Hameed [9] stated that the chemical
composition of landfill leachate is influenced by a
number of factors including seasonal precipitation,
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waste composition, and, mainly, the age of the land-
fill. Renou et al. [10] and Bashir et al. [11] indicated
that the age of the landfill site is one of the main
variables that affect the leachate characteristics. As a
landfill becomes older, the biological decomposition of
the deposited waste shifts from a relatively shorter
initial period to longer decomposition periods com-
monly referred to as acidogenic and methanogenic
phases [10-14]. Thus, leachate generated from young
landfills (i.e. <5years old) normally contains a huge
quantity of biodegradable organic substance mainly
volatile fatty acids (VFA) and are characterized by
high COD (10,000mg/L) and BOD5/COD ratio. On
the contrary, aged landfill (i.e. >10years old) produces
stabilized leachate that contains biorefractory
compounds such as humic and fulvic acids, and are
distinguished by a low COD of less than 4,000mg/L
and BOD;5;/COD ratio of less than 0.1 [10]. Li et al.
[15] reported that as the landfill leachate age increases
and further stabilized, biodegradable fraction of
organic substances in leachate reduces, and accord-
ingly, conventional biological treatment methods are
no longer adequate to achieve the level of decontami-
nation required to decrease the negative effects of
landfill leachate on environment. Therefore, alterna-
tive physico-chemical processes have been practiced
[8,10]. Examples of the physico-chemical processes
used for stabilized leachate treatment include: electro-
oxidation processes [16,17], Fenton reaction [18,19],
ozonation [20], ion-exchange [11,21,22], coagulation/
flocculation [2,4], adsorption [23], air stripping [24], or
combinations of two methods or more.

According to the literature, advanced oxidation
processes (such as electrochemical oxidation, Fenton
oxidation, electro-Fenton oxidation, photoelectro-
Fenton, photoelectrochemical (PEC), electrochemical
peroxidation (ECP), etc.) have been proved highly
capable and efficient in reducing refractory organic sub-
stance and color as well as in oxidizing ammonia from
raw and pretreated landfill leachate [16,19,25-30].
Furthermore, electro-oxidation can also achieve a con-
siderably high efficiency in the removal of organic
compounds from leachate compared to other physio-
chemical technologies, which only bring about phase
transfer of the contaminants in question and do not
involve chemical destruction. Nevertheless, the effi-
ciency of the electro-oxidation techniques depends
strongly on the experimental conditions and on the
nature of the electrode materials [25]. Several elec-
trodes made from different materials have been tested
in electrochemical oxidation of different kinds of
wastewater [25]. Recently, graphite carbon [31], alumi-
num [32,33], Ti/PbO, anode/stainless steel cathode
[34], boron-doped diamond (BDD) [35], iron [36],
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stainless steel anode/carbon cathode [37], carbon
anode/stainless steel cathode [38], and Ti/RuO,-IrO,
anode/stainless steel cathode [39] have been
employed in the treatment of stabilized landfill leach-
ate. Among AOPs, a combination of electrochemical
oxidation and Fenton reagent has been considered to
be a capable and attractive treatment technology for
degradation of stabilized leachate. In recent years,
there has been an increased focus on the use of elec-
trochemical methods, which can produce ‘OH as the
main oxidizing agent by different ways [26,27].

The aim of this study is to provide an overview of
electro-oxidation processes performance in treatment
of old (stabilized) landfill leachate. Furthermore, to
highlight and summarize the effectiveness of stabi-
lized leachate treatment, various treatment combina-
tions such as electro-Fenton, photoelectro-Fenton,
PEC, ECP, and combined biochemical treatment and
electrochemical oxidation are used. This review paper
was prepared on the basis of the most recent scientific
published literature.

2. Electrochemical oxidation mechanism

As mentioned previously, electrochemical oxida-
tion process has been considered as one of the most
effective techniques in degrading a range of refractory
compounds in landfill leachate, textile wastewater,
simulated wastewater, olive mill wastewater, paper
mill effluents, and industrial paint wastewater
[26-30,40,41]. According to Li et al. [26], this can be
attributed to the role of a highly reactive radical inter-
mediate such as hydroxyl radical ("OH) as an oxidant.
The radicals with an oxidation potential (E°) of 2.80V
can be produced in electrochemical oxidation systems
and can rapidly degrade recalcitrant organics such as
aromatic, chlorinated, and phenolic compounds.
Radha et al. [27] concluded that the mechanism of
electrochemical oxidation of wastewater is a complex
phenomenon involving coupling of electron transfer
reaction with a dissociate chemisorptions step.

In a previous study, Deng [42] investigated the
implementations of electrochemical oxidation process
in landfill leachate treatment. Deng [42] presented the
most common conceptual circuit diagram that
represents the design of electrochemical reactor,
including a direct current (DC) power supply, a
cathode, an anode, and the electrolyte (a medium that
provides the ion transport mechanism between
the anode and the cathode necessary to maintain
the electrochemical process). The schematic diagram
of electrochemical reactor is demonstrated in Fig. 1.
The electrochemical oxidation of contaminants in



2172
1. Direct Power Supply
2. Cathode
3. Anode
4, Electorlyte
Q>

—® ©—>

@

2 3 s ] o+ =0

Fig. 1. Schematic diagram of electrochemical reactor [42].

waste water is accomplished through two different
approaches, as illustrated in Fig. 2 [43—48]:

(i) Direct anodic oxidation, where the organic
compound degradation can occur directly over
the anode through the adsorbed *OH, or chem-
isorbed active oxygen in the anode surface
(often called “anodic oxidation, direct oxidation
or electrochemical incineration”).

(ii) Indirect oxidation (organic compounds are trea-
ted in the bulk solution by means of species
generated in the electrode).

Chemical reaction with electro generated species
from water discharge at the anode such as physi-
sorbed hydroxyl radical ("OH) or chemisorbed such
as oxygen in the lattice of a metal oxide (MO) anode.
The action of these oxidizing species leads to total or
partial decontamination, respectively.

Li et al. [26] and Scialdone et al. [49] stated that
during indirect oxidation, the agents produced on the
anode, that are responsible for oxidation of inorganic
and organic matters may be chlorine and hypochlo-
rite, hydrogen peroxide, and ozone. Furthermore, dur-
ing electrolysis, two species of active oxygen can be
electrochemically produced on oxide anodes (MO,).
One is the chemisorbed “active oxygen” (oxygen in
the oxide lattice, MO,,1), responsible for the electro-
chemical conversion through (Eq. (1)). While the other
is the physisorbed “active oxygen” (adsorbed hydro-

Pollutants  Osadized products

\' Bulk solution
Cradation reactions
Bl ks Bulk solution
Mediators  Oudants Pollutants ~ O:adized products
Electrode IS S Aids

Electrons
Darect o:adation

Indirect oxdation

Fig. 2. Schemes of pollutant removal pathways in
electrochemical oxidation process (direct and indirect
oxidation) [26,33].
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xyl radicals, "OH), responsible for electrochemical
combustion through Eq. (2) [16];

R+MO,;; — RO+ MO, (1)

R + MO, ("OH), — CO, + zH" + ze + MO, 2)

where R symbolizes organic matters and z represents
the number of absorbed *OH on anode. Throughout
the electrochemical oxidation of leachate, the contami-
nants removal may be mainly attributed to indirect
oxidation, utilizing chlorine/hypochlorite formed by
anodic oxidation of chlorine originally existing or
added in the leachate. On the other hand, direct ano-
dic oxidation may slightly destroy pollutants adsorbed
on the anode surface [26,42]. A series of reactions
involving indirect oxidation during electro-oxidation
are shown in Egs. (3)-(9).
Anodic reactions:

2CI" — Cl, + 2¢ (3)

6HOCI + 3H,0 — 2ClO; + 4Cl" + 12H*

+ 1.50; + 6e” 4)
2H,0 — O, + 4H" +4e~ (5)
Bulk reactions:
Cl, + H,O — HOCl + H" + CI” (6)
HOCI — H" + OCl™ (7)

Cathodic reactions:

2H,0 +2¢~ — 20H™ + H, (8)

OCl™ + H,0 +2¢~ — Cl” +20H" )

Scialdone et al. [49] reported that hypochlorite
(OCI") generated in bulk solution (Egs. (6) and (7)) is
a strong oxidant that can oxidize aqueous organic
compounds. Due to the low cost of chloride, its rela-
tively high solubility and strong oxidizing properties
of the produced active chlorine, indirect electrochemi-
cal oxidation of pollutants leachated by electrochemi-
cally generated chlorine was the most commonly
practiced method.

In addition to its effectiveness in refractory organic
compounds removal, electrochemical oxidation meth-
ods were investigated in ammonia removal. Liu et al.
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[50] and Li and Liu [51] studied the electrolytic degra-
dation and kinetic modeling of electrolytic degrada-
tion of ammonia using Ti/IrO, and RuO,/Ti anode,
respectively.

The selection of electrode materials is extremely
significant as it affects the selectivity and the effi-
ciency of the process. The electrode materials must
have the following properties [52]:

* High physical and chemical stability; resistance to
erosion, corrosion, and formation of passivation
layers.

¢ High electrical conductivity.

¢ Catalytic activity and selectivity.

* Low-cost/life ratio. Whereas the use of inexpensive
and durable electrode materials must be favored.

3. Electrochemical oxidation performance in
stabilized landfill leachate treatment

Nowadays, there is a continuously increasing con-
cern for the development of advanced oxidation pro-
cesses (AOPs), which is considered a highly
competitive treatment technology for the removal of
organic pollutants not treatable by conventional tech-
niques due to their high chemical stability and/or low
biodegradability [53-60]. The effectiveness of electro-
chemical oxidation of landfill leachate in various stud-
ies is illustrated in Table 1. Furthermore, the initial
leachate characteristics and optimum operation condi-
tions are presented in Table 2.

Bashir et al. [31] applied electrochemical treatment
for stabilized landfill leachate using graphite carbon
electrodes and sodium sulfate (Na,SO,) as electrolyte.
The optimum conditions were found as 1,414mg/L
initial COD concentration, 79.9 mA/cm? current den-
sity, and 4h reaction time. This achieved 70% BODs
removal, 68% COD removal, and 84% color removal.
Bashir et al. [31] mentioned that electrochemical treat-
ment of stabilized landfill leachate using graphite car-
bon electrode was effective in BODs, COD, and color
removals. However, the color concentration of the
treated samples increased at low influent COD and
high current density owing to corrosion of electrode
material. Mohajeri et al. [32] studied the electrochemi-
cal oxidation process to eliminate COD and color from
semi-aerobic stabilized landfill leachate collected from
Pulau Burung Landfill Site, Penang, Malaysia. Experi-
ments were carried out in a batch laboratory-scale sys-
tem in the presence of NaCl as electrolyte and
aluminum electrodes. In optimized condition, maxi-
mum removals for COD (49.3%) and color (59.2%)
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were achieved at current density of 75mA/cm?
electrolyte concentration 2,000mg/L, and reaction
time 218 min. Isa et al. [33] studied the effectiveness of
electrochemical treatment in treating semi-aerobic
landfill leachate. The electrolytic reactor assembly
included a pair of aluminum electrodes, a power sup-
ply, and NaCl as electrolyte. At optimum conditions,
(2000mg/L initial COD, about 17mA/cm’® current
density, 4h reaction time, and 1g/L NaCl), COD
removal, BODs removal, and color removal were esti-
mated to be 82.2, 81.5, and 95%, respectively. Panizza
et al. [34] studied the anodic oxidation of a raw leach-
ate from an old municipal solid waste landfill located
near the city of La Spezia (Italy) using an electrolytic
flow cell equipped with a Ti grid coated with a lead
dioxide (Ti/PbO,) as the anode and stainless steel as
the cathode. The method succeeded by removing 80%
of COD. They found that the contribution of the indi-
rect process mediated by the active chlorine electro
generated from the chloride ions oxidation to the
reduction of the organic load of the effluent was lar-
ger than that of the *OH mediated process. Also, they
concluded that an increase in the applied current
intensity, pH level, and temperature accelerated the
removal of COD and improved the current efficiency.
Papastavrou et al. [35] focused on the treatment of
landfill leachate that biologically pretreated via elec-
trochemical oxidation. Electrochemical oxidation over
a boron-doped diamond electrode achieved about 90%
COD removal in 4h with the resulting stream having
a COD content as low as 50mg/L. According to Papa-
stavrou et al. [35], an increase in current intensity
from 15 A to 21 A had no realistic effect on the overall
COD removal, which followed first-order kinetics.
Orkun and Kuleyin [36] found that the optimum COD
removal (65.85%) by wusing iron electrode was
obtained with typical operating conditions: current
density, 30mA/ cm?; operation time, 180 min; conduc-
tivity, 16.4ms/cm; and initial pH, 6.54. Misra et al.
[37] studied the treatment of landfill leachate by using
a batch electrolytic parallel plate (Stainless Steel/Car-
bon) and fixed bed three-dimensional electrode reactor
using granular-activated carbon as a particle electrode.
A maximum of 78.2% COD removal was achieved.
They concluded that electro-oxidation of leachate in
three-dimensional electrode reactor required less elec-
trical energy compared to parallel plate configuration.
Rao et al. [38] considered the electro-oxidation of
high-strength leachate from an industrial landfill
using three-dimensional carbon bed electrode reactor
(TDR). They reported that a 60-64% COD and 66-73%
TOC were removed during 1h. The removal of COD
and TOC slowly improved with treatment time, and
76-80% COD and 83-85% TOC removals were



[02]

[69]
[89]
<H
= [69]
m_ [29]
= [99]
)
&
= g9l
N )
=
£
S
e [e9]
5 2l
s 9]
.M
S ()
g [e€l
s Isgl
R
B el
.m.
5 [c€]
M [¥€l
W [e€]
—~ [c€l
= gl
[£1]
EEN|

|74

8

02

aod

NMLL

001

G6<

G6<

14

001
6¥

001

At
4!
18

966

eruowrury

001
9¢

98

g6
69
78

I0[0D)

001

ey
68

299
06
04

6
€L

°i4

%
69
q9¢
08
8L
899

06
08
q'18
€ov
89
74

aoo

[991s ssafureIg

9pOoLIed [99)S SSAUILIG

[o993s ssafurelg

sayerd o915
WNIOodIIZ
WNUIn|y

(AJS) WnIuer payeod-apIxo

m-pJ-ug Areurs pue ‘(2d4£) ygQq) wnriuen
pajeod-apIX0 1T-1y Areulq (1L/204d)
winruein pajeod COLL, %04 Pue ‘Ony %0€

[991s SsauTeIg

sayerd wnurwnyy

WUy
uoJy
wnuruny
[991s ssaurelg
[993S ssaurelg
uoqre))

uoif

(dag) puowerp padop-uoiog

[991s ssafurelg
wnuruny
WNUIun[y

uoqred ajrydern

1addon

apoyieD

aad

aad

aad
aprxorp

wnipur pue wnuerd ym pajeod ayerd 1y,

CONMI—<OI1 /1L
wnuiuny

(AJS) wnIuejr payeod-apIxo

m-pJ-ug Areurs) pue ‘(d4A) ygq) wnruejn
pajeod-apIX0 IT-1y Areurq ‘(1L/Z0dd)
wnrueir pajeod YOI %04 Pue 1oy %0€

aad

sajerd wnunun(y

wmnurun|y
uolIy
wnuruny
OI-fony /11
uoqre)

[993s ssoqurelg
uolIy

(aag) puourerp padop-uoiog

0qd/1L
wmurunyy
wnurunjy

uoqred ajrydern)
¢O1-“OMy-¢OLL-LL

apouy

(%) Aouamyge TeAOWY

s[eLIa}ew 9posIA[g

ayeydra] MEY]
dyeyoes|
pareanyaad
Aqpeardoporg
ayeydra] MEY]
dyeyoes|
poreanRI]
ajeypes mey
ayeydra] MEY]

ayeydea] MeY
ayeydea] MeY]
ayeyoed|
pareanyaxd
Aqresrdororg
ayeydra] MEY]
djeyoes| mey

djedra] MEY
djePeI] MEY
ajyeyoes] mey
djeydes] Mey
ajeypes| mey
d1edrd]
payeanjard
Aqreotdojorg
ajeyoes] Mey
ajeypes] mey
ajeyoes] mey
ajeyoes] mey
ajeyoes] mey

ad 4y ayeyoeay

2174

SITPNJS SNOLIEA UI 9)eyded] [[Jpue] JO ADUSIDIJd UOHEPIXO [eDTWD01I3[H

[ 219eL



M.].K. Bashir et al. | Desalination and Water Treatment 51 (2013) 2170-2184 2175
Table 2
Initial leachate characteristics and optimum operation conditions in various studies
Initial concentration Optimum operation conditions Ref.
COD, 1,140 mg/L; ammonia, 800 mg/L; and pH, 7.9 Reaction time (RT), 7h; and current density [17]
(CD), 5.4 A/dm?
BODs, 80 mg/L; BOD5/COD, 0.043; COD, 1,870mg/L; color, NaySO,, 1g/L; initial COD conc., 1,414mg/L; [31]
2,970Pt—Co; and pH, 8.9 RT, 4h; and CD, 79.9 mA /cm?
BODs, 237mg/L; COD, 2,600 mg/L; BODs/ COD, 0.09; color, NaCl, 2g/L; RT 218 min; and CD,75 mA /cm? [32]
3,250 Pt.Co; and pH, 8.0
BODs, 366 mg/L; COD, 3,032mg/L; color, 4,970 Pt-Co; and NaCl, 1g/L; initial COD conc., 2,000mg/L; RT, [33]
BOD;5/COD, 0.12 4h; and CD 17 mA/cm?
COD, 780 mg/ L; BODs/COD <0.1; and pH=28.20 pH, 8.2; T, 50°C; flow rate=420 L/h; RT; 3h; [34]
I1=2A
COD, 500mg/ L RT,4h; 1,15 A [35]
BOD:s, 6,400mg/L; COD, 11,000mg/L; Ammonia, 1,247 mg/L; pH, 6.54; T, 25°C; RT, 3h; and CD, 30mA/ cm? [36]
and pH, 7.95
COD, 17,100-18,400 mg/L; TKN, 2,000- 2,240 mg/L; BODs/ RT,6h;1,3 A [38]
COD, 0.05; and pH,8.9
BODs, 560mg/L; COD, 3,782 mg/L; Ammonia, 3,143mg/L; and RT, 3h; and CD 60mA/ cm? [39]
pH, 8.4
BODs, 5,270mg/L; COD, 12,860 mg/L; Ammonia, 2,240 mg/L; RT, 30 min; and CD, 63.1 mA/cm? [60]
BODs/COD, 0.4; and pH, 8.2
BODs, 132mg/L; TKN, 372mg/L; and pH, 7.6 NaCl, 29¢g/L; pH, 7.6 RT, 38.8 min; and CD, [61]
10.99 mA /cm?
COD, 380 mg/L; and BODs/COD, 0.18 N/A [62]
BODs, 70mg/L; COD, 380 mg/L; and BODs/COD, 0.18 RT, 6h; and CD, 30-90 mA /cm? [63]
BODs, 640mg/L; COD, 4,434 mg/L; BODs/COD, 0.14; and pH,  Flow rate, 2,000 L/h; RT, 3h; and CD, [64]
8.35 116 mA /cm?
COD, 4,100 mg/L; Ammonia, 2,600 mg/L; and BOD/COD, 0.2 NaCl, 7.5g/L; RT, 4h; CD, 0.15 A/cm? [65]
COD, 28,200-34,200 mg/L; Ammonia, 1,599-1,631 mg/L; BODs/  Stirring speed, 150 rpm; and CD, 50mA/ cm? [66]
COD ratio, 0.09-0.12; and pH, 7.6-8.9
BODs, 120mg/L; COD, 2,960 mg/L; BODs/COD, 0.4; and pH, 8 T, 80°C; RT, 4h; and CD, 32 mA /cm? [67]
BODs, 4-20mg/L; COD, 400-500 mg/LAmmonia, 5-15mg/L; RT, 1h; and CD, 20 mA /cm? [69]
and pH, 8-9
COD, 860 mg/L; Ammonia, 780 mg/L; and pH, 8.16 RT, 1h; and CD, 30 mA/cm? [68]
COD, 5,800 mg/L; Ammonia, 1,210mg/L; and pH, 8.4 RT, 6h; and CD, 50 mA /cm? [69]
COD, 4,430mg/L; BODs/COD 0.14; and N-NH, 1,930mg/L and T, 20°C; RT, 6-8h; and CD, 30 mA /cm? [70]

pH, 8.35

obtained at 6h. About 57-64% TKN was removed
during 1h. In this study, about 97% TKN was
removed in 6h at applied current of 3 A. Zhang et al.
[39] compared the performance of a two-dimensional
electrode reactor with a same size three-dimensional
electrochemical reactor (leachate characteristics were
pH 8.4, COD 2091 mg/L, and ammonia 2,531 mg/L) at
60mA /cm” of current density and 3 h of reaction time.
In the two-dimensional electrode reactor, 20.2% COD
removal efficiency was obtained, while COD removal
efficiency increased to 26.5% in the three-dimensional
electrochemical reactor. However, ammonia removal
efficiency was as high as 81.1% in the three-dimen-
sional electrochemical reaction compared with only

57.7% in the two-dimensional electrode reactor. The
employment of electrochemical oxidation for treat-
ment of Odayeri (Turkey) landfill leachate showed
that over 59% of COD and 14% of ammonia removal
were accomplished by using aluminum electrodes,
30min contact time, and a current density of 631
A/m? [61]. Contreras et al. [62] investigated landfill
leachate treatment by using aluminum electrode. The
optimal conditions obtained were time 38.8min, pH
7.6, current density 109.9 A/m? and NaCl 2.9g/L.
The results showed that 96.9% of turbidity, 97.0% of
Al, 99.5% of Fe, and 66% of total Kjeldahl nitrogen
were removed. Furthermore, the sludge formed exhib-
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ited a good floc size, which separated in less than
10 min by classical sedimentation [62].

Electrochemical oxidation tests were carried out
also by Labanowski et al. [63] in a laboratory pilot
using aluminum plates. The leachate used in this
study came from the landfill of Crezin (Limoges,
France), and it presented low biodegradability and
high concentration of macromolecules. Labanowski
et al. [63] achieved 45% reduction of COD. Moraes
and Bertazzoli [65] investigated treatment of leachate
collected from sanitary landfill in Rio Claro (Brazil)
using flow electrochemical reactor. The collected
leachate was treated via electrochemical oxidation in a
pilot-scale flow reactor, using oxide-coated titanium
anode. The experiments were conducted under a con-
stant flow rate of 2,000L/h, and the effect of current
density on chemical oxygen demand, total organic car-
bon, color, and ammonium removal was investigated.
At a current density of 116.0mA/cm” and 180 min of
processing, the removal rates obtained were 57% for
TOC, 86% for color, 73% for COD, and 49% for
ammonium. Chiang et al. [66] evaluated the efficiency
of various anode types including graphite, PbO,/Ti,
binary Ru-Ti oxide-coated titanium (DSA type), and
ternary Sn-Pd-Ru oxide-coated titanium (SPR) for
landfill leachate via electrochemical oxidation process
in the presence of different concentrations of chloride
ions. The removal effectiveness of COD was decreased
in the order SPR>DSA >PbO, > graphite due to the
higher chlorine/hypochlorite production efficiency of
the SPR anode. A 92% COD removal and a total
ammonium removal were obtained after 240 min by
the SPR at 0.15A/cm” when the chloride content was
7,500mg/L. Anglada et al. [70-74] clarified the differ-
ent phenomena that take place during the electro-
oxidation process of landfill leachate at a pilot plant
scale with boron-doped diamond (BDD) anodes. The
evolution of the level of chloride ions, chlorate, inor-
ganic carbon, pH, and redox potential was found to
be interrelated. Effectively, they applied two mathe-
matical models for describing the oxidation kinetics of
COD and ammonium. In their study, Yong et al. [75]
indicated that the influence of pH value on the treat-
ment efficiency of landfill leachate was correlated with
the concentrations of chloride ion and heavy metal
ion. Lei and Baoshan [76] reviewed the technical
applicability and the treatment performance of various
electrochemical oxidations for landfill leachate. Lei
and Baoshan [76] summarized the theorem of the pro-
cess and its applications in landfill leachate treatment.

From the previous studies, it can be concluded
that electrochemical oxidation is still a promising
and influential technology, particularly for low
BODs/COD ratio or high-toxic landfill leachate
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where biological methods are not effective [64]. How-
ever, the forthcoming research is required to eluci-
date the influence of pH, and the hazard of
chlorinated organics formation throughout electro-
oxidation of landfill leachate [64]. In this regard, the
formations of undesirable oxidation by-products such
as nitrate ions [64] as well as chlorinated organic
substances [77] were recently detected. According to
the literature, in the presence of chloride, there are
some reactions that can be occurred leading to the
formation of undesirable by-products such as chlor-
amines. Chloramines (very toxic substances) are pro-
duced due to the presence of ammonia and free
chlorine in the electrolysis system, and their preven-
tion is very significant for environmental protection
[78-83].

In addition to organic compound removal from
landfill leachate with a low BODs;/COD ratio,
Anglada et al. [82] addressed the concern of forma-
tion of chlorinated organic compounds and nitrate
ions as a result of organic matter and ammonia and/
or organic nitrogen electro-oxidation in the presence
of chloride ions. In their study, the process was eval-
uated on COD, total nitrogen, and color removal, as
well as on the formation of nitrate, nitrite, and chlo-
rinated organics. At applied current of 18 A and
reaction time of 8h, high levels of decolorization
(84%), COD removal (51%), and ammonia removal
(32%) were achieved. However, the concentration of
chlorinated organics increased continuously with
treatment time reaching values of 1.9 pug/L, 753 mg/
L, and 431 pug/L of trihalomethanes (THMs), haloace-
tonitriles (HANSs), and haloketons (HKs), respectively
[82]. In another study, Perez et al. [83] investigated
the formation of oxidation by-products during the
electrochemical removal of ammonium using BDD
electrodes from landfill leachate containing chlorides.
Two different levels of chloride concentration were
studied i.e. low chloride concentrations (0-2,000mg/
L), and high chloride concentrations (5,000-
20,000mg/L). At high chloride concentration, the for-
mation of nitrogen gas and the rate of ammonium
removal were favored [83]. Moreover, chloride was
also oxidized during the electrochemical treatment
leading to the formation of free chlorine responsible
of the ammonium oxidation, together with undesir-
able products such as chloramines, chlorate, and per-
chlorate [83]. Perez et al. [83] reported that the
concentration of chloride had an important influence
on the formation kinetics of the oxidation by-prod-
ucts. In view of that, at low chloride concentrations,
chlorate appeared like an intermediate compound
leading to the formation of perchlorate. However, at
high chloride concentrations, chlorate formation was
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delayed significantly and perchlorate was not
detected during the experimental time [83].

On the other hand, the main problems to be tack-
led before the full-scale employment ofelectrochemical
oxidation is the reduction of operating cost and
the development of competent and stable electrode
materials [52]. Therefore, in order to improve the
application of electro-oxidation of landfill leachate,
improvement of electrodes material for more economi-
cal and effective electrodes is exclusively required
[64]. Recently, various researchers focused on the
energy consumption [17,34,36,67,70,73]. The energy
consumption for the electrochemical treatment was
evaluated by Nisha Priya et al. [17] taking into consid-
eration the electrolysis time, current intensity, and
voltage. According to their study, the leachate treat-
ment required 193.35 KWh/kg COD of energy
which can be decreased to 121.00 KWh/kg COD if
1,000mg/L of chloride was added [17]. According to
Panizza et al. [34], the specific energy consumption
necessary to reduce the organic load to below the dis-
posal limit was 90 kWh/m®. Bouhezila et al. [67] used
electrochemical reactor in leachate treatment. The
findings in this study show that the removal efficien-
cies of COD, total nitrogen, color, and turbidity were
respectively 70, 24, 56, and 60% with Al electrodes
and 68, 15, 28, and 16% with Fe electrodes. Electrical
energy consumption and operating cost were 0.022
kKWh/L, 054 US$/m> with Al electrodes, and 0.019
kWh/L, 0.47 US$/m> with Fe electrodes.

In their study, Panizza et al. [34] mentioned that
specific energy consumption necessary to reduce
the organic load to below the disposal limit was
90 kWh/m> On the contrary, Anglada et al. [70]
reported that the specific energy consumption
required for reaching the disposal limits for COD and
ammonia in Spain were 54 kWh/m® and 93kWh/m?,
respectively. Thus, according to Anglada et al. [70],
the energy cost was €9.3/m>. Nevertheless, the prices
of energy cost are highly dependent on the particular
country. Moreover, it should be kept in mind that
energy price is significantly dependent on the
required level of treatment. Additionally, it should be
noted that the operating cost involves costs of chemi-
cals, electrodes, and energy consumptions plus labor,
maintenance, sludge dewatering, and disposal, and
fixed costs [36].

4. Electro-oxidation related processes
4.1. Electro-Fenton (EF)

Fenton process has attracted great interest in view
of its high capacity to generate hydroxyl radicals
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through decomposition of H,O, by Fe** in acidic
conditions [84,85]. According to Brillas et al. [86], the
efficiency of Fenton oxidation process can be consider-
ably improved by using electricity (electro-Fenton) for
the generation of additional hydroxyl radicals. The
electro-Fenton processes include electrochemical reac-
tions for the in situ generation of the reagents used for
the Fenton reaction. The generated reagents depend
on solution conditions, cell potential, and nature of
electrodes [87].

In the electro-Fenton process, Fenton process and
electrochemicals are combined to increase the degrada-
bility of organic substances present in high-polluted
wastewaters [87,88]. Under electrically assisted Fenton
reaction, more “OH radicals are generated and the oxi-
dation of the organics to CO, can be enhanced in the
same period [87-89]. The enhanced generation of
hydroxyl radicals in the presence of electricity guaran-
tees considerable enhancement in the reduction of pol-
lutants. The electro-Fenton process has two different
configurations. In the first one, Fenton reagents are
added to the reactor from outside and inert electrodes
with high catalytic activity are utilized as anode mate-
rial. However, in the second configuration, only hydro-
gen peroxide is added from outside and Fe** is added
from sacrificial cast iron anodes. The electro-Fenton
process has been recently employed in stabilized land-
fill leachate treatment by different researchers [90-96].

The electro-Fenton process can proceed by the fol-
lowing chain reactions [84,87,94]. The Fe?* initiates
and catalyses the decomposition of H,O,, resulting in
the production of hydroxyl radicals (*OH) in the solu-
tion. Hydroxyl radicals are also generated at the sur-
face of a high oxygen overvoltage anode from water
oxidation. This reaction increases oxidative potential
of the process due to the increase of the "OH. The
produced “OH is the main oxidizing agent of organic
matter, i.e. its conversion to CO,, water, and inorganic
ions. The electro-Fenton oxidation process can be illus-
trated by the following chain reactions:

Fe’" + H,0, — Fe’" + OH™ +*OH (10)

Hydroxyl radicals are also generated at the surface
of a high oxygen overvoltage anode from water
oxidation:

H,O —*OH + H" +e” (11)

Eq. (10) is propagated from ferrous ion regenera-
tion mainly by the reduction of the produced ferric
species with hydrogen peroxide:
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H,0, + Fe*" — Fe*" + HO, + H* (12)

Also the generated ferric ion from Eq. (10) can be
reduced to ferrous ion by electrochemical regeneration
of Fe*" ions on the cathode surface:

Fe’' + ¢~ — Fe’" (13)

Furthermore, ferrous ions can be quickly destroyed
by hydroxyl radicals:

Fe’* +°*OH — Fe** + OH~ (14)

The generated hydroxyl radicals would react rap-
idly with most of the organic compounds, either by
addition to a double bond or by abstraction of a
hydrogen atom from aliphatic organic molecules:
RH +°*OH — H,O+R° (15)

The resulting organic radicals then react with oxy-
gen to initiate a series of oxidation reactions leading
to mineralization of the organics to produce CO, and
HQO.

The electro-Fenton process is a promising alterna-
tive for mineralization and reduction of recalcitrant
organic compounds in landfill leachate [89-96].
Urtiaga et al. [90] concluded that, as a result of
the advanced oxidation process that combines Fenton
and electro-oxidation processes, the highly polluted
raw landfill leachate characterized by an average
value of COD=4,430mg/L and N-NH; of 1,225mg/L
has been transformed into an aqueous effluent with
COD and ammonium contents below the discharge
limits, COD <160mg/L, and N-NH; <15 mg/L. The
testing of the integrated process has been performed
on-site at pilot scale. In another study, Mohajeri
et al. [91] optimized the operating parameters in elec-
tro-Fenton process, for the removal of recalcitrant
organics from semi-aerobic landfill leachate using
response surface methodology (RSM). In their study,
the efficiency of the essential process variables such
as H,O,/ Fe’* molar ratio, current density, pH, and
reaction time were determined. The optimum remo-
vals were determined as 94.07% of COD and 95.83%
of color at pH 3 and H,0O,/ Fe?* molar ratio was 1,
contact time was 43 min, while current density was
49mA/cm?. However, applying cast iron plates for
both anodes and cathodes with surface area of 22.6
cm” and yielded 72 and 90% removal of COD and
color, respectively, for a treatment period of 20min,
constant DC current of 3A and H,O, concentration of
2,000mg/L at initial pH 3 [92]. Shi et al. [93] studied
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landfill leachate treatment by a three-dimensional
electrode electro-Fenton process. The optimal operat-
ing conditions were found as current density of
57.1mA/cm?, electrode distance of 10cm, initial pH
4.0, dosage of Fe?* of 1mmol/L, and air flow of 0.2
m3/hr. Under these conditions, the COD and TOC
removal efficiencies reached 80.8% and 73.26%,
respectively. The biodegradability (BODs/COD ratio)
was increased from 0.125 to 0.486. Zhang et al. [94]
used Ti/ RuO,- and IrO,-type electrodes as anode
materials and added the Fenton reagent from outside
for the treatment of high-strength landfill leachate.
Boye et al. [95] investigated the treatment of Istrana
landfill leachate (Treviso, Italy) via electro-Fenton
process. Whereas H,O,-assisted process was used
together with iron anode coupled with Ti (Pt) cath-
ode. The COD removal was in the range of 60-80% in
6h for the leachate. They indicated that electro-Fenton
technology is suitable for landfill leachate treatment.
The electro-Fenton method together with chemical
coagulation as pretreatment process before biological
treatment was investigated by Lin and Chang [96].
The authors used two pairs of electrodes (cast iron
plates) and they added H,O, to the electrolytic cell
before the electrical current was started.

4.2. Photoelectro-Fenton (PEF)

The effectiveness of electro-Fenton method can
be considerably enhanced in the presence of UV
irradiation by a process called photoelectro-Fenton
[88,97-101]. The catalytic effect of Fe’* can be
enhanced by assisting electro-Fenton process with
UV irradiation. The photoelectro-Fenton process can
increase the regeneration rate of Fe** in the pres-
ence of UV [46,90,97-99]. An increased concentration
of hydrogen peroxide increases the oxidative
capability of the process. Moreover, H,O, produces
two "OH by photocatalytic effect of UV irradiation
[46,100].

H,0, 4+ hv — 2°OH (16)

The degradation action of UVA irradiation is com-
plicated and can be illustrated by Altin [94] and Tauc-
hert [100]. According to Ting et al. [97] and Brillas
et al. [86], PEF is a type of Fenton technology which
uses the same conditions as that of the electro-Fenton
process with simultaneous irradiation of UVA light.
This accelerates the degradation rate of organic pollu-
tants in the reaction and increases the regeneration
rate of Fe®* as well. Additional *OH can also be
observed because of the photolysis of [Fe(OH)]** and
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Fe(Ill) complexes as illustrated in reactions (17) and
(18) [86,101].

(Fe-OH)*" 4 hv — Fe** +*OH (17)

Fe(OOCR)*" + hv — Fe** + CO, + R* (18)
In their research, Ting et al. [97] used a set of six-
teen 3W UVA lamps fixed inside a cylindrical Pyrex
tube (allowing wavelengths A >320nm to penetrate) as
an irradiation source. In addition to all the experimen-
tal conditions mentioned above, UV light with maxi-
mum wavelength of 360nm was irradiated inside the
reactor, supplying a photoionization energy input to
the solution of 48 W. Environmental application of the
PEF method is quite a new subject and previous stud-
ies are fairly limited [100,101]. In old landfill leachate,
treatment using photo-Fenton process alone was stud-
ied by Primo et al. [5]. They reported photo-Fenton
process as an efficient alternative for the treatment of
biologically pretreated landfill leachate and the pro-
cess achieved about 86% removal of COD. Altin [101]
investigated the performance of utilizing photoelectro-
Fenton in landfill leachate treatment. Fig. 3 shows the
schematic diagram of photoelectron-Fenton reactor.

Altin [101] compared the effectiveness of photo-
electro-Fenton technique with electro-Fenton tech-
nique and reported an additional 10% COD removal
by photoelectro-Fenton process in comparison with
electro-Fenton. Altin [101] indicated that the obtained
results from the comparative experiments revealed
that the PEF process was more effective than electro-
Fenton and UV/H,0, processes for the landfill leach-
ate treatment efficiency.

Chunxia et al. [98] also applied PEF oxidation
method to treat landfill leachate, which was pretreated
by biochemical process and sampled from a landfill in
Beijing City, China. They reported that the photoelec-
tro-Fenton reaction could degrade landfill leachate
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Fig. 3. Schematic diagram of photoelectron-Fenton reactor
[101].
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effectively. Whereas, 78.9% of TOC, 62.8% of COD,
and 100% of color were removed at 360 min electroly-
sis and under the operation conditions of 0.5 A
current, 1 mmol/L Fe?*, 250 mL/min O, at pH 3. Nev-
ertheless, total decolorization and 60% of COD
removal were obtained (stabilized leachate with a pH
of 8, COD of 5500mg/L and BODs<20mg/L) at
reaction times of 300 min [98].

4.3. Photoelectrochemical

Recently, PEC oxidation has been employed as an
effective method in removing organic contaminants.
Zhao et al. [102] reported that the landfill leachate can
be efficiently removed by photo-assisted electrolysis
method. In their study, leachate was treated by PEC
oxidation in a pilot-scale flow reactor, using UV light
irradiation. At a current density of 67.1mA/cm” and
2.5h reaction time, the reduction rates obtained were
74.1% COD, 41.6% TOC, and 94.5% ammonium in the
electrolysis process with UV light irradiation. In com-
parison, the removal rates of COD, TOC, and ammo-
nium were decreased in the individual electrolysis
process, respectively. Zhao et al. [102] indicated that
the increase induced by the UV light irradiation was
analyzed. Landfill leachate treatment via PEC proce-
dure was also reported by Tauchert et al. [100]. The
PEC process showed a low degradation capacity
towards landfill leachate, basically due to the negative
effect of its dark coloration in the photochemical reac-
tions. By using a prior precipitation process, the effi-
ciency of the PEC treatment was significantly
improved, permitting 90% and 60% of decolorization
and COD removal, respectively [100]. Taking into
account the extremely complex character of the leach-
ate and its usual resistance to conventional degrada-
tion processes, the result reported by Tauchert et al.
[100] confirm the high potentiality of PEC processes to
the remediation of recalcitrant residues. Xiao et al.
[103] studied PEC treatment of landfill leachate with
activated carbon fiber cathode and RuO,/Ti anode.
The formations of hydroxyl and chlorine radicals,
which were disassociated from H,O, and active chlo-
rine by UV and Fe**, were proposed to be the main
mechanism. Under the conditions of initial pH value
of 2.0~5.1, current intensity of 15.0mA/ cm?, and Fe?*
addition of 1mmol/L, the removals of TOC reached
80% within 300 min [103].

4.4. Electrochemical peroxidation

Paton et al. [104] investigated the feasibility of
using ECP for the treatment of land fill leachate gener-
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ated from Stewartby landfill (Bedfordshire, UK). The
optimization of the process was conducted by varying
electrode voltage, polarity switching rate, initial pH,
and hydrogen peroxide concentration. This resulted in
an observed 36% BODs and 52% COD reduction by
adjusting the pH to 4.0, applying an electrode voltage
of 1.9V and switching speed of 5 cycles per minute
[104]. Paton et al. [104] concluded that ECP process is
effective in the treatment of landfill leachate, and sug-
gested that with further optimization, ECP may serve
as an attractive option to current biological leachate
treatment methods.

In general, ECP was first explained by Scrudato
and Chiarenzelli [105]. According to their study, ECP
involves the oxidation of aqueous or suspended
organic substance by the action of hydroxyl free radi-
cals, generated from hydrogen peroxide and ferrous
ions, which are electrochemically produces from cast
iron or mild steel electrodes [105]. The resultant prod-
uct is recognized as Fenton’s reagent. Recently, ECP
achieved a remarkable degradation rate of dye in
wastewater [106].

4.5. Combined biochemical treatment and electrochemical
oxidation

A synergistic combination of the biochemical treat-
ment and electrochemical oxidation (SBEO) with sec-
tional treatment on a boron-doped diamond (BDD)
electrode is proposed for stabilized landfill leachate
treatment by Zhao et al. [107]. The first stage involves
the synergistic system of biochemical treatment and
electrochemical oxidation. After that, the second stage
was followed by individual biochemical treatment.
The value of BODs/COD ratio was improved from
0.016 to 0.51. Moreover, the toxicity index was
reduced to 30.2% from 82.5% at 2h. That is, not only
was the efficiency of biodegradability greatly
improved, but the toxicity was also dramatically
reduced. The TOC removal reached 83.1%. The
authors studied the practicability and the efficiency of
SBEO process based on the most important aspects
such as BOD5/COD ratio, toxicity, and TOC removals.

Chiang et al. [108] reported that an expensive
energy loading is required for the individual electro-
chemical treatment of landfill leachate. Therefore, they
used coagulation and adsorption pretreatments to aid
the electrochemical oxidation treatment of landfill
leachate. Electrochemical oxidation combined with
pretreatment processes was found to achieve better
results than the individual electrochemical oxidation
process. COD and ammonium removal efficiencies of
90.3% and 80.1% were achieved by electrochemical
oxidation combined with adsorption [108].

M.].K. Bashir et al. | Desalination and Water Treatment 51 (2013) 2170-2184

Treatment of old-aged landfill leachate by com-
bined chemical and biological methods was con-
ducted by Lin and Chang [106]. In this study, the
electro-Fenton method assisted by chemical coagula-
tion was employed and found to be highly efficient
in treating a large amount of refractory organic and
inorganic compounds. The sequencing batch reactor
(SBR) was capable of further elevating the water
quality of leachate effluent to the discharge or nonpo-
table reuse standard. The electro-Fenton oxidation
employed was able to greatly enhance the COD
removal of the leachate effluent from chemical coagu-
lation. At an optimum pH 4, the oxidation process
achieved about 100% of color removal. An optimum
H,0O, dosage of 750mg/L yields a very good COD,
color, NH3-N, and phosphorus removals in less than
30min [109]. Treatability of landfill leachate by com-
bining both up flow anaerobic sludge blanket reactor
(UASB) and electrochemical oxidation was investi-
gated [110-112]. The leachate with a 4,750mg/L of
COD and 1,310mg/L of NH;-N was first treated in a
UASB reactor. The process removed about 66% of
COD by Li et al. [112], which indicated that the treat-
ment of landfill leachate by the combined system was
very effective.

4.6. Combined membrane biological reactor and
electrochemical oxidation

In general, the integrated membrane process is
considered an efficient and cost-effective process in
the removal of nonbiodegradable organic and
nitrogenous matters from landfill leachate [113]. For
instance, Laitinen et al. [114] assayed sequencing
batch reactor and membrane bioreactor for the treat-
ment of landfill leachate and found that the MBR
effluent was significantly better in quality. Recently,
Feki et al. [115] studied the integration of mem-
brane bioreactor (MBR) with electrochemical oxida-
tion process for the treatment of landfill-stabilized
leachate. Electrochemical oxidation process using
Ti/Pt, graphite, and PbO, electrodes was employed
as a post-treatment method. The combination of
MBR with electrochemical oxidation can be a tech-
nically suitable solution for stabilized leachate treat-
ment with an efficient reduction of different
parameters, particularly COD (85%), TKN (94%),
and color (99%). Another application of electrochem-
ical oxidation using Pi/Ti was applied as a post-
treatment and after the biological process in order
to reduce the residual ammonia and COD from
Djebel Chekir (Tunisia) landfill leachate carried out
by Aloui and co-authors [116]. They found that at a
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pH value of 9, current density of 4 A/dm? and
electrolysis duration of 60min, COD was reduced
to 27mg/L.

5. Conclusions

The electro-oxidation of municipal landfill-stabi-
lized leachate can result in removing of a considerable
amount of nonbiodegradable refractory matters
(COD), color, and ammonia. Thus, electrochemical
oxidation is a promising and powerful technology,
mainly for low BODs/COD or high toxic landfill
leachate which is hard to be treated biologically. Dur-
ing the electro-oxidation of leachate, the reduction of
contaminants is mainly attributed to the indirect oxi-
dation. On the other hand, direct anodic oxidation
slightly destroys pollutants adsorbed on the anode
surface. Using combination processes—such as EF,
PEF, PEC, ECP, and combined biochemical treatment
with electrochemical oxidation—can considerably
improve the treatment performance efficiency. How-
ever, the main drawbacks to overcome before the full-
scale implementation of electro-oxidation are the high
electrical energy demand, which causes high opera-
tional costs, as well as the improvement of efficient
and stable electrode materials. Minimization of energy
consumption can be further achieved by the optimiza-
tion of other reaction conditions, for example, opera-
tional pH, H,0,:Fe®" molar ratio, current density, and
reaction time. On the other hand, future research is
expected to develop more economical and effective
electrode materials.
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