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bstract

In this work, the efficiency of reactive clay barriers in the immobilisation of organic pesticides in a sandy soil was studied. Reactive barriers
ere prepared by modification of montmorillonite, kaolinite and palygorskite clay minerals, and of a clayey soil with the cationic surfactant
ctadecyltrimethylammonium bromide (ODTMA). Percolation curves of the pesticides linuron, atrazine and metalaxyl of different hydrophobic
haracter, were obtained in columns packed with a natural sandy soil with these barriers intercalated under saturated flow conditions. The cumulative
urves in the unmodified soil indicated a leaching of pesticides greater than 85% of the total amount of compound added. After barrier intercalation,
he breakthrough curves (BTC) indicated a dramatic decrease in the amounts of linuron leached in all columns and a significant modification of the
eaching kinetics of atrazine and metalaxyl. Retardation factors, R, of the pesticides in the columns were significantly correlated with the organic
atter content (OM) derived from the ODTMA of the organo clay/soil barriers (r2 ≥ 0.78). Significant correlations were also found between these

2 2
factors and the pore volume values corresponding to the maximum peaks of the BTCs (r = 0.83; p < 0.01) or the total volumes leached (r = 0.44;
< 0.05) for the pesticides atrazine and metalaxyl. The results obtained point to the interest in the use of reactive clay barriers for almost complete

mmobilisation of hydrophobic pesticides or for decreasing the leaching of moderately hydrophobic pesticides coming from point-like sources of
ollution. These barriers would avoid the generation of elevated concentrations of these compounds in the soils due to their rapid washing.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The important technological problems involved in the
estoration of aquifers polluted by organic compounds have been
ell documented in recent years [1] and this has led to increas-

ng interest in the development of low-permeability containment
arriers and of high-permeability reactive barriers for the pre-
ention of pollution [2,3]. This is specially the case of zones
xposed to point-like sources of contamination by spills, illegal
ipping, etc. Studies carried out on both types of barriers have
ncluded designs in which sorption is the main mechanism used
o reduce pollutant flow. Accordingly, the characterisation of

he sorption capacity of a material used as a barrier is a priority
ask. In this sense, laboratory assays in columns are an attractive

eans to accomplish this goal, despite the great difficulty some-

∗ Corresponding author. Tel.: +34 923 219606; fax: +34 923 219609.
E-mail address: mjesussm@usal.es (M.J. Sánchez-Martı́n).
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imes involved in obtaining breakthrough curves when strong
orbent materials are used [4].

Low-permeability barriers such as soil/bentonite slurry walls
re widely used to restrict the migration of mobile subsurface
ollutants. Compacted clay liners are also used in municipal
andfills to prevent the migration of contaminated fluid from
he landfill to the groundwater. These liners can be constructed
rom clayey or silty clay soils, either natural or mixed with
entonite if necessary to meet the hydraulic conductivity require-
ents [5]. There are no specific requirements for soils to be

sed in bentonite-soil liners. Any type of soils can be used but
he amount of bentonite is different. In general, the amount
f bentonite used is generally less than 6% on a dry weight
asis for soils with a broad range of grain size, and 10–15% for
niformly sized-sands [6]. Slurry walls may be effective at con-

aining mainly polar organic pollutants for decades, although
ome investigators observed that breakthrough of these pollu-
ants may occur due to molecular diffusion over a 5–30-year
eriod [4,7].

mailto:mjesussm@usal.es
dx.doi.org/10.1016/j.jhazmat.2006.06.042
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Permeable reactive barriers offer an in situ semi-passive
emediation technology that uses materials which produce
hemical or biochemical reactions to transform or immobilise
ollutants. This method thus involves the emplacement of a
emi-permeable reactive medium in the path of the flow of a
ollutant plume [3]. Since the plume moves through the barrier,
he pollutant is transformed into non-toxic or immobile prod-
cts. Accordingly, it is necessary to assess the reactive materials
ased on its availability to transform or immobilise the pollutant
t sufficient speed and on the possibility of maintaining adequate
ermeability during long periods of time and of releasing only
ompounds that are compatible with the environment as sub-
roducts of the process.

Clay minerals are natural materials with a high capacity
o adsorb organic compounds via different mechanisms of
nteraction. These minerals can be used, alone or mixed with
oil, as barriers against organic pollutants. Such barriers are
ainly reactive for positively charged organic pollutants (cation

xchange) and for polar pollutants (ion-dipole bonds). However,
hey are less efficient at decreasing the transport of hydropho-
ic organic pollutants, which are mainly adsorbed by organic
aterials (hydrophobic bonds). For the adsorption of the latter

ompounds, it is necessary to modify natural clay barriers with
rganic additives that will transform them into reactive clays for
uch compounds. In this sense, some additives used are activated
arbon, peat, city refuse compost, wood fibers or surfactants
3,8–11]. Cationic surfactants or quaternary ammonium salts
ith a long hydrocarbon chain are of special interest because

heir adsorption by clays leads to the formation of organo clays
hat are highly reactive for retaining hydrophobic compounds
hat are not retained by natural clays [12–17]. The carbon content
rovided by the surfactant means that a partition of the hydropho-
ic compounds in the organo clay occurs, the irreversibility of
he compounds adsorbed being variable as a function of the
lay mineral and of the hydrophobicity of the organic compound
15,17].

In the present work, we studied the immobilisation of organic
esticides in a sandy loam soil by the intercalation of reactive
arriers of clays and of a clayey soil, both of them modified
ith octadecyltrimethylammonium bromide (ODTMA). The

im was to gain insight into the efficiency of these barriers in
he immobilisation of pesticides with different hydrophobicity.
he work was carried out in soil columns using different clays

montmorillonite, kaolinite and palygorskite) and different pes-

icides (linuron, atrazine and metalaxyl) with a view to shedding
ight on the influence of the structure of the clay mineral and
f the hydrophobicity of the pesticide in the immobilisation
rocess.
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able 1
haracteristics of natural and modified soils studied

oil Texture pH CEC (cmol/kg) OM (%

oil A Sandy loam 6.0 4.80 0.85
oil B Sandy clay 7.0 20.5 1.79
DTMA–soil B – 7.19

: montmorillonite; I: illite; K: kaolinite.
a Minerals in soils (%).
rdous Materials B139 (2007) 363–372

The study was conducted with the consideration that many
esticides are, to a greater or lesser extent, hydrophobic com-
ounds and that many of them are often found in groundwaters
18–20]. Additionally, some investigations performed in recent
ears [21,22] have indicated that point-like sources of pollution
ay contribute, to a greater extent, to increasing the pollution of
aters than diffuse contamination of the soil brought about by

he use of pesticides in agricultural practices. The emplacement
f a barrier of sorbent material in such zones could be a strat-
gy for isolating the pesticides preventing the pollution from
xtending to soils or waters in the zone and/or allowing the nat-
ral degradation of these compounds immobilised in situ.

. Materials and methods

.1. Chemicals

Pesticides linuron, atrazine and metalaxyl were supplied by
iëdel de Haën (Hannover, Germany) (>98.5% purity). These
ompounds are solids with water solubility and log Kow value
f 81 �g/mL and 3.00 for linuron, of 30 �g/mL and 2.50 for
trazine, and of 8400 �g/mL and 1.75 for metalaxyl [23].
he cationic surfactant, octadecyltrimethylammonium bromide

ODTMA), was supplied by Sigma–Aldrich (Madrid, Spain).

.2. Soils and clays

Two soils from the province of Salamanca (Spain) were
elected for this study. Soil samples were collected from the
urface layer (0–30 cm depth). Some of their characteristics are
ncluded in Table 1. Soil A is a sandy loam soil and was used
o study pesticide leaching in soil columns. Soil B is a sandy
lay soil and was used to prepare the modified soil barrier. The
oil samples collected were air dried and sieved (<2 mm). The
H of the soils was determined in water/soil suspensions (ratio
/1) and the particle size distribution was determined using the
ipette method [24]. The clay minerals (<1 mm) used in the
tudy to prepare the modified clay barriers were Tidinit mont-
orillonite (M) (Morocco), Cuenca kaolinite (K) (Spain), and
ercimuel palygorskite (P) (Spain). These minerals were used
ith their impurities since it was of interest for their possible
se to know their properties and behaviour as marketed. Their
haracteristics are included in Table 2.

The cation exchange capacity (CEC) of the soils and clays

as determined by the ammonium acetate method [25]. Organic

arbon (OC) contents were determined using an elemental car-
on analyser (Wösthoff Carmograph 12 H Omega, Bochum,
ermany), and the results were multiplied by 1.72 to express

) Clay (%) Silt (%) Sand (%) Clay mineralogya

11.8 13.6 74.5 9 I–2 K
38.1 5.8 56.1 11 M–23 I–4 K

– – – –
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Table 2
Characteristics of natural and organo clays studied

Clay CEC (cmol/kg) OC (%) OM (%) Organic cation (cmol/kg) Surface area (m2/g) d0 0 1 (Å)

Montmorillonite (M) 82 0.06 0.10 – 750 13.4
Kaolinite (K) 6.1 0.10 0.17 – 12 7.16
Paligorskite (P) 27 0.46 0.79 – 254 10.6
ODTMA-M – 20.1 25.2 79.5 22.0
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DTMA-K – 2.06 2.55
DTMA-P – 7.25 8.99

he OC as organic matter (OM) [25]. The clay minerals were
dentified by X-ray diffraction [26] using a Philips 1710 appa-
atus (Eindhoven, The Netherlands). Specific surface area was
etermined by the N2 adsorption–desorption method at −196 ◦C
n a Micromeritics Gemini analyser (Norcross, USA).

Clay minerals and Soil B were saturated with ODTMA by
reating natural samples with a solution of ODTMA bromide in
eionised water at temperature of 30 ◦C. Surfactant concentra-
ion was always lower than its critical micellar concentration
0.12 g/L) and we used a relation clay or soil/solution suit-
ble to contain an amount of organic cation equivalent to 1.25
imes the CEC of each sample [17,27]. The suspensions were
haken for 2 h and were subsequently centrifuged, washed with
eionised water repeatedly until free of bromide ions as indicated
y AgNO3, freeze-dried and kept in an atmosphere at controlled
umidity for later use. The carbon contents of the modified clays
nd soil were determined using the same carbon analyser as for
atural samples. From this content the total OM content was
alculated for each organo clay/soil (Tables 1 and 2).

.3. Leaching experiment in soil columns

Experiments were performed in glass columns of 3 cm
i.d.) × 20 cm (length). Initially, the leaching of pesticides was
arried out in columns packed with 100 g of natural soil A.
hen, each column was over-saturated with water and allowed

o drain the excess of water freely for 24 h so that humidity con-
itions were equivalent to field capacity. The pore volume (PV)
f the packed columns was estimated by the weight difference
etween water-saturated columns and dry columns. Immediately
fter this, 1 mL of a solution of linuron, atrazine or metalaxyl
t 1000 �g/mL in methanol was added to the top part of those
olumns saturated with water. Methanol was rapidly evaporated
nd so the three pesticides were incorporated to the soil in similar
onditions [28,29]. Each experiment was carried out in tripli-
ate. The columns were then washed by continuously applying
00 mL (70 cm) of water under a saturated flow regime. During
he leaching experiment, the top of the column was in perma-
ent contact with water pumping with a peristaltic pump Gilson
inipuls 3 (Gilson Inc. Middleton, WI, USA) to maintain sat-

rated conditions. Fractions of leaching solution (15 mL) were
ollected successively and continuously using a Gilson F203

utomated fraction collector (in which the concentrations of pes-
icides were measured.

Next, leaching of pesticides in the soil A with the organic
arrier intercalated was carried out. The barriers were prepared

a
a
s
i

5.99 7.16
31.7 10.6

y incorporating in the upper part of the column an amount
f organo clay/soil that would permit the OM content to be
ncreased but would maintain the hydraulic conductivity of the
olumn. According to these conditions, we used 10 g of natural
oil A with 20% of ODTMA-M, 50% of ODTMA-K or 50% of
DTMA-P, or 10 g of ODTMA-soil B to prepare the different
arriers. The OM content of these barriers increased the OM con-
ent of the natural soil by 9-, 2.6-, 8- and 12-fold, respectively. A
ontrol experiment was also carried out to study the leaching of
esticides in columns loaded with soil A and natural clay barriers
ntercalated. These natural clay barriers were prepared with the
ame amount of clay than the organic clay barriers. Since it was
ot possible to maintain hydraulic conductivity of the columns
n these conditions, we carried out the experiment using a suit-
ble clay amount which allowed hydraulic conductivity of the
olumn. According to this, natural clay barriers were prepared
rom 10 g of natural soil A and 2.5% of M clay, 10% of K clay
r P clay.

After leaching of pesticides, the columns were cut into three
egments and the soil contained in each segment was turned
ver and weighed. Triplicate 5 g soil samples were taken from
ach segment and were shaken for 24 h with 10 mL of methanol
o determine the contents of pesticides. Triplicate 1 g soil sam-
les were also taken from each segment to determine the OM
ontent of untreated soil A and soil A with the organic barriers
ntercalated. It was only noted a slight decrease (<5%) in the OM
ontent of different segments of soil columns with the barriers
ntercalated indicating that the ODTMA adsorbed by the organo
lays/soil remained stable during the leaching process.

Conservative tracer transport, using chloride as an ion tracer
KCl), was implemented to describe the dispersive characteris-
ics of the columns used for the pesticide transport studies. The
mount of chloride ion applied was 47 mg (5 mL from a KCl
olution of 20 g/L in water), and the water flow rate was the
ame as that used in the pesticide leaching studies. The chloride
on concentration was determined using a Metrohm Ion Chro-

atograph (Metrohm Ltd., Switzerland).
The determination of pesticides in the leached fractions

nd soil extracts was accomplished by HPLC. The apparatus
sed was a Waters chromatograph (Waters Assoc., Mildford,
A) equipped with a model 600E multisolvent delivery system

ttached to a model 717 autosampler, a model 996 photodiode

rray detector (DAD), a ZQ mass spectrometer detector (MS),
nd Empower software as the data acquisition and processing
ystem. A Waters Symmetry C18 column (7.5 mm × 4.6 mm
.d., 3.5 �m) was used at ambient temperature and the mobile
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Table 3
Adsorption constants of linuron, atrazine and metalaxyl by the natural soil (Ksoil),
natural clays, organo clays and organo soil (Kbarrier)a

Linuron Atrazine Metalaxyl

Soil A 1.60 (0.5)b 0.67 (0.1) 0.20 (0.1)
Natural M 2.36 (0.9) 10.1 (0.7) 1.27 (0.0)
Natural K 9.90 (1.4) 10.9 (0.8) 0.05 (0.0)
Natural P 5.17 (1.1) 8.53 (0.1) 2.49 (0.8)
ODTMA-M 1454 (28) 146 (6.2) 191 (6.0)
ODTMA-K 174 (0.8) 18.6 (0.8) 2.12 (1.9)
ODTMA-P 332 (13) 54.0 (6.5) 20.2 (9.4)
ODTMA–soil B 325 (17) 41.8 (6.1) 43.3 (0.3)
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a Adsorption constants taken from previous works by the authors [17,27].
b Standard error of two replicates.

hase was 70/30 (acetonitrile/water). The flow rate of the mobile
hase was 0.3 mL/min and the sample injection volume was
0 �L. Detection by HPLC/DAD was at 210 nm for linuron,
20 nm for atrazine and 194 nm for metalaxyl and detection by
PLC/MS to confirm the identity of these compounds was car-

ied out by monitoring the positive molecular ion (m/z) 249.1
or linuron, 216.7 for atrazine and 280.3 for metalaxyl.

.4. Determination of retardation factors

Retardation factors, R, were determined as indicators of the
hifts of the maximum peaks of breakthrough curves (BTC) for
esticide leaching in natural soil columns and in natural soil
olumns with intercalated barriers. These factors were calcu-
ated according to the expression proposed by Wagner et al.
30]: R = 1 + Kρ((1 − ξ)/ξ), where R is the retardation factor, ρ

he density of the soil (g/cm3), ξ the porosity (pore volume in
he packed bed divided by the total volume occupied by the
acked bed), and K is the adsorption constant of pesticides by
he column components.

K values were determined according to the equation proposed
y Voudrias [31]: K = θsoilKsoil + θbarrierKbarrier, where θsoil and
barrier are the respective fractions of natural soil and natural
lay or organo clay/soil in the columns, and Ksoil and Kbarrier

re the respective adsorption constants of linuron, atrazine and
etalaxyl by the natural soil and by the different natural clays or

rgano clays/soil comprising the barriers of the columns. These
dsorption constants (Ksoil and Kbarrier) are included in Table 3

t
i
m
m

able 4
arameters of soil columns, retardation factors (R), and adsorption constants (K)

olumn Column density (g/cm3) Column porosity (cm3/cm3)

oil A 0.71 0.31
oil A + M 0.71 0.27
oil A + K 0.71 0.29
oil A + P 0.71 0.28
oil A + M-ODTMA 0.71 0.24
oil A + K-ODTMA 0.71 0.23
oil A + P-ODTMA 0.71 0.21
oils A + B-ODTMA 0.71 0.26

a Determined from adsorption constants of pesticides by different components of s
rdous Materials B139 (2007) 363–372

nd they were taken from previous works by the authors [17,27]
here the adsorption of various pesticides by different natural

nd organo clays/soils, including those selected in this work,
ere studied from adsorption isotherms in batch experiments.
arameters of soil columns and values of adsorption constants
K) and retardation factors calculated are included in Table 4.

. Results and discussion

.1. Pesticide leaching in unmodified soil column

Fig. 1 shows the BTCs of linuron, atrazine and metalaxyl
eaching with water, in the unmodified soil columns, and in soil
olumns with natural clay barriers intercalated. This figure also
ncludes the BTC of the chloride tracer ion in the soil column.
hloride ion is a conservative ion and hence does not undergo

etention or degradation in soils. It is considered as a water flow
racer in the soil columns [32,33]. In this work BTCs of chlo-
ide ion leaching begin at about 0.5 PV and reach a maximum at
bout 1 PV, as it is generally expected to occur in the percolation
f conservative ions. This movement indicates that water flow
n the used soil column is uniform and retardation factor R for
hloride ion leaching is close to 1. According to this, differences
n the leaching of pesticides with respect to the ion tracer leach-
ng in similar soil columns should not be related to water flow
34].

The BTCs of atrazine and metalaxyl leaching in the unmod-
fied soil were very similar, and they indicated a rapid leaching
f the pesticides. The peak of maximum concentration of BTCs
as found for a water volume of 1.1 PV (atrazine) and of 1.5 PV

metalaxyl). Additionally, the shape of the curves with short final
ails could be considered similar to that found for conservative
on, indicating a weak interaction of both compounds with the
dsorbent. The maximum concentration was almost identical for
he two pesticides representing 29.3% for atrazine, and 30.2%
or metalaxyl of the total mass fraction applied to the columns.
he BTC of linuron leaching had an asymmetrical shape and a
nal tail, indicating a stronger interaction of this pesticide with
he soil than that of atrazine and metalaxyl [35]. The BTC max-
mum appeared for a higher volume of water (2.57 PV) and the

aximum concentration was lesser representing 10.9% of the
ass fraction applied initially.

Retardation factors Adsorption constantsa

Linuron Atrazine Metalaxyl Linuron Atrazine Metalaxyl

3.59 2.08 1.32 1.60 0.67 0.20
4.08 2.33 1.39 1.61 0.69 0.20
3.91 2.34 1.34 2.43 1.69 0.19
3.93 2.34 1.40 1.96 1.46 0.43

69.5 9.0 10.0 30.6 3.58 4.02
25.7 4.79 1.72 10.2 1.57 0.30
48.6 9.76 4.15 18.1 3.34 1.20
68.7 10.5 10.0 33.9 4.78 4.51

oil columns according to Voudrias [31].
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Table 5
Amounts of pesticides retained and leached (% of applied) in natural soil columns and in soil columns with intercalated ODTMA–clays and ODTMA–soil barriers

Segment (cm) Soil A Soil A + ODTMA-M Soil A + ODTMA-K Soil A + ODTMA-P Soil A + ODTMA–soil B

Linuron
0–5 cm 1.61 (0.13)a 94.2 (2.75) 82.2 (4.33) 96.2 (1.10) 92.3 (7.51)
5–10 cm 1.76 (0.37) 0.67 (0.06) 2.40 (0.82) 0.55 (0.07) 0.51 (0.13)
10–15 cm 2.18 (0.64) 0.59 (0.09) 1.61(0.34) 0.00 (0.00) 1.52 (1.61)
Total soil 5.55 (0.44) 95.5 (2.98) 86.2 (3.36) 96.7 (0.31) 94.3 (6.14)
Total leached 85.9 (2.58) 1.83 (0.31) 3.75 (0.34) 0.11 (0.02 0.42 (0.18)
Maximum peak concentration 10.9 (0.66) (2.57VP) – – – –

Atrazina
0–5 cm 0.53 (0.03) 1.34 (0.16) 0.25 (0.16) 1.10 (0.78) 469 (4.57)
5–10 cm 0.07 (0.01) 0.35 (0.11) 0.10 (0.09) 0.98 (0.21) 4.27 (0.09)
10–15 cm 0.48 (0.21) 0.51 (0.11) 0.12 (0.11) 1.10 (0.19) 5.27 (0.44)
Total soil 1.08 (0.06) 2.26 (0.11) 0.47 (0.25) 3.18 (1.14) 56.4 (4.22)
Total leached 109 (6.85) 101 (8.49) 108 (6.55) 88.1 (2.16) 47.2 (1.73)
Maximum peak concentration 29.3 (1.18) (1.10 VP) 4.87 (0.37) (6.95 VP) 7.62 (0.33) (3.61 VP) 6.03 (0.37) (8.76 VP) 2.72 (0.28) (12.1 VP)

Metalaxyl
0–5 cm 1.23 (0.84) 13.6 (3.42) 1.20 (0.31) 1.60 (1.40) 33.2 (6.75)
5–10 cm 0.80 (0.02) 1.07 (0.01) 0.14 (0.12) 0.05 (0.03) 0.50 (0.00)
10–15 cm 2.34 (0.95) 1.07 (1.01) 0.23 (0.15) 1.72 (0.05) 0.72 (0.11)
Total soil 4.37 (1.25) 15.4 (3.72) 1.36 (0.51) 1.72 (0.35) 34.5 (6.86)
Total leached 88.7 (15.3) 80.8 (2.16) 101 (0.95) 97.4 (3.51) 54.8 (4.39)
Maximum peak concentration 30.2 (5.24) (1.50 VP) 4.23 (0.17) (5.64 VP) 8.00 (0.09) (1.75 VP) 8.97(0.54) (4.85 VP) 2.17 (0.07) (6.41 VP)

a Standard error of three replicates.
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ig. 1. Breakthrough curves for leaching of linuron, atrazine and metalaxyl in
nmodified soil columns and in soil with natural clay barriers intercalated.

The total amounts leached and the residual amounts in the
olumn after leaching expressed as percentages of the amount
nitially added to the column are shown in Table 5. The leaching
f the three pesticides in soil A (sandy loam) was almost com-
lete after the application of 500 mL of water to the column and

he residual amount of each of them was shared equally along
he three segments of the column (Table 5).

The values of R factors calculated for leaching of pesticides
n unmodified soil column (Table 4) are in agreement with the

c
o
i
c

rdous Materials B139 (2007) 363–372

V values corresponding to the maximum peaks. The highest
value corresponds to linuron owing to the greater adsorption

f this pesticide by soil A than that of atrazine or metalaxyl.
ifferences in the mobility of these pesticides in soils of differ-

nt composition and with an OM content <2% have also been
eported by several authors in studies carried out using soil thin
ayer chromatography. These pesticides were defined as slightly

obile (linuron) [12], moderately mobile (atrazine) [36] and
ery mobile (metalaxyl) [37].

Leaching of the three pesticides in soil columns with natu-
al clay barriers intercalated using a suitable clay amount which
llowed hydraulic conductivity of the column were also car-
ied out (see Section 2.3). The BTCs of atrazine and metalaxyl
eaching were similar to those of unmodified soil when K and

clays were used in the barriers (results no shown), and were
early similar when M clay was used (Fig. 1). In this last case,
he concentration of maximum peak decreased slightly and it
as similar for the two herbicides (27.9% of the total mass

raction applied). This maximum peak was found for a greater
ater volume than in unmodified soil columns, at 1.5 PV for

trazine and 1.7 PV for metalaxyl. BTCs of linuron leaching
ere also similar to that of unmodified soil if K clay was used

s a barrier, but when barriers were prepared with natural P
r M clays (Fig. 1) a delay of the BTC (M-barrier) and a
ecrease of the maximum peak concentration were observed.
hese concentrations were 10.0% and 9.04% of the total mass

raction applied in the columns with P and M clays intercalated,
espectively.

The values of R factors for leaching of pesticides in soil
olumns with natural clay barriers intercalated were also calcu-
ated (Table 4). They increased slightly comparing with unmod-
fied soil and they are in agreement with the PV values corre-
ponding to the maximum peaks. The total amounts leached and
he residual amounts in the column after leaching were similar
o those obtained in unmodified soil (data no shown).

Although this experiment cannot be used as a control of that
ith organic barriers intercalated as it was indicated previously,

he results obtained provided useful information about the use
f natural clay barriers. Thus, the low or null effect of these bar-
iers in the leaching of used pesticides indicated that the natural
lays have limitations to be used as barriers in order to decrease
he leaching of the pesticides studied or other compounds with
imilar properties in soils.

.2. Pesticide leaching in soil column with intercalated
arriers

Figs. 2–4 show the BTCs and cumulative curves of linuron,
trazine and metalaxyl leaching with water in the columns of
oil A with intercalated barriers of the clay minerals or of soil B
odified with ODTMA. In principle, the BTCs obtained indicate
different behaviour of the pesticides in the natural soil and

n the soil with intercalated barriers. Differences in the BTCs

orresponding to leaching of the different pesticides were also
bserved in all systems. The BTC of the chloride tracer ion (non
ncluded) was almost identical for unmodified and modified soil
olumns.
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Fig. 2. Breakthrough and cumulative curves for linuron leaching in soil columns with organo clays/soil barriers intercalated.

Fig. 3. Breakthrough and cumulative curves for atrazine leaching in soil columns with organo clays/soil barriers intercalated.
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Fig. 4. Breakthrough and cumulative curves for metalaxyl lea

The BTCs of linuron leaching in the soil columns with inter-
alated barriers of organo clays/soil indicate a dramatic decrease
n the leaching of the pesticide in all columns. The BTCs do not
how a maximum peak with the flow of water added. Accord-
ngly, the maximum must occur at a PV value above 12–15,
epending on the column characteristics. The values of R fac-
ors calculated for leaching of linuron in soil columns with
ntercalated barriers (Table 4) are very high and vary between
9.5 (column with ODTMA-M barrier) and 25.7 (column with
DTMA-K barrier). The total amounts of linuron leached in

he modified columns expressed as percentages of the initial
mount added (Table 5) were very low and varied between 0.11%
nd 3.75% when barriers of ODTMA-P and ODTMA-K were
ntercalated, respectively. The percentages of residual linuron in
he columns varied between 86.2% and 96.7%, indicating the
lmost complete retention of the compound in the first segment
f the columns. The results obtained indicate an almost complete
mmobilisation of linuron in the columns of soil with interca-
ated barriers of organo clays/soil after the application of 500 mL
f water under saturated flow regime. The immobilisation is due
o the increase in the adsorption of linuron by the soil, in turn
ue to the presence of materials enriched in OM derived from
DTMA.
The intercalation of organo clay/soil barriers in the soil

olumns did not give rise to the complete immobilisation of

trazine or metalaxyl, which are less hydrophobic pesticides
han linuron. However the BTCs obtained indicated an impor-
ant modification in the leaching kinetics of these pesticides and
much slower washing process than in the natural soil. In gen-

T
w
o
5

in soil columns with organo clays/soil barriers intercalated.

ral, the leaching BTCs of these pesticides are not symmetrical,
ut instead have tails, indicating a continuous washing of the
ompound as from the maximum peak corresponding to the
lower adsorption–desorption kinetics of the compound [35,38].
he BTCs of atrazine leaching in columns with ODTMA-
, ODTMA-K and ODTMA-P barriers (Fig. 3) show peaks

oward the 3.61–8.76 PV zone, and the maximum concentra-
ions attained represent 4.87%, 7.62% and 6.03%, respectively
f the amount of atrazine initially added. These values indicate a
ecrease of between four- and five-fold of the maximum concen-
ration obtained in the natural soil. The BTC of atrazine leaching
ith ODTMA–soil B was different, a maximum peak was not

chieved with the total flow of water added, instead, a plateau
as obtained whose maximum concentration represented 2.72%
f the amount initially added.

The BTCs of metalaxyl leaching in the columns with organo
lay barriers (Fig. 4) show peaks with maximum concentra-
ions representing 4.23% (ODTMA-M), 8.00% (ODTMA-K)
nd 8.97% (ODTMA-P) of the amount initially added. These
oncentrations indicate a decrease of between four- and seven-
old the maximum peak concentration in the column of natural
oil. In the columns with the ODTMA–soil B barrier, a slow and
ontinuous leaching of the compound was seen, and a plateau
aximum was also reached after the addition of total water vol-

me, which represents 2.17% of the compound initially applied.

he total amounts of atrazine and metalaxyl leached in columns
ith intercalated barriers of organo clays were similar to those
btained in the columns of untreated soil, and they were close to
0% of that added initially when the barrier of organo soil B was
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ntercalated (Table 5). However, intercalation of ODTMA–clay
arriers in the soil columns delayed the maxima of percola-
ion curves and decreased the presence of both pesticides in the
eachates to a significant extent.

The values of R factors calculated for leaching of atrazine and
etalaxyl in soil columns with intercalated barriers (Table 4) are

onsistent with the parameters obtained in the leaching experi-
ents in the different columns as regards the PV of the maximum

eak of BTCs and the total amounts leached in the columns. A
ighly significant linear correlation was found between the R fac-
ors and the PV of the maximum peaks corresponding to BTCs
f atrazine and metalaxyl (r2 = 0.83; p < 0.001) and a negative
ignificant correlation was also obtained between the R factors
nd the total volumes leached (r2 = 0.44; p < 0.05).

On the other hand a linear correlation can also be established
etween the R factors and the OM content of the barriers for
ach pesticide. A significant correlation coefficient was found
or linuron (r2 = 0.91; p < 0.01), and for the pesticides atrazine
nd metalaxyl, with lesser hidrophobic character, correlation
oefficients with a lower degree of significance than for linuron
ere also found (r2 = 0.78; p < 0.05 for atrazine, and r2 = 0.84;
< 0.05 for metalaxyl). These results indicate an increase of the
factors with the OM content of barriers independent of the

lay mineral in which the OM derived of ODTMA is supported.
owever considering that the OM content (as organic cation)

upported by each clay depends on its structural properties, it
ill be necessary to take into account the type of clay mineral to
e used in order to add the appropiate amounts of these materials
n the preparation of an effective reactive clay barrier. Therefore

decreasing in the leaching of pesticides in a controlled way
ould be possible.

. Conclusions

The results obtained indicate the efficiency of the intercala-
ion of clay/soil barriers modified with the cationic surfactant
DTMA in decreasing the mobility of linuron, atrazine and
etalaxyl in a sandy loam soil. The BTCs of pesticide leach-

ng point to the almost complete immobilisation of linuron,
he most hydrophobic pesticide, and a decrease in the leach-
ng kinetics of the less hydrophobic pesticides atrazine and

etalaxyl after application of 500 mL of water to the columns
ith intercalated barriers. The maximum concentrations of the
TCs decreased 4–10-fold for atrazine and 3–14-fold for met-
laxyl with respect to the maximum concentrations obtained in
he unmodified soil. The retardation factors, R, calculated for
eaching of pesticides in the soil columns increased in the range
.59–69.5 (linuron), 2.08–10.5 (atrazine), and 1.32–10.0 (meta-
axyl) when the organic barriers were intercalated in the columns
f the natural soil. Significant correlations found between these
factors and the OM content (as organic cation) of the inter-

alated barriers indicated that these factors were independent
f the type of the clay mineral in which this OM is supported.

ccordingly, reactive clay barriers of the three clay minerals

tudied in this work could be used taking into account that the
equired amount of each one will depend on the OM content (as
rganic cation) supported by these clays. These results highlight

[
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n the interest in sorption barriers to decrease the leaching of
esticides of different hidrophobicity from point-like sources of
ollution, preventing the generation of elevated concentrations
aused by a rapid washing of the pesticide.
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