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Abstract The mixture of mining wastes with native soil

has similarities with a low permeable porous structure in

respect of electrical conductivity and adsorption capacity;

therefore, electrokinetics appears as a suitable remediation

treatment for sites containing potential toxic elements as

Pb, Cd and As. In particular, this paper focuses on the

evaluation of the main electrokinetic phenomena that

removes Pb(II) from the model sandy soil (98.5% sand and

1.5% clay). For this purpose a study of five different

electrolytes, used as moisturizing solution, as well as

electrolytes, was done. Results from zeta potential mea-

surements and electrokinetic experiments indicate that

ammonium acetate and acetic acid were the best electro-

lytic solution that ensures the greater Pb removal from

sandy soil contaminated with PbCO3.

Keywords Electrokinetics � Pb removal � Zeta potential �
Electroosmotic flow � Electromigration

1 Introduction

In this century, all industries related with explotation and

processing of minerals are facing serious environmental

problems. Only in Mexico, mining wastes production is

estimated to be 123 million tons each year; however, the

real status of wastes from mineral processing and their

potential impact into the environment are still unclear [1].

As example of a critical case is the one at the mining

district of Zimapan in the State of Hidalgo, Mexico, where

many tons of mining wastes have been disposed under

open sky. This fact has produced a severe contamination of

soils and groundwater, which is mainly attributed to the

dispersion of weathered accumulated wastes [2]. Reliable

studies in the zone have shown that Zimapan’s site presents

a high content of potentially toxic elements (PTE) as:

arsenic (As), cadmium (Cd), lead (Pb) and zinc (Zn) [2–4].

But, the real danger of these elements depends on their

mobility (soluble fraction) and the physico-chemical and

mineralogical properties of soil, where PTE could be

adsorbed, encapsulated or precipitated with some compo-

nents in soil matrix [5].

Under these considerations, application of one or several

remediation techniques, it is limited by a critical step of the

overall decontamination process. Remediation approaches

have considered phytoremediation, mechanical removal as

well as addition of carbonates, lime and zeolites to

immobilize PTE [6, 7]. Nevertheless, successful of all these

procedures has been limited because of the high concen-

tration of PTE and expenses involved in large volume

transportation and final confinement.

At this point, electrokinetic process is an alternative

technology that has proven to be able to remove efficiently

heavy metals from low permeability soils like sediments,

limes and clays [8]. The electrokinetic process has the
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versatility to be applied in situ, allowing for contaminants

removal without excavating the site, so the process is

less expensive. Under this regard, estimated costs of

remediation are in the range of 26–260 USD/m3, which

makes it highly competitive in respect to other technologies

[7]. Also, an electrolysis control of solution during elec-

trokinetic processes favors to set up acidic conditions

through soil and allow heavy metal release into the solution

phase [8].

From the physicochemical point of view, electrokinetics

involves application of a low intensity electrical field

through a porous matrix, which is usually saturated with

water or with an electrolyte. Among the expected effects,

there are three simultaneous transport phenomena: elec-

tromigration, electroosmosis and/or electrophoresis [9]. In

some cases metal removal is mainly due to electromigra-

tion while in other cases, for soluble metals the total flux is

obtained from the addition of electroosmotic and the

electromigration flows [10]. For this reason, metal mobility

is always related with electromigration as well as with

electroosmosis, and only few cases of metal removal are

related with electrophoretic flow. Considering that the

mixture of mining wastes with native soil resulted in a low

permeable porous structure, it is possible to assume that an

electrokinetics remediation can be used for lessen the

impact of pollution exerted by mining waste.

Recent laboratory experiments have showed the suitable

removal of PTE from mining waste by means of electro-

kinetic phenomena [6, 11–13]; however, a complete

understanding of contaminants transport in soils containing

mine tailings is necessary in order to establish the appro-

priate operational conditions for the technique to be applied

on-site.

An approach based on the double layer model expres-

sion, it is known as zeta potential and it can be helpful to

understand how the driving forces act for metal removal

from contaminated soils. Other authors have already

characterized different kind of soil structures surrounded

by electrolytic solutions [14].

This paper presents an approach to determine the main

phenomena associated to the electrokinetic Pb removal, by

using a contaminated sandy soil prepared with different

electrolytes for both moisturizing the soil as well as a

replenishment solution in the electrode compartments of

electro-kinetic cell.

The removal percentage is used as the merit figure to

establish the more convenient electrolyte, as well as the

best current density which ensures maximum metal

removal from contaminated sandy soil.

2 Experimental

2.1 Selection of soil model

Taking into account previous studies of Zimapan’s site,

which were performed by the Institute of Environmental

Geochemistry and Geomicrobiology, of the UASLP Met-

allurgy Institute [3, 4], authors sampled a real soil around

the mining site. The mineralogical analysis allowed clas-

sifying it as sandy soil according to the Unified Classifi-

cation System procedure (based on STMD-2487), also it

was found cerusite crystals (PbCO3) as the main lead

species. From this analysis, and to be in accordance with

the textural class of the real soil, a mixture of 98.5% sand

and 1.5% clay, was used as model soil named A100. The

physicochemical properties of Zimapan and A100 soils are

reported in Table 1.

2.2 Contamination of sandy soil and initial analysis

Sandy soil was synthetically contaminated with an initial

concentration of Pb (500 mg Pb/kg soil), using PbCO3

(Reasol, A. R.). Both solid phases were mechanically

mixed and three representative samples were taken for

analysis of Pb initial concentration. Soil pH and electrical

conductivity was measured in water suspension at 1:2.5

soil-solutions with pH meter Orion PC-45. The soil mois-

ture at field capacity (hfc) for the model and real soil was

evaluated by weight differences between soil moisture

determined 2–3 days after irrigation and soil moisture of a

sample dried at ambient temperature [15].

The soil was humidified at field capacity (hfc) with five

different aqueous solutions: deionised H2O and 1 mM

solutions of CH3COONH4, CH3COOH, C6H8O7, HNO3.

All soil preconditioning solutions and electrolytes were

prepared with J. T. Baker analytic reagents. A suitable

quantity (about 200 g) of humidified soil was packed in a

constructed cell made at the workshop of the University,

which was named OSMIC-I.

Table 1 Physicochemical characterization of the soil samples A100

Sample Sand % Clay % EC lS cm-1 pH hfc % f mV/H2O Buffer capacity (mM pH-1) C.E.C. mmol/kg

Zimapán (P-39) 89 10 535 8.1 45.2 -0.01 – –

A100 98.5 1.5 48 5.1 26.0 -24.9 1.20 2
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2.3 Electrokinetic experiments

2.3.1 Experimental set-up

All experiments were performed in the OSMIC-I cylin-

drical cell of radius = 1.8 cm and length = 20 cm,

which is divided in three compartments: anodic chamber,

soil sample and cathodic chamber. A flow diagram of the

experimental device is shown in Fig. 1. This cell is easy

assembling and handling, it has several sampling

ports for introducing pH electrodes, as well as for cir-

culation of fresh electrolyte solution in both electrode

chambers [16].

The flow rate in the anodic compartment was fixed to

20 mL/min (speed which ensures no pressure drop through

the cell). Five different dissolutions were tested in both

compartments: H2O, CH3COONH4, CH3COOH, C6H8O7,

HNO3; and with each solution five different experiments

were performed at constant current densities of: 0.003,

0.008, 0.016, 0.024, 0.031 mA cm-2 for 24 h. A summary

of conditions, for the named Experimental series A, it is

shown in Table 2. Another set of experiments, named

Experimental series B, was performed in the same condi-

tions but without electric field, this set was used as refer-

ence for evaluating electrokinetic effect in Pb removal in a

sandy soil.

2.3.2 Hardware set up

Potentiostat–Galvanostat from Princenton Applied Reserch

model EG &G, PARC 173 was used as electronic power

supply, and Ti/RuO2 electrodes were prepared using a

well-known method [17] and used as cathode and anode.

Both of them have an estimated area of 31.836 cm2.

2.4 Analysis of soil samples after electrokinetic

treatment

At the end of each electrokinetic experiment, the soil

specimen contained in the cell was partitioned in five sec-

tions named d1, d2, d3, d4 and d5; each fraction was dried at

room temperature and hand-mixed again. After doing that, a

fraction of the soil was separated and mixed with deionised

water (1:2.5 w/w) in order to prepare an analytical sample

for pH and electrical conductivity detection. These param-

eters were measured with a portable Hanna Instruments

immersion electrode for solids, HI 2031.

Two representative samples were taken, (from each

section d) for analysis of final Pb concentration. The

samples were processed by acid digestion following a

standard digestion procedure (Method USEPA 3050B) and

Pb concentration was measured by Atomic Absorption

Spectroscopy (AAS) in a Varian SpectrAA 220FS.

Fig. 1 Flow diagram of the

experimental device used for the

electrokinetic experiments. All

the elements are indicated in the

figure. The flow rate in the

anodic compartment was fixed

to 20 mL/min (speed which

ensures no pressure drop through

the cell). At the end of each

electrokinetic experiment, the

soil specimen contained in the

cell was partitioned in five sections

named d1, d2, d3, d4 and d5
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2.5 The zeta potential (f) measurements

The zeta potential (f) was determined at the Nanosizer

Malvern Instrument using Smolouchouski model (electro-

phoretic mobility). Soil dispersions were prepared with

25 mg in 25 mL of 1 mM solution of CH3COONH4,

CH3COOH, C6H8O7, HNO3 and H2O.

2.6 Analysis of deposits on electrodes after

electrokinetic treatment

During experiments it was observed the occurrence of a

white film on the cathode electrode, this film was analyzed

employing Scanning Electron Microscope (SEM) JSM-

5900 microscope to obtain topographical views of the

surface.

3 Results and discussion

The mineralogical characterization of the real soil suggests

that Pb(II) species was not adsorbed, but mixed as salt and

potentially exposed to dissolution in an aqueous media.

Under this fact, the model sandy soil (98.5% sand and 1.5%

clay) was prepared with the equivalent quantity of PbCO3

to obtain 500 mg Pb/kg soil an approximated value for the

Zimapan’s soil condition (Table 1).

In the experimental series B, not shown here, the elec-

trokinetic cell was assembled with sandy soil and using the

same hydrodynamic and chemical conditions of series A

(Table 2) but without electric field. No water permeation

was observed even when the water was recirculated in both

compartments. The first experimental series gather the

electrokinetic experiments with water (as moisturizing

agent and fluid in anodic and cathodic compartments) and

five different current densities: 0.003, 0.008, 0.016, 0.024

0.031 mA/cm2. The results showed that the water volume

collected in the cathodic compartment increases with time,

as well as with the current density. This behaviour is typ-

ical of an electroosmotic flow in low permeable soils when

they are subjected to electroremediation. The standard

knowledge on electrokinetics assumes that this phenome-

non predominates in clayed soils; however, in this case, the

increasing fluid volume in the cathodic compartment with

greater current densities suggests a direct relation of the

fluid flow with electric changes in the soil/fluid interface.

Then, even if the soil has a sandy texture, the fluid flow can

be considered as an electroosmotic phenomena. However,

when the electrokinetic experiments were performed with a

sandy soil humected with either, acetic, citric or nitric acid

aqueous solutions (1 mM), the electroosmotic flow stop-

ped, indicating that electromigration was the main process

on the electrokinetic phenomena. To confirm this hypoth-

esis, a follow up of the pH and conductivity profiles during

the electrokinetic experiments, have shown that an acid and

alkaline limits are reached at the anode and cathode com-

partments, respectively.

pH measurements in the cathodic and anodic com-

partments were considered as the merit figure to evaluate

the influence of the electrolyte composition used to

moisturize the soil sample, prior to run the electrokinetic

experiment, as well as those used as electrolyte in both

compartments. Figure 2 shows the variation of pH at the

anode and cathode compartments (Fig. 2 anod and cat,

respectively), during the time of electrokinetic experi-

ments performed at a current density of 0.016 mA cm-2,

on a sandy soil polluted with Pb and using different

electrolytic solutions. Similar behaviour was observed for

the other current densities considered in this study. The

pH changes should be generated by oxidation (acidic) and

reduction (alkaline) of water during the electrokinetic

experiments. For the three acid solutions the pH evolution

exhibit the same trend in the cathodic compartment

(Fig. 2c, d, e, cat), while the anodic one remains in the

initial value (Fig. 2c, d, e and) since the anolyte was

recirculated during the experiment. Concerning the use of

water or CH3COONH4, (Fig. 2 a, b), it was observed that

the pH values changed in both compartments, the most

important variation was observed in water (Fig. 2a). For

ammonium acetate (Fig. 2b), the pH trend indicates a

buffer action during the first eight hours, and after that the

pH began to change in each compartment.

Table 2 Experimental design of electrokinetic treatments

Exp. ID Electrolytes Applied current density J = mA cm-2 Treatment

time (h)
Soil humectation Cathode chamber Anode chamber

EA-1 Deionized H2O Deionized H2O Deionized H2O 0.003, 0.008, 0.016, 0.024, 0.031 24

EA-2 1 mM CH3COONH4 1 mM CH3COONH4 1 mM CH3COONH4 0.003, 0.008, 0.016, 0.024, 0.031 24

EA-3 1 mM CH3COOH 1 mM CH3COOH 1 mM CH3COOH 0.003, 0.008, 0.016, 0.024, 0.031 24

EA-4 1 mM C6H8O7 1 mM C6H8O7 1 mM C6H8O7 0.003, 0.008, 0.016, 0.024, 0.031 24

EA-5 1 mM HNO3 1 mM HNO3 1 mM HNO3 0.003, 0.008, 0.016, 0.024, 0.031 24

Experimental Series B (EB) same conditions but without electric field
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Figure 3 shows the variation of pH in anodic and

cathodic chambers during the electrokinetic experiments

performed with the sandy soil mixed with PbCO3 at five

different current densities using CH3COONH4 as electro-

lyte. This electrolyte posses a buffer capacity for the

hydroxyl ions formed at the cathodic compartment,

capacity which diminishes when the applied current den-

sity is increased, this behaviour has a great influence on

associated processes to the electrokinetic phenomena tak-

ing place in sandy soil and consequently on the Pb remo-

tion (see below).

In this regard, Fig. 4 shows the results of lead removal

during the electrokinetic experiments for the ammonium

acetate at five different current densities. It is observed that

by incrementing the applied current density, higher

removed values are obtained in the zone nearest to the

anode region (Fig. 4d1), this fact takes place since this

region corresponds to a zone with high proton concentra-

tion generated by water oxidation. Also it is observed that

removed lead, travelling through the cell, accumulates in

the region nearest to the cathode, and this accumulation

becomes higher as the applied current density is greater. It

is important to mention that lead is being recovered on the

cathodic compartment, in amounts that allows a visual

detection of a white layer formed over the cathode. The

SEM-EDAX analysis of this layer indicated the presence of

lead hydroxide. At higher current densities applied during

the electrokinetic experiments, water reduction is taking

place at higher rate, and lead hydroxide precipitation

conditions are reached. Otherwise, by increasing the cur-

rent density, it is observed that the associated pH profiles

produce a greater disturbance at the soil–solution interface;

phenomena which are related to the electric field and

according to the local pH, promotes a greater amount of

dissolution, precipitation and complexation of Pb(II). An

additional reference experiment was performed without

electric field to prove that the Pb(II) mobility is due to the

electric phenomena in the soil/electrolyte interface.

Considering the experiment performed at the smaller

current density (0.003 mA cm-2), it is observed that the

removal percentage is approximately uniform throughout

the soil sample (Fig. 4a), suggesting that electromigration

phenomenon was not affected by electrolysis reactions,

because of the buffering capacity of ammonium acetate.

Similar behaviour was found when the electrokinetic

experiments were run using different electrolytes. More-

over, the influence of the current density on the pH profile

with time is more sensitive to the electric perturbation

(imposed current density) than chemical concentration.

Figure 5 shows the residual Pb profile, after applying a

current density of 0.024 mA cm-2 for 24 h, on a sandy

soil contaminated with 500 mg kg-1 Pb(II) and moistured

at field capacity (hfc) with different electrolytes. The

profile was partitioned in five sections (d1, d2, d3, d4 d5)

numbered in direction anode- cathode. The Fig. 5 shows

that in all cases, the lead removal exist in all different soil

Fig. 2 Variation of pH at the anode (and, solid line) and cathode (cat,

dashed line) compartment, during the time of electrokinetic exper-

iments performed at a current density of 0.016 mA cm-2, on a model

sandy soil (98.5% sand and 1.5% clay) containing 500 mg Pb(II)/kg

soil, using different solutions: a H2O, b 1 mM CH3COONH4, c 1 mM

CH3COOH, d 1 mM C6H8O7 and e 1 mM HNO3
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fractions, but for water, acetic acid and ammonium ace-

tate, there is a similar trend removal on anode–cathode

direction (Fig. 5a, b, c) being higher for the acetic acid

case (Fig. 5c). It is important to point that when water was

used as a moisturizer solution (Fig. 5a), a considerable

lead removal was obtained in d1, d2, d3, d4 fractions;

also, an important accumulation takes place at the d5

fraction which is the nearest to the cathode. Although

Fig. 3 Variation of pH at the anode (solid line) and cathode (dashed
line) compartment, during the time of electrokinetic experiments

performed on a model sandy soil (98.5% sand and 1.5% clay)

containing 500 mg Pb(II)/kg soil, previously humidify with 1 mM

CH3COONH4. The anodic and cathodic compartment contained

1 mM CH3COONH4. Different current densities were applied (mA/

cm2): a 0.0031, b 0.008, c 0.016, d 0.024 and 0.031

Fig. 4 Lead percent in different sections of the soil (see Fig. 1), after

24 h of the electrokinetic treatment on a model sandy soil (98.5%

sand and 1.5% clay) containing 500 mg Pb(II)/kg soil, previously

humidify with 1 mM CH3COONH4. The anodic and cathodic

compartment contained 1 mM CH3COONH4. Different current

densities were applied (mA/cm2): (a) 0.0031, (b) 0.008, (c) 0.016,

(d) 0.024 and (e) 0.031

Fig. 5 Lead percent in different sections of the soil (see Fig. 1), after

24 h of the electrokinetic treatment (the applied current was: 0.024

mA cm-2) on a model sandy soil (98.5% sand and 1.5% clay)

containing 500 mg Pb(II)/kg soil. The soil was previously humidified

with different electrolytes (also used on the electrode compartments):

(a) H2O, (b) 1 mM CH3COONH4, (c) 1 mM CH3COOH, (d) 1 mM

C6H8O7 and (e) 1 mM HNO3
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PbCO3 is non soluble in water, the observed behavior

suggests that the H3O? ions, released at the anode, get

into the soil and dissolve selectively carbonates and

release the Pb(II) ions, which are transported by the

electric field up to reaching the cathodic region high in

OH-, in which Pb precipitation takes place.

Moreover, when a strong complexing agent like the

citric acid was used, a greater pollutant removal would be

expected, but it is interesting to note that it occurs the

opposite phenomena: lead removal decrease considerably,

and it gets accumulated at the middle section (see Fig. 5,

section d2, d3 and d4); the last phenomena can be asso-

ciated to a low mobility of the lead-citrate complex, and a

lower carbonate dissolution due to the lead-citrate complex

sorption on soil surface. Also, in a classic nitric acid soil

washing a high lead removal should be expected, but

experimental results show that this alternative produced the

lowest removal (Fig. 5e).

From the above discussion, it can be proposed that

electrokinetic lead removal taking place in samples pre-

pared with the different electrolytes, it is not only function

of lead carbonate solubility, but also of some other phe-

nomena in which the soil particle interaction with its sur-

roundings, and the interfacial electric field, should be

playing a decisive role on the observed response.

The Zeta potential (f) is a useful tool to diagnose the

interfacial region for a soil particle surrounded by an

aqueous dissolution. When the soil particle has more

negative f potential, the soil particles tends to be separated

and the fluid flow may pass through the soil sample, indi-

cating better electroosmotic permeability [12]. So far, f of

sandy soil samples was measured with the five different

electrolytes, results are reported in Fig. 6. The soil particles

in presence of the acetic acid show the more negative f
potential (Fig. 5c), furthermore the f potential, from more

to less negative potentials follows the sequence: ammo-

nium acetate, water, citric acid and nitric acid (Fig. 6). This

sequence is similar to the removal efficiency reported in

Fig. 4 (where the higher removal was for acetic acid, and

the lowest for the nitric acid). These results suggest that an

increase in soil permeability, acts increasing the amount of

solution in contact with lead carbonate particles (smaller

than sand), and so far enhances its dissolution, therefore

Pb(II) ions can be removed by the electric field effect

(electromigration),

4 Conclusions

This paper is oriented to find the convenient electroki-

netic treatment for removing Pb from a real contaminated

site. The first approach was to simulate the real con-

taminated soil taking as a reference the textural compo-

sition of a typical waste mining site named Zimapan in

Hidalgo, Mexico containing PbCO3 as the main con-

taminant species. The simulated contaminated soil was a

sandy soil (98.5% sand and 1.5% clay) sprinkled with

PbCO3 (identified as the main source of lead in the real

site).

Based on the theoretical principles of the electrokinetic

phenomena in a porous media and the experimental find-

ings in this paper, authors state that a water flow through

the soil, as well as the contaminant removal can be con-

trolled using a specific electric current density (depending

on soil conductivity and texture), and the convenient

electrolytes (type and concentration), since both variables

define physical and chemical driving forces through-out the

soil.

Attending to the definition of electroosmotic flow,

authors propose an equivalent phenomenon for sandy soil,

containing PbCO3, due to its low intrinsic permeability.

Experiments performed with water, as preconditioning and

anodic and cathodic fluid, showed water permeation

increase as a function of the applied electric current.

Performing the f potential measurements in different

aqueous solutions, prior to an electrokinetic experiment, is

useful to select the electrolytic solutions (preconditioning

as well as anodic and cathodic). In addition, the electrolyte

selection could be done considering the chemical com-

patibility between the contaminant metal and its speciation

in the soil–solution interface.

f potential measurements and electrokinetic experiments

in this paper indicated that ammonium acetate and acetic

acid were the best electrolytic solutions that ensure the

greater lead removal from sandy soil contaminated with

PbCO3. However, if there are other metals in the soil, the

soil–solution interface may change and citric acid could

compete in effectiveness with ammonium acetate.

Fig. 6 Zeta potential (f) measurements for sandy soil in five different

electrolytic solutions: (a) H2O, (b) 1 mM CH3COONH4, (c) 1 mM

CH3COOH, (d) 1 mM C6H8O7 and (e) 1 mM HNO3
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