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Abstract

This paper provides a quantitative comparison between electrocoagulation and chemical precipitation based on heavy metals (Cd, Cr, Cu, Ni, Pb
and Zn) removal from acidic soil leachate (ASL) at the laboratory pilot scale. Chemical precipitation was evaluated using either calcium hydroxide
or sodium hydroxide, whereas electrocoagulation was evaluated via an electrolytic cell using mild steel electrodes. Chemical precipitation was as
effective as electrocoagulation in removing metals from ASL having low contamination levels (30 mg Pb1~! and 18 mg Zn1~"). For ASL enriched
with different metals (each concentration of metals was initially adjusted to 100 mg1~!), the residual Cr, Cu, Pb and Zn concentrations at the end
of the experiments were below the acceptable level recommended for discharge in sewage urban works (more than 99.8% of metal was removed)
using either electrocoagulation or chemical precipitation. Cd was more effectively removed by electrochemical treatment, whereas Ni was easily
removed by chemical treatment. The cost for energy, chemicals and disposal of metallic residue of electrocoagulation process ranged from US$
8.83 to 13.95tds~!, which was up to five times lower than that recorded using chemical precipitation. Highly effective electrocoagulation was
observed as the ASL was specifically enriched with high concentration of Pb (250-2000 mg Pb1~"). More than 99.5% of Pb was removed regardless
of the initial Pb concentration imposed in ASL and, in all cases, the residual Pb concentrations (0.0-1.44 mg1~!) were below the limiting value

(2.0mg17") for effluent discharge in sewage works.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The increasing amount of heavy metal-contaminated soil is
a consequence of technological and industrial processes and
creates a societal health risk [1,2]. Prior to 1987, landfilling
was commonly used for the final disposal of contaminated soils
[3]. Nowadays, soil washing is one of the most common meth-
ods used for soil remediation [4]. Different options have been
investigated over the years for metal solubilization from soil,
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including inorganic acids leaching (H»SO4, HCI, HNO3;, etc.)
[5,6], organic acids leaching (citric acid, acetic acid, etc.) [7],
bioleaching [8], use of chelating agents (EDTA, ADA, DTPA
and NTA) [9], surfactants [10] and biosurfactants [11].

On the other hand, leached-metals have to be removed from
soil leachates. Many methods have been developed to remove
heavy metals from industrial effluents [12,13], including pre-
cipitation, co-precipitation, electrodeposition, electrocoagula-
tion, cementation, membrane separation, solvent extraction, ion-
exchange, adsorption and biosorption [14,15]. In spite of good
extraction of metals achieved in chemical treatment (using either
Ca(OH); or NaOH as precipitating agent), the large consump-
tion of chemicals implies relatively high operating cost [14,15].
Likewise, the precipitates formed are voluminous and some-
times induce high sludge production [16].
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Nomenclature

ASL  acid soil leachate solution

pHn  theoretical pH of precipitation of metal ion in
form of hydroxide

PAL  pointe-aux-lievres

t metric ton

tds metric ton of dry soil

vv~l  volume volume™!

wv~l  weight volume™!

Heavy metals in soil leachate can be also removed using elec-
trocoagulation. This method is widely used for heavy metals
recovery from municipal and industrials effluents (mining, met-
allurgy) [12,17]. A renewed interest in electrocoagulation has
been spurred by the search for reliable, cost-effective water treat-
ment processes. This technology delivers the coagulant in situ
by anodic dissolution and produces subsequently, iron (or alu-
minium) hydroxides having a considerable sorption capacity,
while the simultaneous cathodic reaction allows for pollutant
removal either by deposition on cathode electrode or by flota-
tion (evolution of hydrogen at the cathode) [18]. By compari-
son, conventional chemical precipitation typically adds a basic
salt, which forms insoluble compounds with dissolved impuri-
ties and, with settling providing the primary pollutant removal
path. Likewise, during electrocoagulation process, liquid is not
enriched with anions and salts content does not increase, com-
pared to chemical metal precipitation [19]. This contributes in
producing metallic sludges which are compact using electroco-
agulation compared to those generated by chemical precipitation
[20]. Electrolytic treatment is characterized by simple equip-
ment, brief retention time and easy operation, which would also
contribute to reduce the operating cost in large scale application
[21,22].

Recently, researchers from INRS-ETE have developed a
hybrid process (chemical and electrochemical processes com-
bined) called successive saline leaching and electrochemical Pb
recovery (SSLELR) process for soil decontamination [23]. The
process consists in treating soil by means of a saline leaching
procedure using high concentration of chloride ions at pH 3.0,
followed by Pb recovery via an electrolytic cell using mild steel
electrodes and operated at current intensity of 3.0 A. Leaching
and electrochemical treatment have successively carried out in a
closed loop. Electrochemical treatment is able to reduce Pb con-
tent in soil leachate from 650 to 0.15 mgl_1 and this, without
production of metallic sludge residue or with a small amount of
residue sludge. This process has been only tested for Pb recovery
from soil leachate. However, the most important heavy metals
often encountered in contaminated-soil include Pb, Cr, Cu, Zn,
As, Ni and Cd [3,10,24].

As it is also important to prevent heavy metals pollution of
groundwaters, rivers and lakes in the surrounding areas [25,26],
it should be interesting to verify that, the electrolytic cell con-
ceived by Djedidi et al. [23] is effective in treating acidic soil
leachate strongly loaded with several heavy metals.

Indeed, this study represents one of the stages of a complete
process developed for the PAL-soil decontamination including,
metal leaching and metal recovery from leachate. The objec-
tive in this paper is to quantitatively compare electrocoagulation
and chemical precipitation (using either Ca(OH), or NaOH) to
determine the most effective process (in term of cost-effective)
in treating acidic soil leachate weakly or strongly loaded with
heavy metals (Cd, Cr, Cu, Ni, Pb and Zn). The two approaches
were evaluated by measuring weight of residue sludge produced,
chemicals consumed, energy consumed and reduction in metal
content.

2. Materials and methods
2.1. Soil

Soil used in this work came from the Pointe-aux-Li¢vres
(PAL) site (Quebec, Canada) and contained 73% sand, 21%
silt and 6% clay. Some physical pre-treatments (Grizzly, Tyler
Sweco sieves, Reichert spiral and hydrocyclone) have been
applied to this soil to obtain granulometric fractions having dif-
ferent levels of metal contamination. As the fraction of soil
less than 20 wm has already been studied [23], the fraction
of soil larger than 20 wm (but less than 2 mm) has been used
for this work. The metal concentrations in this fraction of soil
were as follows: 0.65 4 0.12mgCdkg~", 178 +5mgCrkg ',
186+ 4mgCukg™!, 80 £2mgNikg™!, 813+ 16 mgPbkg~!
and 538+ 7mgZnkg~!. Cu, Pb and Zn concentrations are
above the criteria B set by the Environment Ministry of Quebec
[27], which are respectively 100, 500 and 500 mg kg~!. Due to
this level of contamination, this soil cannot be used for agri-
cultural, residential or recreational purposes without a proper
decontamination.

2.2. Acidic soil leachate production

Acid soil leachate solution (ASL) was prepared according to
Meunier et al. [28] by suspending in a 301 polypropylene tank
reactor 2 kg of the selected soil with 201 tap water (pulp den-
sity of 10% wv~!'-100g1~"). The suspension was agitated at
500 rpm using a 7.62cm diameter three blade axial impeller
(Stainless steel SS-316L, Labcor Technical Sales, Montreal,
Canada) to a Caframo RZRS50 rotor (Labcor Technical Sales,
Montreal, Canada) and acidified to pH 2.0 & 0.2 with 4N HCI
(Fisher Scientific, ACS reagent). After 2 h of mixing (leaching),
aproper amount of E-10 (Ciba Specialty Chemicals Water Treat-
ments, Inc.) anionic polymer solution (1 g E-101~! of water) was
added to the mixture and the leachate was separated from the soil
by settling. The supernatant was also filtered through a Whatman
No. 4 membrane (Whatman International Ltd., Maidstone, Eng-
land) to eliminate any trace of soil particles. ASL was then kept at
room temperature until metals recovery assays were performed.
It is to be noted that, even if the contaminated-soil (PAL-soil)
used to produce the acidic leachate was the same with that used
by Djedidi et al. [23], the way of producing the soil leachate
was different. Indeed, the PAL-soil leachate studied by Djedidi
et al. [23], was obtained by the addition of 5.5 mol NaCl 1!



N. Meunier et al. / Journal of Hazardous Materials B137 (2006) 581-590 583

in a 25% of PAL-soil pulp density maintained at pH 3.0 using
sulfuric acid (H2SO4). These different procedures of metals sol-
ublization from PAL-soil allowed to work with leachates having
different chemical characteristics (in term of initial pH, metal
content, chloride content, sulfate content), which are capable of
influencing the subsequent process used to recovery metals from
leachate.

2.3. Adjustment of metal concentrations before ASL
treatment

In order to simulate various levels of metals contamination
and test both processes (electrocoagulation and chemical pre-
cipitation) under different conditions, ASL was simultaneously
or individually enriched with the selected heavy metals (Cd,
Cr, Cu, Ni, Pb and Zn). The metals were added in ASL in
form of chloride salts (CdCl,-6H,0, CrCl3-6H,0, CuCl,-2H,0,
NiCl,-6H,0, PbCl; and ZnCl,, Fisher Scientific, ACS reagent).
For the individual enrichment of ASL, only one metal was
selected and its concentration was initially adjusted to around
100 mgl_1 before treatment. In particular, for Pb, ASL was
specifically enriched with Pb at concentrations ranging from 100
to 2000 mg 1. For the simultaneous doping of ASL, each con-
centration of metal was initially adjusted to around 100 mg1~!
before treatment. A 10 min period of mixing was allowed in
order to insure the complete dissolution of metals prior to the
chemical or electrochemical treatment. It worth noting that the
adjustment of metal took into account the initial concentration
of the selected metal in ASL.

2.4. Electrolytic cell

The electrolytic cell was made of acrylic material with a
dimension of 12 cm (width) x 12 cm (length) x 19 cm (depth).
The electrodes sets (anode and cathode) consisted of eight
parallel pieces of mild steel plates each, having a surface
area of 220 cm?, situated 1.5cm apart and submerged in the
soil leachate [29]. The electrodes were installed on a perfo-
rated acrylic plate placed at 2 cm from the bottom of the cell.
The eight electrodes were all individually connected to the
dc power supply Xantrex XFR40-70 (Aca Tmetrix Inc., Ont.,
Canada); four anodes and four cathodes alternated in the elec-
trode pack [29]. The four electrodes connected to the positive
outlet of power supply were consumed during the experiments
while the four cathodes were insoluble (non-consumable elec-
trodes). In fact, the cathodic polarization protected the mild
steel electrodes from corrosion. Mixing in the cell was achieved
by a Teflon-covered stirring bar installed between the perfo-
rated plate and the bottom of the cell. A working volume
of 1.81 of leachate was used for all experiments. Samples
of 10ml were drawn at 10 min intervals and monitored for
pH and residual metals concentration. Between two assays,
electrolytic cell (including the electrodes) was cleaned with
5% (vv~') hydrochloric acid solution and then rubbed with
a sponge and rinsed with tap water. Current was adjusted to
3.0 A and held constant for each run with a retention time of
90 min in order to produce a final effluent having a pH close

to the neutral value and suitable for discharge in sanitary sewer
[23].

2.5. Chemical treatment of ASL

In order to compare the electrochemical techniques used
for metals recovery with the traditional chemical precipitation,
ASL was also treated using either calcium hydroxide or sodium
hydroxide solutions. The hydroxide solutions were, respectively,
prepared with 20 g of hydrated lime (Ca(OH),) (USadian Lig-
uid Air Ltd., Montreal, Canada) and 50 g of NaOH (97% ACS
reagent, ACP Chemical, Montreal, Canada) by liter of water.
Metals precipitation was carried out in a 21 tank (pyrex glass)
containing 1 1 of ASL mixed with an impeller coupled to a mixer.
The hydroxide solutions were gradually added to the ASL until
the pH of the mixture was stabilised around 8.0. This pH value
was imposed in order to produce an effluent having a pH close
to the neutral value and suitable discharge in sewer. Then, the
mixture was subjected to settling for 24 h before filtration using
a Whatman No. 4 membrane under vacuum.

2.6. Sampling and analysis

The pH was determined using a pH-meter (Fisher Acumet
model 915) equipped with a double-junction Cole-Palmer elec-
trodes with Ag/AgCl reference cell. Total solids were measured
according to the method 2540B [30]. To determine metal con-
centrations, the samples were first filtered on Whatman 934-AH
membrane (Whatman International Ltd., Maidstone, England)
under vacuum, then filtrates were acidified with concentrated
HCI (5% vv~") and kept at 4 °C until analysed. The digestion
method of the soil was executed by digesting 0.5 g dry sam-
ples in presence of HNOs3, HF and HCIOy, in a final solution
of 5% HCI (method 3031 I; [30]). The Buffalo River Sediment
(Standard reference material 2704, National Office of Standard,
Washington, DC, USA, 20340) was also digested in parallel.
The metal concentrations were determined by plasma emission
spectroscopy with a simultaneous ICP-AES (Inductively Cou-
pled Plasma, Varian company, Vista model). Cd, Cr, Cu, Ni, Pb
and Zn were analysed over two (three for Pb) wavelengths and a
ratio of those results was kept as the final value for each metal.
Quality controls were performed with certified liquid samples
(multi-elements standard, catalogue number 900-Q30-100 and
900-Q30-101, SCP Science, Lasalle, Canada) to insure the con-
formity of the measurement apparatus.

2.7. Economic evaluation

The economic study included only chemicals consumption,
metallic sludge disposal and energy consumption. The chemi-
cals costs were determined by using a lime (Ca(OH);) cost of
US$ 140t~ and a caustic soda (NaOH) cost of US$ 600t™!
which in both cases correspond to an industrial grade quality.
The disposal cost for the metallic sludge including transporta-
tion and charges for hazardous waste disposal, was evaluated
at US$ 300! (per ton of dry residue). However, it is impor-
tant to underscore that the disposal cost for metallic sludge does
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Table 1
Comparison between electrochemical and chemical treatment of ASL
Parameters Initial ASL Electrocoagulation Chemical precipitation Permissive
composition treatment levels®
Ca(OH); treatment NaOH treatment
Final pH 1.940.1 7.1+£0.3 8.1+0.1 83402 -
Chemical consumption (kg tds~") - - 88.7+23 65.0+0.0 -
Energy consumption (kWhtds~') - 41.7£115 - - -
Metallic sludge prod. (kg tds~") - 25.7+0.6 4.7+0.1 2.1+0.8 -
Cd (mgl~1) 04+04 0.0+0.0 0.0+0.0 0.0+0.0 2.0
Cr (mgl™!) 0.1+0.0 0.0+0.0 0.0+0.0 0.0+0.0 5.0
Cu (mgl~1) 32405 0.0+0.0 0.1+0.0 0.1+0.0 5.0
Ni (mg1~1) 0.2+0.0 02+0.1 0.1+£0.0 0.1£0.1 5.0
Pb (mgl~1) 29.7+£0.7 0.3+0.1 0.3+0.0 0.5+0.5 2.0
Zn (mg1~1) 18.0+0.8 0.0+0.0 0.2+0.0 0.5+0.3 10.0
Neutralization cost (US$ tds~!) - - 12.41+£0.32 39.00 £ 0.00 -
Energy cost (US$ tds™!) - 2.50+0.69 - - -
Disposal cost (US$ tds~") - 7.72+0.19 1.40£+0.03 0.62+0.23 -
Total cost® (US$ tds™!) 0.0 10.22+0.81 13.81+0.29 39.62+0.23 -

2 Quebec City recommendations for effluent discharge in sewer [31].

b The total cost excluded the leaching cost, which has not been considered in this presentation.

not include the cost related to the drying of this residue. The
energy consumed was estimated at a cost of US$ 0.06 kWh~!.
The total cost for each process tested was evaluated in term of
money spent per ton of dry soil treated (US$ tds™1).

3. Results and discussion
3.1. Heavy metals removal from ASL

Table 1 indicates the initial metal concentrations in the ASL.
The comparison of these values with the guideline from Que-
bec City (for effluent discharge in the sewage urban works) [31]
shows that, with the exception of Pb and Zn, the initial concentra-
tion of heavy metals (Cr, Cu, Cd and Ni) in ASL did not exceed
the maximum values permitted. Table 1 also presents the results
obtained by electrocoagulation and by chemical precipitation
using either Ca(OH), or NaOH. Effectiveness of the treatments
was measured in terms of weight of residue sludge produced,
chemical consumption, energy consumed and reduction in metal
concentration.

Considering the residual Pb and Zn concentrations, the two
processes (electrocoagulation and chemical precipitation) were
effective in reducing metals concentration below the limit-
ing values (5.0 and 10mg1~!, respectively) recommended by
Québec City. However, the amount of metallic sludge mea-
sured during electrocoagulation treatment (25.7 + 0.6 kg tds™!)
was 7-10 times higher than that recorded during chemical pre-
cipitation using either Ca(OH), (4.7 +0.1kg tds~!) or NaOH
(2.1£0.8kg tds—!). The amount of Ca(OH), and NaOH con-
sumed were 88.742.3 and 65.0 +£0.0kgtds™!, respectively,
whereas 41.7 £ 11.5kWhtds~! were consumed during electro-
chemical treatment. The chemical precipitation using NaOH
required low concentration of reagent compared to the treatment
using Ca(OH);. This difference can be explained by the fact that
sodium sulfate is highly soluble at pH 8.3 while calcium sulfate
is not. So at least half of the residue is composed of calcium

sulfate when we use lime. Other authors concluded the same in
the past [15,32]. Moreover, the electrolytic cell was capable of
producing enough hydroxyl ions (the product of electrolysis of
water at the cathode electrodes) to compensate the acid-buffer
and make the soil leachates alkaline. It is the reason for which
the pH increase from 2.0 to around 7.0 during electrochemical
treatment.

Itcould also be interesting to compare the total cost (including
only chemical consumption, energy consumption and metallic
sludge disposal) required for metal removal from ASL using
electrocoagulation versus chemical precipitation. A total cost
of US$ 10.22+0.81tds™! was linked to the electrocoagula-
tion treatment of ASL, compared to US$ 13.81+0.81 and
39.62 4 0.81 tds~! recorded during chemical treatment. The rel-
atively high total cost of US$ 39.62tds~! recorded during the
treatment using NaOH was mainly attributed to its high cost of
chemical product (US$ 600 per metric ton of NaOH compared
to US$ 140 per metric ton for Ca(OH),). Likewise, this cost
difference between chemical and electrochemical processes can
be explained by the fact that, the total cost of electrochemical
treatment did not include the cost of the consumable anode elec-
trode.

The weight of each iron electrode used was 73 g and theo-
retically according to Faraday’s law, 35 h of operating time is
needed for complete anodic dissolution. It worth noting that, the
electrode cannot be used to its last millimeter of thickness owing
to corrosion and deposition of the heavy metals. Consequently,
the maximum lifetime of sacrificial anode electrode might be
equal approximately to 80% of 2100 min (i.e. 1680 min). Thus,
considering the theoretical lifetime of 1680 min versus 90 min
of retention time, only 5.4% of mild steel was consumed during
electrolysis. Since the remaining anode electrodes were used to
treat other ASL produced during the period of the assays, the
total operating cost did not here include the electrode costs. In
fact, this laboratory study allowed estimating the lifetime of sac-
rificial anode electrode, which must be considered in large scale
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Table 2

Comparison between chemical and electrochemical treatment of ASL initially and simultaneously enriched with heavy metals (Cd, Cr, Cu, Ni, Pb and Zn)

Parameters Initial ASL Control* Electrocoagulation Chemical precipitation

composition treatment

Ca(OH); treatment NaOH treatment

Final pH 2.0+0.1 2.1 6.84+0.2 8.240.1 8.240.1
Chemical consumption (kg tds~") - - - 152.0£4.0 1143 +£3.1
Energy consumption (kWhtds~!) - - 38.3+8.0 - -
Metallic sludge prod. (kg tds~") - - 32.6+3.8 14.1+0.5 10.5+0.6
Cd (mgl1~1) 106.6+7.0 110.9 6.1+02 247433 40.0+6.4
Cr (mgl™!) 95.6+5.1 89.1 0.0+0.0 0.6+0.1 0.1+£0.0
Cu (mgl~h) 105.5+19.0 108.7 0.0+0.0 0.6+0.0 0.1+0.1
Ni (mg1~1) 109.5+2.9 113.2 10.6+0.4 5.1+23 37+12
Pb (mgl~1) 99.6+12.3 93.7 0.0+0.0 0.6+0.1 03+0.3
Zn (mg1~1) 93.9+6.8 91.2 02£0.0 0.7£0.2 02+0.1
Neutralization cost (US$ tds~!) - - - 21.28 £0.56 68.60 £ 1.8
Energy cost (US$ tds—!) - - 2.3040.48 - -
Disposal cost (US$ tds™!) - - 9.78£1.13 4.244£0.15 3.16+0.2
Total cost® (US$ tds™!) 0.0 0.0 12.08 +1.30 25.524+0.71 71.76 £2.0

Each concentration of metal was initially adjusted to around 100 mg1~".

4 The total cost excluded the leaching cost, which has not been considered in this presentation.
b Soil leachate contained in a separate tank was subjected to settling for a period of 24 h and used as control.

application. Indeed, in full-scale application, the total invest-
ment costs required for ASL treatment by electrocoagulation
must include the electrode costs.

3.2. Treatment of ASL initially enriched with several heavy
metals

In order to evaluate the performances of electrocoagulation
and chemical precipitation in removing metals from acidic soil
leachate strongly loaded with heavy metals, the soil leachate
was initially and simultaneously enriched with different metals
(Cd, Cr, Cu, Ni, Pb and Zn) before treatment. Each concen-
tration of metal was initially adjusted to around 100 mg1~! by
adding metallic salts in ASL. The initial composition of ASL
enriched with metals is given in Table 2. The residual Cr, Cu,
Pb and Zn concentrations became undetectable at the end of
electrocoagulation. However, for Cd and Ni, the residual con-
centration of 6.1 and 10.6mg1~! were respectively recorded,
which were above the limiting values (2.0mgl1~! for Cd and
5.0mg1~! for Ni) recommended by Quebec City. According to
Hayes [33], the theoretical pHs of metal precipitation (in form
of metal hydroxides) required to reach a metal residual concen-
tration of 107> M in solution are as follows: Cd (pHg, 9.4), Cr
(pHw 5.7), Cu (pHy, 6.6), Ni (pHy, 8.9), Pb (pHy, 6.5) and Zn
(pHg 8.5). By comparison, during electrocoagulation, the final
pH recorded was around 7.0. This can be one of the reasons for
which, the residual Cr, Cu, Pb and Zn concentrations became
undetectable at the end of treatment, whereas the residual Ni
and Cd concentrations were above the limiting values recom-
mended by Quebec City. An increase of the pH over 9.0 by
prolonging the treatment time is required for the removal of Cd
and Ni under the permissive levels. However, a prolonged treat-
ment would increase the amount of metallic sludge and energy
consumption, resulting in an increase in operating costs. Oth-
ers studies have shown that at pH 8.0, the molar concentrations

of soluble Cd(II) and Ni(II) (controlled by hydroxides) is much
higher than for Cr(III), Cu(Il), Pb(I) and Zn(1I) [16,33]. By com-
parison, both chemical treatments using NaOH and Ca(OH),
allowed to reach residual metal concentrations below the accept-
able level recommended but not for Cd. Considering only the
two metals (Cd and Ni) for which the residual concentrations
were above the limiting values, it can be seen that, electrochem-
ical treatment was more effective in removing Cd than chemical
treatment, whereas Ni was easily removed by chemical treat-
ment. As seen from Fig. 1, Cu, Pb and Zn were the easiest
metals removed by electrochemical treatment, followed by Cr.
Indeed, it took 40 min for the electrolytic cell to reach residual
Cu, Cr and Pb concentrations below the limiting values recom-
mended, whereas 50 min was required for Zn. In fact, Cd and Ni
remained the most difficult metals to remove from ASL using
either electrochemical and chemical precipitation. One of the
possible explanation for this is that the relatively higher energy
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Fig. 1. Variation of metal concentrations during electrocoagulation treatment
of ASL enriched with heavy metals (Cd, Cr, Cu, Ni, Pb and Zn); each metal
concentration was initially adjusted to around 100 mg1~!.
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Table 3

Electrochemical treatment of ASL initially enriched with only one metal (Cd, Cr, Cu, Ni, Pb or Zn)

Parameters Mono-metallic doped solutions

Cd Cr Cu Ni Pb Zn

Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final
pH 2.0 73 2.0 7.1 22 75 2.0 7.1 2.1 75 2.1 7.2
Energy cons. (kWhtds™!) - 52.5 - 50.0 - 47.5 - 50.0 - 525 - 47.5
Metallic sludge (kg tds~!) - 322 - 194 - 31.1 - 21.7 - 20.6 - 28.9
Cd (mgl~1) 103 2.0 0.9 0.0 1.0 0.0 0.9 0.0 0.9 0.0 0.9 0.0
Cr (mgl™!) 0.1 0.0 99.1 0.0 0.2 0.0 0.1 0.0 0.2 0.0 0.1 0.0
Cu (mgl™") 35 0.0 35 0.0 87.2 0.0 3.6 0.0 35 0.1 3.4 0.0
Ni (mg1~1) 0.2 0.2 0.2 0.2 0.2 0.2 109 32 0.21 0.15 0.2 0.1
Pb (mgl~1) 29.1 0.0 30.3 0.0 33.6 0.0 30.2 0.5 94.7 0.25 28.6 0.0
Zn (mg1~1) 18.6 0.1 17.1 0.0 18.5 0.0 17.9 0.0 17.8 0.0 922 0.0
Energy cost (US$ tds—!) - 3.15 - 3.00 - 2.85 - 3.00 - 3.15 - 2.85
Disposal cost (US$ tds~1) - 9.67 - 5.83 - 9.33 - 6.50 - 6.17 - 8.67
Total cost (US$ tds™!) - 12.82 - 8.83 - 12.18 - 9.50 - 9.32 - 11.52

required (22.6 and 22.9 kcal mol !, respectively) for solid phase
formation of Cd(OH); and Ni(OH), could not favorably com-
pete with the other metallic precipitates (Cu(OH),, Pb(OH),,
Cr(OH)3 and Zn(OH),) which require only an energy varying
from 7.1 to 14.0 kcal mol~! in aqueous phase at 20 °C [34,35].

An amount of 152.0 £4.0kg Ca(OH), tds~! and 114.3+
3.1kgNaOHtds~! were, respectively, required for chemical
precipitation, whereas 38.3 4+ 8.0kWhtds~! of energy were
consumed during electrocoagulation. It is to be noted that, an
increase of 41.6 and 43.1% of amount of chemicals were, respec-
tively, recorded using Ca(OH), and NaOH, compared to the
amount of chemicals required during the treatment of ASL
weakly loaded with metals (Table 1). In fact, during the chemical
treatment of ASL strongly loaded with metal, high amounts of
chemical products were required to reach the critical saturation
point to initiate nucleation process (germination process) and
subsequent solid formation allowing an effective metal removal
by precipitation. Considering electrocoagulation, a decrease of
8.2% of energy consumed was recorded owing to the increase
of the electrical conductivity induced by adding metallic salts in
ASL. The high consumption of chemicals during the treatment of
ASL loaded with metals induced an increase of metallic sludge.
An increase of 66.7 and 80.0% of amount of residue sludge pro-
duced were recorded using Ca(OH), and NaOH, respectively,
whereas an increase of only 21.2% was measured during electro-
coagulation, by comparison with the amount of metallic sludge
produced during the treatment of ASL weakly loaded with met-
als (Table 1). However, the amount of metallic sludge produced
during electrocoagulation was two to three times higher than
that recorded using chemical precipitation.

Finally, under these experimental conditions (ASL strongly
loaded with metals), a total cost of US$ 12.08 +1.30 tds~!
was required using electrocoagulation, while US$ 25.52 £+ 0.17
and 71.75 £ 2.0 tds~! were required using Ca(OH), and NaOH,
respectively. It worth noting that, the total cost of electrocoagu-
lation was quite similar to that recorded during the treatment of
ASL weakly loaded with metals (US$ 10.81 -0.81 tds—1). By
comparison, treatment of ASL strongly loaded with heavy met-

als using chemical precipitation induced an increase of 45-46%
of total cost. This was mainly attributed to the high amounts
of chemical products required to reach a pH around 8.0 while
treating ASL strongly loaded with metal. The treatment of ASL
strongly loaded with metals using electrocoagulation was two to
five times less expensive than the chemical precipitation. Con-
sequently, in large scale application it would be advantageous
to apply electrocoagulation process.

3.3. Electrochemical treatment of ASL enriched with only
one toxic metal

In order to evaluate the performance of electrocoagulation
process in the case of ASL containing a high concentration of
only one toxic metals (Cd, Cr, Cu, Ni, Pb or Zn), additional
experiments were conducted by adjusting each concentration of
the selected metal to around 100 mg/l before treatment. These
experiments are interesting to compare the results with those
obtained previously using ASL strongly loaded with several
heavy metals. For that, six individual assays were carried out.
The results are summarized in Table 3. Interestingly, the residual
concentrations of Cd (2.0 mg 17"y and Ni (3.2 mg 171 recorded,
respectively, were equal or below the acceptable level recom-
mended by Quebec City, contrarily to the results obtained using
ASL strongly loaded with heavy metals (see Table 2). Indeed,
when ASL contained high concentrations of different metals,
several competitive reactions occurred simultaneously either at
the cathode (metals deposition on the cathode electrodes) or in
solution (precipitation and co-precipitation of metals with fer-
rous hydroxides), leading to insufficient yields of Cd and Ni
removal. There was probably a good affinity between the others
metals (Cr, Cu, Pb, and Zn) and ferrous hydroxides compared to
this occurring between Cd or Ni and Fe(OH),. Likewise, consid-
ering cathodic reduction, there was also a good affinity between
the metals (Cr, Cu, Pb, and Zn) and the cathode electrodes by
comparison with this occurring between Cd or Ni and the cath-
ode electrodes. Itis to be noted that, metals were mainly removed
by co-precipitation and deposition using this configuration of
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electrolytic cell [17]. In fact, at the start of the experiment, an
amount of metals was removed by cathodic reduction (metal was
formed and deposited on the cathodes electrodes) according to
the reaction (1):

Me®t +ze~ & Meg, )]

where Me is the metal (Cd, Cr, Cu, Ni, Pb, or Zn) and z the
valence of the metal. A thin layer of metals was visually seen
to be deposited on cathode electrodes. Several metals can be
simultaneously or successively reduced on cathode electrodes.

According the electrochemical motive force (EMF) series
the order of metals deposition should be as follows:
Cu>Pb>Ni>Cd>Cr>Zn. However, numerous parameters,
such as the pollutant concentration, redox potential of the pol-
lutant, and the affinity existing between the pollutant and cath-
ode electrodes, can considerably influence cathodic reduction
[17,20].

In the same time, ferrous ions were produced by anodic dis-
solution (reaction (2)), which reacted with hydroxide ions in
solution to produce Fe(OH);:

Fe < Fe? +2e~ )

Ferrous hydroxide particles were produced up to a sufficient
concentration to initiate polymerization or condensation reac-
tions illustrated by reaction (3) [36]:

Fe(OH); + Fe(OH), — (OH)Fe—-O-Fe(OH) + H,O 3)

The appearance of polymeric complexes [Fe;(O)(OH);]
allowed removing metallic pollutant from ASL, mainly by
adsorption mechanism. The hydroxide polymeric complexes
have a considerable sorption capacity [19]. Likewise, the
monomer Fe(OH),, can directly react with metallic pollutant
by surface complexation or co-precipitation (as described by
reaction (4)) [21,37]:

Fe(OH), +Me*" & Fe(OH)2—;)(0),Me() + zH' 4)

Eq. (4) is quite similar to that proposed by [38], while describ-
ing the mechanism of pollutant removal from solution during
electrocoagulation. These authors reported that, during electro-
coagulation, the dissolved pollutant can be removed by surface
complexation or electrostatic attraction. Eq. (5) illustrates the

surface complexation in which the pollutant can act as a ligand
(L) to bind a hydrous iron moiety:

L-H(aq) + (HO)OFe(s) — L-OFe(s) + Hy0 (5)

Indeed, it took about 20 min for the cell to produce enough
hydroxyl ions and induce a green precipitate. At the end of
the electrochemical treatment, the greenish precipitate occur-
ring during electrolysis was rapidly (less than 1h) transformed
to a red precipitate owing to ferrous ion oxidation to ferric ion
in the presence of dissolved oxygen.

Thus, during electrochemical treatment of ASL strongly
loaded with different metals, Cr, Cu, Pb and Zn were easily
removed compared to Cd and Ni. However, in the case of the
treatment of ASL containing only one metal represented in high
concentration, for each metal tested, electrocoagulation was
effective to reach the limiting value recommended (Table 3).
Although the residual concentration of both Cd and Ni were
equal or below the acceptable level, Cd and Ni were the two
metals having the highest concentrations in the ASL at the end
of the experiment, showing that Cd and Ni remained the most
difficult metals to remove from ASL.

The amount of metallic sludge produced (19.4-32.2 kg tds™!)
was quite similar to that recorded (32.6 +3.8kgtds™!) using
ASL strongly loaded with different heavy metals. This demon-
strates that, metallic sludge production did not depend on the
amount of contaminants in ASL. It results from anodic dis-
solution and, more importantly from the amount of ferrous
hydroxides particles, which precipitate with the pollutants (Cd,
Cr, Cu, Ni, Pb, or Zn). The energy consumed ranged from 47.5
to 52.5kWhtds~!, whereas an average of 38.3 + 8.0 kWhtds~!
was recorded in the case of the treatment of ASL strongly loaded
with different metals. This difference can be explained by the
increase of the electrical conductivity when ASL contains sev-
eral metals represented in high concentrations. It is well-known
that, during electrochemical treatment, for a given current inten-
sity, as the conductivity of electrolyte increases, the energy con-
sumption decreases. Finally, a total cost varying from US$ 8.83
to 12.82tds™! was required during the assays with the mono-
metallic doped solutions (Table 3). By comparison, a total cost
of US$ 12.08 +1.30tds™! was recorded during the treatment
of ASL strongly loaded with different heavy metals. The total
costs were quite similar regardless of the initial concentrations

Table 4
Electrochemical treatment of ASL initially enriched with lead
Parameters Initial concentration of Pb (mg1~') added in ASL? Control®
250 500 1000 1500 2000 2000
Final pH 6.2 6.6 6.0 6.0 5.8 2.1
Energy consumpt. (kWhtds~!) 35.0 35.0 35.0 325 32.5 -
Metallic sludge prod. (kg tds™") 31.1 35.0 35.0 40.0 39.4 0.0
Residual [Pb] (mg1~1) 0.84 0.71 1.36 1.44 0.00 1960
Metal removal (%) 99.6 99.7 99.9 99.9 100.0 2.0
Energy cost (US$ tds—!) 2.10 2.10 2.10 1.95 1.95 -
Disposal cost (US$ tds~!) 9.33 9.50 10.50 12.00 11.83 0.00
Total cost (US$ tds™!) 11.43 11.60 12.60 13.95 13.78 0.00

# The total cost excluded the leaching cost, which has not been considered in this presentation.
b Soil leachate contained in a separate tank was subjected to settling for a period of 24 h and used as control.
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of pollutants (Cd, Cr, Cu, Ni, Pb, or Zn) in ASL. This demon-
strates that, during electrocoagulation, the total operating cost
is not linked to metal content in ASL but depends on the power
consumption required to increase the pH from 2.0 to 7.0.

3.4. Electrochemical treatment of ASL specifically enriched
with Pb

Among the pollutants often encountered in contaminated
soils, Pb is the most important inorganic contaminant recorded
[39,40]. Pb concentrations can reach thousand to hundred of
thousand of mg of Pb per kg of soil [40]. In order to evaluate
the effectiveness of electrocoagulation process in the presence
of ASL strongly loaded with Pb only, additional experiments
were carried out by imposing high concentrations of Pb (250,
500, 1000, 1500 and 2000 mg 1_1) in ASL. Initial Pb concentra-
tions in ASL were adjusted by addition of PbCl,. The results
obtained are summarized in Table 4. More than 99% of Pb
was removed regardless of the initial concentration imposed in
ASL. Interestingly, in all cases, the residual Pb concentrations
(0.0-1.44mg1~1) were below the limiting value (2.0mgl™")
recommended by Québec City. The results are also presented in
Fig. 2. The residual Pb concentration became below the accept-
able level at the treatment time of 60 min for the initial Pb
concentrations imposed of 500, 1000, 1500 and 2000 mg -1,
whereas 40 min was required using an initial concentration of
Pb of 250mg1~! in ASL. The changes in Pb concentration of
ASL shows that the maximum decrease in Pb concentration was
recorded after the first 20 min of the experiment followed by
a slight decrease until the end of experiment. Indeed, in the
first 20 min, Pb was mainly removed by cathodic reduction
as described by reaction (1); a thin layer of Pb was visually
seen to be deposited on cathode electrodes. The slight decrease
occurring between 20 and 60 min was mainly attributed to co-
precipitation or precipitation. As indicated above, at the start
of the experiment, ferrous ions were produced by anodic disso-
lution (reaction (2)). Then, hydroxide ferrous was produced in
solution up to a sufficient concentration to initiate polymeriza-

2000
1800 & 30mgl!
- 250 mg 1!
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—k— 1500 mg !
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Fig. 2. Variation of metal concentrations during electrocoagulation treatment of
ASL specifically enriched with lead at different concentrations (30, 250, 500,
1000 and 2000 mg1~1).

tion reactions, inducing the formation of green precipitate. The
formation of the polymeric complexes was favored in the pres-
ence of high amount of OH™ ions to compensate the buffer and
make the solution alkaline. Hydroxide ions (OH™) were gener-
ated at the cathodes owing to water an oxygen reduction:

2H,Oq) +2e~ < Hp) +20H™ (6)

Indeed, it took 20 min for the cell to produce enough OH™,
and Fe(OH); and initiate the polymerization reaction. The subse-
quent formation of polymeric complexes contributed in remov-
ing the residual amount of Pb recorded after 20 min. It is to
be noted that, the polymeric complexes formed did not remain
in solution during a long period of time. They were immedi-
ately separated from the solution and stayed on the surface of
the liquid owing to the gas bubbles (H;) produced at the cath-
ode electrodes (reaction (4)). In fact, the bubbles attached to the
flocs formed, and the solids were found to be moving up to the
surface with bubbles.

The energy consumed was quite similar (32.5—
35.0kWh tds_l), whereas the amount of metallic sludge
could be different (Table 4). For example, 35.0kgtds™! of
metallic sludge was produced during the treatment of ASL
containing 500 or 1000 mgPb1~!, compared to 40kg tds™!
produced by imposing 1500 or 2000mgPbl~! in ASL. By
comparison, for an initial concentration of 250 mgPb -1
an amount of 31.1kgtds~! of metallic sludge was recorded.
Finally, the total cost of the treatment ranged from US$ 11.43
to 13.95tds~!, which range was quite similar to that recorded
during electrochemical treatment of ASL strongly loaded with
different heavy metals (Cd, Cr, Cu, Ni, Pb or Zn) (Table 2) or
during the treatment of ASL containing only one metal in high
concentration (Table 3). This confirms that, the total operating
cost of the electrochemical treatment of ASL was mainly
attributed to the power consumption required to increase the
pH from 2.0 to 7.0, which energy depended on the retention
time and current intensity imposed.

4. Conclusion

This study has shown the possibility to use electrochemical
technique to remove efficiently and economically heavy metals
(Cd, Cr, Cu, Ni, Pb and Zn) from acidic soil leachate (ASL)
compared to traditional metal precipitation using either lime or
sodium hydroxide. The comparison of electrocoagulation and
chemical precipitation processes used for ASL treatment (in the
presence of ASL weakly loaded with metals), demonstrated the
practical advantage of electrochemical treatment in terms of cost
and effectiveness.

For ASL strongly loaded with metals (each concentration of
the metals was initially maintained at 100 mg1~"), at the end
of both processes (electrocoagulation and chemical precipita-
tion), the residual metals (Cr, Cu, Pb and Zn) concentrations
were below the acceptable level recommended by Québec City
for effluent discharge in the sewage urban works but not for Ni
and Cd. These two metals were difficult to remove owing to
several competitive reactions occurring simultaneously during
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precipitation, co-precipitation or metal deposition at the cathode
electrodes. However, additional electrochemical experiments
carried out by adjusting individually each concentration of the
selected metal (Cd, Cr, Cu, Ni, Pb or Zn) to around 100 mg 1=1in
ASL, showed that Ni and Cd could be removed up to a residual
concentration equal or below the limiting value recommended.
Likewise, the performance of electrocoagulation process for
metal removal was emphasized as the ASL was specifically
enriched with high concentrations of Pb (250-2000 mg1~").
More than 99.5% of Pb was removed regardless of the initial
Pb concentration imposed in ASL and, in all cases, the resid-
ual Pb concentrations (0.0-1.44 mg 1~ 1) were below the limiting
value (2.0 mg1~!) recommended by Québec City. Electrochem-
ical treatment involved a total cost varying from US$ 8.83 to
13.95tds™!, which was up to five times less expensive than that
recorded using chemical precipitation. The total cost included
only, energy consumption, chemicals consumption, and metal-
lic sludge disposal. Finally, electrocoagulation technique could
form the basis of an economical process capable of efficiently
removing heavy metals from many acidic leachates (soil, sludge,
and ash leachates).

However, an economical study should be carried out to crit-
ically and sharply demonstrate the economical advantage of
electrocoagulation application (including energy costs, metal-
lic residues disposal costs and the costs required to build and
operate the electrochemical reactor) compared to chemical pre-
cipitation. Finally, electrocoagulation process should be tested
at the pre-industrial pilot scale for designing treatment facilities.
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