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Abstract

The purification of municipal incinerator gases generates huge quantities of both fly ashes and used lime, containing high amount of
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eavy metals (Pb, Cd, Zn and Hg). The used lime is mainly contaminated by Pb and often considered as hazardous waste. T
elated to a laboratory study on the performance of electrochemical techniques used to recover Pb from leachate produced durin
econtamination. Two types of electrolytic units (monopolar and bipolar electrode cells) using different electrode materials wer
ffectiveness was measured in terms of energy consumed, weight of residue sludge produced and reduction in Pb concentra
howed that the best performances for Pb removal (in terms of effectiveness and cost) were obtained by initially adjusting the
eachate to pH 7.5–8.5 with sulphuric acid followed by electrochemical treatment using bipolar electrode (mild steel) system o
urrent intensity of 1.5 A through only 5 min. The yield of Pb removal was 98.8± 1.3% and an amount of 4.9± 1.3 kg trt−1 of metallic sludge
as produced. The optimal conditions determined for Pb recovery involved a total cost of CAN$ 1.66 t−1 of dry residue treated, includin
cid consumption, energy consumption and metallic sludge disposal.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The growing production of domestic and industrial wastes
n industrialised countries causes serious disposal problems
1]. In Canada, more than 1.7 kg of domestic wastes are pro-
uced per capita each day for an equivalent of 16 millions of t
nnually[2], whereas 196 millions t of municipal wastes are
enerated each year in the United States[3].

Incineration is one of the most largely used techniques for
rban wastes management. This practice allows reducing up

o 90% the volume of wastes[3,4]. Overall, urban waste in-
ineration generates two types of residues: bottom ash and the
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residues provided by the air pollution control devices, w
are comprised of fly ashes and used lime (UL). The fl
sheet of the typical municipal waste incinerator of Québec
City (Canada) is illustrated inFig. 1.

Bottom ashes represent between 10 and 35% of th
tal mass of garbage burned[5–7]. During combustion, heav
metals are volatilized and subsequent nucleation and co
sation on fly ash particles occurs. Metals are enriched
ash fraction and depleted in bottom ashes. However, the
tom ashes are relatively inert, amorphous, and insolub
that heavy metals cannot be easily extracted by leaching
cesses[8,9]. Consequently, bottom ashes are not consid
as hazardous residues[5,10,11].

In contrast to bottom ashes, air pollution control resid
(APCR) (including fly ashes and used lime) are classifie
hazardous wastes. In fact, acidic gases and metals ev

304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Nomenclature

APCR air pollution control residues
BPE bipolar electrodes system
MPE monopolar electrodes system
ORP oxidation–reduction potential (mV)
trt t of residue treated
TCLP toxicity characteristic leaching procedure
TS total solid content (g l−1)
UL used lime
V volume (l)

from the combustion are often removed by a lime injection
(gas scrubber), which generates used lime residues. As the
fly ash fractions, some heavy metals (like Pb, Cd, Hg, As and
Zn) tend to precipitate/adsorb on the powdered lime (used
lime) in the gas scrubber[10,12,13]. The UL is very soluble
in water (more than 30%) and contains very high amounts
of heavy metals bound to sulphur (as sulphate) and chloride
(CaSO4, KCl, NaCl and CaCl2) and in the form of oxides
(Pb, Cd, Zn and Hg) in APCR[6,10,13–15].

For example, UL from the incinerator of Québec City are
mostly contaminated with Pb and Zn with typical contents
of 2010–2380 mg kg−1 for Pb and 6640–7930 mg kg−1 for
Zn [16,17]. The presence of Cd is also problematic with
a typical content between 132 and 151 mg kg−1. For those
reasons, APCR generate great amounts of metals (Pb, Zn,

Cd and Hg) when leachate tests like TCLP (toxicity charac-
teristic leaching procedure)[18] are applied to it[1,16,19].
TCLP test is a chemical extraction used to determine how
toxic elements (contained in some residues) may transfer into
the environment in a sanitary landfill[1]. According to the
guidelines from Qúebec, a residue having a concentration
of 5.0 mg Pb l−1 or 0.5 mg Cd l−1 is considered as hazardous
wastes[20]. In fact, previous studies indicate that 95–100%
of APCR samples failed to TCLP tests[21]. In consequence,
APCR are often classified as hazardous wastes and many
states of the United States and Canada consider APCR as
special wastes that cannot be buried in a site for the domestic
wastes[9–12,16,19,21,22].

Different management options can be applied to the APCR
like chemical stabilization, vitrification and secure engi-
neered burial with membrane to control and treat residual
leachates[23–27]. In all cases, those solutions are rather ex-
pensive. For example, the stabilization in cement of the UL
from the incinerator of Qúebec City represents a cost (in
1996) of CAN$ 222 t−1 for treatment and burial by the com-
pany Stablex Canada[16]. As an alternative, to the safety
disposal of the APCR, decontamination treatments are cur-
rently investigated around the world[13].

Researchers from the Institut National de la Recherche
Scientifique (INRS-ETE) in collaboration with Alex Cendre
Inc. have developed a new chemical process for decontami-
n ed
a ars
o ocess
Fig. 1. Description of the incinera
ating APCR[1]. This process is actually commercially us
t the incinerator of Qúebec City where more than two ye
f operation of the plant have been a success. The pr
tor of Québec City (Canada).
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includes successive washing in alkaline and acidic solutions
followed by metallic precipitation using lime. The precipi-
tation phase achieved by lime can generate a great amount
of metallic residues reaching up to 10% of the weight of the
APCR treated. Those metallic residues are hazardous wastes
and must be disposed off safely[1]. In fact, huge quantities of
metallic sludge produced and sometimes insufficient yields
of metal recovery occurring constitutes obstacles to chemical
precipitation. This has resulted in the search for inexpensive
and effective process capable of removing metals from APCR
leachate.

Electrochemical technologies could offer an alternative
solution to remove effectively metals from solution and re-
duce the amount of metallic sludge produced by generating
compact and less voluminous sludge, resulting in a cost sav-
ing [28,29]. Likewise, regulation and automation are easier
to achieve in comparison to the chemical techniques[30].

The main objective of this study was to investigate the ef-
fectiveness of electrochemical treatment to remove Pb from
UL leachate. UL leachate is an effluent produced after a sim-
ple water leaching procedure. Two electrolytic units (bipolar
electrodes system (BPE) and monopolar electrodes system
(MPE)) using different electrode materials were compared
(aluminium, mild steel, graphite and stainless steel). Effec-
tiveness of electrochemical treatment was measured in terms
of weigh of dry residue produced, energy consumed and the
y
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Table 1
Chemical characteristics of the experimental used lime residues

Parameters Content
(mg kg−1)

Cd 142
Cr 143
Pb 2200
Cu 496
Zn 7290
Ni 23.1
Ca 250000
Cl 515000
Mg 3000
K 13000
S 50000

2.2. UL leachate production

The production of the UL leachate was executed by sus-
pending 800 g of the UL in 4 l of tap water placed in a
8 l Plexiglas® reactor equipped with faucets. Mixing was
achieved by a variable speed mixer (Caframo RZR50 rotor,
Labcor Technical Sales, Montreal, Que., Canada) operated
at 200 rpm (rotations per min) coupled to a three blade axial
impeller (Stainless steel, SS-316L, Labcor Technical Sales)
with a 3.0 cm diameter. After 10 min of leaching at room
temperature (20± 2◦C), 32 ml of polymer solution (1 g Per-
col E-10 l−1 of water) were added. The reactant Percol E-10
is a slightly anionic flocculent comprised of sodium acrylate
and acrylamid copolymer (Ciba Specialty Chemicals Canada
Inc., Mississauga, Ont., Canada). The mixture was then sub-
jected to settling for 60 min and a volumeVA of supernatant
was carefully collected. Afterwards, the total volume of water
in the reactor was adjusted to 4 l with tap water, followed by
a second leaching during a period of 10 min. A second vol-
umeVB of supernatant was recovered after another successive
flocculation (1 g Percol E-10 l−1 of water) and filtration of
leached-used lime on Whatman No. 4 membrane (Whatman
Bioscience Inc., Newton, MA, USA) under a vacuum. Then,
the volumesVA andVB were mixed together to constitute
the UL leachates and transferred into an electrolytic cell for
metal recovery. UL leachates were prepared daily and kept at
r mi-
c tes is
p

2

car-
r f
a
( cath-
o 0 cm
w cm
( art
a elec-
ield of Pb removal.

. Materials and methods

.1. Used lime sampling and characterization

Used lime (UL) provided from a gas scrubber sys
f the municipal incinerator of Qúebec City. Samples we
ollected in polypropylene tanks and kept at room temp
ure. No pre-treatment or crushing has been applied to
esidues prior to the experiments. The granule size of the
ime varied from 0.3 to 270�m.

The UL was characterized with respect to content o
ected heavy metals (Pb, Cu, Zn, Cr, Cu and Ni) and ma
lements (Ca, Mg, K, S and Cl) (Table 1). Lead and zinc wer

he heavy metals represented in highest concentration,
alcium and chloride ions were the most important ma
nd micronutrients in the UL.

Before conducting leaching experiments, the UL was
ected to TCLP test in order to evaluate if those resid
onstituted hazardous material for the environment[1]. After
nalysis, a concentration of 200 mg Pb l−1 was recorded. Th
oncentration was 40 times higher than the USEPA (Un
tates Environmental Protection Agency) recommended
entration (5 mg Pb l−1) [18]. Consequently, those residu
ere considered as hazardous material for the environ
nd need to be decontaminated before being buried in

or domestic wastes.
oom temperature until the application of the electroche
al treatments. The mean composition of the UL leacha
rovided inTable 2.

.3. Electrolytic remediation experiments

Electrochemical treatments of UL leachate were
ied out in a batch electrolytic cell (Fig. 2a) made o
crylic material with a dimension of 12 cm (width)× 12 cm
length)× 19 cm (height). The electrode sets (anode and
de) consisted of eight parallel pieces of metal plates (1
idth× 11 cm height) each, having a surface area of 1102

for a total of 880 cm2 of surface area), situated 1.5 cm ap
nd submerged in the UL leachate. Three types of
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trodes have been used as anodes (aluminium, mild steel and
graphite) and two types as cathodes (stainless steel and mild
steel). The electrodes were installed on a perforated acrylic
plate placed at 2 cm from the bottom of the cell. The anode and
cathode sets were connected respectively to the positive and
negative outlets of the dc power supply Xantrex XFR40-70
(Aca Tmetrix, Mississauga, Ont., Canada). Current was held
constant during the assays. Mixing in the cell was achieved
by a Teflon-covered stirring bar installed between the per-
forated plate and the bottom of the cell and was carefully
adjusted to prevent destruction of the produced floc. For all
assays, a working volume of 1.8 l of UL leachate was used.
Between two assays, the electrolytic cell (including the elec-
trodes) was cleaned with 5% (v/v) hydrochloric acid solution
for at least 2 h and then rubbed with a sponge and rinsed with
tap water. Two types of electrolytic units (monopolar and
bipolar electrode cells) were studied for lead removal from
UL leachate.

2.4. Monopolar electrode system (MPE)

The monopolar electrode system (Fig. 2b) consisted of the
eight electrodes with an external electrical contact to each an-
ode and cathode electrode. The electrodes were not consumed
during the electrolysis when the anode was made of graphite
and the cathode of stainless steel. At the opposite, when mild
s s con-
n med
d sol-
u udied
w ain-
l nsity
(

2

t
p ost
e e six
i rodes,
e rrent,
t des.
T ctrol-
y ded:
( ent
i (60
a

d us-
i ) by
i ent
e , 60,
a for
t ht of
r ation.
T d in
t ed.
teel was used for anode and cathode, the four electrode
ected to the positive outlet of power supply were consu
uring the experiments while the four cathodes were in
ble (non-consumable electrodes). The parameters st
ith the MPE system included: (1) electrode material (st

ess steel/graphite and mild steel) and (2) current inte
1.0, 2.0, 3.0, and 4.0 A).

.5. Bipolar electrodes system (BPE)

The bipolar electrode system (Fig. 2c) consisted of eigh
ieces of mild steel or aluminium with only two outm
lectrodes physically connected to the power supply; th

nterspersed electrodes were operated as bipolar elect
ach having a negative and positive area. For a given cu

he same electric current flowed through all the electro
he electrodes were gradually consumed during the ele
sis. The parameters studied with the BPE system inclu
1) electrode material (aluminium or mild steel); (2) curr
ntensity (0.2, 0.8, 1.5, and 2.0 A) and (3) retention time
nd 90 min).

Thus, several assays (simple assays) were performe
ng different cells arrangement (BPE and MPE systems
mposing different current intensities (0.2–4.0 A), differ
lectrodes (Al and Fe) and different retention times (5
nd 90 min) in view of determining the optimal conditions

reating UL leachate in terms of energy consumed, weig
esidue sludge produced and reduction in Pb concentr
hen, the optimal conditions determined were repeate

riplicate to verify the reproducibility of the results record



I. Beauchesne et al. / Journal of Hazardous Materials B120 (2005) 201–211 205

Fig. 2. Description of the electrolytic apparatus: (a) electrolytic cell; (b) monopolar configuration; (c) bipolar configuration.

At the end of each assay, pH was measured and samples
(20 ml) were collected every 10 min for metal contents anal-
ysis. The treated leachate was carefully collected by filtration
through a Whatman No. 934-AH membrane (Whatman Bio-
science Inc.) under vacuum and the metallic residues were
dried at 105◦C for 24 h prior to the solid content measure-
ment.

2.6. Analytical methods

The pH and ORP were determined using a pH-meter
(Fisher Acumet model 915) equipped with a double-junction
Cole–Palmer electrode with Ag/AgCl reference cell for
the pH (calibration between 10.00 and 12.68) and plat-
inum band for the ORP (calibration tested with quinhydrone
solution—Kodak Ektachrome 217). Total solids (TS) were
measured according to the method 2540B of APHA et al.

[31]. To determine metal concentrations, the samples were
first filtered on Whatman 934-AH membrane under vacuum,
then filtrates were acidified with concentrated HCl (5% v/v)
and kept at 4◦C until analysed. The digestion method of the
used lime was executed by digesting 0.5 g dry samples in
presence of HNO3, HF and HClO4, in a final solution of 5%
HCl (method 3030 I)[31]. The Canadian certified reference
materials PACS-2 (harbour sediments) and ASH 3 (ash) were
also digested. The metal concentrations were determined
by plasma emission spectroscopy with a simultaneous ICP-
AES (Inductively Coupled Plasma, Varian Company, Vista
model) and an AA spectrometer (Varian Company, Spec-
trAA 220FS model). Quality controls were performed with
certified liquid samples (multi-elements standard, catalogue
number 900-Q30-002, lot number SC0019251, SCP Science,
Lasalle, Que., Canada) to insure the conformity of the mea-
surement apparatus.
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2.7. Economic analysis

The economic study included only chemicals consump-
tion, metallic sludge disposal and energy consumption.
The energy consumed was estimated at a cost of CAN$
0.06 kWh−1, which corresponded to the cost in the province
of Québec (Canada). The disposal cost for the metallic sludge,
including transportation and charges for hazardous waste dis-
posal, was evaluated at CAN$ 200 t−1. However, the disposal
cost for metallic sludge does not include the cost related to
the drying of the metallic sludge. The chemicals (H2SO4)
costs was determined by using a sulphuric acid cost of CAN$
80 t−1 which correspond to an industrial grade quality. The
total cost for each process tested was evaluated in term of
money spent per t of dry residue treated (CAN$ trt−1).

3. Results and discussion

The average values of metal concentrations in the UL
leachate are given inTable 2. The comparison of these values
with the guidelines from Qúebec City (for effluent discharge
in the sewer) shows that, with the exception of Pb, the concen-
tration of heavy metals (Zn, Cu, Cd and Ni) in UL leachate did
not exceed the maximum values allowed[20]. Consequently,
only Pb concentrations were measured to evaluate the effec-
t olar
e ate.
E etal-
l ng the
t

3
e

UL
l ten-
s time

(60 and 90 min) using either mild steel (Fe) or aluminium
(Al) electrodes. For a given retention time, the yield of Pb re-
moval increased with the current intensity using either mild
steel or aluminium electrodes. The best yields of Pb removal
using aluminium and mild steel electrodes (98.9% in both
cases) were obtained with a retention time of 60 min and a
current intensity of 2.0 A. Likewise, it can be seen that the ef-
fectiveness of the electrolytic cells (using iron or aluminium
electrodes) was quite similar when the current intensity was
relatively high (1.5 and 2.0 A). However, at low current in-
tensities (0.2 and 0.8 A), the best yields of Pb removal were
obtained using mild steel electrodes.

The amount of metallic sludge produced was very low (1.4
and 2.8 kg trt−1) when a low current intensity of 0.2 A was
imposed (assays BP-1 and BP-5). Consequently, Pb could be
mainly removed by cathodic reduction (reaction(1)). Pb was
formed and deposited on the negative area of the six inter-
spersed electrodes and on the electrode physically connected
to the negative of power supply.

Pb2+ + 2e− → Pb(s) (1)

It is worth noting that, other contaminated metals could be
simultaneously reduced and deposited on cathode electrodes.
However, among the heavy metals contained in UL leachate,
Pb was probably the easiest metal deposited on cathode elec-
t ared
t -
i ollu-
t ases
[

allic
s lec-
t oval
t tion,
c d to-
g com-
p udge
l des,

T
P lectrod

P

P-3 8

E l
I 1.5
T 60
I 1.3
F 0.0
E 0.2
M 6.1

I 2.8
R 2.7
P 7.6

E 1.81
D 5.22
T 7.03
iveness of the two electrolytic units (bipolar and monop
lectrode systems) built for metal recovery from UL leach
ffectiveness was also measured in terms of weight of m

ic sludge residues produced and energy consumed duri
reatment.

.1. Lead removal from UL leachate using bipolar
lectrodes system (BPE)

Table 3presents the percentage of Pb removal from
eachate (without pH adjustment) for various current in
ities imposed (0.2, 0.8, 1.5, and 2.0 A) and retention

able 3
b removal from UL leachate (without pH adjustment) using bipolar e

arameters Assays

BP-1 BP-2 B

lectrode material Al Al A
ntensity (A) 0.2 0.8
reatment time (min) 90 90

nitial pH 11.3 11.6 1
inal pH 11.3 11.2 1
nergy consumption (kWh trt−1) 2.6 27.0 3
etallic sludge (kg trt−1) 2.8 21.8 2

nitial [Pb] (mg l−1) 109.0 107.7 11
esidual [Pb] (mg l−1) 80.0 19.1
b removal (%) 26.5 82.2 9

nergy cost (CAN$ trt−1) 0.13 1.62
isposal cost (CAN$ trt−1) 0.55 4.35
otal cost (CAN$ trt−1) 0.69 5.97
rodes owing to its higher concentration in solution comp
o the other metals (seeTable 2). It is well-known that dur
ng electrochemical treatment, as the concentration of p
ant increases in solution, the depurative efficiency incre
39,40].

As the current intensity increased, the amount of met
ludge increased using either aluminium or mild steel e
rodes. In such conditions, many processes of Pb rem
ook place simultaneously: cathodic reduction, precipita
o-precipitation and adsorption. Thus, Pb was remove
ether with hydroxides as sludge. These results can be
ared to the data obtained while treating an acidic sl

eachate with electrocoagulation cell using iron electro

es system (BPE)

BP-4 BP-5 BP-6 BP-7 BP-

Al Fe Fe Fe Fe
2.0 0.2 0.8 1.5 2.0
60 90 90 60 60

11.2 11.5 11.3 11.5 11.4
9.0 11.5 11.6 11.5 11.5

64.2 1.2 10.9 24.1 96.8
27.9 1.4 11.6 12.5 17.4

113.6 115.9 102.2 134.9 122.4
1.2 62.3 11.2 2.9 1.3

98.9 46.3 89.1 97.9 98.9

3.85 0.07 0.65 1.44 5.81
5.57 0.28 2.31 2.50 3.48
9.42 0.35 2.96 3.94 9.29
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where the most important process in removing heavy met-
als was co-precipitation induced by iron hydroxide particles
[40]. In fact, at the start of the experiment an amount of Pb
was removed by cathodic reduction (as described by Eq.(1)).
In the same time, ferrous or aluminium ions were produced
by anodic dissolution, which reacted immediately with hy-
droxide ions in solution to produce Fe(OH)2 or Al(OH)3.
These metallic hydroxides were produced up to a sufficient
concentration, inducing the formation of a green precipitate
and white gelatinous precipitate using Fe and Al electrodes
respectively, which contributed in removing a high amount
of Pb according to the Eq.(2):

M(OH)3 + Pb2+ ⇔ M(OH)(O)2Pb + 2H+ (2)

where M is the metal electrode (Al and Fe) dissolved by an-
odic dissolution. It is to be noted that, the greenish precipitate
occurring while using mild steel electrodes transformed to a
red precipitate owing to ferrous ion oxidation to ferric ion in
the presence of dissolved oxygen. As seen fromFig. 3, while
increasing the current intensity (1.5 and 2.0 A), the treatment
using mild steel electrodes (BP-8) were as effective as the one
using aluminium electrodes (BP-4). Likewise, three regions
could be distinguished in the (residual Pb, time) plane (Fig. 3).
In fact, from 0 to 10 min of period of treatment, residual Pb
concentration decreased slightly (with a relatively low slope),
then, it decreased linearly with a relatively high slope from
1 d, in
t duc-
t gh
A on
a n ac-
c ism
o arly
p ngly
l ctro-
c ith

consumable Al electrodes, electrochemical coagulation re-
duced the Cd concentration from 180 to <1 mg l−1 (more
than 99% of Cd was removed), Cd being removed by ca-
thodic reduction at the start of the experiment (first stage of
the treatment) followed by precipitation or co-precipitation
with aluminium hydroxide (second stage of the treatment).
The mechanism of Pb removal from an acidic soil leachate
has also been studied using simultaneously consumable and
non-consumable iron electrodes[42]. When the current in-
tensity increased (e.g. at 4.0 A), a considerable amount of
metallic sludge was produced in the cell and Pb was mainly
removed by co-precipitation with ferrous or ferric hydrox-
ides, whereas for low intensities imposed (e.g. 1.0–2.0 A),
Pb was mostly removed by cathodic reduction and a very
small amount of sludge was produced.

Since 50 min of period of treatment was required to
reach residual Pb concentration below the acceptable level
(2.0 mg l−1) (Fig. 3), the energy consumption and the amount
of metallic sludge should be reduced by stopping the treat-
ment at 50 min. At the end of 60 min of treatment, a total
cost of CAN$ 9.3–9.4 t−1 of dry residue treated (including
only energy consumed and the metallic sludge disposal) was
required in both cases.

In the electrolytic cell using mild steel electrodes, the fi-
nal pH recorded were quite similar and identical to the ini-
tial value regardless of retention time and current intensity
i rded
i hen
t d, as
t H)
w er to
f
m pH
9

A

F um or s BP-
B

0 to 40 min and, remained steady beyond 40 min. Indee
he first 10 min, Pb was mainly removed by cathodic re
ion. It took 10 min for the electrolytic cell to produce enou
l(OH)3 or Fe(OH)2 and initiate the polymerization reacti
nd the subsequent solid formation, which contributes i
elerating Pb removal from UL leachate. The mechan
f metal removal from an acidic solution has been cle
ut into evidence while treating an acidic leachate (stro

oaded with Cd) from waste alumina beads using ele
hemical technology[41]. These authors reported that, w

ig. 3. Pb removal kinetic of used lime leachate using either alumini
P-8).
mposed. In comparison, a decrease of pH was reco
n the electrolytic cell using aluminium electrodes, w
he current intensities increased (1.5 and 2.0 A). Indee
he current intensity increased, high amount of Al(O3
as generated. Hydroxide aluminium reacted with wat

orm H+ involving a slight decrease of pH (Eq.(3)), alu-
inate ion (Al(OH)4−), being a dominant specie above
.0[32].

l(OH)3
0 + H2O → Al(OH)4

− + H+ (3)

iron-bipolar electrodes system with various intensity imposed (assay4 and
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3.2. Lead removal from UL leachate using monopolar
electrodes system (MPE)

According to the results mentioned above, mild steel elec-
trodes were found to be slightly more effective in removing
lead from UL leachate. In order to reduce the energy con-
sumed and minimise further the operating costs, mild steel
electrodes were arranged in monopolar configuration. Each
of the electrodes (mild steel) was now connected individually
to the dc power supply and the electrical current imposed was
divided between all the electrodes (monopolar electrode sys-
tem (MPE)). The potential difference would be that required
by a single cell compared to bipolar configuration in which
a higher potential difference is required due to the higher
resistance for the cells connected in series. The results are
presented inTable 4(Assays MP-1 and MP-2). As expected,
the energy consumed (9.6 and 21.0 kWh trt−1, respectively)
was low compared to 96.8 kWh trt−1 recorded during the op-
timal assay (BP-8) determined using bipolar system. It is to be
noted that, despite of high intensity imposed (3.0 and 4.0 A)
during the assays MP-1 and MP-2, the energy consumption
stayed low. The yield of Pb removal was 98.1 and 99.6%,
respectively. A current intensity of 4.0 A (assay MP-2) was
required to reach a residual Pb concentration below the lim-
iting value in the receiving water (2.0 mg l−1). However, the
amount of metallic sludge produced (34.8 kg trt−1) during
t sured
( in-
v st
o mal
a

vour
o de-
p sing
n were
u ell in
o teel
( stee

electrode to avoid chemical dissolution of iron, thus forming
ferrous or ferric hydroxides, when the current is not applied
in electrodes. Each of the electrodes was individually con-
nected to dc power supply (monopolar configuration). The
results are indicated inTable 4(assays MP-3 and MP-4). At
the end of the experiments, the residual Pb concentration var-
ied between 40 and 43 mg l−1, which was largely above the
limiting value (2.0 mg l−1) recommended by Québec City.
The yields of Pb removal ranged from 53 to 64% and a very
small amount of metallic sludge (1.4 and 1.6 kg trt−1) was
recorded, demonstrating that Pb was mostly removed by ca-
thodic reduction (i.e. Pb metal was formed and deposited on
cathode electrode) as described by Eq.(1). The comparison
of the assay MP-3 to MP-4 shows that, as the current inten-
sity increased the effectiveness of the treatment decreased.
Indeed, the increase of the current intensity induced parasitic
reactions, such as water reduction (Eq.(4)).

2H2O + 2e− ⇔ H2 + 2OH− (4)

Under these conditions, Pb could not be removed effectively
by cathodic reduction (reaction(1)). Indeed, at the cathode
electrodes, two competitive reactions ((1) and (4)) occurred.
The increase of the current intensity favours the reaction
(4) whereas the reaction(1) is minimised. As indicated in
Table 1, the UL leachate contained high amount of chloride
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he assay MP-2 was twice as high as the amount mea
17.4 kg trt−1) during the assay BP-8. The assay MP-4
olved a total cost of CAN$ 8.22 trt−1 whereas a total co
f CAN$ 9.26 was required in the bipolar system (opti
ssay, BP-8).

In order to reduce the metallic sludge produced and fa
nly electrochemical reduction (formation of cathodic
osits of Pb), additional experiments were carried out u
on-consumable electrodes. Graphite (Gr) electrodes
sed to replace the mild steel anode electrodes in the c
rder to avoid the anodic dissolution of iron. Stainless s
SS) electrodes were used at the cathode instead of mild

able 4
b removal from UL leachate (without pH adjustment) using monopo

arameters Assays

MP-1

node/cathode materials Fe/Fe
ntensity (A) 3.0
reatment time (min) 60

nitial pH 11.3
inal pH 11.6
nergy consumption (kWh trt−1) 9.6
etallic sludge (kg trt−1) 20.9

nitial [Pb] (mg l−1) 115.1
esidual [Pb] (mg l−1) 2.2
b removal (%) 98.1

nergy cost (CAN$ trt−1) 0.58
isposal cost (CAN$ trt−1) 4.17
otal cost (CAN$ trt−1) 4.75
a Gr: graphite electrode, SS: stainless steel electrode.
l

ons (104 g l ) in form of CaCl2 [33]. The high redox po
ential recorded during the treatment probably resulted
hloride ions oxidation at the anode (graphite) electrode
ording to the next equation:

Cl− → Cl2 + 2e− (5)

he chlorine gas produced react immediately with wate
orm hypochlorous acid (HClO) (Eq.(6)), which can disso
iate to form hypochlorite ions (ClO−) and H+ (Eq.(7)). The
elative proportions of HClO and ClO− species depend o
he pH of water[34,43].

l2 + H2O → HClO + Cl− + H+ (6)

trodes system (MPE)

MP-2 MP-3 MP-4

Fe/Fe Gr/SSa Gr/SS
4.0 1.0 2.0
60 60 60

11.4 11.6 11.3
11.6 11.4 11.5
21.0 7.6 16.3
34.8 1.4 1.6

108.1 114.3 90.8
0.5 40.7 42.5

99.6 64.4 53.2

1.26 0.46 0.98
6.96 0.28 0.32
8.22 0.74 1.30
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HClO → ClO− + H+ (7)

The hypochlorite ion, ClO−, is dominant at pH 11.6 (com-
pared to HClO), and consequently, the high ORP measured
was mostly attributed to this ion. Hence, hypochlorite ions
production increased the oxidizing conditions in the UL
leachate and prevented the formation of cathodic deposits
of Pb. It is well-known that the increase of the oxidizing con-
ditions in a medium is often used to leach metal from sludge,
mining or others industrial waste products. In the present
study, the increase of the oxidizing conditions (high redox
potential) in the used lime leachate could contribute to leach
a fraction of Pb deposited on cathode electrodes, resulting in
a low yield of Pb removal.

Finally, considering the guidelines from Québec City, the
best performances of electrochemical treatment of the UL
leachate (in term of both effectiveness and cost) were ob-
tained using the assays BP-8 (bipolar system) and MP-2
(monopolar system). However, in large scale application it
should be better to apply the assay BP-8, which has practi-
cal advantage in that only two electrodes are connected to
the electric power source with no connection between the
inner (bipolar) electrodes. Furthermore, an arrangement of
bipolar electrodes gives a simple physical set-up which facili-
tates ease of maintenance under practical application[28,35].
However, the practical and economical advantages of the as-
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Table 5
Pb remediation from pre-acidified used lime-leachate using bipolar elec-
trodes system (BPE)

Parameters Assays

BP-9 BP-10a

Anode/cathode materials Fe/Fe Fe/Fe
Intensity (A) 1.5 1.5
Treatment time (min) 60 5
Initial pH (after

acidification)
8.3 7.7± 0.0

Final pH (after
electrochemical
treatment)

9.1 8.0± 0.1

Acid consumption
(kg trt−1)

13.7 7.4± 0.0

Energy consumption
(kWh trt−1)

22.1 1.7± 0.2

Metallic sludge (kg trt−1) 16.6 4.9± 1.3

Initial [Pb] (mg l−1) 3.54 5.74± 0.00
Residual [Pb] (mg l−1) 0.02 0.07± 0.08
Pb removal (%) 99.4 98.8± 1.3

Acid cost (CAN$ trt−1) 1.09 0.59± 0.00
Energy cost (CAN$ trt−1) 1.33 0.10± 0.01
Disposal cost

(CAN$ trt−1)
3.32 0.97± 0.26

Total cost (CAN$ trt−1) 5.74 1.66± 0.25
a Three replicates.

UL leachate was acidified at a pH ranging between pH
7.5 and 8.5 using sulphuric acid, followed by solid–liquid
separation. The supernatant was then transferred into the
bipolar electrodes cell (BPE) for lead recovery. Two retention
times (5 and 60 min) and a current intensity of 1.5 A were
tested. The results are summarized inTable 5. The initial
Pb concentrations (after acidification) of UL leachate were
low (3.54 and 5.74 mg l−1) compared to the values recorded
without acidification (90–135 mg l−1). A helpful model
proposed by Hayes[44] using the log(Mn+) versus (pH)
diagrams can be used to determine the chemical nature of
the precipitate while pre-acidifying UL leachate, where “M”
represents the metal and “n” the valence of the metal. This
theory shows that lead can precipitate in form of Laurionite
(PbClOH) and Pb(OH)2 for pH ranging between 7 and 9.
Thus, a great amount of Pb precipitated out and 94–97% of
Pb was removed during pre-acidification. Subsequently, the
acidified-UL leachate subjected to electrochemical treatment
allowed reaching rapidly (BP-10) a residual Pb concentra-
tion (0.07 mg l−1) below the acceptable level (2.0 mg l−1)
recommended by Québec City. Likewise, only 1.7 kg trt−1

of metallic sludge was produced using shorter retention time
(5 min) compared to 16.6 kg trt−1 recorded using 60 min
of retention time (assay BP-9). It is worth noting that the
amount of metallic sludge includes the solid fraction formed
during both acidification and electrochemical treatment.
C ore
e with
a d
e ex-
ay BP-8 needed to be sharply demonstrated at pilot
tudies, taking into account the energy cost, metallic res
isposal cost, cost required to built the electrochemical

or and maintenance cost.
Considering these advantages and beneficial aspec

itional experiments using BPE system were carried o
rder to optimize further the process by adjusting the in
H of the UL leachate before electrolysis experiments.

.3. Impact of pre-acidified UL leachate on
lectrochemical lead recovery

From the Poubaix (potential-pH) diagram of Pb, it can
een that lead is a metal capable of solubilizing in both a
nd basic solutions[36]. The UL leachate (pH 11.6) havin
igh amount of chloride and sulphur ions, contained a g
mount of soluble Pb, mainly in form of chlorocomple
PbCl+:PbCl20) and in form of insoluble lead sulphur (Pb
33,38]. Likewise, under such alkaline condition, insolu
ead carbonate complexes (PbCO3) and lead oxides (PbO
b3O4) could be stabilized[37]. Moreover, at higher pH va
es, the formation of soluble complexes of [Pb(OH)3]− and

HPbO2]− is favoured.
The concept of pre-acidifying the UL leachate was to

ipitate out a fraction of lead prior to conduct electrochem
reatment, which would allow reducing the retention t
eeded to reach the limiting value for Pb, as recomme
y Qúebec City. Likewise, pre-acidification would allo
roducing a final effluent suitable for stream discha

n term of pH (close to the neutral value). Therefore,
onsequently, in large scale application, it would be m
conomical and advantageous to apply the assay BP-10
total cost of CAN$ 1.66 trt−1 (including only acid an

nergy consumption and metallic sludge disposal). As
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pected, the total cost of the optimal assay (BP-10) combining
preacidification and electrochemical treatment was very low
compared to CAN$ 9.29 trt−1 (assay BP-8) recorded during
the first set of experiments without pre-acidification using
BPE system. In addition to its low cost, the assay BP-10
takes a practical advantage of producing an effluent having
a pH (final pH 8.0) close to the neutral value, which is often
required for the effluent discharge in the receiving water,
compared to the assay BP-8 (final pH 11.5).

It is also interesting to statistically analyse the results
recorded while applying the optimal conditions (i.e. assay
BP-10 repeat in triplicate). The yield of Pb removal had a
mean 98.8% value with a standard deviation of 1.3, which
means that it can be considered as constant with 1.3% ac-
curacy. The energy consumed had a mean of 1.7 kWh trt−1

value with a standard deviation of 0.2, which can also be
considered as constant with a 12% accuracy. By comparison,
the metallic sludge produced had a mean value of 4.9 kg trt−1

with a relatively high standard deviation of 1.3, which means
that it cannot be considered as constant with 27% accuracy.
The relatively high standard deviation recorded while mea-
suring the amount of residue sludge is mostly attributed to the
change of active surface area of mild steel electrode (smooth
surface or rough surface), which was not typically the same
between two assays. In fact, during the assays, the roughness
of the electrode surface increased and influenced the anodic
d due
s
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obtained while pre-acidifying UL leachate. Then, the process
combining pre-acidification and electrocoagulation should be
tested at the pre-industrial pilot scale for designing used lime
leachate treatment facilities. In addition, an economical study
should be carried out to critically demonstrate the economical
advantage of electrocoagulation process combined with pre-
acidification step (including, energy cost, acid consumption,
metallic residues disposal cost and the cost required to built
the electrochemical reactor) compared to traditional chem-
ical precipitation. The next step should be the study of the
treatment of used lime leachate strongly loaded with differ-
ent heavy metals (Cd, Ni, Pb, and Zn).
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volantes d’incińerateurs de d́echets municipaux, INRS-Eau, Univer-
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des effluents, Tribune de l’Eau 42 (1989) 45–56.

40] N. Meunier, P. Drogui, C. Gourvernec, G. Mercier, R. Hausler,
Blais, Removal of metals in leachate from sewage sludge using
trochemical technology, Environ. Technol. 25 (2004) 235–245.

41] C.L. Yang, G. Kravets, Removal of cadmium in leachate from w
alumina beads using electrochemical technology, Chem. Eng.
mun. 189 (2002) 827–848.

42] Z. Djedidi, P. Drogui, R. Ben Cheikh, G. Mercier, J.F. Blais, L
oratory study of successive soil saline leaching and electroche
lead recovery, J. Environ. Eng. Div. ASCE 131 (2) (2005).

43] N. Adhoum, L. Monser, N. Bellakhal, J.E. Belgaied, Treatmen
electroplating wastewater containing Cu2+, Zn2+ and Cr(VI) by elec
trocoagulation, J. Hazard. Mater. B 112 (2004) 207–213.

44] P.C. Hayes, Process Selection in Extractive Metallurgy, Hayes
lishing Co., Brisbane, Australia, 1985.


	Electrolytic recovery of lead in used lime leachate from municipal waste incinerator
	Introduction
	Materials and methods
	Used lime sampling and characterization
	UL leachate production
	Electrolytic remediation experiments
	Monopolar electrode system (MPE)
	Bipolar electrodes system (BPE)
	Analytical methods
	Economic analysis

	Results and discussion
	Lead removal from UL leachate using bipolar electrodes system (BPE)
	Lead removal from UL leachate using monopolar electrodes system (MPE)
	Impact of pre-acidified UL leachate on electrochemical lead recovery

	Conclusion
	Acknowledgments
	References


