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a b s t r a c t

Fly ash is an airborne material which is considered hazardous waste due to its enrichment on heavy
metals. Depending on the waste from which they are originated, fly ash may be further valorised, e.g. as
soil amendment or concrete and ceramics adjuvant, or landfilled, when defined as hazardous material.
In any case, heavy metal content has to be decreased either for fly ash valorisation or for complying
with landfill criteria. The electrodialytic (EDR) process is a remediation technique based on the principle
of electrokinetics and dialysis, having the aim to remove heavy metals from contaminated solid media.
EDR was here applied to fly ashes from the combustion of straw (ST), from the incineration of municipal
solid waste (DK and PT) and from the co-combustion of wood (CW). A statistical study, using F tests,
ly ash
onlinear biregressional design
inetic parameters

Bonferroni multiple comparison method and a categorical regression, was carried out to determine which
variables (“Ash type”, “Duration”, “Initial pH”, “Final pH”, “Acidification” and “Dissolution”) were the
most significant for EDR efficiency. After establishing these, the selected variables were then used to
characterize some kinetic parameters, from metals migration during EDR, using a biregressional design.
Cd, Cr, Cu, Ca and Zn migration velocity and acceleration to the electrodes (anode and cathode) were then
considered. Cd and Cu migration to the cathode were found to be significantly influenced by “Ash type”,
“Duration”, “Final pH” and “Dissolution”.
. Introduction

Incineration is a high-technological and effective waste treat-
ent technique, with a rising trend. With EU policies stimulating

ncineration as waste management solution [1–4] and having a tar-
et of 15% renewable energy out of the total energy production
ntil 2010, biomass (wood, straw and certain crops) combustion

s rising. This means increase of incineration residues such as fly
sh.

Fly ash is considered to be a hazardous material due to its tox-
city [3] and enrichment with volatile contaminants and heavy

etals. As hazardous waste, it is current practice to stabilize fly
sh with raw material for subsequent disposal in landfill. However,
epending on fly ashes fuel origin, they may be reused for instances
s soil amendment, in geotechnical, or concrete applications [5,6],

articularly after reduction or total removal of contaminants.
he electrodialytic process (EDR) is a remediation technique first
escribed for heavy metal contaminated soil [7–9]. The method
ombines an electric DC field as cleaning agent with ion-exchange

∗ Corresponding author. Tel.: +31 30 253 5075; fax: +31 30 253 5302.
E-mail address: lima.at@gmail.com (A.T. Lima).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.10.012
© 2009 Elsevier B.V. All rights reserved.

membranes, which allow the regulation of ion fluxes. The design,
developed at the Technical University of Denmark, consists of a
cell divided in three compartments, (I) anode compartment, (II)
central compartments, where the contaminated media is placed
and (III) cathode compartment (Fig. 1). EDR has been successfully
tried out before in the remediation of different type of fly ashes
[10–13].

In the present study we present some of the most suc-
cessful EDR experiments obtained with different experimental
conditions in the remediation of different types of fly ashes:
straw (ST) ashes, municipal solid waste (MSW) ashes and co-
combustion of wood (CW) ashes. A statistical methodology was
applied in order to determine the influence of a given variable
on the migration of Ca, Cd, Cr, Cu, Pb and Zn. The biregres-
sional methodology was first developed by Mexia [14] and
previously applied in the study of heavy metal migration dur-
ing EDR on the remediation of soil [15] and timber waste
[16,17]. These have been based on simple linear regressions.

The methodology is very powerful when migration processes are
concerned since it evaluates the effect of each variable on a
given metal velocity and acceleration. The novelty of the bire-
gressional design in this study is its application to a categorical
dataset.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lima.at@gmail.com
dx.doi.org/10.1016/j.jhazmat.2009.10.012
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ig. 1. Setup design for the studied electrodialytic experiments. I—anode compart-
ent; II—central compartment; III—cathode compartment; (a) suspension volume

evel in the electrodialytic cell (Pedersen [29]).

. Materials and methods

.1. Fly ash sampling

Fly ash samples were collected from different incinerator facil-
ties:

DK: Danish MSW incinerator, Vestforbraending.
PT: Portuguese MSWI, ValorSul.
ST: Danish bio-ash from straw combustion, Avedøre unit 2.
CW: Danish ash from co-combustion of wood and oil, Avedøre
unit 2.

Vestforbraending and ValorSul are both incinerators that use
SW as fuel. Combined Heat and Power (CHP) plant Avedøre unit
is a cogeneration plant flaming natural gas, fuel oil, straw or a

ombination of wood and oil as fuels. In CHP plant Avedøre unit
each fuel is combusted separately and parameters optimized for
aximum efficiency [18].

.2. Experimental methods

Fly ashes were dried for 24 h at 105 ◦C and water content was
etermined. Subsequently, pHH2O measurements were carried out
y suspending 2.5 g the dried fly ash in 12.5 mL distilled water for
h and pH was measured by a combined Radiometer pH electrode.
he content of Ca, Cd, Cr, Cu, Pb and Zn was quantified by FAAS
atomic absorption spectrophotometry in flame) or graphite fur-
ace, after microwave assisted pressurized digestion of ash: 0.25 g
ry ash sample in 10 mL concentrated HNO3. Chloride content was
easured in H2O extractions (L/S proportion of 2.5) by Dionex ion

hromatograf, DX120.
The electrodialytic cell used in this investigation is schematized

n Fig. 1 and consisted of three compartment cell, two electrode
ompartments and central compartment, where the contaminated
edia was placed. The cell was made from Plexiglas, where the

nternal diameter was 8 cm and central compartment length was
0 cm. Electrode compartments were separated from central com-
artment by anion-exchange membrane 204 SZRA B02249C and
ation-exchange membrane CR67HUYN12116B, from ionics. Plat-
num coated electrodes from Permascand were used as working
lectrodes and a power supply (Hewlett Packard E3612A) main-

ained a constant current of 40 mA.

Placed on central compartment, the ash suspension was stirred
y a flexible plastic flab, with about 5 cm and 6 mm width, fastened
o an insulated wire powered by a “Heto” motor with a rotation
elocity of 1300 rpm.
Materials 175 (2010) 366–371 367

Eight electrodialytic experiments were carried out. Table 2
resumes the experimental conditions. All experiments were per-
formed with distilled water in a liquid/solid ratio of 4.

In all experiments 0.01 mol L−1 NaNO3 was used as catholyte.
500 mL of this solution was used as catholyte. Experiments 1–7
were acidified, i.e. catholyte pH was controlled to 2. For this, pH was
controlled once a day in the catholyte by adding 0.01 M HNO3. As
for the anolyte, experiments 1–6 and 8 used 500 mL of 0.01 mol L−1

NaNO3. pH was not controlled in the anolyte. Exceptions are given
bellow:

• Experiment 7 used 0.25 mol L−1 ammonium citrate in 1.25%
ammonia as assisting agent and as anolyte. No control of pH was
performed to the anolyte.

• Experiment 8 electrolytes were not acidified. This means that
catholyte’s pH was maintained high. As for the anolyte, pH was
adjusted to 7 with calcium oxide (solid).

At the end of the experiments the electrodes and membranes
were rinsed in 5 mol L−1 HNO3 and 1 mol L−1 HNO3, respectively,
and the concentration of Ca, Cd, Cr, Cu, Pb and Zn were determined
by AAS (atomic absorption spectrophotometry) in flame.

2.3. Definition of variables

Eight electrodialytic experiments were carried out with varying
conditions. The considered variables were the following:

• “Ash type”—ST, CW, PT, DK, nominal variable;
• “Duration”—Remediation time (10, 11 and 14 days), ordinal vari-

able;
• “Initial pH”—Initial pH of the ash, prior to EDR treatment, numer-

ical variable;
• “Final pH”—pH obtained in the ash after EDR treatment, numeri-

cal variable;
• “Acidification”—Use, or absence, of acidic conditions during EDR,

nominal variable;
• “Dissolution”—Ash dissolution occurring during EDR, related to

initial dry weight (%), numerical variable.

In order to model the data, SPSS program was used [19]. Data
of total concentrations (initial and final) in fly ash and electrolytes
concentration along experimental time represent the information
used inputted to SPSS program. The development of this study fol-
lowed the methodology applied in [16,17].

3. Preliminary analysis

Ratios between final and initial concentrations were used to
determine which variables had the higher level of significance on
the EDR: “Ash type”; “Duration” “Initial pH”; “Final pH”; “Acidifi-
cation”; “Dissolution”; “Metal”. An analysis of variance (ANOVA)
was carried out to identify which ordinal or nominal variables pre-
sented significant differences between levels (Table 3). This was
followed by Bonferroni multiple comparison method, in order to
determine differences between levels of the same significant vari-
able (Table 4). To identify the overall significance of the variables
on the removal rates, linear (results not presented) and categorical
regression (CATREG) (Table 5) were carried out.

An ANOVA was preformed to indicate significant differences
between levels of nominal or ordinal variables (Table 3). Numerical

variables were not considered for ANOVA. “Ash type” and “Acidifi-
cation” appear to have significant differences among their different
levels. Since “Acidification” was a binary variable, it was pointless
to perform a multiple comparison test. Bonferroni multiple com-
parison method was then applied to “Ash type” (Table 4).
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Table 1
General characteristics of DK, PT, ST and CW fly ash (adapted from Lima et al. [18]).

Parameter

Ash DK PT ST CW

Fuel MSW MSW Straw Wood and oil
pH 12.2 ± 0.01 11.9 ± 0.01 5.9 ± 0.04 12.0 ± 0.2
Water content (%) 1.28 1.05 1.16 0.40
Cl content (%)a 21.50 9.81 21.14 0.34
Ca content (%) 14 22.2 0.76-0.86 8.73
Cr (mg kg−1)b 284.7 ± 3.2 184.8 ± 5.9 13.54 ± 0.43 185.0 ± 1.3
Cd (mg kg−1)b 240.6 ± 18.2 83.4 ± 0.8 11.3 ± 0.01 22.36 ± 0.06
Cu (mg kg−1) 2206 ± 70 586 ± 7.8 80.5 ± 1.1 232.9 ± 0.03
Zn (mg kg−1) 26,958 ± 710 4900 ± 34 305.7 ± 0.09 2015 ± 1.4
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In sequence, an overall analysis was carried out to determine
hich variables had the most influence on EDR efficiencies. A linear

egression and a categorical regression (CATREG) were adjusted to
he final/initial ratios. Methodologies were compared and CATREG
as chosen since variables were categorical (measured at an

rdinal or nominal level) and a higher determination coefficient
R2). Furthermore, CATREG should be used when the relationship
etween the predictors and the response is expected to be nonlin-
ar. The CATREG model fits the classical linear regression model
ith nonlinear transformations of the variables, written as

r(y) =
J∑

j=1

ˇjϕj(xj) + e, (1)

y minimizing the least squares lost function

(ϕr; ϕ1, ..., ϕJ; ˇ1, ..., ˇJ) = N−1

∥∥∥∥∥∥
ϕr(y) −

J∑
j=1

ˇjϕj(xj)

∥∥∥∥∥∥

2

, (2)

ith N the number of observations, J the number of predictor
ariables, {ˇj}, j = 1,. . .,J, the regression coefficients, ϕr(y) the trans-
ormation for the response variable y, ϕj(xj) the transformations
or predictor variables {xj}, j = 1,. . .,J, and e the error vector, and
here ||·||2 denotes the squared Euclidean norm. The loss function

2) is minimized over {ˇj}, {ϕj(xj)} and ϕr(y) to maximize the least

quares fit between ϕr(y) and the linear combination
∑J

j=1ˇjϕj(xj).
ecause the transformed variables ϕr(y) and ϕj(xj) are centered
nd normalized to have sum of squares equal to N, loss function
2) maximizes the (squared) multiple correlation [20]. The results
rom CATREG are shown in Table 5.
.1. Results and discussion

Table 1 summarizes the major characteristics of the studied fly
shes. Descriptions and thorough characterization of these ashes
an be found in Lima et al. [13,18].

able 2
esume of ashes parameters after experimental time and final/initial concentration ratio

Experiment Ash type Duration (days) Final pH Acidification Dissol

1 ST 10 1.9 Yes 95.5
2 ST 14 2.1 Yes 95.2
3 CW 10 9.9 Yes 20.6
4 CW 14 7.0 Yes 29.0
5 PT 14 7.9 Yes 71.9
6 DK 14 7.3 Yes 55.7
7 PT 14 9.0 No 12.8
8 CW 11 11.8 No 17.2

talic—best removals from direct observation.

able 3
NOVA test for determining the significance difference between levels of a variable in the

Sum of squares df

Between “Ash Type” groups 5.461 3
Within “Ash Type” groups 17.612 44
Total 23.072 47

Between “Acidification” groups 3.694 1
Within “Acidification” groups 19.379 46
Total 23.072 47

Between “Duration” groups 2.141 2
Within “Duration” groups 20.931 45
Total 23.072 47

Between “Metals” groups 3.355 5
Within “Metals” groups 19.718 42
Total 23.071 47

old—significant, p-value inferior to 0.05.
Pb (mg kg−1) 8507 ± 42 2462 ± 71 17.3 ± 0.87 1224 ± 0.03

a Water soluble (L/S ratio = 2.5).
b In [14].

Table 2 presents the ratios between the final and initial concen-
tration of metals. Final concentration signifies the concentration of
metals in the ashes obtained after experiments. Thus, ratios closer
to zero corresponds to the most successful experiments. Regarding
the best removal rates – on italic in Table 2 – experiment 8 was con-
sidered the most successful based on direct observation. It is also
worth mentioning that this experiment lasted 11 days, where the
final ash retained a high pH and undergone low ash dissolution.
This is a good indication that CW ash would still be valuable for
reuse, e.g. in concrete or ceramics, after remediated through EDR.

An ANOVA was carried out to determine which variables pre-
sented significant differences between levels. “Ash type” presented
significant differences (Table 3) and was then considered for Bon-
ferroni multiple comparison test in order to determine which
levels have significant differences. Table 4 shows ST and CW ash
as being significantly different in terms of the EDR efficiency (p-

value = 0.016). The higher the amplitude (negative) given by (I–J)
was, the lower the final/initial ratios. This implies a positive influ-
ence of EDR on the metals removal rates since the lower the ratio,
the higher the metal removal. Therefore, CW ash treatment was

s.

ution Cd ratio Cr ratio Ca ratio Cu ratio Zn ratio Pb ratio

1.21 2.98 1.05 1.70 1.33 1.09
0.37 4.14 0.95 0.71 1.29 0.93
1.94 0.42 0.54 0.63 0.57 1.06
0.89 0.63 0.50 0.61 0.52 0.88
1.15 1.66 1.02 1.68 1.35 1.26
1.16 1.61 0.98 1.95 0.91 1.78
0.33 0.76 0.69 0.46 0.71 0.80
0.18 0.63 0.55 0.52 0.61 0.53

final/initial ratio.

Mean square F p-value

1.820 4.548 0.007
0.400

3.694 8.768 0.005
0.421

1.071 2.302 0.112
0.465

0.671 1.429 0.234
0.469
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Table 4
Multiple comparisons test using Bonferroni method, with final/initial ratios as dependent variable, for “Ash type”.

(I) Ash type (J) Ash type Mean difference (I–J) Std. error p-value 95% confidence interval

Lower bound Upper bound

ST CW 0.80102* 0.23578 0.016 0.1157 1.4864
DK 0.08267 0.31633 0.995 −0.8368 1.0022
PT 0.80102 0.25828 0.324 −0.2626 1.2389

CW ST −0.80102* 0.23578 0.016 −1.4864 −0.1157
DK −0.71835 0.29824 0.138 −1.5853 0.1486
PT −0.31287 0.23578 0.627 −0.9982 0.3725

DK ST −0.08267 0.31633 0.995 −1.0022 0.8368
CW 0.71835 0.29824 0.138 −0.1486 1.5853
PT 0.40548 0.31633 0.652 −0.5140 1.3250

PT ST −0.48815 0.25828 0.324 −1.2389 0.2626
CW 0.31287 0.23578 0.627 −0.3725 0.9982
DK −0.40548 0.31633 0.652 −1.3250 0.5140
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I and III. The migration of the metals was controlled and quantified
along remediation time.

In order to understand heavy metals migration rate, and to carry
out inference on the studied variables, a biregressional methodol-
old—significantly different, p-value inferior to 0.05.
talic—high similarity, p-value close to 1.

* The mean difference is significant at the 0.05 level.

onsidered more successful than ST ash (Table 4), also in accordance
ith observations in Table 2. According to Lima et al. [13], the CW

shes successful remediation in an acidic media could be mainly
ue to the removal of Ca, and possibly Zn, during the EDR, since
he removal of the target heavy metals, e.g. Cd, Cr, Cu, Pb from CW
sh could be neglected (experiments 3 and 4 in this paper). Plus, ST
shes remediation showed high similarities (p-value = 0.995) with
K ashes (Table 4). According to Table 2, ST ashes presented the
ighest ratios, i.e. lowest removal of metals. The parameters used to
egulate ST and DK ashes remediation may not be the most suitable
or the removal of the target metals.

Discretization was applied in order to obtain Table 5. CATREG
etermined that “Ash type”, “Duration”, “Dissolution” and “Metal”
ere the most significant on Ca, Cd, Cr, Cu, Pb and Zn ratios. The
ositive or negative value of the variable coefficient (Beta) in Table 5
as a physical interpretation. “Duration” was highly significant
n EDR, where Beta < 0 indicates that an increasing experimental
ime provides lower metal ratios. i.e. longer remediation periods
ranslate in higher removal efficiencies, since a low final/initial
oncentration ratio indicates high removal. According to several
tudies regarding EDR application to a porous media, e.g. [21–23],
onsensus is found on using longer remediation periods to achieve
igher removal efficiencies. Regarding “dissolution”, augmenting
he dissolution of the ashes during EDR incites higher metal ratios
n Table 2, i.e. lower removal efficiencies. For instance, MSW ashes
issolution was expected to be lower when compared with straw

r wood ashes, even though alkali based salts may be observed in
heir matrix [18,24]. MSW ashes have in fact large amounts of the
l−, due to condensation of salts on fly ash particles surface in the
ue gas [25]. Although this is true, the potassium content is still
igher in straw ashes [18,26], making them more likely to dissolve.

able 5
ategorical regression and respective standardized regression coefficients for the

nteraction between the variables and final/initial ratio*.

Standardized coefficients df F p-value

Beta Std. error

Ash type 0.444 0.187 3 5.622 0.003
Duration −0.334 0.166 1 4.066 0.052
Initial pH 0.338 0.200 1 2.876 0.100
Final pH −0.232 0.400 1 0.337 0.566
Acidification −0.187 0.190 1 0.963 0.334
Dissolution 0.708 0.291 4 5.919 0.001
Metal 0.185 0.106 5 3.028 0.024

old—significant, with significance level inferior to 0.05.
* R2 of 0.649; p-value of correspondent ANOVA of 0.001.
Finally, the remaining significant variables in Table 5, “Ash type”
and “Metal”, were not possible to interpret due to their nominal
scale. Metal could in fact explain the studied ratios (p-value = 0.024
in Table 5) but according to Table 3, the variable “Metal” showed no
statistical difference between the different levels (p-value = 0.234),
which means that metals are removed independently during EDR.
Resuming, the ratios differ significantly from metal to metal. This
also makes sense since metals are expected to have different ionic
mobility once subjected to an electric field [27].

4. Nonlinear biregressional study

The main goal of EDR is to remove the heavy metals present
in a contaminated material, placed in compartment II. In a gen-
eral sense, electric current drags the electrically charged elements
according to their charge into one of the electrode compartments,
Fig. 2. Cd concentration evolution along experimental time in AN and CAT during
EDR for experiment 1.
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gy was preformed. First, a 4th degree polynomial regression was
djusted to each compartment I (AN) and compartment III (CAT)
eavy metal concentration, which varied along time. Fig. 2 shows
ne example of Cd concentration profile along time in compart-
ent I (AN) and compartment III (CAT) (in experiment 1) with 4th

egree polynomials adjusted:

i(t) = a0 + a1t + a2t2 + a3t3 + a4t4 + ei; i = 1, ..., n,

here ei∼N(0,�2) and n the number of experiments. In matrix nota-
ion the previews equation becomes

y1
y2
...

yn

⎤
⎥⎥⎦ =

⎡
⎣

1 t1 t2
1 t3

1 t4
1

...
...

...
...

...
1 tn t2

n t3
n t4

n

⎤
⎦

⎡
⎢⎢⎣

a0
a1
a2
a3
a4

⎤
⎥⎥⎦ +

⎡
⎢⎢⎣

e1
e2
...

en

⎤
⎥⎥⎦

r y = Ta + e, with E(e) = 0 and Cov(e) = E(ee′) = �2I.
To complete the analysis, a second series of regression were

djusted to each aj, j = 0,. . .,4 using the selected “Ash type”,
Duration”, “Final pH” and “Dissolution” as explanatory variables.
owever, since some variables are non numerical, a categorical

egression (CATREG) was applied instead of the linear used in Mor-
ira et al. [17], where the model matrix T for this regression had
he column vectors associated to the factors (variables) [14,16].
his generalization resulted in the denominated nonlinear bire-
ressional analysis.

The parameters a0, a1,. . ., a4 of this first series of regressions
ere obtained and the first three parameters of the polynomial
ere chosen due to their physical significance:

a0—estimates the initial concentration at the beginning of the time
series;
a1—measures the initial rate of migration, i.e. the velocity that the
metal is entering the electrolyte compartments;
a2—measures the initial acceleration (Beta > 0) or deceleration
(Beta < 0) of the migration, i.e. the rate that one object/metal
changes its migration velocity.

a0, a1 and a2 are then the kinetic parameters for metals migra-
ion during EDR. A second series of regressions using CATREG was
hen carried out, where the dependent variables were the adjusted
oefficients of the first set of regressions (this table was omitted)
nd the independent variables the levels of “Ash type”, “Duration”,
Final pH” and “Dissolution”. The results are presented in Table 6.
he regressions used were categorical, since discretization of the
ariables was still needed. Since there were missing values, the
ption “Mode” for the CATREG procedure was used in order to input
hem [19].

Considering a significance level of 5%, it was seen that all studied
ariables inferred statistically on Cd and Cu migration to compart-
ent III, but not on the remaining metals. This is in accordance with

revious studies [10,11,28,29], where Cd and Cu were mainly found
s cations in fly ashes and easily transported towards the cathode.

The Cd III results in Table 6 can be interpreted as following: the
ower the “Final pH”, the more reliable initial concentration (a0)
n compartment III (Beta < 0), i.e. no need for correction factor; the
igher the migration velocity (a1) (Beta > 0); the lower the rate of
ariation of velocity (a2) (Beta < 0). This interpretation is valid for
ny variable with p-value < 0.05, with Beta as a positive or negative
alue.
“Ash type” was also found to influence a0 on Ca and Pb
oncentrations of compartment III. Furthermore, if considering
-value < 0.10, “Ash type” influences all studied initial concen-
ration of metals (a0), in compartment I or III, depending on
he metal. This indicates that, depending on the remediated ash, Ta
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nitial concentration in the electrolytes requires an adjustment
actor.

a1, or migration velocity, may be the most significant physi-
al parameter to interpret from this analysis. Cd and Cu migrate
referably towards the cathode, and with exception of “Final pH”,
he interpretation is the same for both metals. The metals velocity
owards the cathode increase significantly:

with decreasing “Duration” or experimental time;
with increasing ash “Dissolution” during EDR.

Regarding “Final pH”, Cd seems to be faster with higher final pH,
hile Cu seems to increase in velocity migration with lower final
H.

. Resume

“Ash type”, “Duration” and “Dissolution” were considered
he variables with most significance on heavy metal migration
uring electrodialytic experiments. Increasing remediation time
roportionate higher removal efficiencies, while increasing the
issolution of the ash during EDR translates in lower removal effi-
iencies. CW and ST ash were considered significantly different by
onferroni multiple comparison test, and overall, the “ash type”
as considered a significant variable to EDR.

The birregressional study was found to be a useful tool when
here is a need of physical interpretation of the results, especially
nitial concentration and velocity migration. All the considered
ariables, “Ash type”, “Duration”, “Final pH” and “Dissolution”,
ere found to significantly influence Cd and Cu migration towards

he cathode. Overall, the birregressional study outlines Cd and Cu
igration towards the cathode, indicating that the used experi-
ental conditions influence greatly the migration velocity of these

wo heavy metals. As for the remaining metals, further experiments
re necessary to understand which type of variables influence their
igration to the electrode compartments.
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