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Abstract. The removal of mercury from soil and Ca-bentonite was 
performed using electrochemical treatment adding ethylendiamine-
tetra acetic acid (EDTA) as a complexing agent to improve the elec-
trochemical removal of Hg (II) in soil from San Joaquín, Querétaro, 
México. During the electrokinetic treatment in the presence of 0.1 M 
EDTA, most of Hg (II) migrates toward the anode obtaining the high-
est removal efficiencies close to 70 % in bentonite after 9 h. Using 
0.1M HCl only 65 % efficiency was attained after 13 h in the cathodic 
side. EDTA formed a negatively charged stable complex that migrates 
to the cathode by the application of the electrokinetic treatment across 
Hg – EDTA synthesized complex.
Keywords: Electrokinetic treatment, soil, bentonite, mercury, 
EDTA.

Resumen. La eliminación del mercurio en el suelo se llevó a cabo por 
tratamiento electrocinético usando EDTA como agente acomplejante 
para mejorar la eliminación electroquímica de Hg (II) en suelo de San 
Joaquín, Querétaro, México. Durante el tratamiento electrocinético 
en presencia de EDTA 0.1 M la mayor parte del Hg (II) migró hacia 
el ánodo con una eficiencia de 70 % después de 9 h en bentonita. 
Mientras que en el caso donde se utilizó HCl 0.1 M se obtiene un 
65 % de remoción en 13 h del lado catódico. La presencia de EDTA 
forma un complejo estable que favorece la remoción de mercurio en el 
tratamiento electrocinético hacia el lado anódico a través del complejo 
sintetizado de Hg – EDTA.
Palabras clave: Tratamiento electroquímico, suelo, bentonita, 
mercurio, EDTA.

Introduction

Mercury is a transition metal of Group B, with the particularity 
that is the unique metal liquid at room temperature. The main 
source of Hg is cinnabar or mercury sulfide (HgS), which is a 
stable, insoluble compound, usually recovered as a sub-prod-
uct during the processing of other minerals. One of the most 
important properties of Hg is its ability to dissolve many other 
metals forming amalgams such as silver,it was extensively used 
by dentists for many years and is currently discontinued due to 
their toxic effects [1 - 2]. Metallic mercury (Hg0) is primarily 
used for the production of chlorine gas and caustic soda and 
is part of some types of alkaline batteries, fluorescent lamps, 
electrical contacts, and instruments such as pressure gauges and 
thermometers [3]. Mercury in the environment can be present in 
elemental (Hg0), reduced (Hg2+ as mercuric, or Hg2

2+ as mercu-
rous), or rented (methyl / ethyl mercury) chemical states. The 
mercuric and mecurous forms are more stable under oxidizing 
conditions [2]. In mildly reducing conditions, the organic or 
inorganic mercury can be reduced to its elemental form and be 
converted to alkylated by biotic or abiotic forms: these are the 
most toxic presentations of mercury as well as being soluble 
and volatile [2 - 3]. Hg (II) forms strong soluble complexes with 
a variety of organic and inorganic ligands in aqueous systems 
and soils. The Hg released into the air tends to settle and adhere 
to the organic matter present in soil [1 - 3].

The most commonly used techniques for the remedia-
tion of mercury contaminated soils have been classified as 
either excavation techniques or containment techniques, and 
are grouped as follows [4 – 7]: (a) ex situ treatments: physical 
separation, thermal treatments, hydrometallurgical treatments; 
(b) In situ recuperation: vapor extraction coupled with evapo-
ration (soil), permeable reactive barriers; (c) In situ leaching 
and extraction: electrokinetic separation, interceptor systems, 
phytoremediation, passive remediation; (d) containment: pump 
and treat impermeable barriers, sealed surfaces and drainage, 
stabilization and solidification, sediment covering.

Electroremediation or electrokinetic treatment (EKT) has 
been successfully applied in a variety of soil restoration studies, 
this methodology has the advantage of exhibiting simultane-
ous chemical, hydraulic and electrical gradients. Indeed, for 
efficient mercury removal from a saturated soil using electrore-
mediation treatments, the application of either an electric field 
or direct current through two electrodes (anode and cathode) is 
required. The electrodes are usually inserted in wells contain-
ing a supporting electrolyte made from inert salts, leading to 
improved electric field conductive properties [8].

Furthermore, since EKT is a physicochemical technique 
based on ion transport, it is an excellent tool for the removal 
of inorganic species, such as Hg+2 [9]. The main advantages 
of EKT, as compared with other soil treatment procedures, are 
[8]: (1) the electroosmotic flow is not dependent on either the 
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pore or particle size, (2) the hydraulic gradient is enhanced by 
electromigration, (3) the treatment can be applied in situ, (4) 
it can be applied to low permeability soils, (5) there is mini-
mal disruption of normal activities at the site, (6) the required 
investment is usually lower than that for other conventional 
treatments, and (7) it can be applied in conjunction with tech-
niques such as pumping, vacuum extraction or bioremediation. 
The processes taking place during EKT can be classified into 
two main categories: (a) processes occurring as a consequence 
of the applied electric potential. These processes include elec-
tromigration, electroosmosis (mass transport), and electropho-
resis (charged particle transport); (b) processes occurring in the 
absence of an electric potential. This includes concentration 
induced processes like diffusion, sorption, complexation, pre-
cipitation and acid - base reactions [7 – 10].

Besides promoting the removal of metals by electrochemi-
cal process, if a complexing agent is added, the latter is capable 
of forming a metal capture ligand. Metal elements tend to 
lose electrons during chemical reactions, which lead to metal 
ions, but these positively charged ions or cations do not exist 
in isolation but usually operate with negative ions, which are 
associated covalently to the metal center forming coordination 
compounds or complexes. The donor species (ligand) must 
have at least one pair of unshared electrons to form the bond 
[14 - 16]. Specifically, for mercury polluted soil electroreme-
diation, the use of complexing agents like ethylendiaminetetra 
acetic acid (EDTA), KI, and NaCl under a constant potential 
gradient has been reported [11 - 13].

EDTA is a compound with four carboxyl groups and two 
amino groups, which can act as electron pair donors or Lewis 
bases. This compound has the capability of donate electrons 
and form coordinated covalent bonds with metal cations mak-
ing one hexadentate ligand EDTA. However, in practice, usu-
ally EDTA is partially ionized, and therefore, less than six 
coordinated covalent bonds with metal cations are formed. The 
EDTA forms an octahedral complex with metal cations, mostly 
2+, M2+, in aqueous solution [14 - 16]. Therefore, the objective 
of this work was to remove mercury from soil and clay by the 
electroremediation process facilitated by the use of EDTA as 
a complexing agent considering a real polluted soil from San 
Joaquin, Querétaro, México [15 - 16].

Methodology

Samples

Mercury - polluted soil from San Joaquín, Querétaro was used. 
The physicochemical characterization of this soil was previ-
ously performed. On the other hand, calcium bentonite was 
used as representative clay from soil [8 – 12, 17 - 19].

San Joaquin region lies in the south of the Sierra Gorda of 
Querétaro and is composed of approximately 172 square kilo-
meters. It is located between 99°40’ and 99°30’ W and 21°10’ 
and 20°50’ N. Soil samples were taken from agricultural fields 
and mine tailings in the vicinity of two inactive mines. Site A 

was located at 436 661.00 m E and 2313568.00 m N, whereas 
site B was found at 440 384.60 m E and 2318085.71 m N. 
Human agricultural activities occur in proximity to both these 
sites. Five soil samples were taken and named as follows: (1) 
agricultural sample soil from site A, (2) former mine tailing 
sample that are now being used for agricultural activity from 
site A, (3) mine tailing sample from site A, (4) former mine 
tailing sample that are now being used for agricultural activity 
from site B, and (5) mine tailing sample from site B. For the 
first profile, sampling was performed at a depth of 10 cm, due 
to the high content of organic matter found in the area, which 
is from large plant development and high retention of nutrients 
available for crops [19 - 22].

Chemical analysis

In order to measure the metal concentrations in the soil samples, 
they were dried at room temperature for 3 days, and then sieved 
using a 2 mm mesh after weight amount of 0.5 g adding a mix-
ture of HNO3 and HCl (1:3). MARS 5 analytical microwave 
oven to 110 psi for 30 min with a 14 - vessel capacity (HP-500), 
a pressure sensor (ESP-1500 Plus), and a temperature control 
system (EST-300 Plus) was used; after digestion, the solution 
was poured into a 25 mL volumetric flask and then deionized 
water was added to the mark and kept at 4 ºC until the analyses 
were carried out. The samples were analyzed by graphite fur-
nace atomic absorption spectrometry (GFAAS) using a 932AA 
double beam GBC device, coupled with a 3000 graphite furnace 
accessory system, which consists on a GF3000 graphite power 
supply and a PAL3000 furnace auto sampler, both computer 
controlled. A deuterium lamp was used for background cor-
rection, while pyrolytically coated graphite tubes and boosted 
discharge hollow cathode lamps (Photron Super Lamp) were 
used for Cd, Fe and Pb analysis at 228.5, 248.3 and 217.0 nm 
respectively. Finally, a hollow cathode lamp (Photron) was 
used for Al, Cr, Mn, and V, at 309.3, 357.9, 279.5 and 318.5 
nm respectively. Calibration standards were prepared with the 
same acid concentration as the samples. Cross check methods 
for standard additions were used. The detection limits, in µg⋅L-1 
were 6.2, 0.07, 0.38, 2.04, 0.46, 0.78, 1.14 and 3.12 for Al, Cd, 
Cr, Fe, Mn, Ni, Pb and V, respectively. For the mercury analy-
sis, we used a GBC model 932 atomic absorption spectrometer 
equipped with a GBC HG3000 continuous - flow automatic 
hydride generator and a GBC MC3000 Mercury Concentrator. 
Certified High-Purity Standards traceable to National Institute 
of Standards and Technology (NIST) were used for the deter-
mination of the metals.

The ions such as Na+, K+, Ca2+, and Mg2+ were analyzed 
using flame atomic absorption spectrometry with a GBC 932AA 
instrument at 589, 766.5, 422.7, and 282.5 nm, respectively. 
The Hollow cathode lamps (Photron) for these ions were used. 
Calibration standards were prepared from certified standards of 
each metal (high-purity standards traceable from NIST).

The ions of SO4
2-, NO3

-, NH4
+, and Cl- were analyzed us-

ing ion chromatography, following EPA method 300.1, using 
a Dionex ICS-2500 high-performance liquid chromatographer 
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with a conductivity detector and a DionexIonPac AS14A col-
umn operating at a flow of 1 mL⋅min-1. Calibration standards 
were prepared from Dionex 7-Anion Standard, and data quality 
was evaluated using repeated analysis of certified standard IC-
FAS-1A (Inorganic Ventures).

In addition to the elemental and ionic characterization, the 
pH, color, texture, organic matter content, cation exchange ca-
pacity, exchangeable ions, and soluble ions were also measured. 
Color was determined by comparing wet and dry samples with 
a Munsel color chart; the pH was determined by methods in 
water and potassium chloride. Textures were analyzed using 
the Bouyoucus method, which is based on separating particles, 
such as sand, silt, and clay, by their different densities. Organic 
matter content was determined by analyzing organic carbon 
content in soil samples using the Walkley and Black method. 
Cation exchange capacity was analyzed by saturating the soil 
with calcium ions and analyzing the capacity by titration, a 
method appropriate for neutral pH. Exchangeable and soluble 
ions were determined by analysis of a soil sample extract. These 
techniques were taken from NOM-021-SEMARNAT-2000 and 
ISRIC. All soil analyses were done in duplicate. Finally, the 
predominant crystallographic structures of the samples were 
examined using X-ray diffraction in a D8 Advance, Bruker 
AXS [21 - 22].

Quality control

Control samples on glass and plastic were prepared and ana-
lyzed. Control sample concentrations for trace metals were 
below equipment detection limits. Analysis precision and bias 
were determined with quality control check samples prepared 
in the laboratory. The limit of detection is defined as the con-
centration that produces a signal 3 times the standard devia-
tion (SD) of the reagent blank readings. The uncertainty was 
calculated following the Eurachem / CITAC Guide (2000). The 
detection limits in µg⋅L-1 were Hg = 0.052, Al = 0.0261, Cr = 
0.038, Fe = 0.953, Ni = 0.78, Cd = 0.007, Mn = 0.46, Pb = 1.14, 
and V = 0.263. The detection limits in mg L-1 were 0.22, 0.04, 
0.31, 0.002, 0.006, 0.01, 0.002, and 0.05 for SO4

2-, Cl-, NO3
-, 

Na+, K+, Ca2+, Mg2+, and NH4
+, respectively.

Electrokinetic treatment

Calcium bentonite clay type (Merck brand) was previously 
polluted with 30 mg⋅Kg-1 mercuric chloride (HgCl2) of Merck 
24 h before each experiment.

Electrokinetic treatment (EKT) was performed in the pol-
luted soils and bentonite using 0.1 M HCl and 0.1 M EDTA for 
comparison. An acrylic rectangular cell (10 cm length × 2 cm 
width × 4 cm height) was used, as previously reported [14]. All 
EKT experiments were carried out using a PDC–GP 4303DU 
power supply. In the electrochemical cell, two clean and pol-
ish Ti plate electrodes were separated by 7 cm, which were 
the cathode and anode material. During the EKT experiments, 
the polluted soils and / or bentonite clay were placed between 
the two Ti plate electrodes in the electrochemical cell, then an 

electrical current was applied to facilitate the migration of Hg2+ 

ions toward the electrodes at different cell potentials: 0.4, 0.7, 
1.0, 1.4, 1.7 and 2 V by 1 h each one. After selecting the best 
potential, different periods of time were evaluated: 1, 3, 7, 9, 11 
and 13 h to verify the mercury removal across the time.

The content of mercury during EKT was evaluated using 
Anodic Stripping Voltammetry (ASV) with a pre-concentration 
potential of –0.6 V, a deposition time of 6 min, quiet time of 
30 s, and scan rate of 20 mV·s-1. An increment in current signal 
was observed with the increase of the mercury concentration. 
All experiments were carried out at room temperature (25 ± 
1ºC). Calibration curves for mercuric quantification were done 
with a R2 of 0.999 [14].

Results

Metallic and ionic metal contents are shown in Figures 1 and 
2, according to the NOM-147-SEMARNAT/SSA1-2004, the 
permitted level of mercury in agricultural or residential soils 
is 23 mg·Kg-1. As can be seen in Figure 1, all studied samples 
contained high mercury levels, above the regulatory limits. 
Also, all samples showed high levels of aluminum and iron, but 
only at levels that do not harm the environment, although high 
concentrations of aluminum can cause acidic soil [21].

On the other hand, the results of analysis performed to 
determine the soluble ionic content (Figure 2) showed that 
the samples have high concentrations of sulfate, sodium, and 
potassium ions, depending on the source of the sample and 
the content of organic matter that increase the availability to 
cations, such as calcium, magnesium and ammonium, although 
found in small quantities, are of great importance because they 
compete with ionic mercury species (in soil, Hg2+) for exchange 
sites. Sulfate ions have a high affinity for oxidized (2+) metal 
ions, and the large number of mercury ions found in samples 1 
and 5 can be associated to this ion (Figure 1).

Mercury concentration depended on the origin site of the 
sample. Samples from agricultural soil (samples 1 and 4, Table 

Figure 1. Metal content found in the different samples in study.
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1) had similar organic matter content and cation exchange ca-
pacities (CEC), whereas samples 2 and 3 had higher CEC. 
The mercury content found in samples 2 and 3 were similarly 
higher because the two characteristics (CEC and mercury) are 
related. Nevertheless, results from sample 5 did not show the 
same correlation but presented larger ionic concentrations of 
Ca2+, NH4

+, and SO4
2- (Figure 2).

The high affinity between mercury and organic matter 
strongly influence the results of mercury speciation in soil en-
vironment. Humic substances make up to 50 % of the natural 
organic matter found in the soils and contained a high percent-
age of sulfur functional groups. The soluble fraction of these 
humic substances was composed of humic and fulvic acids, 
which are known to bind to Hg, forming compounds that domi-
nate Hg speciation in soils [23 - 24].

Results from several field studies suggested that dissolved 
organic matter might reduce the bioavailability of mercury by 
complexation, thereby competing with the biota for the aqueous 

mercury. Humic substances have the potential ability to reduce 
Hg (II) to Hg (0) in soils as well as in aqueous systems. Mer-
cury forms very strong complexes with humic substances and 
would thus be stabilized as Hg (II) in natural water. However, 
the formation of stable Hg-humic complexes also would lead 
to a subsequent reduction to Hg(0) by intramolecular electron 
transfer. The dissolved humic substances would be particularly 
important for the speciation and mobility of mercury in an 
aqueous environment, acting both as strong complexing agents 
and reducing agents, even when the biological transformation 
of Hg is slow [23 - 24].

The results of the granulometric determination (Figure 3) 
show the primary difference between samples, which is asso-
ciated with its origin. Also, the number of available exchange 
sites depends on the texture of the soil because clay is known 
to have many of these exchange sites. Sand and silt are known 
to form aggregates where some metal compounds may remain 

Figure 2. Concentration of soluble ions found in the different samples 
in study.

Figure 3. Granulometric distribution in the different samples in stu-
dy.

Table 1. Physicochemical characterization of the different soil samples in study.
Sample No. 1 2 3 4 5

Color Dry Orange Brown Brown Brown Black
Wet Brown Darkish Dun Dark Brown Darkish Dun Black

pH 6.37 (± 0.03) 7.06 (± 0.01) 7.50 (± 0.03) 7.71 (± 0.01) 7.67 (± 0.01)
Texture Like clay Sandy loam Sandy loam Sandy loam Sandy loam
Organic Matter (%) 1.58 (± 0.02) 2.42 (± 0.04) 0.33 (± 0.02) 2.21 (± 0.01) 3.66 (± 0.03)
Cation Exchange Capacity (%) 125.86 (± 0.02) 240.64 (± 0.01) 169.77 (± 0.03) 105.53 (± 0.01) 58.29 (± 0.02)
Exchangeable 
Cations 
(mEq·100g-1)

Ca2+ 20.53 (± 0.20) 71.86 (± 0.10) 74.56 (± 0.10) 59.75 (± 0.20) 27.77 (± 0.10)
Mg2+ 1.68 (± 0.10) 7.41 (± 0.10) 10.10 (± 0.10) 2.69 (± 0.10) 9.26 (± 0.10)
Na + 1.36 (± 0.20) 1.38 (± 0.10) 1.25 (± 0.10) 1.25 (± 0.10) 1.22 (± 0.20)
K + 1.78 (± 0.20) 2.25 (± 0.10) 1.47 (± 0.10) 1.29 (± 0.20) 1.09 (± 0.20)

Soluble Cations 
(mEq·100g-1)

CO3
2- 1.00 (± 0.20) 2.00 (± 0.20) 1.00 (± 0.20) 1.00 (± 0.20) 1.00 (± 0.10)

HCO3
- 2.00 (± 0.10) 10.25 (± 0.20) 0.75 (± 0.05) 6.25 (± 0.10) 3.00 (± 0.10)

Cl- 0.75 (± 0.05) 1.88 (± 0.05) 1.38 (± 0.05) 2.13 (± 0.05) 1.25 (± 0.30)
Na+ 5.62 (± 0.10) 13.26 (± 0.20) 3.07 (± 0.10) 1.37 (± 0.05) 3.07 (± 0.10)
K + 8.73 (± 0.10) 34.20 (± 0.30) 12.60 (± 0.20) 22.05 (± 0.10) 9.90 (± 0.20)
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adsorbed. The organic matter in the samples is located mainly 
in silts and clays because of its high surface area. Organic 
matter adds metals into its structure by carboxylic and -OH 
groups [23 - 25].

Adsorption of ionic species of mercury over mineral par-
ticles is attributed to the formation of strong bonds with the Oˉ 
functional groups that are found on the surface of minerals pres-
ent in sand, clay, and silt. Complex forming reactions take place 
at the interface of the soil solution and the mineral surface, 
where surface charge and negative surface potential depend on 
the pH of the soil. The pH in the majority of natural soils was 
between 4 and 7, which is a consequence of the ionic content, 
although mercury species are more available in acid pH [23 
- 25]. In this study, all of the samples had neutral pH, which 
means that the mercury found in the soil is chemically stable.

Cationic exchange capacity was determined by the amount 
of clay minerals and organic material present in the soil. The 
mercury adsorption mechanisms on clay lies in the cation ex-
change between soil particles because they contain exchange-
able Ca2+, Mg2+, Na+, and K+. Mercury ions can displace mon-
ovalent cations on exchange sites [22 - 25].

The mineralogical composition of the soil samples was 
obtained using X-ray diffraction (XRD) to qualitatively identify 
the crystalline phases present in the samples. XRD was also 
used to make a lattice parameter determination and a crystal 
structure analysis [23, 25].

Figure 4 shows the diffractogram for the soil samples, 
where the mineral found in greatest proportion was quartz, 

although the samples contained other structures, such as mont-
morillonite and illite, between 26.75° and 29.3° to 2θ. Quartz 
(SiO2; JCPS 046-1045 pattern) has a hexagonal lattice and 
a P3221 (154) symmetry group with a = 4.91344 and c = 
5.40502, which make quartz a very strong structure and thus 
quite hard to cut. Montmorillonite (Na0.3(AlMg)2Si4O10OH2

6H2O; JCPS 012-0219 pattern) has a hexagonal lattice and a 
P101 symmetry group where a = 5.195 and c =17.93. Mean-
while, illite (KAl2(Si2Al)O10(OH)2; JCPS 43-0685 pattern) has 
a C2/c (15) symmetry group that has a base centered mono-
clinic lattice, where a = 9.017, b = 5.21, c = 20.43, a/b = 
1.73071, and c/b = 3.92265. Montmorillonite and illite are not 
as hard as quartz, and these structures may experience ion ex-
change processes so that metals such as mercury can be added 
[24 - 25].

The physicochemical characterization helps to understand 
how mercury was deposited in the soil, in this way is important 
to know also how the chemical content affects the removal of 
mercury from the soil, and the physical analysis indicated how 
different particle size affect mercury caption. For this purpose, 
one soil sample (1) and Ca - bentonite was used to compare 
mercury removal efficiency using EDTA as a complexing agent 
to improve the treatment.

Initially, polarization curves were performed to find the 
conditions that facilitate the removal of mercury. During the 
experiment, the flow and pH was recorded every 15 min. The 
results indicated that the current increased proportionally to the 
applied potential for both polluted soil and clay (Figure 5). The 
soil pH near the anode and cathode varied between 3 and 4 in 
all the experiments.

As seen in Figure 5, comparing the removal efficiency 
of mercury at different potential cell, the highest removal of 
mercury in soil and clay was obtained applying 1 V close to 
60 % white a current close to 1.7 A in 0.1 M HCl. With this 
condition, the EKT of polluted soils and clay was conducted at 
different times of treatment: 1, 3, 7, 9, 11, and 13 h. During the 
experiments, the mercury removal, pH, and conductivity were 
measured, as shown in Tables 2 and 3 in the presence of 0.1 
M HCl and 0.1 M EDTA, respectively.

Figure 4. XRD analysis in the different samples in study where Q = 
quartz, M = montmorillonite and I = illite.

Figure 5. Electrochemical removal efficiency of mercury and current 
versus applied potential after 1 h of EKT, using sample 1.
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Comparing these results, the largest contribution was 
obtained for the bentonite sample, which showed the highest 
mercury removal close to 66 % (at the cathode) after 13 h of 
treatment, with pH close to 4 and 4 mS·cm-1 in the presence of 
0.1 M HCl (Table 2), no significant efficiency was observed 
in the anode using this conditions, for this reason these results 
were omitted. A 70 % removal efficiency after 9 h of treatment 
was observed, with pH close to 4 and 11 mS·cm-1 in the pres-
ence of 0.1 M EDTA, in major proportion close to the anode 
than the cathode (Table 3). This result was important by the 
addition of the complexing compound, EDTA increased the 
mercury removal during EKT experiments than HCl by the 
presence of six donor atoms, which participated in the bind-
ing with the metal ion (Hg2+) and synthesized the complex Hg 
– EDTA in major proportion close to the anode due to the nega-
tive charge of EDTA (2-), which was directed by the electric 
field to the positive anode surrounding the mercury ion (Hg2+). 
This scenery is possible because the metal is located at the 
center of the complex, participating in coordination with both 
oxygen (carbonyl) and nitrogen (amino groups) of the EDTA 
framework. EDTA in the presence of potassium ions is the best 

extracting for removal of Hg+2 from soil via EKT as reported 
in the literature [14], decreasing the time of EKT from 13 h in 
presence of 0.1 M HCl to 9 h in presence of 0.1 M EDTA with 
similar efficiency removal close to 70 %.

Conclusions

Physicochemical properties of five contaminated samples from 
San Joaquín, Querétaro were determined. Mercury concentra-
tions in the samples exceed the regulatory mercury concentra-
tion limit (23 mg·Kg-1) for agricultural and residential soils in 
México. In addition to high mercury concentration, these soils 
also have high concentrations of iron and aluminum, which 
affect the cation exchange capacity. High cation exchange ca-
pacity can also be attributed to the influence of sulfate, calcium, 
potassium, and sodium ions and to the content of organic mat-
ter.

Results of the physicochemical study showed a strong cor-
relation between the number of available exchange sites and 
the amount of organic matter, as the functional groups in the 
organic matter can form stable bonds with metals. A higher 
percentage of clay also increased the number of exchange sites. 
Metallic ions with the higher affinity can displace ions such as 
calcium, magnesium, sodium, and potassium.

XRD of the main crystalline structures confirmed the pres-
ence of quartz and montmorillonite as the main crystallographic 
structures, both quartz and montmorillonite are capable of re-
taining large amounts of metallic ions. Quartz, in turn, can act 
as a surface where metal ions are adsorbed.

It is important to analyze soil properties, as soils with high 
toxic metal concentrations can adversely affect human health. 
Therefore, we propose that this place acts as a suitable site for 
treatment by the removal of mercury content, using a good 
alternative method, such as the application of electrokinetic 
treatment because of its previously mentioned properties.

After the EKT, the major mercury removal efficiency of 
70.7 % was obtained in minor time (9 h) in presence of 0.1 
M EDTA close to anode with pH 4.0 and 11.3 mS⋅cm-1, than 
in presence of 0.1 M HCl close to cathode after 13 h with pH 
3.8 and 4 mS⋅ cm-1 (65.8 %). This result was evident by the 
synthesis of the complex Hg – EDTA and the removal of the 

Table 2. Mercury removal efficiency, pH, and conductivity at electro-
kinetic treatment using 0.1 M HCl at cathode side.
Sample Time 

(h)
Electroremediation

Mercury removal 
(%)

pH Conductivity 
(mS·cm-1)

Soil 1 0.6 2.9 2.2
3 0.1 3.1 2.1
7 0.1 3.2 2.9
9 0.0 2.8 2.7
11 0.0 2.8 2.6
13 0.0 3.7 2.4

Bentonite 1 34.9 2.6 3.3
3 45.5 2.9 2.7
7 51.0 5.2 3.5
9 40.5 4.5 3.5
11 48.8 4.0 2.6
13 65.8 3.8 4.0

Table 3. Mercury removal efficiency, pH, and conductivity with electrokinetic treatment using 0.1 M EDTA with the comparison of anode 
- cathode efficiencies.
Sample Time (h) Mercury removal (%) pH Conductivity (mS·cm-1)

Anode Cathode Anode Cathode Anode Cathode
Bentonite 1 49.4 45.4 4.1 4.1 11.4 10.4

3 41.0 24.1 4.1 4.1 11.1 10.5
7 52.4 47.6 4.1 4.1 10.6 11.1
9 70.7 29.3 4.0 4.0 11.3 11.1
11 69.8 28.9 4.1 4.1 10.7 11.4
13 62.0 38.0 4.1 4.1 11.5 10.6



338      J. Mex. Chem. Soc. 2014, 58(3)	 I. Robles et al.

pollutant across the pores between particles of soil from San 
Joaquín, Querétaro, México.
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