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Abstract
The remediation of polluted soils containing DDX (DDT, DDE, and DDD), endrin, and endosulfan was assessed using zero-valent
iron (Fe0) and iron-copper Fe0/Cu0 at microcosms and bench-scale batch experiments. The treatments allowed for the reduction
of the initial concentrations of DDX (30 mg/kg), endrin (150 mg/kg), and endosulfan (40 mg/kg) at both scales, indicating their
suitability. However, in the case of DDX-polluted soil, the accumulation of the intermediate compound DDNS was registered. In
microcosms experiments, the highest degradation percentage for DDX was obtained using a Fe0/Cu0 ratio of 10/3 (w/w). The
degradation observed in the bench-scale reactor was improved for endrin and endosulfan-polluted soils, while degradation of
DDX was similar to that found in microcosms experiments. The Fe0/Cu0 system mainly improves the degradation rates of DDD,
DDE, and endrin, reducing the time of treatment from 8 to 4 days. The selection of the remediation strategies using Fe0/Cu0 or
Fe0 should weigh the cost of copper versus the time of treatment since the extent of remediation was similar for most experiments,
except for DDD and DDE. Since the degradation of pesticides was not fully completed and the accumulation of intermediates
compounds was observed, further investigation is required.
Keywords: galvanic corrosion; organochlorine pesticides; zero-valent iron; polluted soil; reducing dehalogenation.

Resumen
Se evaluó la remediación de suelos contaminados con DDX (DDT, DDE y DDD), endrina y endosulfan utilizando hierro
cero valente (Fe0) y acople galvánico Fe0/Cu0 en experimentos por lote a escala microcosmos y laboratorio. Los tratamientos
permitieron la disminución de las concentraciones iniciales de DDX (30 mg/kg), endrina (150 mg/kg) y endosulfan (40 mg/kg) en
ambas escalas, lo que indica su efectividad. Sin embargo, en el caso del suelo contaminado con DDX, se registró la acumulación
del intermediario DDNS. En microcosmos, el mayor porcentaje de degradación de DDX se obtuvo a una relación Fe0/Cu0 de
10/3. A escala laboratorio, se registró una mayor degradación en los suelos contaminados con endrina y endosulfan, mientras
que la degradación de DDX fue similar a la obtenida en microcosmos. El sistema Fe0/Cu0 favoreció principalmente las tasas de
degradación de DDD, DDE y endrina, reduciendo el tiempo de tratamiento de 8 a 4 días. En la selección del uso del Fe0/Cu0

o Fe0 debe ponderarse el costo del cobre versus el tiempo del tratamiento, dado que la eficiencia de remediación fue similar
para la mayoría de los experimentos, excepto para DDD y DDE. Se requiere mayor investigación respecto a la acumulación de
compuestos intermediarios.
Palabras clave: corrosión galvánica, plaguicidas organoclorados, hierro cero valente, suelo contaminado, deshalogenación
reductiva.
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1 Introduction

The Stockholm Convention on Persistent Organic
Pollutants (POP), which was adopted in 2001 and went
into effect in 2004, requires its parties to take measures
to eliminate or reduce the release of these compounds
into the environment (UNEP 2011). Organochlorine
pesticides such as DDT and endrin were included in
the initial 12 compounds regulated by the Stockholm
Convention, and more recently, in 2011, endosulfan
was also included (UNEP 2011). Despite the actions
to protect the environment from these pollutants, they
are frequently present in agricultural and industrial
soil and sediments worldwide (Weber et al. 2010;
Velasco et al. 2014; Bussian et al. 2015). This has been
attributed to the production, storage, distribution, and
use of these compounds in past decades since they are
highly persistent in the soil, e.g. DDT has a half-life of
2-15 years (ATSDR 2002).

Diverse remediation strategies that include
thermal, physicochemical and biological have
been developed to treat water, sediment and
soil contaminated with organochlorine compounds
around the world (McDowall et al. 2004). The
physicochemical treatment with Fe0 has been used
mainly in the treatment of organochlorine compounds,
such as carbon tetrachloride, trichloroethane,
trichloroethylene, tetrachloroethylene, the isommers
of hexachlorocyclohexane (α, β, γ and δ) chlorpyrifos,
and DDT, in water, sediments and scarcely in soil
(Satapanajaru et al. 2005; Boparai et al. 2008;
Cao et al. 2010; Ghazali et al. 2010; Yang et al.
2010). In these systems, the organochlorine pesticides
degradation is based on the reductive dehalogenation
of contaminants attached to the iron corrosion by the
oxidation of the metallic iron to divalent or trivalent
iron (Ghazali et al. 2010). The increasing interest in
the use of Fe0 treatments is due to their simplicity
and effectiveness (Marican and Durán-Lara 2018).
Furthermore, this treatment is cheaper than other
physicochemical processes, since the metallic iron
can be obtained as a low-cost byproduct (Satapanajaru
et al. 2005).

Remediation technologies using micro and
nanoparticles of Fe0 have been reported in the last
decades (Han et al. 2016). Although nanoparticle size
promotes rapid electron transference to contaminants
due to its large surface area and high reactivity,
its application represents potential adverse effects
towards indigenous microbial communities shifts the

taxonomic composition (Lefevre et al. 2016).

On the other hand, the galvanic corrosion has
been used to improve reductive dehalogenation
process. Some studies have shown that the bimetallic
couple between iron and other metals, such as
palladium, nickel, and copper, among others, favors
the degradation of diverse organochlorine compounds
by increasing the iron corrosion (Aginhotri et al.
2011; Gunawardana et al. 2011). These bimetallic
systems consisted of a core metal and shell metal
with different oxidation potential (coating metals). The
core metal is a less noble metal with lower oxidation
potential (e.g., iron, magnesium), which acts as anode
and provides the reducing power (e.g., palladium
and platinum) for reductive dechlorination when it
corrodes while the shell metal acts as cathode where
reduction process occurs (Gunawardana et al. 2011).
Furthermore, some shell metals act as catalytic metal
that involves the formation of atomic hydrogen and
its reaction with contaminant to improve reductive
dechlorination. Complete dechlorination of DDT,
endosulfan and lindane using magnesium/palladium
system in water has been reported (Gautam and
Sumathi 2006; Aginhotri et al. 2011). However, the
use of this specific bimetallic system increases the cost
of the treatment, in comparison with the use of non-
catalytic metal couple.

The use of coating non-catalytic bimetallic
system (iron/copper) has received increasing attention
to support the degradation of diverse chlorinated
hydrocarbons (Zheng et al. 2009; Liu et al. 2015),
mainly due to low cost and high effectiveness
to enhanced reactivity toward chlorinated organic
compounds generated by the formation of galvanic
couple with reactions shown in Eqs. (1) - (2).

Fe0→ Fe+2 + 2e− (1)

Cu+2 + 2e−→Cu0 (2)

The standard redox values of Eqs. (1) and (2) are
E0 = −0.440V and E0 = +0.340V, respectively. The
evaluation of this bimetallic system on degradation
pesticides has been conducted mainly in water,
sediments, and scarcely in soil (Zheng et al., 2009; Liu
et al., 2015).

The objective of this work was to evaluate
the effect of Fe0 and galvanic couple Fe0/Cu0 (no
coating bimetallic nor nanoparticles) treatments on the
degradation of organochlorine compounds polluted-
soils at microcosms- and bench-scale.
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2 Materials and methods

2.1 Soil samples

Three soil samples identified as SG, SE, and SF were
used: 1) SG soil was collected from a former pesticides
factory in the state of Guanajuato, Mexico; 2) SE soil
was collected from a chemical compounds factory in
the State of Mexico; and 3) SF soil was sampled from a
floriculture region also from the State of Mexico. The
three specific pesticides were selected because they are
regulated by the Stockholm Convention and they have
been frequently detected in industrial and agricultural
soils in Mexico (Velasco et al., 2014).

The samples were homogenized by mechanical
means and sieved to obtain a particle size < 0.54 mm
(mesh #30) and then dried at room temperature to
express all the concentrations on a dry basis.

Identification and quantification of pesticides
contained in the soil were performed using a
standard mixture of 17 organochlorine compounds
(UltraScientific US-112B) according to the
methodology described in the analytic methods
section. The characteristics and concentrations of soil
samples are shown in Table 1 and discussed later in
this paper.

The SF soil (where isomers of endosulfan were
present at quite low concentrations) was amended with
commercial endosulfan (Tridane 350®, containing
33.24% of endosulfan, in a ratio of 7:3 of α- and β-
isomers) and identified as SF-S. The spiking process
was carried out as follows: the amount of commercial
pesticide to obtain a concentration of approximately
40 mg/kg in soil was calculated and dissolved in
CH2Cl2; this solution was spiked by drops into a
thin layer of soil; the solvent was evaporated at room
temperature; the soil was homogenized; and finally,
the concentration was verified.

2.2 Metals

Zero-valent iron. The iron husks (burrs with a particle
size < 0.6 mm) were collected from the metal
workshop of the University. They were washed 3 times
with n-hexane to avoid residual oil, after which water
was used to rinse them and a magnet bar was used to
separate the iron from other materials. Finally, the iron
particles were sieved (mesh #40) to obtain a particle
size < 0.42 mm. The iron particles were activated by
contact with a solution of H2SO4 (10% v/v) for 2 min,
and after that, they were rinsed with water and dried

for 2 h at 90 ºC. The iron particles were stored in a
hermetic container until use.

Iron powder reagent (J.T. Backer, USA) was also
used as a control in the microcosms experiments.
Once the results showed that there was no significant
variation attributable to the origin of the iron, only
residual iron from the metal workshop was used.

Zero-valent copper. Industrial grade copper for
microcosms scale experiments was obtained by
rubbing a commercial copper tube (particle size <

0.149 mm, mesh #100). Copper was part of the reactor
structure in the bench-system, described later in this
paper.

2.3 Analytical methods

Pesticides in the soil samples were extracted
by sonication using as solvent a 1:1 n-hexane-
ketone mixture (Method 3550C) (US-EPA 2007a)
as described previously by Velasco et al. 2014.
Extraction of a soil sample with known concentrations
of pesticides (provided by the Mexican governmental
laboratory, CENICA) rendered >90% of recovery.
This procedure was routinely performed to assure the
proper extraction of the compounds.

The identification of organochlorine compounds
was performed using gas chromatography coupled
with a mass spectrum detector (Agilent 6890N, MSD
5975B, USA) accordingly to the Method 8270D
(US-EPA 2007b). Identification of compounds was
performed by mass scan (50 to 450 z/m at 70 eV)
and comparison with NIST05 Mass Spectral library.
For positive identification of a compound, a minimum
of 90% of quality was fixed. On the other hand,
gas chromatography with electron capture detector
(Varian 3400, USA) was used for quantification
of pesticides (Method 8081B) (US-EPA 2007c). A
detailed description of chromatography conditions
used for identification and quantification can be found
in Velasco et al. (2014).

The daily verification of calibration was used to
assure the quality and reproducibility of quantification.
Also, the line base of GC/MS was verified by
measuring blank samples (hexane), with each batch
consisting of 15 samples. The detection limit of the
compounds was 0.2 µg/L, this value was obtained by
evaluation of progressively more dilute concentrations
of analytes (UltraScientific US-112B, USA).

The presence of H2 in the headspace at the
microcosms experiments (hermetic bottles) was
evaluated in 100 µL of gaseous phase samples by gas
chromatography equipped with a thermal conductivity
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detector (GOW MAC Series 550, USA) using a silica-
gel 60/80 column, 180 x 1/8 x 0.0850. The injector,
column, and detector temperatures were 75, 30, and
120 ºC, respectively. Nitrogen was used as carrier gas.

X-ray diffraction (XRD) powder analyses were
obtained using EMPYREAN X-ray diffractometer
(PANalytical, Netherlands), equipped with Cu-Kα
radiation and PIXcel detector. The analyses were
carried out using the following conditions: 45 kV, 40
mA and measurement range (2θ): 10 to 70°.

2.4 Microcosms batch experiments

The experiments were carried out in amber flasks
(240 mL) sealed with hermetic valves (Mininert,
VICI precision sampling Inc. Baton Rouge, Louisiana,
USA) using 3 g of dry soil and 3 mL of water and
2.5, 5 and 10% (w/w) of Fe0. In SE and SF-S soil,
only the addition of 10% (w/w) of Fe0 was tested. In
all cases, controls without iron were performed. The
microcosms were incubated at 30 ºC and 100 rpm.
The initial pH value was adjusted, when needed, based
on experiments to assess the effect of initial pH on
biodegradation described in section 2.5.

There were also evaluated the ratios of Fe0/Cu0 to
the soil of 10/1.5, 10/3 and 10/5 (w/w). Additional
microcosms controls without Cu0 were performed.
All the experiments and controls were carried out in
duplicate and two measurements were done per each
sample.

2.5 Experiments to assess the effect of
initial pH value on degradation

The initial pH values of the soils were fixed at 4.5,
7 and 9 pH values adding solutions of 10% v/v
of H2SO4 or 10% wt/v of NaOH. The experiments
were conducted as described in section 2.4. The pH
values were selected according to the original values
of the soils (Table 1) and considering the range of pH
values reported previously (Yao et al. 2006; Ghazali
et al. 2010). Soil pH was measured using pH meter
(OAKTON, USA) according to standard procedures
(Method 9045D) (US-EPA 2004).

Fig. 1 Experimental bench-scale system for Fe0/Cu0

treatment.

2.6 Bench-scale batch experiments

The bench-scale reactor was designed to allow
the galvanic couple of Fe0/Cu0. It consisted of a
rotary helical mixer of 21 L stainless steel provided
with copper-washers along the blades (Fig. 1). The
treatment was performed with 2 kg of soil and 1.6 L of
H2O and added with 10% (w/w) of Fe0 microparticles
(< 0.42 mm). A discontinuous mixing speed of 45 rpm
with on/off cycles of 1:1 h from. Four-day treatments
were evaluated according to the optimal reaction time
registered in microcosms experiments. Treated soil
samples were collected and storage at 5 °C every
day during the treatment. Then residual pesticides
in the soil samples were extracted and analyzed.
Two measurements were done per each sample. No
duplicate experiments were carried out.

2.7 Statistical analysis

The statistical treatments of the data were performed
by analysis of variance (ANOVA) with the statistical
functions of KaleidaGraph software.

3 Results and discussion

3.1 Soil characterization

The initial analysis of the soil samples allowed for the
identification of the compounds contained in each soil
and their concentrations (Table 1). The industrial soil
SG was classified as sandy-loam and had a low organic
load (0.13%) and a pH value of 4.5. This industrial
soil was polluted with DDX, that is, DDT and its
main intermediates, DDD and DDE, by anaerobic and
aerobic pathways respectively (Bosch et al. 2015).
The concentrations found indicate that SG would be
considered as DDT and DDD-polluted soil, according
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to the preliminary remediation goals (PRG) in the
USA that establish value limits of 7.0 (DDT) and 7.2
(DDD) mg/kg for industrial soil and 1.7 and 2.0 mg/kg
for residential soil. The DDE initial concentration was
lower than the PRG for industrial and residential soil
values of 5.1 and 1.4 mg/kg, respectively (US-EPA
2010).

On the other hand, the industrial soil SE was
a sandy-clay-loam soil highly polluted with endrin
and the intermediate of degradation, endrin aldehyde.
The SE soil contained 1.21% organic matter and had
a basic pH of 9.55. This soil exceeded the limit
concentration of 18 mg/kg of endrin in residential soil,
while the intermediate endrin aldehyde is not currently
regulated (US-EPA 2010).

In the sandy-loam agricultural soil SF, the organic
matter content was 4.17% and it had a pH value of
6. The α- and β-isomers of endosulfan were identified
in this soil. However, these concentrations were an
order of magnitude lower compared to the other soil
samples, so the soil was spiked with commercial
endosulfan, as described in section 2.1. Nevertheless,
the resultant total concentration (α- and β- isomers)
in the soil was under the concentration limit of 360
mg/kg for residential soil (US-EPA 2010).

The physicochemical properties of the soil
samples are showed in Table 2. The SG soil (industrial
soil) the cation exchange capacity was 1.24 cmol/kg
and field capacity of 18.6% while the SF/SF-S soil
(agricultural soil) the cation exchange capacity was
(34.9 cmol/kg) and field capacity was (37.9%). These

data agree with the reports of soils with a higher clay
fraction and organic matter have a higher CEC, while
soils with high sand content have low CEC and low
field capacity (Pansu and Gautheyrou 2006; Fan et
al. 2015). On the other hand, the main exchangeable
cations were Ca > K > Mg in the soils tested, whereas
the main micronutrients available were Fe and Mn
in SG soil and Zn in SF/SF-S soil. A similar level
of Cu0 was registered in the three soils. The high
concentration of Fe and Mn in GS soil maybe is related
to the source of soil (former pesticide factory).

3.2 Degradation in microcosms batch
experiments

3.2.1 Effect of initial pH value on degradation

The results for experiments with Fe0 (10%) and
Fe0/Cu0 (10/3) for SE and SG after 8 days of
treatments at initial values of pH of 4.5, 7 and 9
are showed in Table 3. The lowest degradation of all
compounds was observed at pH 9. Whereas at pH of
4.5 and 7 not significantly difference in degradation
was observed. Diverse studies have indicated that
degradations rates increased at pH range between 4
and 7, due to an excess of H+ for reductive reaction
and the prevention of iron surface passivation (Yao et
al. 2006; Ghazali et al. 2010). Based on the above
results, in the microcosms batch experiments, the
initial pH value was adjusted to 4.5 and in the bench-
scale reactor, the pH was adjusted to neutral.

Table 1. Initial characterization of soils
Soil Pesticides concentration CAS number OM [%] pH Texture and

[mg/kg]a composition [%]

SG DDT: 25.58 ± 2.2
DDD: 3.35 ± 0.22
DDE: 1.08 ± 0.04

50-29-3
72-54-8
72-55-9

0.13 4.45 Sandy-loam
Sand [60.9]
Silt [30.7]
Clay [8.4]

SE Endrin: 150.3 ± 7.2 Endrin
aldehyde: 5.6 ± 0.7

72-20-8
7421-93-4

1.21 9.55 Sandy-clay-loam
Sand [59.5]
Silt [20.0]
Clay [20.5]

SF α-endosulfan: 0.077 ± 0.009
β-endosulfan: 0.179 ± 0.032

959-98-8
33213-65-9

4.17 6.79 Sandy-loam
Sand [59.5]
Silt [26.0]
Clay [14.5]

SF-S α-endosulfan: 28.87 ± 5.46
β-endosulfan: 12.66 ± 4.83

959-98-8
33213-65-9

4.17 6.50

a. dry basis. OM- Organic matter.
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Table 2. Physicochemical properties of soil samples.

Parameters
Soil

SG SE SF/SF-S

CEC (cmol kg−1) 16.2 24.4 34.9
EC (dS m−1) 1.24 3.51 0.7

FC (%) 18.6 26.3 37.9
N (mg kg−1) 14.6 24.6 59
P (mg kg−1) 161.4 28.6 295.9

Ca (mg kg−1)a 4366 5216 3610
K (mg kg−1)a 918 3252 1196

Mg (mg kg−1)a 491 391 331
Mn (mg kg−1)b 47.62 4.9 35.17
Fe (mg kg−1)b 152.34 13.8 25.9
Cu (mg kg−1)b 2.69 2.23 1.88
Zn (mg kg−1)b 2.65 2.6 7.94

CEC-Cation exchange capacity. EC-Electric conductivity. FC-Field capacity (water holding capacity). a. extracted with
ammonium acetate. b. extracted with diethylene triamine penta-acetic acid (DTPA: chelating agent).

Table 3. Effect of initial pH of SG and SE soils on removal of pollutants.

pH 4.5 pH 7.0 pH 9.0

Compound Treatment Residual concentrations (mg/kg)

Soil SG Ratio % (w/w)

DDT Fe0 10 2.32 ± 0.11 3.46 ± 1.14 5.35 ± 1.48
Fe0/Cu0 10/3 0.83 ± 0.19 1.31 ± 0.68 2.15 ± 1.40

DDD Fe0 10 2.18 ± 0.56 2.54 ± 0.28 2.96 ± 0.45
Fe0/Cu0 10/3 0.39 ± 0.06 0.44 ± 0.23 0.81 ± 0.15

DDE Fe0 10 0.66 ± 0.12 0.79 ± 0.07 1.02 ± 0.20
Fe0/Cu0 10/3 0.41 ± 0.08 0.57 ± 0.07 0.65 ± 0.12

Soil SE

Endrin Fe0 10 41.40 ± 2.1 43.28 ± 1.7 154.78 ± 4.3
Fe0/Cu0 10/3 29.48 ± 1.27 32.29 ± 1.34 148.5 ± 2.3

Endrin aldehyde Fe0 10 2.81± 0.41 3.13 ± 0.32 5.86 ± 0.61
Fe0/Cu0 10/3 0.44 ± 0.43 1.37 ± 0.16 4.54 ± 0.66

Initial concentrations (mg/kg): DDT: 25.58±2.2; DDD: 3.35±0.22; DDE: 1.08±0.04; Endrin: 150.3±7.2; Endrin aldehyde:
5.6±0.7.

3.2.2 DDX degradation in soil SG

In all cases, the Fe0 and Fe0/Cu0 treatments improved
the degradation of DDX compared to the controls
after 8 days of treatment (Fig. 2). However, depending
on the compound, the effect was different. The
degradation of DDT was significantly enhanced (p <

0.05) by the addition of 10% and 5% compared to
the 2.5% of Fe0: elimination observed was 72.9%,
63.4%, and 16.6%, respectively, while in the control

elimination was negligible (1.3%) (Fig. 2a). The
Fe0/Cu0 treatments increased the degradation of DDT
above 85% and up to 96% using 5% and 10% of Fe0

combined with any dose of Cu0 tested (Fig. 2a).

On the other hand, the addition of 10% of Fe0

significantly increased (p < 0.05) the degradation of
DDD up to 50.8% while degradation was around
28% with both 5% and 2.5% of Fe0 (Fig. 2b). The
degradation using 5/1.5 of Fe0/Cu0 was similar to that
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Fig. 2 Degradation of a) DDT; b) DDD; and c)
DDE after 8 days of treatment of soil SG with Fe0

and Fe0/Cu0 in microcosms batch experiments. Initial
concentrations were 25.58 ± 2.2 of DDT; 3.35 ± 0.22
of DDD; and 1.08 ± 0.04 of DDE.

obtained in the system with 10% of Fe0 (Fig. 2b).
Higher doses of Cu0 (5/3 and 5/5) slightly increased
the DDD degradation, but not significantly (p>0.05).
The dose of 10/3 of Fe0/Cu0 resulted in the highest
observed degradation of DDD (around 83%).

In the case of DDE, the degradation was around
22% for all Fe0 ratios tested (Fig. 2c), which is
contrary to the study by Yang et al (2010). They
reported that the increment of Fe0 in soil treatment
markedly increased the degradation of DDE. They
obtained 60% elimination in 40 days with the addition

of 5% of Fe0 in a soil containing 5 mg/kg of DDE
(Yang et al. 2010).

In the Fe0/Cu0 treatments, the effect of Cu0 was
negligible with the use of 5% of Fe0 with any
dose of Cu0, and the DDE degradation obtained
was comparable to that observed in Fe0 treatments.
However, the addition of 10% of Fe0 combined with
any dose of Cu0 resulted in a significant increased
degradation of DDE of up to 60% at Fe0/Cu0 ratio of
10/3 (Fig. 2c) with a significantly difference compared
with the use of 5% of Fe0 with any dose of Cu0.

The soil treated with 10% of Fe0 achieved the
PRG for industrial soil in the USA of 7 mg/kg and
2 mg/kg for DDT and DDD, respectively (US-EPA
2010). Nevertheless, based on the results of this study,
the higher dose of Fe0 with the medium dose of Cu0

(10/3) would be the best combination for treatment
of the SG soil, considering that: i) the soil contained
a mixture of the three compounds, DDT, DDD, and
DDE; ii) the highest degradation percentages were
obtained for the three compounds; iii) the strongest
effect of Cu0 was on DDE and DDD degradation; iv)
DDE has been reported as more recalcitrant than the
DDT itself; v) the residual concentrations of DDX
achieved the PRG for residential soil (US-EPA 2010).

Regarding the transformation and production of
intermediates, the accumulation of DDE and DDD
has been reported in Fe0 systems in water and soil
by Pirnie et al. 2006; Yang et al. 2010. In the
present study, no accumulation of DDD or DDE was
observed under the conditions tested but five different
intermediates were detected (Table 4). The main
intermediate found was DDNS, which was identified
in all the Fe0 treatments but not in the initial or the final
control samples. These compounds (Table 4) have
been reported as products of DDT degradation mainly
under anaerobic conditions (Cao et al. 2010), which in
our case could be related to the poor mixing conditions
in the experiments. DDMU has been related to the
aerobic pathway of DDT and DDE transformation
(Singh et al. 2013), while the presence of DDMS and
DDNS has been related to the transformation of DDT
to DDD and its posterior transformation by reducing
dechlorination under anaerobic conditions (Gautam
and Sumathi 2006; Cao et al. 2010). The hydrogen
production was also detected in the gas phase in all
Fe0 and Fe0/Cu0 treatments, suggesting that DDNS
accumulation could be associated with a mechanism
similar to that proposed by Gautam and Sumathi 2006.
They proposed the formation of DDNS via catalytic
hydrogen transfer for the removal of alkyl chlorine
atoms from DDT in a bimetallic Mgo-Zn system.
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Table 4. Identification of intermediates in DDT-polluted soil treated with Fe and Fe-Cu.

RT CAS
Compound Acronym[min] Number

19.25 0101-76-8 bis(p-chlorophenyl)methane [DDM]
20.34 4/4/47 1,1-bis(p-chlorophenyl)ethane [DDNS]
20.43 2642-81-1 2,2-bis(p-chlorophenyl)ethylene [DDNU]
23.66 2642-80-0 1-Chloro-2,2-bis(p-chlorophenyl)ethane [DDMS]
23.98 1022-22-6 1-Chloro-2,2-bis(p-chlorophenyl)ethylene [DDMU]a

a. Found also in controls. Identification quality > 98%.

The toxicology and recalcitrance of DDNS have
been not reported, and further studies should be
performed to assess it. Probably, a secondary treatment
should be required. For example, Velasco et al. (2017)
reported that a sequence of ZVI treatment followed by
biostimulation can improve the remediation of DDT
and its intermediate compounds.

3.2.3 Endrin degradation in soil SE

After 8 days of treatment, the addition of 10% (w/w)
of Fe0 successfully degraded 77.1% and 63% of
the initial endrin and endrin aldehyde concentrations
of 150.3 ± 7.2 and 5.6 ± 0.7 mg/kg, respectively,
compared with the lower degradation (41.9% and
18.7%) obtained by the addition of 5% (w/w) of Fe0,
while in the controls degradation was 1% and 3.8%,
respectively (Fig. 3a and 3b). The Fe0/Cu0 treatment
effect on degradation was not significantly different for
both compounds compared to the addition of 10% of
Fe0. In Fe0/Cu0 treatments, using 5% of Fe0 with 3%
and 5% of Cu0, the degradation obtained was similar
to the values obtained with 10% of Fe0. However,
the final concentration of endrin in the best case of
Fe0/Cu0 (10/5) was still above the PRG level for
residential soil of 18 mg/kg (US-EPA 2010).

Residual endrin in environmental matrices is
reported much less frequently than DDT or other
organochlorine pesticides because its relatively small-
scale use and limited accumulation in biota this
has resulted in less attention on its remediation
(Zitko 2003). Treatments of bioremediation and
natural attenuation have been tested, primarily (Xiao
and Kondo 2013). However, the production or
accumulation of intermediates was not observed.

3.2.4 Endosulfan degradation in soil SF-S

Due to the marginal effect of copper on the previous
experiments, only the degradation of endosulfan
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Fig. 3 Degradation of a) endrin; b) endrin aldehyde;
c) α-endosulfan; and b) β-endosulfan after 8 days
of treatment of SE and SF-S soils with Fe0 and
Fe0/Cu0 in microcosms batch experiments. Initial
concentrations [mg/kg] were 150.3 ± 7.2 of endrin;
5.6 ± 0.7 of endrin aldehyde; 28.87 ± 5.46 of α-
endosulfan; and 12.66 ± 4.83 of β-endosulfan.
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isomers with the addition of 10% of Fe0 and a
ratio of 10/3 of Fe0/Cu0 over 8 days of treatment
is presented in Fig. 3c and 3d. The Fe0 treatment
significantly improved (p < 0.05) the degradation of
both isomers compared to the controls (from 10% to
67% and from 14% to 41%) (Fig. 3). The Fe0/Cu0

treatment slightly improved the degradation obtained
with Fe0, but no significant difference was observed;
the α isomer was degraded up to 76.6% while the
degradation of β-endosulfan was 55.4% in the Fe0/Cu0

system. These results agree with the literature where
the β-isomer has been reported to degrade more slowly
than the α-isomer, which could be related to its
higher toxicity and chemical stability compared to
the α isomer (Kwon et al. 2002; Weber et al. 2010).
Consequently, the reported half-life in soils for α-
endosulfan and for β-endosulfan is 60 days and 800
days, respectively (Kwon et al. 2002; Kataoka and
Takagi 2013). Furthermore, it must be considered
that the commercial endosulfan used contains the two
parent isomers in a ratio of 7:3, meaning that the initial
concentration of α isomer was 2.33 times higher.

There are relatively few studies that have examined
the persistence of endosulfan in soil under field
application where degradation rates strongly depend
on the soil conditions, particularly soil water content
and ambient temperature (Weber et al. 2010).
Although some reports consider the addition of
particles or nanoparticles of Fe0 as an effective
treatment for organochlorine compounds in aqueous
media (Feitz et al. 2005; Cong et al. 2010), to
our knowledge this is the first report of endosulfan
treatment in soil by Fe0 and Fe0/Cu0. The existing
studies are related to the degradation of endosulfan
in water. For example, the complete dechlorination
of endosulfan (30 mg/L) using the bimetallic system
Mg(0)/Pd(+4) ratio 5/0.5 was reported in aqueous
media by Aginhotri et al (2011), while Cong et al
(2015) reported degradation > 90% of endosulfan by
zero-valent zinc treatment in water and soil with initial
concentrations of 40 mg/L in liquid and 40 mg/kg
in soil. Also, the Mg(0)/ZnCl(2) bimetallic system
has been tested for endosulfan elimination in aqueous
media (30 mg/L) with 96% removal (Begum and
Gautam 2011).

3.2.5 Length of treatment

Since DDX degradation was incomplete, experiments
for 16 and 40 days were also performed to evaluate
further degradation of DDX, obtaining slightly better
or equivalent degradation to those obtained after 8

days. After treatments of 40 days using 2.5%, 5%, and
10% (w/w) of Fe0, the DDT degradation was 30.2%,
69.8%, and 82.7%; DDD degradation was 12.3%,
33.6%, and 62.1%; and DDE degradation was 4.1%,
23.2%, and 33.9%. The length of treatment of water
using Fe0 is in the range of 10 to 40 days (Ghazali et
al. 2010; Yang et al. 2010).

Fig. 4 Profiles of consumption of a) DDT; b) DDD; c)
DDE; and d) endrin with the treatments: (�)Fe0 10%;
(o)Fe0/Cu0 10/3; (N)Fe0/Cu0 10/5 in microcosms
batch experiments.
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Selected experiments (10% of Fe0, 10/3 and 10/5
of Fe0/Cu0) to evaluate the residual concentration of
the pesticides at different times of treatment were
conducted for DDX and endrin (Fig. 4). The DDT
degradation rates were similar in these cases (p >

0.05), and only the final degradation was marginally
enhanced in the galvanic couple systems (Fig. 4a).
On the contrary, as discussed above, the effect of
the systems (Fe0/Cu0) significantly enhanced the
DDD percentage of degradation and the rate of
degradation. The DDD degradation rate increased
from 0.187 to 0.480 mg/kg/d, while degradation
increased from 41.7 to 84% in Fe0/Cu0 systems
compared to the Fe0 treatment (Fig. 4b). Also, the
rate of endrin degradation was favored in the galvanic
couple systems from 31.09 to 65.45 mg/kg/d while
degradation was enhanced from 75.2% to 87.8%. The
ANOVA analysis showed that the endrin degradation
obtained in the treatment with Fe0 and Fe0/Cu0 (10/5)
was significantly different. Increasing concentration of
DDE was observed for Fe0 (10%) and Fe0/Cu0 (10/3)
after four days, due to DDT degradation to DDE (Fig.
4c). The improved DDE degradation in the Fe0/Cu0

treatments was related to the consumption of DDE
produced by the degradation of DDT, avoiding its
accumulation in the media (Fig. 4c). In all cases, the
rate of degradation tended to be constant after four
days, and the pesticides were not completely depleted.
The limit in the degradation could be associated with
the reactions or with the mass transport phenomena.
In the first case, this could be the result of the
passivation of the superficial area contact of Fe0 due
to the oxidation, while in other cases; this could be
associated with the strong bond of the pesticide with
the material organic content of the soils, thus limiting
the diffusive transport.

Results shown in Fig. 4 indicate that a shorter time
of treatment could be satisfactory for DDT in any
case and for endrin in Fe0/Cu0 treatments. However,
time of treatment should be weighed versus the cost
that copper will present in the system and the PRG
required. Also, the degradation or accumulation of
intermediates should be considered.

Based on these results, experiments in the bench-
scale reactor were performed for 4 days and the results
are presented in the next section.

3.3 Degradation in Bench-scale batch
experiments

The DDT, DDE, and DDD degradation attained in this
system was 86.3%, 76.7%, and 65.5%, respectively
(Fig. 5a, 5b, and 5c), these results were comparable to

those in the microcosms experiments with the addition
of 10/3 of Fe0/Cu0 in four days. Degradation rates
were also similar to those experiments, indicating
the scalability of the process. However, the final
concentration for DDD was below the PRG for
residential use, but DDT only accomplished the PRG
for industrial use.

On the other hand, the treatment of SE soil in
this reactor attained 87.1% and 93% of degradation
for endrin and endrin aldehyde, respectively (Fig.
5d and 5e). For endrin, the percentage and rate of
degradation were similar to that in the microcosms but
for endrin aldehyde, the degradation was 33% higher
than that obtained in the microcosms experiments.
This indicates that mixing favored its degradation, and
therefore transport phenomena could be the limiting
process of overall degradation rate in the experiments
where the sludge was under slow agitation (100
rpm). The treatment proposed could be suitable for
remediation of this highly polluted soil. However, a
secondary treatment is recommended to accomplish
the PRG of 18 mg/kg for endrin in residential soil.

In the case of SF-S, α- and β-endosulfan were
degraded up to 86.9% and 90.3%, respectively,
which is higher than those found in the microcosms
experiments (Fig. 5f). Remediated soils were analyzed
to confirm their stability after 4 and 12 months and no
changes in the residual concentration of pesticides or
intermediates were detected.

Furthermore, the XRD analysis showed that soil
SG contain anorthite (CaAl2Si2O8), quartz (SiO2),
gypsum (Ca(SO4)22H2O) and lepidocrocite (γ-
FeOOH), and jarisite (KFe3+

3 (OH)6(SO4)2). However,
the presence of iron (III) goethite (γ-FeOOH) was
evident in treated soil, due to the oxidation of zero-
valent iron in presence of oxygen (air) because the
bench-scale reactor was no hermetic closed.

This was also correlated with the changes in the
color of the soil from brown to green to reddish with
the time of treatment suggesting the production of
oxides during corrosion of Fe0. The green color could
be associated with green rusts, while reddish-brown
soil color was due to the formation of oxy-hydroxide
compounds as goethite. Some studies have indicated
that green rusts are formed in both biotic and abiotic
corrosion processes of iron or steel, which can be
further oxidized to iron oxy-hydroxide when exposed
to air (O’Loughlin et al. 2003). Several studies have
also indicated that green rusts which are mixes of Fe
(II) and Fe (III) hydroxides with chemical structure
[FeII

(6−x)FeIIIx(OH)12]x+[(A)x/nyH2O]x− are abiotic
agents that may enhance the reductive dechlorination
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Fig. 5 Degradation of a) DDT; b) DDD; c) DDE; d) endrin; e) endrin aldehyde; and f) endosulfan: α- isomer (•);
and β-isomer (o) with Fe0/Cu0 in bench-scale batch experiments.

(Maithreepala and Doong 2005; O’Loughlin et al.,
2003). This suggested the presence of green rusts in
the systems and its possible relation to the reductive
dechlorination of the compounds tested.

Conclusions

The Fe0 and Fe0/Cu0 treatments allowed for the
reduction of higher concentrations of DDX, endrin,
and endosulfan, in both microcosms experiments and
a helicoidal-mixing bench-scale reactor, indicating the
potential scale-up of the treatments. In microcosms
experiments, the effect of copper was marginal for
DDT degradation, but DDD and DDE degradation
were enhanced. Endrin and DDD degradation rates
were also enhanced by the presence of Cu0 in
microcosms experiments, while degradation of endrin
aldehyde and endosulfan degradation improved in
the bench-scale reactor compared to the microcosms

experiments due to the favored mixing conditions.
Furthermore, the production of intermediates (in

the case of DDX-polluted soil) and the low removal
efficiency (in the case of endrin-polluted soil), indicate
that a secondary treatment should be considered. The
cost of Cu0 should be also evaluated and contrasted
with the values and time required for remediation.
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