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Abstract

In this work, the efficiency of reactive clay barriers in the immobilisation of organic pesticides in a sandy soil was studied. Reactive barriers
were prepared by modification of montmorillonite, kaolinite and palygorskite clay minerals, and of a clayey soil with the cationic surfactant
octadecyltrimethylammonium bromide (ODTMA). Percolation curves of the pesticides linuron, atrazine and metalaxyl of different hydrophobic
character, were obtained in columns packed with a natural sandy soil with these barriers intercalated under saturated flow conditions. The cumulative
curves in the unmodified soil indicated a leaching of pesticides greater than 85% of the total amount of compound added. After barrier intercalation,
the breakthrough curves (BTC) indicated a dramatic decrease in the amounts of linuron leached in all columns and a significant modification of the
leaching kinetics of atrazine and metalaxyl. Retardation factors, R, of the pesticides in the columns were significantly correlated with the organic
matter content (OM) derived from the ODTMA of the organo clay/soil barriers (> > 0.78). Significant correlations were also found between these
R factors and the pore volume values corresponding to the maximum peaks of the BTCs (> =0.83; p <0.01) or the total volumes leached (12 = 0.44;
p <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
immobilisation of hydrophobic pesticides or for decreasing the leaching of moderately hydrophobic pesticides coming from point-like sources of

pollution. 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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1. Introduction

The important technological problems involved in the
restoration of aquifers polluted by organic compounds have been
well documented in recent years [1] and this has led to increas-
ing interest in the development of low-permeability containment
barriers and of high-permeability reactive barriers for the pre-
vention of pollution [2,3]. This is specially the case of zones
exposed to point-like sources of contamination by spills, illegal
tipping, etc. Studies carried out on both types of barriers have
included designs in which sorption is the main mechanism used
to reduce pollutant flow. Accordingly, the characterisation of
the sorption capacity of a material used as a barrier is a priority
task. In this sense, laboratory assays in columns are an attractive
means to accomplish this goal, despite the great difficulty some-
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times involved in obtaining breakthrough curves when strong
sorbent materials are used [4].

Low-permeability barriers such as soil/bentonite slurry walls
are widely used to restrict the migration of mobile subsurface
pollutants. Compacted clay liners are also used in municipal
landfills to prevent the migration of contaminated fluid from
the landfill to the groundwater. These liners can be constructed
from clayey or silty clay soils, either natural or mixed with
bentonite if necessary to meet the hydraulic conductivity require-
ments [S]. There are no specific requirements for soils to be
used in bentonite-soil liners. Any type of soils can be used but
the amount of bentonite is different. In general, the amount
of bentonite used is generally less than 6% on a dry weight
basis for soils with a broad range of grain size, and 10-15% for
uniformly sized-sands [6]. Slurry walls may be effective at con-
taining mainly polar organic pollutants for decades, although
some investigators observed that breakthrough of these pollu-
tants may occur due to molecular diffusion over a 5-30-year
period [4,7].
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Permeable reactive barriers offer an in situ semi-passive
remediation technology that uses materials which produce
chemical or biochemical reactions to transform or immobilise
pollutants. This method thus involves the emplacement of a
semi-permeable reactive medium in the path of the flow of a
pollutant plume [3]. Since the plume moves through the barrier,
the pollutant is transformed into non-toxic or immobile prod-
ucts. Accordingly, it is necessary to assess the reactive materials
based on its availability to transform or immobilise the pollutant
at sufficient speed and on the possibility of maintaining adequate
permeability during long periods of time and of releasing only
compounds that are compatible with the environment as sub-
products of the process.

Clay minerals are natural materials with a high capacity
to adsorb organic compounds via different mechanisms of
interaction. These minerals can be used, alone or mixed with
soil, as barriers against organic pollutants. Such barriers are
mainly reactive for positively charged organic pollutants (cation
exchange) and for polar pollutants (ion-dipole bonds). However,
they are less efficient at decreasing the transport of hydropho-
bic organic pollutants, which are mainly adsorbed by organic
materials (hydrophobic bonds). For the adsorption of the latter
compounds, it is necessary to modify natural clay barriers with
organic additives that will transform them into reactive clays for
such compounds. In this sense, some additives used are activated
carbon, peat, city refuse compost, wood fibers or surfactants
[3,8-11]. Cationic surfactants or quaternary ammonium salts
with a long hydrocarbon chain are of special interest because
their adsorption by clays leads to the formation of organo clays
that are highly reactive for retaining hydrophobic compounds
that are not retained by natural clays [12—17]. The carbon content
provided by the surfactant means that a partition of the hydropho-
bic compounds in the organo clay occurs, the irreversibility of
the compounds adsorbed being variable as a function of the
clay mineral and of the hydrophobicity of the organic compound
[15,17].

In the present work, we studied the immobilisation of organic
pesticides in a sandy loam soil by the intercalation of reactive
barriers of clays and of a clayey soil, both of them modified
with octadecyltrimethylammonium bromide (ODTMA). The
aim was to gain insight into the efficiency of these barriers in
the immobilisation of pesticides with different hydrophobicity.
The work was carried out in soil columns using different clays
(montmorillonite, kaolinite and palygorskite) and different pes-
ticides (linuron, atrazine and metalaxyl) with a view to shedding
light on the influence of the structure of the clay mineral and
of the hydrophobicity of the pesticide in the immobilisation
process.

Table 1
Characteristics of natural and modified soils studied

The study was conducted with the consideration that many
pesticides are, to a greater or lesser extent, hydrophobic com-
pounds and that many of them are often found in groundwaters
[18-20]. Additionally, some investigations performed in recent
years [21,22] have indicated that point-like sources of pollution
may contribute, to a greater extent, to increasing the pollution of
waters than diffuse contamination of the soil brought about by
the use of pesticides in agricultural practices. The emplacement
of a barrier of sorbent material in such zones could be a strat-
egy for isolating the pesticides preventing the pollution from
extending to soils or waters in the zone and/or allowing the nat-
ural degradation of these compounds immobilised in situ.

2. Materials and methods
2.1. Chemicals

Pesticides linuron, atrazine and metalaxyl were supplied by
Riédel de Haén (Hannover, Germany) (>98.5% purity). These
compounds are solids with water solubility and log K, value
of 81 pwg/mL and 3.00 for linuron, of 30 wg/mL and 2.50 for
atrazine, and of 8400 pg/mL and 1.75 for metalaxyl [23].
The cationic surfactant, octadecyltrimethylammonium bromide
(ODTMA), was supplied by Sigma—Aldrich (Madrid, Spain).

2.2. Soils and clays

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

The cation exchange capacity (CEC) of the soils and clays
was determined by the ammonium acetate method [25]. Organic
carbon (OC) contents were determined using an elemental car-
bon analyser (Wosthoff Carmograph 12 H Omega, Bochum,
Germany), and the results were multiplied by 1.72 to express

Soil Texture pH CEC (cmol/kg) OM (%) Clay (%) Silt (%) Sand (%) Clay mineralogy®
Soil A Sandy loam 6.0 4.80 0.85 11.8 13.6 74.5 912K

Soil B Sandy clay 7.0 20.5 1.79 38.1 5.8 56.1 11 M-2314K
ODTMA-soil B - 7.19 - - - -

M: montmorillonite; I: illite; K: kaolinite.
2 Minerals in soils (%).
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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 (mzlg) doo1 (A)
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
ODTMA-K - 2.06 2.55 5.99 7.16
ODTMA-P - 7.25 8.99 31.7 10.6

the OC as organic matter (OM) [25]. The clay minerals were
identified by X-ray diffraction [26] using a Philips 1710 appa-
ratus (Eindhoven, The Netherlands). Specific surface area was
determined by the N; adsorption—desorption method at —196 °C
on a Micromeritics Gemini analyser (Norcross, USA).

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

2.3. Leaching experiment in soil columns

Experiments were performed in glass columns of 3cm
(i.d.) x 20 cm (length). Initially, the leaching of pesticides was
carried out in columns packed with 100 g of natural soil A.
Then, each column was over-saturated with water and allowed
to drain the excess of water freely for 24 h so that humidity con-
ditions were equivalent to field capacity. The pore volume (PV)
of the packed columns was estimated by the weight difference
between water-saturated columns and dry columns. Immediately
after this, 1 mL of a solution of linuron, atrazine or metalaxyl
at 1000 pg/mL in methanol was added to the top part of those
columns saturated with water. Methanol was rapidly evaporated
and so the three pesticides were incorporated to the soil in similar
conditions [28,29]. Each experiment was carried out in tripli-
cate. The columns were then washed by continuously applying
500 mL (70 cm) of water under a saturated flow regime. During
the leaching experiment, the top of the column was in perma-
nent contact with water pumping with a peristaltic pump Gilson
Minipuls 3 (Gilson Inc. Middleton, WI, USA) to maintain sat-
urated conditions. Fractions of leaching solution (15 mL) were
collected successively and continuously using a Gilson F203
automated fraction collector (in which the concentrations of pes-
ticides were measured.

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

by incorporating in the upper part of the column an amount
of organo clay/soil that would permit the OM content to be
increased but would maintain the hydraulic conductivity of the
column. According to these conditions, we used 10 g of natural
soil A with 20% of ODTMA-M, 50% of ODTMA-K or 50% of
ODTMA-P, or 10 g of ODTMA-soil B to prepare the different
barriers. The OM content of these barriers increased the OM con-
tent of the natural soil by 9-, 2.6-, 8- and 12-fold, respectively. A
control experiment was also carried out to study the leaching of
pesticides in columns loaded with soil A and natural clay barriers
intercalated. These natural clay barriers were prepared with the
same amount of clay than the organic clay barriers. Since it was
not possible to maintain hydraulic conductivity of the columns
in these conditions, we carried out the experiment using a suit-
able clay amount which allowed hydraulic conductivity of the
column. According to this, natural clay barriers were prepared
from 10 g of natural soil A and 2.5% of M clay, 10% of K clay
or P clay.

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

Conservative tracer transport, using chloride as an ion tracer
(KCI), was implemented to describe the dispersive characteris-
tics of the columns used for the pesticide transport studies. The
amount of chloride ion applied was 47 mg (5 mL from a KCl
solution of 20 g/L in water), and the water flow rate was the
same as that used in the pesticide leaching studies. The chloride
ion concentration was determined using a Metrohm Ion Chro-
matograph (Metrohm Ltd., Switzerland).

The determination of pesticides in the leached fractions
and soil extracts was accomplished by HPLC. The apparatus
used was a Waters chromatograph (Waters Assoc., Mildford,
MA) equipped with a model 600E multisolvent delivery system
attached to a model 717 autosampler, a model 996 photodiode
array detector (DAD), a ZQ mass spectrometer detector (MS),
and Empower software as the data acquisition and processing
system. A Waters Symmetry C18 column (7.5 mm x 4.6 mm
i.d., 3.5 wm) 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 (Ksoj1 ),
natural clays, organo clays and organo soil (Kparrier)*

Linuron Atrazine Metalaxyl
Soil A 1.60 (0.5)° 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)

2 Adsorption constants taken from previous works by the authors [17,27].
b Standard error of two replicates.

phase was 70/30 (acetonitrile/water). The flow rate of the mobile
phase was 0.3 mL/min and the sample injection volume was
10 uL. Detection by HPLC/DAD was at 210nm for linuron,
220 nm for atrazine and 194 nm for metalaxyl and detection by
HPLC/MS to confirm the identity of these compounds was car-
ried out by monitoring the positive molecular ion (m/z) 249.1
for linuron, 216.7 for atrazine and 280.3 for metalaxyl.

2.4. Determination of retardation factors

Retardation factors, R, were determined as indicators of the
shifts of the maximum peaks of breakthrough curves (BTC) for
pesticide leaching in natural soil columns and in natural soil
columns with intercalated barriers. These factors were calcu-
lated according to the expression proposed by Wagner et al.
[30]: R=1+Kp((1 —&)/E), where R is the retardation factor, p
the density of the soil (g/cm?), & the porosity (pore volume in
the packed bed divided by the total volume occupied by the
packed bed), and K is the adsorption constant of pesticides by
the column components.

K values were determined according to the equation proposed
by Voudrias [31]: K =050i1Ksoil + Ovarrier Kbarriers Where g1 and
Obarrier are the respective fractions of natural soil and natural
clay or organo clay/soil in the columns, and Ko and Kparrier
are the respective adsorption constants of linuron, atrazine and
metalaxyl by the natural soil and by the different natural clays or
organo clays/soil comprising the barriers of the columns. These
adsorption constants (K] and Kparrier) are included in Table 3

Table 4
Parameters of soil columns, retardation factors (R), and adsorption constants (K)

and they were taken from previous works by the authors [17,27]
where the adsorption of various pesticides by different natural
and organo clays/soils, including those selected in this work,
were studied from adsorption isotherms in batch experiments.
Parameters of soil columns and values of adsorption constants
(K) and retardation factors calculated are included in Table 4.

3. Results and discussion
3.1. Pesticide leaching in unmodified soil column

Fig. 1 shows the BTCs of linuron, atrazine and metalaxyl
leaching with water, in the unmodified soil columns, and in soil
columns with natural clay barriers intercalated. This figure also
includes the BTC of the chloride tracer ion in the soil column.
Chloride ion is a conservative ion and hence does not undergo
retention or degradation in soils. It is considered as a water flow
tracer in the soil columns [32,33]. In this work BTCs of chlo-
ride ion leaching begin at about 0.5 PV and reach a maximum at
about 1 PV, as it is generally expected to occur in the percolation
of conservative ions. This movement indicates that water flow
on the used soil column is uniform and retardation factor R for
chloride ion leaching is close to 1. According to this, differences
in the leaching of pesticides with respect to the ion tracer leach-
ing in similar soil columns should not be related to water flow
[34].

The BTCs of atrazine and metalaxyl leaching in the unmod-
ified soil were very similar, and they indicated a rapid leaching
of the pesticides. The peak of maximum concentration of BTCs
was 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
tails could be considered similar to that found for conservative
ion, indicating a weak interaction of both compounds with the
adsorbent. The maximum concentration was almost identical for
the two pesticides representing 29.3% for atrazine, and 30.2%
for metalaxyl of the total mass fraction applied to the columns.
The BTC of linuron leaching had an asymmetrical shape and a
final tail, indicating a stronger interaction of this pesticide with
the soil than that of atrazine and metalaxyl [35]. The BTC max-
imum appeared for a higher volume of water (2.57 PV) and the
maximum concentration was lesser representing 10.9% of the
mass fraction applied initially.

Column Column density (g/cm?) Column porosity (cm®/cm?) Retardation factors Adsorption constants®
Linuron Atrazine Metalaxyl Linuron Atrazine Metalaxyl

Soil A 0.71 0.31 3.59 2.08 1.32 1.60 0.67 0.20
Soil A+M 0.71 0.27 4.08 2.33 1.39 1.61 0.69 0.20
Soil A+K 0.71 0.29 391 2.34 1.34 2.43 1.69 0.19
Soil A+P 0.71 0.28 3.93 2.34 1.40 1.96 1.46 0.43
Soil A+ M-ODTMA 0.71 0.24 69.5 9.0 10.0 30.6 3.58 4.02
Soil A +K-ODTMA 0.71 0.23 25.7 4.79 1.72 10.2 1.57 0.30
Soil A +P-ODTMA 0.71 0.21 48.6 9.76 4.15 18.1 3.34 1.20
Soils A+B-ODTMA  0.71 0.26 68.7 10.5 10.0 339 4.78 451

2 Determined from adsorption constants of pesticides by different components of soil columns according to Voudrias [31].



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

0-5cm 1.61 (0.13)* 94.2 (2.75) 82.2 (4.33) 96.2 (1.10) 92.3(7.51)

5-10cm 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

0-5cm 0.53 (0.03) 1.34 (0.16) 0.25 (0.16) 1.10 (0.78) 469 (4.57)

5-10cm 0.07 (0.01) 0.35(0.11) 0.10 (0.09) 0.98 (0.21) 4.27 (0.09)

10-15cm 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

0-5cm 1.23 (0.84) 13.6 (3.42) 1.20 (0.31) 1.60 (1.40) 33.2 (6.75)

5-10cm 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)

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

The total amounts leached and the residual amounts in the
column after leaching expressed as percentages of the amount
initially added to the column are shown in Table 5. The leaching
of the three pesticides in soil A (sandy loam) was almost com-
plete after the application of 500 mL of water to the column and
the residual amount of each of them was shared equally along
the three segments of the column (Table 5).

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

PV values corresponding to the maximum peaks. The highest
R value corresponds to linuron owing to the greater adsorption
of this pesticide by soil A than that of atrazine or metalaxyl.
Differences in the mobility of these pesticides in soils of differ-
ent composition and with an OM content <2% have also been
reported by several authors in studies carried out using soil thin
layer chromatography. These pesticides were defined as slightly
mobile (linuron) [12], moderately mobile (atrazine) [36] and
very mobile (metalaxyl) [37].

Leaching of the three pesticides in soil columns with natu-
ral clay barriers intercalated using a suitable clay amount which
allowed hydraulic conductivity of the column were also car-
ried out (see Section 2.3). The BTCs of atrazine and metalaxyl
leaching were similar to those of unmodified soil when K and
P clays were used in the barriers (results no shown), and were
nearly similar when M clay was used (Fig. 1). In this last case,
the concentration of maximum peak decreased slightly and it
was similar for the two herbicides (27.9% of the total mass
fraction applied). This maximum peak was found for a greater
water volume than in unmodified soil columns, at 1.5 PV for
atrazine and 1.7 PV for metalaxyl. BTCs of linuron leaching
were also similar to that of unmodified soil if K clay was used
as a barrier, but when barriers were prepared with natural P
or M clays (Fig. 1) a delay of the BTC (M-barrier) and a
decrease of the maximum peak concentration were observed.
These concentrations were 10.0% and 9.04% of the total mass
fraction applied in the columns with P and M clays intercalated,
respectively.

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

Although this experiment cannot be used as a control of that
with organic barriers intercalated as it was indicated previously,
the results obtained provided useful information about the use
of natural clay barriers. Thus, the low or null effect of these bar-
riers in the leaching of used pesticides indicated that the natural
clays have limitations to be used as barriers in order to decrease
the leaching of the pesticides studied or other compounds with
similar properties in soils.

3.2. Pesticide leaching in soil column with intercalated
barriers

Figs. 2—4 show the BTCs and cumulative curves of linuron,
atrazine and metalaxyl leaching with water in the columns of
soil A with intercalated barriers of the clay minerals or of soil B
modified with ODTMA. In principle, the BTCs obtained indicate
a different behaviour of the pesticides in the natural soil and
in the soil with intercalated barriers. Differences in the BTCs
corresponding to leaching of the different pesticides were also
observed in all systems. The BTC of the chloride tracer ion (non
included) was almost identical for unmodified and modified soil
columns.
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Fig. 2. Breakthrough and cumulative curves for linuron leaching in soil columns with organo clays/soil barriers intercalated.
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Fig. 4. Breakthrough and cumulative curves for metalaxyl leaching in soil columns with organo clays/soil barriers intercalated.

The BTCs of linuron leaching in the soil columns with inter-
calated barriers of organo clays/soil indicate a dramatic decrease
in the leaching of the pesticide in all columns. The BTCs do not
show a maximum peak with the flow of water added. Accord-
ingly, the maximum must occur at a PV value above 12-15,
depending on the column characteristics. The values of R fac-
tors calculated for leaching of linuron in soil columns with
intercalated barriers (Table 4) are very high and vary between
69.5 (column with ODTMA-M barrier) and 25.7 (column with
ODTMA-K barrier). The total amounts of linuron leached in
the modified columns expressed as percentages of the initial
amount added (Table 5) were very low and varied between 0.11%
and 3.75% when barriers of ODTMA-P and ODTMA-K were
intercalated, respectively. The percentages of residual linuron in
the columns varied between 86.2% and 96.7%, indicating the
almost complete retention of the compound in the first segment
of the columns. The results obtained indicate an almost complete
immobilisation of linuron in the columns of soil with interca-
lated barriers of organo clays/soil after the application of 500 mL
of water under saturated flow regime. The immobilisation is due
to the increase in the adsorption of linuron by the soil, in turn
due to the presence of materials enriched in OM derived from
ODTMA.

The intercalation of organo clay/soil barriers in the soil
columns did not give rise to the complete immobilisation of
atrazine or metalaxyl, which are less hydrophobic pesticides
than linuron. However the BTCs obtained indicated an impor-
tant modification in the leaching kinetics of these pesticides and
a much slower washing process than in the natural soil. In gen-

eral, the leaching BTCs of these pesticides are not symmetrical,
but instead have tails, indicating a continuous washing of the
compound as from the maximum peak corresponding to the
slower adsorption—desorption kinetics of the compound [35,38].
The BTCs of atrazine leaching in columns with ODTMA-
M, ODTMA-K and ODTMA-P barriers (Fig. 3) show peaks
toward the 3.61-8.76 PV zone, and the maximum concentra-
tions attained represent 4.87%, 7.62% and 6.03%, respectively
of the amount of atrazine initially added. These values indicate a
decrease of between four- and five-fold of the maximum concen-
tration obtained in the natural soil. The BTC of atrazine leaching
with ODTMA-soil B was different, a maximum peak was not
achieved with the total flow of water added, instead, a plateau
was obtained whose maximum concentration represented 2.72%
of the amount initially added.

The BTCs of metalaxyl leaching in the columns with organo
clay barriers (Fig. 4) show peaks with maximum concentra-
tions representing 4.23% (ODTMA-M), 8.00% (ODTMA-K)
and 8.97% (ODTMA-P) of the amount initially added. These
concentrations indicate a decrease of between four- and seven-
fold the maximum peak concentration in the column of natural
soil. In the columns with the ODTMA-—soil B barrier, a slow and
continuous leaching of the compound was seen, and a plateau
maximum was also reached after the addition of total water vol-
ume, which represents 2.17% of the compound initially applied.
The total amounts of atrazine and metalaxyl leached in columns
with intercalated barriers of organo clays were similar to those
obtained in the columns of untreated soil, and they were close to
50% of that added initially when the barrier of organo soil B was
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intercalated (Table 5). However, intercalation of ODTMA—clay
barriers in the soil columns delayed the maxima of percola-
tion curves and decreased the presence of both pesticides in the
leachates to a significant extent.

The values of R factors calculated for leaching of atrazine and
metalaxyl in soil columns with intercalated barriers (Table 4) are
consistent with the parameters obtained in the leaching experi-
ments in the different columns as regards the PV of the maximum
peak of BTCs and the total amounts leached in the columns. A
highly significant linear correlation was found between the R fac-
tors and the PV of the maximum peaks corresponding to BTCs
of atrazine and metalaxyl (+>=0.83; p<0.001) and a negative
significant correlation was also obtained between the R factors
and the total volumes leached (r% = 0.44; p<0.05).

On the other hand a linear correlation can also be established
between the R factors and the OM content of the barriers for
each pesticide. A significant correlation coefficient was found
for linuron (2 =0.91; p<0.01), and for the pesticides atrazine
and metalaxyl, with lesser hidrophobic character, correlation
coefficients with a lower degree of significance than for linuron
were also found (r2 =0.78; p<0.05 for atrazine, and 2 =0.84;
p <0.05 for metalaxyl). These results indicate an increase of the
R factors with the OM content of barriers independent of the
clay mineral in which the OM derived of ODTMA is supported.
However considering that the OM content (as organic cation)
supported by each clay depends on its structural properties, it
will be necessary to take into account the type of clay mineral to
be used in order to add the appropiate amounts of these materials
in the preparation of an effective reactive clay barrier. Therefore
a decreasing in the leaching of pesticides in a controlled way
would be possible.

4. Conclusions

The results obtained indicate the efficiency of the intercala-
tion of clay/soil barriers modified with the cationic surfactant
ODTMA in decreasing the mobility of linuron, atrazine and
metalaxyl in a sandy loam soil. The BTCs of pesticide leach-
ing point to the almost complete immobilisation of linuron,
the most hydrophobic pesticide, and a decrease in the leach-
ing kinetics of the less hydrophobic pesticides atrazine and
metalaxyl after application of 500 mL of water to the columns
with intercalated barriers. The maximum concentrations of the
BTCs decreased 4-10-fold for atrazine and 3—14-fold for met-
alaxyl with respect to the maximum concentrations obtained in
the unmodified soil. The retardation factors, R, calculated for
leaching of pesticides in the soil columns increased in the range
3.59-69.5 (linuron), 2.08-10.5 (atrazine), and 1.32—-10.0 (meta-
laxyl) when the organic barriers were intercalated in the columns
of the natural soil. Significant correlations found between these
R factors and the OM content (as organic cation) of the inter-
calated barriers indicated that these factors were independent
of the type of the clay mineral in which this OM is supported.
Accordingly, reactive clay barriers of the three clay minerals
studied in this work could be used taking into account that the
required amount of each one will depend on the OM content (as
organic cation) supported by these clays. These results highlight

on the interest in sorption barriers to decrease the leaching of
pesticides of different hidrophobicity from point-like sources of
pollution, preventing the generation of elevated concentrations
caused by a rapid washing of the pesticide.
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