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Abstract Electrokinetic effects are those that take place

by application of an electric field to porous materials, with

the zeta potential as the key parameter. Specifically, in the

case of contaminated construction materials, the generation

of an electroosmotic flux, with the corresponding dragging

due to water transport, is a crucial mechanism to succeed in

the treatment of decontamination. Therefore, it is of great

interest trying to optimize the treatment by the addition of

specific electrolytes enhancing the electrokinetic phenom-

ena. Most of the data of zeta potential found in literature

for construction materials are based in micro-electropho-

resis measurements, which are quite far of the real condi-

tions of application of the remediation treatments. In this

paper, electrophoretic and electroosmotic experiments,

with monolithic and powdered material respectively, have

been carried out for mortar, brick and granite clean and

contaminated with Cs, Sr, Co, Cd, Cu and Pb. The elec-

trolytes tested have been distilled water (DW), Na2–EDTA,

oxalic acid, acetic acid and citric acid. The zeta potential

values have been determined through the two different

techniques and the results compared and critically

analysed.

Keywords Electrokinetics � Electroosmosis �
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1 Introduction

Waste disposal has become a major concern in most

industrial countries because of limited sites and strict

environmental standards for landfilling. Due to the high

cost of landfilling, an effective method of removing con-

struction and demolition (C&D) debris from the waste

stream is necessary. However, they may contain certain

levels of hazardous elements such as heavy metals. One

possible source of contamination is the soil on which

structures are constructed, as they might have been con-

taminated by past use, such as spills from historical

chemical handling or atmospheric deposition of pollutants

[1]. Moreover, hazardous metals may diffuse into the built

structure as a result of several industrial activities, radio-

active spillages or even from the nature of constituent

materials. For example, high amounts of lead, cadmium

and zinc have been documented in structures placed in a

mining district of Missouri state [2]. Additionally, since the

service lives of nuclear power plants are limited to a certain

number of years, the need for the management of quite a

large volume of radioactive contaminated concrete arises,

which, in most cases, was not taken into account when the

capacities of the low and medium activity repositories were

designed. Therefore, the decontamination of these struc-

tures is of great interest in order to declassify the wastes as

radioactive and manage them as conventional ones.

Therefore, in the last years, decontamination of con-

structions materials has become a subject of great interest,

mainly related to radioactive elements. Trials with different

types of treatments can be found in literature [3–13].

Among them, only a few studies on electrokinetic treat-

ments to decontaminate concrete [8–13].

The decontamination of construction materials by

application of electrical fields profits mainly of two
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different phenomena: electromigration and electrokinetic

effects. In addition, sorption and desorption processes in

the liquid/solid interphase has also to be taken into account.

This paper deals mainly with the study of the electrokinetic

effects within the framework of decontamination

processes.

When two phases are placed in contact there develops,

in general, a difference in potential between them. As a

consequence, the region between two adjoining phases is

marked by a separation of electric charges, so that near to

or on the surface of one phase there is an excess of charge

of one sign and the balancing charge is distributed through

the adjoining surface regions of the other phase. When one

of these phases is caused to move tangentially past the

second phase there are observed a number of phenomena

which are grouped under the generic name of ‘‘electroki-

netic effects’’. When the solid remains stationary and the

liquid moves in response to an applied electrical field this is

called electro-osmosis [14]. This is the case of a monolithic

material when submitted to an external electrical field. If

one phase consists of a liquid in which the second phase is

suspended as particles of solid, then, the particles can be

induced to move by applying an electric field across the

system. This is called electrophoresis [14].

The zeta potential is the key parameter in the estab-

lishment of the electrokinetic effects. It can be defined as

the average potential at an imaginary surface, which is

considered to lie close to the solid surface, and within

which the fluid is stationary during an electrokinetic pro-

cess (surface of shear) [14].

Several experiments have been carried out to determine

zeta potential in cementitious materials. The most

numerous from cement or synthetic CSH suspensions, by

the microelectrophoresis technique [12, 15–24], but also

using other techniques as acoustophoresis [25], which are

very important to know the basic features of the elec-

trokinetics for these materials but are quite far of the real

conditions of application of the remediation treatments, as

the material is grinded and in a very diluted suspension.

By the first time, the authors were able to demonstrate

and quantify the electroosmotic flux through monolithic

hardened carbonated concrete [26] in realkalisation tests

with carbonated concrete, following in situ the experiment

by neutron diffraction analysis [27], studying the influ-

ence of the external solution [28], and the composition of

the binder [29].

Additionally, it is of great interest trying to optimize the

treatment by the addition of specific electrolytes enhancing

the electrokinetic phenomena, that are of common use in

soil remediation techniques and that are very scarce when

dealing with construction materials [12, 13].

Covering both points, in this paper, micro-electropho-

retic and electroosmotic experiments, with monolithic and

powdered material respectively, have been carried out for

mortar, brick and granite clean and contaminated with Cs,

Sr, Co, Cd, Cu and Pb. The enhancing electrolytes tested

have been distilled water (DW), Na2–EDTA, oxalic acid,

acetic acid and citric acid, commonly used in soil cleaning.

The zeta potential values have been determined through

both different techniques and the results compared and

critically analysed.

2 Experimental procedure

2.1 Materials

Three different materials have been used: Mortar, Brick

and Granite. The mortar was cast with cement type IV-B-

32.5 SR/BR, that includes fly ashes in their composition,

with the mix proportion given in Table 1, making cylin-

drical specimens of 75 mm diameter and 150 mm height.

The brick was a Spanish solid type brick commonly used in

facades, in which, cores of 75 mm diameter were taken.

Granite samples were directly obtained from an extractive

company that works around Madrid that supplied cylinders

of 75 mm diameter. The chemical composition, determined

by acid digestion of two duplicates of the powdered

material and ICP analysis, of the cement used in the mortar

and that of the brick and granite used are given in Table 2.

The materials were characterised by mercury intrusion

porosimetry (Micromeritics IV 9500) and BET surface area

determination (Micromeritics ASAP 2010). To determine

the pH of their aqueous phase, 1 g of powdered sample was

shaken in 2 mL of DW and the pH of the resulting solu-

tions was measured.

For the different tests to be performed, different samples

were prepared. On one hand, monolithic specimens of

75 mm diameter and about 10 mm depth (cutting slices

from mortar and granite and extracting cores from the

bricks) to perform the electroosmotic tests, and powdered

samples (diameter \100 lm) for the electrophoretic

Table 1 Mix proportions of the mortar used

Cement IV-B-32.5 SR/BR (%) Sand (%) Water (%) Additive

31.51 56.01 11.87 0.61

Table 2 Chemical composition of the cement used in the mortar and

that of the brick and granite

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O

Cement 30.46 10.58 4.49 46.49 2.59

Brick 73.54 14.20 5.38 1.64 1.40 0.013 0.63 2.65

Granite 73.15 13.08 2.26 2.12 0.42 0.008 3.00 3.25
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measurements. For both procedures, clean and contami-

nated material was prepared.

2.2 Procedures

2.2.1 Contamination of the specimens

To contaminate the specimens, slices of 75 mm diameter

and about 10 mm depth were contaminated with a nomi-

nally 0.05 M solution of Sr, Cs, Co, Cu, Cd and Pb that was

prepared in DW with the corresponding chloride of each

metal; so all the metals in the same solution. The final

concentration of each metal was dependent on their inter-

ferences with the other species and was analyzed by ICP. In

order to achieve reproducible contamination of the speci-

mens, the vacuum saturation method was chosen and the

procedure described in the standard ASTM C1202-97 [30]

was followed with some modifications: (1) Before pro-

ceeding to the saturation, the specimens were maintained

for 3 days at 40 �C. (2) Saturation was performed using the

metal’s solution instead of deionised water. The objective

of this procedure was to replace the air that fills the pores

of the materials with the solution of metals.

Once saturated the samples, metal concentration was

obtained by furnace-assisted fluorhidric acid digestion and

ICP spectrometry.

For the contaminated powdered samples, after contam-

ination of the slices, they were grinded until a particle size

less than 100 lm.

2.2.2 Micro-electrophoretic measurements

The micro-electrophoretic measurements were carried out

with clean and contaminated powdered samples using a

commercial zeta-meter. A high quality stereoscopic

microscope is used to track colloidal particles inside a

chamber in whose ends the electrodes are placed. Charged

colloids move in the field and their velocity and direction

are related to their zeta potential, that is calculated from the

electrophoretic mobility of the colloids, through the

Smoluchowski equation. Powder suspensions in a solid/

liquid ratio of 0.1 g:50 mL were prepared using different

solutions: DW, Na2–EDTA, oxalic acid, acetic acid and

citric acid, at different concentrations: 0.001, 0.01, 0.05

and 0.1 M. 10 readings of zeta potential were taken for

each composition.

2.2.3 Electroosmotic measurements

Electroosmotic tests have been carried out on monoliths of

these hardened samples, by using the ECD (Electroosmotic

Cell Device) described in [29] and whose setup is sche-

matically depicted in Fig. 1, in order to obtain the zeta

potential of the hardened material. The set-up of the ECD

is very similar to the migration cell used by the authors to

determine the diffusion coefficient of different ions through

concrete by migration tests [31] with the main modification

that the ECD includes two capillary tubes in order to pre-

cisely measure the flow of transported liquid.

In the ECD, a disc of the material to be tested (between

1 and 2 cm depth) was used for separating the two cham-

bers where the solutions (catholyte and anolyte) and the

electrodes (cathode and anode) were located. All the

samples were contaminated with the exception of one

experiment using DW in both compartments having a twin

measurement with a contaminated sample.

Two meshes of activated titanium were used as elec-

trodes and a voltage difference was applied between them,

without any pH control at the electrodes. The volume of

liquid in both chambers was periodically monitored, as

well as the potential drop at the surface of the disc by

placing two reference electrodes in contact with the sur-

faces. A summary of the experimental details of the tests

performed is given in Table 3. Distilled water was used in

the anodic compartments while the specific solutions were

placed in the cathodic compartments. The exception is the

case of the test with Na2CO3 in the anolyte, due to the

noticeable electroosmotic fluxes reported with this solution

for carbonated cementitious materials [29].

Due to the different materials and solutions tested, the

voltages applied have been adjusted (ranging from 12 and

75 V DC), in order to reach total current densities passed in

a comparable range for the different experiments. Most of

the experiments have been performed in duplicate/triplicate

specimens, sometimes varying the voltage applied

depending on the results of the previous experiments.

Anolyte Catholyte

ΔV
+

+

-

-

Amperimeter

Power supply

ΔVeff

Voltage measurement

Contaminated
specimen

Fig. 1 Schematic setup of the ECD used for the electroosmotic tests
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The zeta potential was determined by measuring the flux

of liquid transported from one compartment to the other

according to Eq. 1 [14]:

n ¼ V
4pg
qDE

ð1Þ

where n is the zeta potential, V is the liquid volume

electroosmotically transported in a second, D is the

dielectric constant, E is the electrical field applied, q is the

transversal area for the flux of liquid and g is the liquid

viscosity coefficient.

The value of q, transversal area, has been normalized by

means of the porosity to the cross section available to the

liquid to pass through. This assumes cylindrical pores in

the perpendicular direction of the flux of liquid.

3 Results

3.1 Characterization of the materials

Parameters obtained by mercury intrusion porosimetry,

MIP (total porosity, average pore diameter and bulk den-

sity) and BET (Brunauer, Emmett, and Teller) surface area

determinations are given in Table 4. Even considering the

discussion on the interpretation of results from MIP, the

differences corresponding to the different materials is quite

clear: As expected, total porosity of granite is clearly the

smallest of the three materials, followed by the mortar and

finally the brick, having both around a 20% of total

porosity.

The distribution of pore sizes is given in Fig. 2, where it

can be noticed that there are important differences in the

average pore diameter. The three materials have a certain

presence of pores between 100 and 200 microns. In fact,

this is almost the only porosity of granite. That is why

granite presents the higher average pore diameter even

though their porosity is very low. The mortar exhibits the

smaller average pore diameter, having mainly two different

blocks of sizes of pores, centred about 2 and 0.05 lm. In

the case of bricks, there is only one continuous big block of

size of pores, having the maximum around 5 lm and

extended from 0.2 to 10 lm. Therefore, the average pore

diameter of brick is much bigger than that of mortar.

Attending to the specific area, that of mortar is higher

than those of brick and especially granite, due to the high

proportion of small pores (gel pores) of mortar.

The relative pH of the aqueous phase of the samples

obtained by dissolving 1 g of powdered sample in 2 mL of

DW until equilibrium was 12.4, 9.2 and 7.8 for mortar,

granite and brick, respectively.

3.2 Contamination of the samples

The amount of each metal in the samples has been calcu-

lated by knowing the weight of contaminating solution that

has been retained, and the concentration of each metal in

the solution, determined by ICP analysis. Therefore, the

final amount of contamination depends on the effective

Table 3 Summary of the experimental details of the electroosmotic tests performed

Test Catholyte Anolyte Contaminated specimen? Nominal voltage applied (V)

DW-clean Distilled water Distilled water No 55

DW Distilled water Distilled water Yes 55

E Na2–EDTA 0.2 M Distilled water Yes 25–50

AA Acetic acid 0.2 M Distilled water Yes 75

OA Oxalic acid 0.1 M Distilled water Yes 25

C Distilled water Na2CO3 1 M Yes 12

CA Citric acid 0.2 M Distilled water Yes 50

Table 4 Microstructure parameters of the three materials

Total

porosity

(% vol.)

Average pore

diameter (4 V/A)

(lm)

Density

(g/cm3)

BET

specific

area (m2/g)

Mortar 19.28 0.059 1.95 6.56

Granite 1.15 1.087 2.55 0.14

Brick 22.78 0.552 1.92 2.38

0.000

0.003

0.006

0.009

1.E-021.E-011.E+001.E+011.E+021.E+03

Average pore diameter (µm)

D
iff
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Fig. 2 Pore distribution in the three studied materials obtained by

mercury intrusion porosimetry
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porosity of the samples. In Fig. 3, the average in the

amount of each metal, by mass of sample, after the vacuum

saturation process is presented, together with the standard

deviation for a total of nine individual data.

Notice that, as expected, contamination is higher in the

case of brick and much smaller in the case of granite, being

the relative proportions of each metal (average value) the

same for the three different materials: Cd [ Sr & Cs [
Cu & Co �Pb.

3.3 Micro-electrophoretic measurements

In the Figs. 4a–b, 5a–b and 6a–b, the values of zeta

potential obtained in micro-electrophoretic measurements

for mortar, brick and granite respectively are presented.

In each of these figures, in the figure (a), the values for

the clean material in the different solutions at different

concentrations are given. In the origin of the X-axis, the

value in DW has also been depicted. In figure (b), the

values for the contaminated material for the same elec-

trolytes are presented.

From Figs. 4, 5, 6, it can be deduced the influence of the

type of electrolyte and of the concentration, being different

depending on the type of material.

So, concerning clean mortar, as a general rule it can be

said that the zeta potential values are in general negatives

(-12.6 mV for DW) and that using the different solutions

there is only a significant increase in the negative zeta

potential values only in the cases of EDTA and Na2CO3 at

specific concentrations, being the most significant increase

using EDTA. Specifically, two different trends can be

distinguished: On one hand, oxalic acid, EDTA and sodium

carbonate, exhibits more positive values of zeta potential as

more diluted the solution, reaching a kind of maximum of

absolute value at 0.01 M for EDTA and Na2CO3 and

around 0.05 M for oxalic acid. Concerning acetic and citric

acids, the tendency is the contrary; the values obtained are

very close to that of DW, decreasing slightly the absolute

value of the zeta potential towards a limit value, attributed

to the compression of the electrical double layer. There-

fore, citric acid and acetic acid are not expected to enjoy a

special interaction with the surface; so they seem to be

‘‘indifferent’’ electrolytes for the system.

In the case of contaminated mortar in general, the ten-

dencies are similar to that of clean mortar with the changes

of smaller magnitude with respect to water (-10.5 mV for

DW) as reference, having more positive values. It is

remarkable the case of Na2CO3 whose zeta potential

increase its negative value being of the same order of the

EDTA solution.

For brick, the differences between contaminated and

clean material are very noticeable. The zeta potential val-

ues obtained for clean brick, increase towards more nega-

tive values mainly for oxalic acid, EDTA and Na2CO3,
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Fig. 3 Concentration of the

different metals in the

specimens obtained through

vacuum saturation
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Fig. 4 Zeta potential obtained

in micro-electrophoretic

measurements for mortar in

different solutions (OA oxalic

acid; E EDTA; C sodium

carbonate; AA acetic acid; CA
citric acid) at different

concentrations. a Clean material

and b contaminated material. In

the origin of the X-axis, the

value in DW
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being the increase higher as higher is the concentration of

the solution. For these solutions, the increase with respect

to the value for DW is quite high (-18.7 mV for DW). In

the case of citric acid, this tendency is more attenuated and

there is no increase in the case of acetic acid. For con-

taminated brick (-0.32 mV for DW) the values become

much less negative being the tendencies quite similar to

that of the mortar. It is remarkable the reversal of the sign

of the zeta potential using citric acid.

For granite, the two groups of solutions are still valid

being for oxalic acid, EDTA and sodium carbonate the

general tendency of decreasing the absolute value of the

zeta negative potentials when increasing the concentration

of the solutions. Citric acid and acetic acid exhibits more

stable behaviour. The same behaviour is found for con-

taminated granite with values less negatives. The most

significant increase in the zeta potential values (-11.5 and

-11.4 mV for clean and contaminated material in DW) are

also found in the cases of EDTA and Na2CO3 for clean and

Na2CO3 for contaminated granite.

The zeta potential values in function of the pH of the

solution are given in Fig. 7a and b for the clean and con-

taminated materials, respectively.

Theoretically, as a general rule, as the pH increases, the

zeta potential becomes more negative due to the adsorption

of the hydroxyl ions on the surface. For the clean materials

(Fig. 7a), this behaviour can be intuited in the case of

granite, but not for mortar and brick. In the case of con-

taminated material (Fig. 7b), the zeta potential values for

brick and granite increase in negative absolute value as the

pH increases, with the exception of the carbonate solution.

For some of the electrolytes, the values for brick and

granite are even mixing themselves, as in the cases of

oxalic acid and EDTA. In the case of the mortar, from these

experimental data, the expected trend that when increase

the pH, the f values become more negative, can not be

deduced.

3.4 Electroosmotic experiments

The evolution of the pH in the anolyte and catholyte

compartments are presented in the Figs. 8a–b, 9a–b and

10a–b, for mortar, brick and granite, respectively.

In Figs. 8, 9 and 10, it can be noticed that, as expected,

in all the cases, the pH of the anolyte decreases as the

experiment proceeds due to the hydrolysis of the water that

generates H? until reaching values, depending on the

charge density passed, in the range of 2–4.

In the case of the catholyte, the hydrolysis of water leads

to the production of hydroxyl ions. When the catholyte is

DW, the pH increases very quickly reaching values up to

more than 12. With the rest of the solutions, with the

exception of acetic acid with mortar, the OH- ions are

neutralysed by the acid character of the initial solutions,
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Fig. 5 Zeta potential obtained

in micro-electrophoretic

measurements for brick in

different solutions (OA oxalic

acid; E EDTA; C sodium

carbonate; AA acetic acid; CA
citric acid) at different

concentrations. a Clean material
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value in DW
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the origin of the X-axis, the

value in DW

1200 J Appl Electrochem (2010) 40:1195–1208

123



-40

-30

-20

-10

0

10

0 2 4 6 8 10 12 14
pH

 (
m

V
)

OA-Mortar E-Mortar C-Mortar AA-Mortar CA-Mortar

OA-Brick E-Brick C-Brick AA-Brick CA-Brick

OA-Granite E-Granite C-Granite AA-Granite CA-Granite

Contamined material

-200

-150

-100

-50

0

0 2 4 6 8 10 12 14
pH

 (
m

V
)

Clean material

(b)

(a)

Fig. 7 Zeta potential values in

function of the pH of the

solution for the a clean material

and b contaminated materials

(OA oxalic acid; E EDTA; C
sodium carbonate; AA acetic

acid; CA citric acid)

1

4

7

10

0E+00 3E+06 6E+06

Charge density passed (C/m2)

pH

DW-clean
DW
OA
E
AA
CA

(a)

 Anolyte

1

4

7

10

13

0E+00 3E+06 6E+06

Charge density passed (C/m2)

pH

(b)

 Catholyte

Fig. 8 Evolution of the pH in

the a anolyte and b catholyte

during the electroosmotic

experiments with contaminated

mortar in different solutions

(DW-clean distilled water-clean

material; DW distilled water;

OA oxalic acid; E EDTA; AA
acetic acid; CA citric acid)

1

3

5

7

0.E+00 3.E+06 6.E+06

Charge density passed (C/m2)

pH

DW-clean
DW
OA
E
AA
CA

(a)

 Anolyte

0

3

6

9

12

0.E+00 3.E+06 6.E+06

Charge density passed (C/m2)

pH

(b)
 Catholyte

Fig. 9 Evolution of the pH in

the a anolyte and b catholyte

during the electroosmotic

experiments with contaminated

brick in different solutions

(DW-clean distilled water-clean

material; DW distilled water;

OA oxalic acid; E EDTA; AA
acetic acid; CA citric acid)

2

3

4

5

6

7

0E+00 2E+05 4E+05

Charge density passed (C/m2)

pH

DW-clean
DW
OA
E
AA
CA

(a) (b)

 Anolyte

1

3

5

7

9

11

0E+00 2E+05 4E+05

Charge density passed (C/m2)

pH

 Catholyte

Fig. 10 Evolution of the pH in

the a anolyte and b catholyte

during the electroosmotic

experiments with contaminated

granite in different solutions

(DW-clean distilled water-clean

material; DW distilled water;

OA oxalic acid; E EDTA; AA
acetic acid; CA citric acid)

J Appl Electrochem (2010) 40:1195–1208 1201

123



remaining more or less table at a pH close to that of the

initial solution. From more to less acidic: oxalic acid, citric

acid, acetic acid and EDTA.

In Fig. 11, as an example, the evolution of the intensity

of current for the experiment with DW in contaminated

mortar is presented. From Fig. 11, it can be noticed that, as

the electroosmotic experiments go on, there are certain

points in which there is a sudden increase in the circulating

current. This increase has been attributed to the establish-

ment of the electroosmotic flux [27, 28]. It is worth

pointing out that, from the picture of intensity, the estab-

lishment of electroosmotic flux can be detected but the

calculation of the zeta potential has to be made from the

values of transported flux.

The accumulated electroosmotic flux, for the three

materials with the different solutions is presented in

Fig. 12a–c for mortar, granite and brick respectively. In

Fig. 12d, a detail of the picture for brick at lower values of

the Y-axis has been depicted.

From Fig. 12, it can be noticed that for the three

materials, using DW as electrolyte, when they are not

contaminated, even the fluxes measured very small (in the

cases of mortar and granite), they are detectable. In the

case of brick and granite they goes towards the catholyte,

what means that the surface charge of the materials is

negative. In the case of mortar, it tends to the anolyte.

When the materials are contaminated, the values of the

surface charge become more positive, leading in the cases

of brick to positive values of the zeta potential. Apart from

these cases with water, the only flux detected towards the

positive chamber has been in the case of mortar using

acetic acid as electrolyte.

As a general trend, it can be said that for the three

materials, the maximum amount of liquid collected was in

the case of citric acid. No EOF was detected with sodium

carbonate, for mortar and granite, and very small one in the

case of brick.

From the measured flux, and considering in each

moment the effective potential measured between the two

sides of the specimen, the differential zeta potential values

have been calculated trough the different experiments. The

values obtained have been presented in Fig. 13, where it

can be seen that in some cases, the zeta potential values

obtained do not seem to correlate with the electroosmotic
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fluxes, that is due to the different voltages applied in the

different experiments, in order to get comparable charge

densities passed, that is the normalized factor of these

experiments.

From Fig. 13, it can be deduced that the shape of the

curves giving the zeta potential are quite different

depending on the material and on the dissolution used:

Mortar exhibits much smaller values than the other mate-

rials, being the higher absolute value that corresponding to

DW with contaminated mortar, being that positive. The

enhancing solutions behaves differently, obtaining with

acetic acid positive zeta potential in not higher magnitude

than water and giving negative values of the zeta potential

the rest of solutions, with the maximum absolute value for

Na2–EDTA.

In the case of brick, as it was noticeable in the EOF

graphs, the maximum zeta potential is obtained for citric

acid, only in one specific range of the charge density dia-

gram. Citric acid is also the dissolution that has increased

most the zeta potential values for granite.

4 Discussion

4.1 Conceptual differences between electrophoretic

and electroosmotic measurements

When applying an electrical field to a monolithic porous

material, the following processes take place [32, 33]:

Electrodic processes, Electromigration, Diffusion, Elec-

troosmosis, Joule effect and also associated solid/liquid

interactions as sorption and desorption of species.

When the electrical field is applied to a diluted sus-

pension of the material instead to a monolithic block, some

of these effects are different. Among others, three factors

have been identified as crucial in making the systems dif-

ferent: On one hand the effect of the porous network in the

case of monoliths, the dilution and the timing of the

experiment (instantaneous in the case of electrophoretic

measurements and lasting days in the case of electroos-

motic tests).

Let’s see briefly the differences, for these processes, in

the two systems:

Concerning the electrodic reactions, for hydrolysis of

water in both compartments as the only electrodic reac-

tions, according to Faraday’s law, each 96,486 coulombs of

current passed imply the formation of one equivalent of

OH- and H? at the cathode and anode respectively. The

electrodic reactions in a electrophoretic cell or in a elec-

troosmotic experiment in a EDC are the same, but, as the

former measurement is quasi instantaneous, no noticeable

change in the pH of the system can be detected during the

measurements. This is not the case in the electroosmotic

experiments, in which, as can be seen in Figs. 8–10, there

is a progressive acidification of the anolyte and alkalini-

sation of the catholyte. The OH- generated at the cathode

side will tend to move to the anode, while the H? generated

at the anode will tend to move to the negative side being

able to react in the specimen and or move trough it

depending on the material.

On the other hand, upon application of the electrical

field in the EDC, the ions in the solutions of the com-

partments, and the ions in the pore solution of the materials

will move towards the electrode charged with an opposite
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sign to that each ion exhibits, traversing the monolith

material, in order to carry the electricity passing through

the cell. This phenomenon is known as electromigration.

Thus, every ion takes part in the migration process in a

proportion known as their ‘‘transport or transference

number’’. Additionally, diffusion will take place simulta-

neously to the electromigration movement and the final

result will depend on the relative importance of both

movements (voltage drop applied). At the voltage usually

applied in the remediation treatments, diffusion can be

completely neglected.

Concerning the electrokinetic effects, it has been

explained previously so, here, just to point out again that

Electro-osmosis is the electrokinetic effect that takes place

when the solid remains stationary and the liquid moves in

response to the applied electrical field, and that electro-

phoresis, that is produced, when the particles are induced to

move by the effect of the electric field across the system. In

both cases, the direction of the flux of water will depend on

the sign of the charged walls of the pores.

Finally, the Joule effect is defined as the increase in heat

resulting from the passage of a current through a conductor.

It is expressed in terms of intensity of current or in terms of

the voltage across the resistor and it is proportional to the

time of application of the current. Concerning this effect,

again due to the differences in timing, even though the

intensity passing through the cell is much higher than in the

case of electroosmotic measurements, the total heat gen-

erated in the electrophoretic cell are much smaller.

Therefore, as a consequence of all these processes, there

are changes in the concentration of every species in the

aqueous phase of pores of the material continuously, what

imply the alteration of the solid/liquid equilibrium in the

pores leading to the possible modification of the micro-

structure with dissolution and/or precipitation, adsorption/

desorption of phases already present in the matrix or to the

formation and precipitation of new ones, with the corre-

sponding change in the zeta potential. These alterations

must be different in the two studied systems, and for the

same system, different in function of the material and

electrolyte.

4.2 Zeta potential in the different systems

In order to understand the processes involved in the

changes in the surface charge of the different materials in

different media, it is important to know the composition

and structure of the materials:

Cement paste is a random composite material, made up

of anhydrous cement, capillary pores, and various other

chemical phases that are a result of the hydration reactions

between water and cement [34]. The main reaction product

phase is an amorphous or at best poorly crystalline calcium

silicate hydrate gel, produced via a hydration reaction and

denoted C–S–H. Other important phase is Portlandite,

Ca(OH)2, that conforms about a 20% of the solid phases of

the cement paste. The aqueous solution of the porous

network of cementitious materials is a highly alkaline

liquid rich in Na?, K?, OH- and saturated in Ca2?, in

equilibrium with the precipitated Portlandite.

Concerning brick, its main ingredient is clay, silicates

hydrated of aluminium. In the firing process clay minerals

break down, release chemically bound water and change

into a mixture of mainly quartz and mullite (3AlO3 �
2SiO2), containing the impurities and substitutions of the

original clay, mainly Fe and Mg.

Granite, it is a rock constituted essentially by quartz,

feldspar and mica. In the granite used in this research, the

feldspar is essentially plagioclases, and more specifically

albite (sodium aluminosilicate, NaAlSi3O8, with less of

10% of Ca or K substituting the Na in the crystal network.

The mica is or the type Biotite, that is a filosilicate of Fe

and Mg (Mg,Fe)3 (Al,Fe) Si3O10 (OH,F)2.

Additionally, the theoretical affinity of each metal

(contaminants and constitutive of the materials) to bound to

the enhancing electrolytes, that is to say, the relevant

constants of the quelation equilibriums (log b) and that of

precipitation (pKs) for the different solutions and metals

involved in these processes are also very important to know

in order to deduce the behaviour of each specie in every

system. They are given in Table 5 [35].

In the electrophoretic measurements with clean mortar

in DW, negative values of zeta potential has been obtained,

even though in literature positive values have been reported

[12, 23, 29]. This difference has been attributed to the

dilution effect. When making a suspension of the mortar

powders in water, precipitated Ca(OH)2 is dissolved and

therefore, Ca ions are desorbed from the sites in the CSH,

leading to negative values of the zeta potential, in accor-

dance with [23]. Concerning the effect of different solu-

tions as enhancing electrolytes, as said, in general two

groups can be identified (On one hand EDTA, oxalic acid

and Na2CO3 and on the other hand acetic and citric acid)

whose differences can not be attributed to pH differences,

as can be seen in Fig. 6. The behaviour of the former

group, increasing the negative charge of the matrix, as the

concentration of the solution increases, is attributed to

increasing the desorption of positively charged species,

Ca2?, by quelation or complexation of them and so,

removing them to the solution as soluble species, or by

formation of insoluble Ca-species that remove it from the

solution by precipitation and induces again the desorption

of more Ca. In fact, Ca2? is very easily complexed by EDTA

(Ca2?/Y4-; log b1 = 11.0) and it is also very favourable to

the formation of insoluble calcium oxalate and calcium

carbonate (pKs of 8.7 and 8.4, respectively)—see Table 5.
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The change of tendency at higher concentrations is attributed

to the compression of the electrical double layer due to the

increase in the ionic strength.

On the contrary, for acetic and citric acids, the tendency

is different; they seem to be indifferent electrolytes for the

system obtaining values very close to that of DW. In fact,

citric acid can form complexes with Ca, but less strong

than that of EDTA (Ca2?/Hcit3-/H2cit2-/H3cit-; log

b1 = 4.8/3.3/1.1) and at the dilution of the system, the

complexes, if formed, do not seem to affect the remaining

Ca absorbed. Acetic acid forms soluble salts with Calcium.

In the case of contaminated mortar, the behaviour is

quite similar to that of the clean material, tending to more

positive values, due to the fact that the behaviour of most

metals can be considered as equivalent to that of Ca in their

binding with the anions of the enhancing solutions (see

Table 5).

In the behaviour of brick in the electrophoretic cell, it is

remarkable the big difference between the clean and con-

taminated material. There is a very big increase in the

negative value of the zeta potential due to the effect of

EDTA, oxalic acid and Na2CO3, that in this case has been

attributed to the quelation/removal of constitutive species

of the material, as could be Al, Fe or Mg. (see the high

values for log b1 for complexation of Al and Fe). The

specificity in the adsorption can be corroborated in Fig. 10,

where the pH seems not to be a determining factor. In the

case of contaminated specimens, the electrolytes are

reacting with the contaminant metals, more labile bound to

the matrix, and therefore, the availability to act on the fixed

elements is smaller and the behaviour found is very similar

to that of mortar with the exception of the reversal of the

sign of the zeta potential with acetic acid, that might be due

to secondary adsorption of positive complex, for example

of PbCOOH?.

Concerning granite, only EDTA at diluted concentra-

tions seems to be strong enough to remove positive ions

from the matrix, and from Fig. 10, it seems that the

determining ions to the zeta potential are the H? and OH-,

as it seems to be pH dependent. Contamination of the

material, by removal of the metals, homogenize the

behaviour with that of the other materials.

When performing the electroosmotic experiments,

noticeable differences in behaviour with respect to the

electrophoretic measurements are observed:

Concerning mortar, data in literature obtained by zeta

potential measurements with powdered CSH in dilute

solutions, established the Ca2? ions as potential deter-

mining ions for the CSH surface [20–23]. In fact, they

established that at low concentrations of Ca in solution, the

zeta potential is negative, and at higher Ca2? content, the

zeta potential values become positive, with a point of zero

charge of 2 mmol/L [23]. This is in agreement with the

results obtained here, as in the electroosmotic test with

mortar, with hardened samples having their own calcium

saturated pore solution, the zeta potential values in DW, are

positive due to the adsorption of Ca ions on the negative

sites of CSH. As expected the values are higher with the

contaminated sample, as most of the metals are precipi-

tated/adsorbed at the alkaline pH of the aqueous phase.

Concerning the different electrolytes, all the tested

solutions (with the exception of sodium carbonate for

which no flux was detected, and acetic acid that gives also

positive sign due to the lack of binding with the metals

either constituents or contaminants) reverse the sign of the

f, obtaining fluxes towards the catholyte and therefore

negative surface charge of the walls of the pores in the

matrix.

In this system, the quelant agents seem to be most

effective than the precipitating ones, as here, precipitation

takes place in the pores of the matrix while in the elec-

trophoretic system, precipitation took place in the cell,

removing Ca even more efficiently than quelants. There-

fore, citric acid, that was not so effective in electrophoresis,

Table 5 Constants of quelation equilibriums (log b) and of precipitation (pKs) for the different solutions and metals (constitutive and con-

taminants) involved in the processes [35]

Ca (II) Al (III) Mg (II) Fe (III) Cs (I) Sr (II) Co (II) Cu (II) Cd (II) Pb (II)

EDTA Me/Y4- Log b1 11.0 15.5 8.7 25.1 8.6 15.9 17.8 16.1 18.3

Me/cit4- Log b1 25.0

Me/Hcit3- 4.8 3.2 11.9 2.7 14.2 4.3 6.5

Me/H2cit2- 3.3 6.3 5.7

Me/H3cit- 1.1

Me/C2O4
2- Log b1/b2/b3 3.0 7.2/12.0/13.3 _/_/18.0 2.5 6.2/10.2 4.0

Me/CH3COO- Log b1/… 2.2 1.8/2.0/2.0/1.9

Me(OH)x; pKs 5.0 33.5 11.1 37.0 3.4 15.4 18.8 14.4 14.4

Me(C2O4)x; pKs 8.7 4.1 7.2 5.4 7.5 7.8 10.5

Me(CO3)x; pKs 8.4 5.0 9.0 12.1 9.6 13.7 13.5
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takes here an important role, together with Na2–EDTA, and

also oxalic acid, that is also able to bind to calcium forming

a soluble complex EDTA (Ca2?/C2O4
2-, log b1 = 3.0).

So, in the case of oxalic acid there is a competition between

precipitation and quelation reactions, dependent on the pH.

For brick and granite, the general trends are quite similar,

pointing out the considerable increase in the zeta potential

in the case of citric acid that can be attributed to the

complexation of Fe.

Finally, as a summary, a comparison between the

maximum absolute value obtained in the electroosmotic

experiments (average of the different experiments per-

formed with the corresponding standard deviation as error

bars) with the corresponding values in the electrophoretic

cell is given in Fig. 14a–c for mortar, brick and granite

respectively, were it can be deduced that, even though the

general tendencies (with the exception of carbonate) are

more or less the same for the two different systems there

are important differences in the values of f obtained, and

some points have to be remarked.

On one hand, for the three materials, it is noticeable the

much bigger values, in absolute vale, that are obtained

using the electrophoretic method.

Concerning mortar, it has to be pointed out that with the

electrophoretic cell of the commercial zetameter, all the

values obtained for mortar are negative. However, using

the EDC, positive values have been obtained with water

(for both clean and contaminated specimens) and with

acetic acid, as do not bound with almost any of the metals

presents. This has been explained in terms of dilution.

Carbonate leads the f to zero, which has been attributed to

precipitation of CaCO3 in the pore walls in excess of Ca in

the pore solution. The differences with the electrophoretic

data have been explained in terms of the pore network that

is not so important in the last case. Finally, oxalic acid,

Edta and citric acid, reverse the sign of the f by quelation

and removal in a soluble and charged specie the Ca and the

contaminant metals in the matrix not finding big differ-

ences in the maximum absolute value obtained, that could

be attributed to a control of the transport of mass (elec-

troosmotic and electromigration of the charged species)

due to the more tortuous and smaller range of pores of the

mortar.

In general terms, the brick and granite follow the same

principles than mortar with the difference that clean

materials in water exhibits negative values for the f (even

though it is a very short time in which the flux is detected;

see Fig. 13) and there is a more clear graduation of the

different solutions with relation to their relative complex-

ing strengths, that has been attributed to the bigger average

pore diameters than mortar and therefore having the lim-

iting step in the desorption of metals in the matrix.

So, it is important to notice that when using the elec-

trophoresis technique, the conditions that operate in the

monolithic samples has to be reproduced in order to get

reliable results, as these are the real matrixes, with their
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concentrated and specific pore solution, where the phe-

nomena that need to be understood take place.

5 Conclusions

Micro-electrophoretic and electroosmotic experiments,

with monolithic and powdered material respectively, for

mortar, brick and granite clean and contaminated with Cs,

Sr, Co, Cd, Cu and Pb, using several enhancing electrolytes

has allowed to obtain the following conclusions:

• The contamination of a construction material with

heavy metals can change their zeta potential causing

even a reversal of the sign towards positive values. This

difference depends on the type of contaminants and on

the construction material.

• The remediation treatment of contamined construction

materials can be improved by the addition of specific

electrolytes enhancing the electrokinetic phenomena.

• Even though the electrophoresis technique is very

useful in order to establish the basic features of the

processes, there can be important differences in the

values obtained in suspensions by electrophoresis and

those obtained by electroosmosis in monolithic samples

which are mainly related to the porous network in the

case of monoliths, the dilution and the timing of the

experiment (instantaneous in the case of electrophoretic

measurements and lasting days in the case of electro-

osmotic tests).

• This effects could be so important that both the sign

and the absolute value of the zeta potential can be

different depending on the technique used.

• The increases in the absolute values of the zeta

potential are much more attenuated in the case of

monolithic samples in electroosmotic experiments.

• The optimum enhancing solution (leading to the highest

absolute values of zeta potential) found for each

material might not be the same for both techniques:

Precipitation agents, as CO3
2-, seem to be very

effective in the case of electrophoresis. However, if

precipitation takes place in the pores, the f can be very

close to zero. In electroosmotic experiments, chelating

agents seem to be more effective.

• In general, citric acid has resulted to be the most

effective increasing the f towards negative values for

the three materials.

• When using the electrophoresis technique, the condi-

tions that operate in the monolithic samples has to be

reproduced as possible in order to get reliable results,

as these are the real matrixes, with their concentrated

and specific pore solution, where the phenomena that

need to be understood take place.
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