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Abstract A one-dimensional model is developed for

simulating the electrodialytic and dialytic treatment of a fly

ash containing cadmium, copper and lead. Two experi-

mental systems have been used, a column of ash and a

stirred ash suspension. The movement of Cd, Cu and Pb

has been modeled taking into account the diffusion trans-

port resulting from the concentration gradients of their

compounds through the membranes and boundary layers

and the electromigration of their ionic, simple and complex

species during the operation. The model also includes the

electromigration of the non-contaminant most important

principal ionic species in the system, H? and OH-, pro-

ceeding of the electrolysis at the electrodes, Ca2?, CO3
=,

SO4
=, etc. proceeding from the ash and Na? and NO3

-, or

citrate and ammonium ions incorporated as electrolyte

solutions and/or as agent solution during the ash treatment.

The simulation also takes into account that OH- generated

on the cathode, during the electrodialytic remediation, is

periodically neutralized by the addition of nitric acid in the

cathode compartment. The anion and cation-exchange

membranes are simply represented as ionic filters that

preclude the transport of the cations and anions, respec-

tively, with the exception of H? which is retarded but pass

through the anion-exchange membrane.

Keywords Electroremediation � MSW-fly ash �
Heavy metals � Modeling

1 Introduction

Incineration is a growing treatment solution for some res-

idues, especially for municipal solid waste (MSW). This

technology outputs fly ash, which is considered an haz-

ardous waste [1], due to its heavy metal content, among

other pollutants. Current practice in many countries implies

inertization of fly ash followed by landfill disposal, which

represents a waste of raw material, energy, area, without

knowing the actual long term environmental risks.

According to Wiles [2] and Ferreira et al. [3] incineration

gather a series of characteristics that could be valued in

construction materials, geotechnical applications or soil

conditioning, but ashes should not exhibit any hazardous

characteristic.

The electrodialytic (ED) process is a remediation tech-

nique for removal of contaminants from porous media and

it has been applied to several matrices since it was first

described for heavy metal contaminated soil [4]. ED is a

combination of electrokinetics and dialysis, where princi-

ples such as electroosmosis, electromigration (EM) and

electrophoresis take action [5, 6]. Fly ash has been sub-

mitted to ED by several authors, who tried different
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approaches for their remediation [7–9] using, for instances,

various assisting agents, from which 0.25 M ammonium

citrate in 1.25% ammonia has shown to be the most

effective.

In a dialytic (DI) process, ion-exchange membranes are

used in order to regulate the ion transfer from a polluted

matrix suspension into a contiguous compartment, where a

lower salt concentrated solution is placed [10, 11]. The

driving force in dialysis is a concentration gradient, where

concentration differences between two subsequent solu-

tions dictate the migration of ions, flowing from a high to a

low concentration medium [12].

The present work compares the removal of cadmium

(Cd), copper (Cu) and lead (Pb) out of a stationary fly ash

column versus a suspended fly ash, induced by a chemical

gradient alone (dialytic) and by both chemical and external

potential gradients in combination (electrodialytic). More-

over, a comparison between the use of water and 0.25 M

ammonium citrate in 1.25% ammonia is carried out.

In our previous studies, a comparison between ED and

DI processes was carried out for the remediation of CCA

treated wood [11, 13]. The present work extends those

ones, adding the following new features: (i) the use of

different assisting agents; (ii) the comparison between a

stationary cell and a stirring cell, which is closer to pure

electrodialysis/dialysis; (iii) the development of a one-

dimensional model for simulating the ED and DI treatment

of a fly ash containing Cd, Cu and Pb, incorporating

information obtained by chemical characterization, X-Ray

Diffraction (XRD), X-Ray Photoelectron Spectroscopy

(XPS), as well as by previous equilibrium simulation using

Visual Minteq at zero time.

2 Materials and methods

2.1 Polluted material

Laboratory experiments were carried out with fly ash,

sampled in VALORSUL, the Portuguese MSW incinerator

that serves the Lisbon region. This fly ash results from the

complete flue gas treatment at the incineration unit:

injection of ammonia for NOx removal in the boiler; addi-

tion of lime in the scrubber; collection of all the formed

particulates (both electrically and non-electrically charge-

able) in filters [14]. The ‘‘total’’ studied metal contents in

the ash were 82 ± 12 mg of Cd kg-1, 543 ± 50 mg of

Cu kg-1 and 2644 ± 218 mg of Pb kg-1 on dry basis.

2.2 Laboratory cell

Laboratory experiments were carried out in an ED cell

schematically shown in Fig. 1, based on a concept devel-

oped at the Technical University of Denmark [4] and

described in detail elsewhere [5, 11]. The ED cell is divi-

ded into three compartments, consisting of two electrode

compartments (I and III) and a central one (II) of

L = 10 cm (stirred batch) or 3.8 cm (column), internal

diameter = 8 cm. Compartments I and II were separated

by an anion-exchange membrane (204 SZRA B02249C,

from Ionics) and II and III by a cation-exchange membrane

(CR67HUYN12116B, from Ionics). Peristaltic pumps cir-

culated the electrolytes in compartments I and III. The

working electrodes were platinised titanium bars from

Permaskand, with a diameter of 3 mm and length of 5 cm.

A power supply (Hewlett-Packard E3612A) was used to

adjust the desired initial direct current and was monitored

by a Fluke 37 multimeter.

2.3 Experimental conditions

Six experiments of 14 days duration, using 100 g (90 g in

experiments 1–2) of fly ash with the assisting agents, three

under ED and three under DI (no external power supply)

conditions, were performed as summarised in Table 1. A

stationary cell (Fig. 1a) was used for experiments one and

two, whereas a stirring cell system (Fig. 1b) for experi-

ments 3–6. The fly ash was placed in compartment II of the

cell.

When the stirred batch experiments (experiments 3–6),

the fly ash was introduced in the cell after its static incu-

bation in the assisting agent for 24 h experiments, in a L/S

phase ratio (w/w), according to Table 1. After incubation

and fly ash deposition, the leachate was separated through

Fly ash

L = 3.8 cm

I II III 

AN CAT

A

L = 10 cm 

Fly ash  

Stirring device 

I IIIII

AN CAT

BFig. 1 Schematic

representation of the

electrodialytic cell. a Unstirred

ash and b stirred ash suspension.

AN anion-exchange membrane,

CAT cation-exchange

membrane, I anode

compartment,

II central compartment,

III cathode compartment
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decantation, and Cd, Cu and Pb concentrations measured in

the leachate.

In the stirring cell system, the suspensions were stirred

by a ‘‘Heto’’ motor with a rotation velocity of 1300 rpm,

since compartment II had a hole in the centre, where a

flexible plastic flap (approx. L = 5 cm and 6 mm width)

was fastened to an insulated wire.

Through each electrode compartment, 1 L of 10-2 M

NaNO3 was always used as catholyte, whereas 1 L of

anolyte varied according to Table 1. The pH value of the

catholyte solution was adjusted to about two by periodical

addition of concentrated HNO3 solution, both in the DI as

in the ED experiments. Anolyte pH was not adjusted during

experimental time. Samples from the electrolytes were

collected periodically, stored in refrigerated PVC vials for

Cd, Cu, Pb and pH measurements.

At the end of each experiment, fly ash from compart-

ment II was filtrated by 0.45 lm filter and collected for

analysis, as well as the electrodes and membranes that were

rinsed in 5 M HNO3 and 1 M HNO3, respectively. Volume

of the electrolytes and metal content in the electrolytes

from the three compartments were also measured.

2.4 Analytical methods

Cadmium, Cu and Pb in solution were determined

by Atomic Absorption Spectrophotometry (Perkin Elmer

5000-AAS). The ‘‘total’’ amount of each element in fly

ash, before and after the experiments, was similarly

analysed by AAS, after a microwave assisted pressurized

digestion in concentrated HNO3 (0.25 g fly ash ? 10 mL

HNO3), followed by a vacuum filtration through 0.45 lm

filter, diluted to 50 mL. In the analytical scheme, the

NIST 2690 Coal fly ash reference material was incorpo-

rated. Fly ash chloride content and pH were measured in

water in a liquid/solid (L/S) ratio of 1/2.5, using a Dionex

ion chromatograf (DX120) and a pH electrode, respec-

tively. Gas production, or carbonate content, from 2.5 g

of fly ash in 20 mL of 10% HCl was measured using a

Bascomb calcimeter. Three replicates of each parameter

were carried out. Further characterization of the initial fly

ash using, for instance, the [15] standard, can be found

elsewhere [16].

3 Process simulation and model description

3.1 Preliminary calculations

Table 2 presents the estimated fly ash composition using the

information obtained by previous chemical characterization

and analysis by XRD and by XPS. Afterwards, the ash pre-

washing process has been simulated by mean of the Visual

Minteq code that allows the calculation of the soluble species

to be removed with the aqueous phase and the remaining or

precipitated solid species to be decontaminated by ED or DI

processes. Thus, these last species constitute the initial ones

to be treated in the ED and DI stirred experiments (Table 3).

The comparison between the experimental and modeling

results of the pre-washing operation are presented in Table 4.

It can be seen that the weight losses (%) given by

experimental and calculated values are very similar if

distillated water is used as a pre-washing-agent. In addi-

tion, the chloride and Cd concentrations, experimental and

calculated, in both pre-washing solutions are rather similar

(Table 4), and mainly if we take into account the high

heterogeneity of the material. On the opposite, the con-

centrations of the other heavy metals, particularly Pb, show

a very different behaviour in reality when compared with

predictions by expected equilibria.

These differences between experimental and calculated

values can be attributed to the presence of the some ions

(Pb, Cu, Cd, Ca, Cl, etc.) partially forming any species

non-identified by XRD or XPS (Table 2).

3.2 Model description

The model operates in two steps, first simulating the kinetic

process by integrating forward in time one-dimensional

transport equations, including electrochemical reactions

(ERs) and, after that, reestablishing the chemical equilibria

before the next step of integration. This is done because

Table 1 Experimental conditions

Test Setup design Assisting agent Intensity (mA) Anolyte L/S

1 A 0.25 M amm. cit. 40 0.25 M amm. cit. 1:16

2 A 0.25 M amm. cit. 0 0.25 M amm. cit. 1:16

3 B Distilled water 40 0.01 M NaNO3 at pH = 2 4

4 B Distilled water 0 0.01 M NaNO3 at pH = 2 4

5 B 0.25 M amm. cit. 40 0.25 M amm. cit. 4

6 B 0.25 M amm. cit. 0 0.25 M amm. cit. 4

Catholyte was constant in all experimental tests (0.01 M NaNO3 at pH = 2) and anolyte differs, 0.25 M amm. cit. in 1.25% ammonia
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chemical equilibria are considered instantaneous if com-

pared with the transport phenomena. Tables 5 and 6 show

the most important ionic species and equilibriums used in

the simulation. These ones were obtained using Visual

Minteq, through previous simulation in a static way.

The mass conservation equation for ith species in a jth

volume element, including ERs, is described by:

Vj
dcij

dt

� �
¼ Ni;j�1 þ Ni;jþ1

� �
Aþ RiVj ð1Þ

where Vj volume of water in jth cell (cm3), cij is the con-

centration of ith species in the jth volume element

(mol cm-3), t is the time, Ni, j-1 and Ni, j?1 the mass flux of

ith species from (j - 1)th and (j ? 1)th element volume

into jth volume element (mol cm2 s-1), A cross-sectional

area of column (cm2), and Ri the reaction rate for i species.

Only two transport phenomena are considered between

each two compartments: ED and diffusive transport. The

stirred compartment is assumed to be perfectly mixed. In

the electrode compartments the assumption on a perfect

mixture and ion generation by ERs is also considered.

Advective transport is present in the electrode com-

partments, through the recirculation of the electrolyte and

the addition of acid for the pH control of the system.

3.2.1 Electrochemical reactions

We assume that the only ERs which need to be taken into

account in the system are the reduction and oxidation of

water on the electrodes and that the activity coefficients of

all species can be assumed equal to unity.

The half-reaction at the cathode is

H2Oþ 2e� ! 2OH� aqð Þ þ H2 gasð Þ E0 ¼ �0:828 V

ð2Þ

And the anode half-reaction is:

H2O! 4Hþ aqð Þ þ O2 gasð Þ þ 4e� E0 ¼ �1:229 V ð3Þ

Then, the ERs must be included in the mass balance

equations of anode and cathode compartments

V0

dc10

dt

� �
ER

¼ VNþ1

dc2Nþ1

dt

� �
ER

¼ I

F
g ð4Þ

where V0 and VN?1 are the volumes of electrolyte in the

electrode compartments (&1000 cm3), c10 and c2N?1, H?

and OH- concentrations generated there by ER, I is the

current intensity, F, the Faraday’s constant and g the

Table 2 Estimated fly ash composition using the information obtained by previous chemical characterization and analysis by XRD and by XPS

Principal species Content (%) Compound Identified by Estimated content (g/100 g)

SiO2 29 Quartz, SiO2 XRD 29

Ca2? 22.7 Lime, CaO XPS 15.4

Na? 3.4 Halite, NaCl XRD and XPS 8.7

K? 3.4 Sylvinite, KCl XRD and XPS 6.5

Cl- 13.1 Calcium chloride, CaCl2 XPS 7.4

SO4
= 8 Anhydrite, CaSO4 XRD 11.3

CO3
= 7.25 Calcite, CaCO3 XRD 12.1

PO4
3- 2.1 Calcium hydrogen phosphate, CaHPO4 XPS 3.0

Al3? 2.4 Corundum, Al2O3 XRD and XPS 4.5

Zn2? 0.6 Zinc chloride, ZnCl2 XPS 1.3

Heavy metals Content (mg kg-1) Compound Identified by Estimated content (g/100 g)

Pb2? 2644 Lead chloride, PbCl2 XPS 0.355

Cu2? 543 Copper chloride, CuCl2 XPS 0.115

Cd2? 82 Cadmium chloride, CdCl2 XPS 0.012

Table 3 Calculated solid compounds simulated by Visual Minteq

code to be treated in the ED and DI stirred experiments

Pre-washing agent Calculated solid compound Content

(% initial ash)

Distillated water Calcite, CaCO3 12.1

Gypsum, CaSO4�2H2O 11.3

Hydroxiapatite, Ca5OH(PO4)3 1.2

Portlandite, Ca(OH)2 18.5

Diaspore, AlOOH 5.3

Quartz, SiO2 29

Total 77.4

Ammonium citrate Calcite, CaCO3 12.1

Gypsum, CaSO4�2H2O 12.2

Hydroxiapatite, Ca5OH(PO4)3 1.2

Portlandite, Ca(OH)2 8.8

Diaspore, AlOOH 5.3

Quartz, SiO2 29

Total 68.7
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Faradic efficiency that here describes the yield with which

electrons (charge) transferred in the system are used by the

ERs to produce H? or OH-.

3.2.2 Electromigration transport of ions

Next, the EM of ions into a general jth volume element

through its left side is analyzed. To do this, it is assumed

that the cations are incoming in the cell from the (j - 1)th

cell, and simultaneously anions are moving out to that

volume element crossing this one. Now, assuming perfect

mixing in the cell and using the transport number, a typical

electrochemical parameter, which represents the fraction of

the current intensity (or the charge) carried by a particular

ion [11, 17, 18]:

ti;j�1 ¼
ki ci;j�1S zið ÞS ci;j�1

� �
þ cijS �zið ÞS ci;j

� �� �
Pn

i¼1 ki cij�1S zið ÞS ci;j�1

� �
þ cijS �zið ÞS ci;j

� �� � ð5Þ

Table 4 Comparison between

the experimental and modeling

results of the pre-washing

operation

Pre-washing agent Experimental Calculated Percentage of error

Distillated water Weight loss (%): Absolute value:

23.0 22.6 1.7

Content in aqueous phase (mg L-1)

Cd 0.04 0.03 25.0

Cu 0.43 0.01 97.7

Pb 135.8 0.004 100.0

Cl 27195 20873 23.2

Ammonium citrate Weight loss (%): Absolute value:

10.45 31.3 199.5

Content in aqueous phase (mg L-1)

Cd 12.3 22.7 84.6

Cu 42.6 133.1 212.4

Pb 51.3 0.004 100.0

Cl 17317 20873 20.5

Table 5 Chemical equilibria in

the system (concentrations:

mol L-1)

Reaction Log K formation Source

Water ionization

Hþ þ OH��H2O 13.99 [23]

Acid dissociation

H2CO3� Hþ þ HCO3
�

HCO�3 �Hþ þ CO3
2�

Hþ þ Cit3�
�H Citð Þ2� 6.396 NIST 46.6

2Hþ þ Cit3�
�H2 Citð Þ� 11.157 NIST 46.6

3Hþ þ Cit3�
�H3 Citð ÞðaqÞ 14.285 NIST 46.6

Precipitation-dissolution

Cd2þ � 2Hþ þ 2H2O��Cd OHð Þ2 13.644 NIST 46.7

Cd2þ þ CO3
2�
�CdCO3 -12.01 PreGa01

Pb2þ � 2Hþ þ 2H2O�Pb OHð Þ2 8.15 MTQ3.11

Cu2þ � 2Hþ þ 2H2O��Cu OHð Þ2 Tenorite cð Þ½ � 7.64 PlyWZM97

Ca2þ � 2Hþ þ 2H2O��Ca OHð Þ2 Portlandite½ � 22.704 NIST 46.7

Ca2þ þ CO3
2�
� CaCO3 Calcite½ � -8.48 PlumBus82

Ca2þ þ SO4
2� þ 2H2O�CaSO4�2H2O Gypsum½ � -4.61 NIST 46.7

5Ca2þ þ 3PO3�
4 � Hþ þ H2O�Ca5OH PO4ð Þ3 Hydroxyapatite½ � -44.333 NIST 46.7

H4SiO4 � Hþ�H3SiO4
� -9.84 NIST 46.4
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where ki is molar conductivity of ith ion (ohm-1

mol-1 cm2) and zi its charge number. S(x) is a function

key, S(x) = 0, if x B 0, and S(x) = 1, if x [ 0. The

transport number through the right limit of jth volume

element is obtained in a similar way.

These expressions are adequate for all of the volume

elements in the column, j = 2 to N - 1, but not for the

anode and cathode compartments and their limiting cells

and therefore neither for the stirred central compartment. In

these cases, the equations must be modified in order to

satisfy their specific characteristics, such as the presence of

ion-exchange membranes. Thus, the effective transport

numbers of proton, t1,am, and i anion, ti,am, through the

anion-exchange membrane are, respectively

t1;am ¼ t1;0 ¼
f1k1c10S c1;0

� �� �
f1k1c10S c1;0

� �
þ
Pn

i¼1 ki cijS �zið ÞS ci;j

� �� �
ð6Þ

ti;am ¼ ti;0 ¼
kici1S �zið ÞS ci;1

� �
f1k1c10S c1;0

� �
þ
Pn

i¼1 ki ci1S �zið ÞS ci;1

� �� �
ð7Þ

where f1k1ð Þ is the effective molar conductivity of proton

through the anion-exchange membrane [19].

In a similar way, the transport number of i cation

through the cation-exchange membrane, ti,cm, is

ti;cm ¼ ti;N ¼
ki ciNS zið ÞS ci;N

� �� �
Pn

i¼1 ki ciNS zið ÞS ci;N

� �� � ð8Þ

Now it is possible to calculate the EM movement of

each ion (Table 5, 6) through both walls inside of the jth

volume and therefore the EM mass balance for ith ion in Vj

is given by

Vj
dcij

dt

� �
EM

¼ Ni;j�1 þ Ni;jþ1

� �
EM

A ¼ ti;j�1 � ti;j
� � I

ziF
ð9Þ

3.2.3 Diffusive transport

In the ED and DI processes in column, the diffusive mass

transport is calculated for the non-ionic and ionic species.

The mass balance equation for diffusive transport for non-

ionic species is

Vj
dcij

dt

� �
D

¼ Ni;j�1 þ Ni;jþ1

� �
D

A

¼
D�i cij�1 � 2cij þ cijþ1

� �
AN

L
ð10Þ

where Di
* is the effective diffusion coefficient

(&10-5 cm2 s-1). However, for the cells close to

electrode compartments (j = 1 and j = N)

V1

dci1

dt

� �
D

¼ Ni;0 þ Ni;2

� �
D

A ¼ D�i 2ci0 � 3ci1 þ ci2ð ÞAN

L

ð11Þ

VN
dciN

dt

� �
D

¼ Ni;N�1 þ Ni;Nþ1

� �
D

A

¼ D�i ciN�1 � 3ciN þ 2ciNþ1ð ÞAN

L
ð12Þ

and for anode and cathode

V0

dci0

dt

� �
D

¼ Ni;1

� �
D

A ¼ 2D�i ci1 � ci0ð ÞAN

L
ð13Þ

VNþ1

dciNþ1

dt

� �
D

¼ Ni;N

� �
D

A ¼ 2D�i ciN � ciNþ1ð ÞAN

L
ð14Þ

When these equations are used to simulate the diffusive

transport between the stirred central compartment and one

of the limiting compartments through the membrane and

Table 6 Chemical equilibria in

the system (concentrations:

mol L-1)

Reaction Log K Formation Source

Complex formation

Al3þ � 4Hþ þ 2H2O��Al OHð Þ�4 -23 Wes92

Ca2þ þ Cl��CaClþ 0.40 NIST 46.7

Ca2þ þ PO3�
4 �CaPO4

� 6.46 SCD3.02(1993GMa)

Ca2þ þ SO2�
4 �CaSO4 ðaqÞ 2.36 NIST 46.7

Ca2þ þ CO2�
3 � CaCO3 aqð Þ 3.22 PlumBus82

Cd2þ � 2Hþ þ 2H2O�� Cd OHð Þ2ðaqÞ -20.294 NIST 46.7

Cd2þ � 3Hþ þ 3H2O�� Cd OHÞ3
��

-33.3 ParkApp99

Cu2þ � 4Hþ þ 4H2O��Cu OHÞ4
2� ðaqÞ

�
-39.73 PlyWZM97

Cu2þ � 3Hþ þ 3H2O�� Cu OHÞ3
�ðaqÞ

�
-26.64 PlyWZM97

Pb2þ � 3Hþ þ 3H2O�Pb OHð Þ�3 -28.091 NIST 46.7

Ca2þ þ Cit3�
�Ca Citð Þ� 4.87 NIST 46.6

Ca2þ þ 2Hþ þ Cit3�
�CaH2 Citð Þþ 12.59 NIST 46.6

Ca2þ þ Hþ þ Cit3�
�CaH Citð Þ 9.256 NIST 46.6
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boundary layers, the term (2Di
*N/L) is substituted by

k = 8.5 9 10-4 h-1, which is the global mass transfer

coefficient corresponding to the same resistance to the

diffusive transport that the actual system (boundary layer-

membrane-boundary layer).

The diffusive transport for ions has been also taken into

account. The calculation of the flux of the ionic species has

been based in the Fick’s first Law and Nerst–Towsend–

Einstein relation, because the unidirectional flux of each

ion results from a combination of electrical and concen-

tration gradients [20]:

Ni ¼
ki

ziFð Þ2
�RT

dci

dy
� ziciF

dE

dy

� �
D

	 

ð15Þ

where R, T, (dci/dy) and (dE/dy) are the gas constant, the

temperature (K) and the gradients of concentration and

electrical potential due to diffusive transport, respectively.

This electric gradient is not imposed externally, but it is

present in the ionic solution, due to the small separation of

charges which result from diffusion itself. This equation,

applied in each volume element to each one of the present

ions, may be combined to satisfy the requirement of zero

current through all the system
Pn

i¼1 ziNi ¼ 0
� �

.

3.2.4 Chemical equilibria

The values of concentration obtained after transport must

not be independent concentrations but they must be con-

strained by equilibrium. The rapid reactions between spe-

cies and the reversed reaction, in order to maintain the

equilibrium conditions, must be taken into account because

these are the principal agents to modify the value of pH and

the mobility of the contaminants in the pore medium. Due

to this, new concentrations have to be calculated in the jth

volume element after each increment of time during the

integration of the total transport equations, until the new

concentrations agree with the equilibrium values. This is

done using the values of concentration obtained from

transport and the reaction stoichiometry and chemical

equilibria constants. The main chemical equilibria related

with the present species and the values of their corre-

sponding constants are shown in Table 5 and 6.

In the experiments where distillated water was used as

an assisting agent, an important fraction of Cd, Cu and Pb

is present at the beginning as a no mobile solid phase in the

studied ash. This is due to the high pH in the aqueous

phase, which implies that the metals have a low solubility

in water. On the opposite, when ammonium citrate and

ammonia solution is used, the initial Cd and Cu transport is

highly influenced by their expected dissolution as ammo-

nium complexes, becoming a mobile phase. Here, it has

been assumed equilibrium between the solid phase and the

aqueous solution. After each increment in time along the

process it was checked if solid phases of Cu, Cd, Pb, zinc

(Zn), calcium (Ca), etc. are present in each element of

volume, in order to establish the value of the local con-

centration of the different species in the aqueous phase.

In fact, at the end of the operation, insoluble heavy

metals are yet in the ash and consequently an important

portion of them remain in the solid even after extensive ED

or DI cleaning and in spite of high percentage of ash dis-

solved in some of the experiments.

3.2.5 Complete model

Finally, the complete model consists on the differential

equations governing the total transport of the present ions

and non-ionic species, as well as the prescriptions for

equilibrating the species concentration given by equations

of equilibria.

The value of the number of volume element(s) in the

column was taken to be five and one for the column and

stirred experiments, respectively. Other two additional

different volume elements at both ends of the system were

regarded as the anode (left), j = 0 and cathode (right)

j = N ? 1 compartments.

The cumulative quantities of contaminants (Cd, Cu, Pb)

collected in the electrode compartments were calculated by

dMA

dt
¼ V0

dci0

dt

� �
ð16Þ

dMC

dt
¼ VNþ1

dciNþ1

dt

� �
ð17Þ

Along the calculations, it was continuously checked that

the electrical neutrality condition was satisfied for each

volume element. Actually, the calculation procedure used

guarantees it: In the ED process due to the use of the

transport number concept [21, 22] and in the DI process

due to both the zero current condition and the initial

neutrality of the system.

4 Results

The removal results presented here correspond with the

treatments of a MSW incinerator fly ash containing Cd, Cu,

Pb and Zn as previously written in the experimental part.

General modeling parameters are given throughout Sect. 3.

Particular experimental and simulation parameters are

shown in Table 1.

In Table 7, experimental and simulated results are

compared. Here it is observed that in experiments three and

four, where distilled water was used as an assisting agent,

the metal content increases after treatment resulting in
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negative percentages of removal with respect to the initial

ash. This is due to the dissolution of the ash in a higher

proportion than the same for the heavy metals during the

pre-washing and also during the treatment.

On the opposite, in the experiments 1, 2, 5 and 6 using

ammonium citrate/ammonia, at pH values between the initial

‘‘natural’’ fly ash pH & 11.9 and final experimental pHs

(8.5–9.5), Cd complexes with the citrate and ammonium

from the assisting agent. Cadmium binds, forming com-

plexes as Cd(Cit)OH2- and Cd(NH3)2? among others. These

complexes formation can explain the significant presence of

Cd both at anolyte and catholyte due to their charges and the

success of Cd removal, not only in the ED experiments with

current (one and five) but also in the DI experiments (two and

six, no current applied) due to their high mobility. Experi-

mental and predicted values of Cd removal at the end of the

experiments are very similar, allowing the assumption that

the more important Cd species are considered in the model.

Copper only shows adequate removal in experiments

five and six. This reflects that using 0.25 M ammonium

citrate in 1.25% ammonia as assisting agent to form Cu

complexes [Cu(NH3)4
2? or Cu(NH3)3OH?], as in experi-

ments 1, 2 and 6, is not enough to obtain a satisfactory Cu

removal. Thus, to promote Cu removal it is necessary to

increase the mobility of Cu species by mean not only of

current, but also by stirring combined with a high assisting

agent/ash ratio (L/S = 4).

In the experimental conditions Cu is forming basically

positive ionic complexes and shows, experimentally and by

modeling, a clear tendency to move towards the cathode

compartment.

Lead only shows some removal in experiments with

ammonium citrate as assisting agent in stirred systems

(L/S = 4) with and without current (experiments five and

six).

5 Conclusions

Cadmium, when combined with 0.25 ammonium citrate in

1.25% as assisting agent, is highly mobilized (experiments

1, 2, 5 and 6). When distilled water is applied, Cd shows

almost no removal. These results agree with the predicted

by modeling and attest the efficiency of 0.25 M ammonium

citrate as assisting agent for removing this metal from fly

ashes.

Copper is efficiently removed from fly ashes with

ammonium citrate and stirring and also Pb is removed in

some extension in these same conditions.

The models produces values of removal in agreement

with the experimental results and also reproduces satis-

factorily the experimental pH values and the evolution of

metals not included under the heavy metal category

(Na, Ca, Al, Zn, etc.) present in the complex system that fly

ash constitute, moreover in the presence of assisting agents.
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Sci Technol 30:3111

22. Vereda-Alonso C, Rodrı́guez-Maroto JM, Garcı́a-Delgado R et al

(2004) Chemosphere 54:895

23. Dean JA (1999) Lange’s handbook of chemistry, 15th edn.

McGraw-Hill, New York

J Appl Electrochem (2010) 40:1689–1697 1697

123


	Experimental and modeling of the electrodialytic and dialytic treatment of a fly ash containing Cd, Cu and Pb
	Abstract
	Introduction
	Materials and methods
	Polluted material
	Laboratory cell
	Experimental conditions
	Analytical methods

	Process simulation and model description
	Preliminary calculations
	Model description
	Electrochemical reactions
	Electromigration transport of ions
	Diffusive transport
	Chemical equilibria
	Complete model


	Results
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


