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Effect of the Simultaneous Addition of  f-Cyclodextrin and the
Herbicide Norflurazon on Its Adsorption and Movement in Soils
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The effects of f-cyclodextrin (BCD) on the sorption—desorption and transport processes of the
herbicide norflurazon (NFL) in soils of different characteristics when both are applied simultaneously
have been investigated. Adsorption—desorption studies of NFL on six soils of very different
characteristics in the presence of BCD have been performed using a batch equilibration method and
correlated to its mobility in homogeneous hand-packed soil columns. NFL determinations were
undertaken by HPLC equipped with a diode array detector at a wavelength of 220 nm. BCD was
also analyzed by HPLC with fluorimetric detection using a postcolumn reaction. The interaction of
NFL with BCD yielded the formation of an inclusion complex in solution. When this complex is applied
to soils, a large decrease in NFL adsorption capacity and an increase in its desorption were observed,
due to the higher tendency of NFL—BCD complexes to remain in solution. The results obtained in
adsorption and soil column experiments indicated that the influence of BCD on NFL mobility and
availability depends on the different affinities of BCD to be sorbed on soils of different characteristics
and on the concentration of BCD used. The lower the concentration of BCD added, the more
tenaciously it adheres to the soil, and most of the BCD molecules would be adsorbed, providing a
coating to soil particles that acts as a bridge between NFL and the soil surface, acting as an adsorbent
and retarding the mobility of the herbicide. At higher concentrations of BCD, or in soils where its
adsorption is very low, most of the BCD molecules are in the aqueous phase and NFL molecules
tend to be complexed with BCD in solution, acting then as a solubilizing agent.
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INTRODUCTION their rigid structure and nonionogenic functional groups, CDs
are expected to exhibit relatively stable physicochemical proper-
ties over a range of solution chemical conditions. Due to these
favorable properties CDs have recently been used as alternative
agents for enhancing biodegradation in contaminated $bis (

12), and they have even been used to decontaminate wastewater

Cyclodextrins (CDs) are cyclic oligosaccharides produced by
the microbially induced breakdown of starch by bacteria and
present a hydrophobic interior cavity and hydrophilic faces. CDs
have the tendency to form inclusion complexes by reversibly
incorporating a nonpolar compound into their hydrophobic ; N : o
central cavities. Due to the low-cost production of some of these due to their solubilization effects (13). Likewise, it has been

demonstrated that natural- and y-CDs can enhance the

CDs, in recent years, they have received considerable attention \ubilizati ¢ icid iouslv adsorbed ol
in various applied fields (biotechnology, organic chemistry, solubilization of pesticides previously adsorbed on sdiké) (

drugs, foods, pesticides), in which they are generally used to 2"d detoxify soils of pesticides employing synthetic CDS)(
increase the water solubility of nonpolar compounds. It has been previously reported@) that the interaction of

The complexation of pesticides with CDs may result in the hydrophobic herbicide norflurazon (NFL) wiicyclodex-
considerable improvement of their properties, such as enhancefin (BCD) produced the formation of a new inclusion compound
ment of solubility and bioavailabilityl—4). Some publications N Solution with an apparent stability constant of 360Ma
confirm the prediction that, in the coming years, a rapid 11 stmchlometrlc ratio for t.he complex, and up to a 5-fold
development can be expected in the application of CDs to INCréase in NFL so!ublllty. V|II§verde et all{) have demon-
pesticide formulations (5—8). stratt_ao_l also the hlgh extracting power of B_CD towgrd the

In general, CDs have a range of desirable physicochemical herbicide NFL previously adsorbed on soils of different
properties that make them attractive for removing sorbed organic ¢haracteristics and its potential use for in situ remediation of
contaminants from contaminated subsurface systems. CDs ard€sticide contaminated soils.

considered to be nontoxic and biodegradable, and, because of NFL presents high adsorption in soils with medium-high
organic matter and iron oxide conterdi8], and therefore it is

* Corresponding author (e-mail j.villaverde@csl.gov.uk; feb34- of _Conce_m tha’F N_FL may _persist in a r_]onbiqava”able form in
954624002; telephon¢34-954624711). soil, leading to its inactivation as herbicide (with the consequent
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CF3 adsorbed was calculated from the differences between its concentration
C—N C—C/ before and after equilibrium. Adsorption isotherms were obtained by
/ N4 \ plotting the amount of NFL adsorbed by the soil (micromoles per
CIHN— C\\ }V_C\ /C kilogram) versus the respective concentrations in equilibrium solution
C—C c=cC (micromoles per liter).
Cl/ \}) In both experiments, desorption studies were carried out after

adsorption equilibrium was reached, for the points corresponding to
NFL initial concentrations of 4, 12, and 20 mg%. by removing the

. ) . ) supernatant after centrifugation, replacing it by 20 mL of a 0.01 M
Table 1. Different Properties of the Soils Studied? Ca(NQy) solution, allowing equilibration for an additional 24 h period,
and finally operating as in the adsorption experiments. Three consecu-
tive desorptions were carried out.

Figure 1. Molecular structure of the herbicide norflurazon.

soil

1 2 3 4 5 6 Sorption isotherms were fitted to the logarithmic form of the
pH 76 6.5 5.7 8.0 48 8.0 Freundlich equation
CaCO0s3 (%) 0.0 0.0 0.0 241 0.0 6.9
CEC (cmol kg ™) 172 35 58 390 201 48 log C,=log K; + nlog C,
organic matter (%) 19 051 138 17 5.3 0.8
0,
:fﬁngyg)@ 2(15:3 2_24'8 gg; 5175 géi 2_766 whgr_e Qs (umol kql)_is the amount of herbicide sorbed at the
clay (%) 26 25 195 659 98 84 equilibrium concentratiorC, («umol L™%) andK; andn are constants,
amorphous Al,03 (g kg™2) 94 03 0.3 35 123 02 which characterize the relative sorption capacity and the sorption
amorphous Fe,O; (g kg™ 108 0.3 14 0.8 233 04 intensity, respectively, for the herbicidd; and n values were
determined from the straight line obtained by plotting [Bgversus
aData from Villaverde et al. (17). log Ce (intersection withy-axis and slope, respectively). The constant

Kt is the amount of pesticide sorbed for an equilibrium concentration

. . . of 1 umol L™t and hence represents adsorption at low adsorbate
result that higher amounts of herbicide have to be applied to concentrationKs values can be used to compare the adsorption capacity

obtain the desired results) and/or to soil contamination. The it ihe gifferent soil samples toward NFL.

present study has been conducted to test the effect of the The fitted equation was used to calculate sorption distribution
simultaneous application of NFL and BCD on the herbicide coefficients (k) at a selectedC. (10 xmol L™%) in order to calculate
mobility and availability using soil columns and equilibrium  the organic carbon normalized distribution coefficief. Koc is often
batch assays in soils of different characteristics, in order to show used in the discussion of sorption of nonpolar hydrophobic compounds,
preliminary results for future preparations of new formulations the concept being compatible with the idea of organic carbon (OC)

source of OC.

BCD Adsorption Experiments in Soils. BCD adsorption experi-
ments in some selected soils were carried out using the same conditions

Technical grade NFL (97.8% purity), the structure of which is shown mentioned previously, but mixing the soils with solutions containing
in Figure 1, was kindly supplied by Novartis, and BCD (99%) by various concentrations (& 105 1 x 104 2.5 x 104, and 3.5x
Roquette (Lestrem, France). Six different soils-6) were employed 10 M) of BCD. BCD remaining in the supernatant was analyzed by
to carry out the adsorptierdesorption experiments. They were taken HPLC with fluorometric detection using a postcolumn reaction based
from the superficial horizon (620 cm), and their main physicochemical on the enhancement of fluorescence intensity of 2-(p-toluidino)-
properties are shown iffable 1. All soils were from southwestern  naphthalene-6-sulfonic acid (TNS, Sigma) following the method
Spain except soil 5, which was from Scotland. Soil samples were proposed by Takeuchi and Miw&2). TNS fluorescence increases
crushed to pasa 2 mm sieve. They were analyzed for pH in a saturated rapidly when CD is added to the aqueous solution. The eluent from
paste, total carbonate content, particle size distribution, cationic the column was mixed with 0.01% (w/v) TNS solution at a flow rate
exchange capacity, and organic matter content (OM). Organic carbonof 0.5 mL/min. The conditions used were as follows: mobile phase,

MATERIALS AND METHODS

content (OC) was determined as follows: OC (%6D.58 x OM (%). methanol/water (20:80); flow rate, 0.5 mL/min; temperature,’GQ

The amorphous and organically bound iron and aluminum oxides were chromatographic column, kromasil C18 reverse phase; fluorescence

determined using ammonium oxalate—oxalic acid (19). detector (Shimadzu RF-535), with excitation and emission wavelengths
Herbicide Adsorption—Desorption Experiments in Soils.NFL of 280 and 465 nm, respectively.

adsorption-desorption experiments in soils were carried out in Herbicide Leaching Experiments in Soil Columns. Leaching

quadruplicate in 50 mL centrifuge tubes by mixing 10 g of each soil experiments were done in triplicate for some selected soils (1, 2, and
with 20 mL of 0.01 M Ca(NQ@); solution (experiment 1) or 0.01 M 6). Homogeneous soil columns were prepared by packing gently and
BCD solution (experiment 2) containing various concentrations (4, 8, uniformly the soils in 30 cm long methacrylate tubes of 3.0 cm internal
12, 16, and 20 mg ) of NFL. The samples were shaken for 24 h at diameter. The lower end was covered with nylon tissue padded with a
20+ 1 °C. This time of reaction was chosen from preliminary kinetic thin layer of glass wool (0.5 g) to hold the soil firmly into the column.
studies (not shown), which showed that adsorption had reached pseudoThe top end of the soil column was also covered with glass wool, to
equilibrium. After that, the supernatant was removed after centrifugation prevent disturbance of the soil by the input liquid. Different amounts
and filtered through a 0.22m Millipore glass fiber membrane filter, of each soil were put in the columns (197, 300, and 246 g for soils 1,
and NFL concentration was determined in the filtrate by HPLC 2, and 6, respectively) to obtain 24 cm of the column occupied by soil.
equipped with diode array detector (Shimadzu SPD-M10A) at a The soil column could be readily separated into 4 cm segments after
wavelength of 220 nm. The conditions were as follows: mobile phase, the leaching event.

acetonitrile/water (60:40); flow rate, 0.6 mL/min; temperature; G0 In a preliminary experiment, two soil columns of each soil were
chromatographic column, kromasil C18 reverse phase. Five to nine saturated by capillarity with distilled water to obtain a moisture content
calibration standard solutions containing NFL were prepared in water of the soil column of 100% of the field capacity. The difference between
to produce concentrations ranging from 0.05 to 20 mé. The low the weight of the saturated soil column and its dry weight was used to
detection limit of this analytical method was 0.05 mgtL.The standard calculate the value for 1 pore volume. Their pore volumes were 41.0,
solutions were routinely analyzed with each set of samples to measure88.0, and 57.45 mL for soils 1, 2, and 6, respectively.

accuracy and precision. The spiked replicates represent data collected Soil columns were treated with 5 pore volumes of a 0.01 M Ca-
from 60 NFL standard solutions throughout a 6 month period, with a (NOs), solution to equilibrate the soils, and subsequently 0.28 mg of
mean recovery of 97% and a relative standard deviation8%6. NFL NFL (3.96 kg of active ingredient h&) was applied, as either 0.01 M
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Norflurazon in equilibrium (umol/L)
Figure 2. Adsorption isotherms of norflurazon on the soils under study in the presence of 0.01 M Ca(NOs), (®) or 0.01 M BCD (O) solutions.

Ca(NQy), or 0.01 M BCD solution (14 mL). These solutions remained equation (Table 2). For the soils under studywas between
in contact with the soils for 24 h. Breakthrough curves (BTCs) were 15.54 and 0.3%mol kg%, indicating the strong influence of
obtained by a daily application of 25 mL of distilled water until no  gqi| characteristics on NFL adsorptiofK; values of our
herbicide was detected in the leachate. After the leaching experiment:s,isothermS indicated that the affinity of the soils for NFL was

the columns were sliced into six 4 cm segments and the soil was air- related to their OM content: however. this relationshio was not
dried. The herbicide residues that remained adsorbed on the soil from ’ ’ P

each segment were extracted with methanol. The extraction was carriedt’ue in case of soil 5, with the highest OM content but lower

out in triplicate. adsorption capacity due to the fact that amorphous iron and
aluminum oxides were covering the organic surfaces on this
RESULTS AND DISCUSSION soil, decreasing sorption by blocking its organic surfade).(

The role of hydrophobic bonds on NFL adsorption on organic

Herbicide Adsorption—Desorption in Soils.To evaluate the . .
matter of these soils can be compared by normalizing the

effect of the simultaneous addition of BCD and norflurazon on '/ “"=" * > ;
the adsorption and desorption processes of this herbicide in soils distribution coefficientKy, to the percentage of organic carbon
experiment 2 has been carried out (adsorption of NFL in the Of the different samplesiG) (Table 2). Koc values obtained

presence of 0.01 M BCD), and the results are compared with Were between 575 and 42mol kg *, indicating the strong
those obtained in experiment 1 [adsorption of NFL in the mfluen_ce of other soil characteristics on NFL _adsorptlon and/
presence of 0.01 M Ca(N{d as background electrolyte]. The  ©r the influence of the type of OM of each soil.
results of experiment 1 have been discussed in a previous paper NFL desorption isotherms carried out in experiment 1 showed
(17), and only a summary will be shown here. in all cases positive hysteresis, indicating that desorption of NFL
Experiment 1: In the Presence of 0.01 M Ca@{ONFL from these soils was not completely reversible, especially for
adsorption isotherms on the six soils under study in the presencesoil 1. Total percentages of NFL desorbed (%D) for each
of 0.01 M Ca(NQ); as background electrolyte are presented in concentration under study in experiment 1 are shownhable
Figure 2. They were well described by the linearized Freundlich 3. In general, NFL adsorption on soils was more irreversible
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Table 2. Freundlich Adsorption Isotherm Parameters (K: and n Values) and Distribution (Ky) and Organic Carbon Normalized Distribution Coefficients
(Koc) of Norflurazon Sorption on the Soils Used in Experiments 12 and 2

soil

expt 1 2 3 4 5 6
K 1 15.54 +0.54 0.35+0.02 2.80+0.26 6.56 +0.25 200+0.21 170+0.15
2 1.40+0.2 0.11+0.01 0.50 £0.02 1.12 £ 0.02 0.27 £0.01 0.10£0.01
n 1 0.61+0.01 1.15+0.02 0.85+0.03 0.75+0.01 0.81+0.03 0.72+0.03
2 1.00 +£0.05 1.14 £0.02 0.89+0.03 0.80+0.02 1.08 +£0.01 1.02 £ 0.06
Ky 1 6.33+0.15 0.49 £0.02 1.98+0.19 3.69+0.09 1.29 +£0.02 0.89+0.05
2 1.42+0.13 0.19+0.02 0.35+0.01 0.70+0.11 0.39+0.01 0.19+0.02
Koc 1 575+7.6 166 +5.4 247+3.6 361+6.7 420+23 193 +£5.2
2 398 +£5.9 60.0+4.2 66.0 + 4.6 273+26 19.0£0.9 70.0+34

2 Experiment 1 data from Villaverde et al. (17).

Table 3. Percentage of Norflurazon Desorbed (%D) from the Soils experiment 1. The reason for this decrease in NFL adsorption
after Its Adsorption from Ca(NO3), (Experiment 12) or BCD Solutions in soils is the presence of BCD and the formation of an inclusion
(Experiment 2) complex with NFL with a higher water solubility than that of

the pure herbicide and, therefore, with a higher tendency to

%D remain in solution as NFL—BCD complex than to be adsorbed

NFL initial 0.001M 0.01 M on the soil.

soil conen (mg L™) Ca(NOs), solution BCD solution Desorption isotherms (not shown) also presented the same

1 4 2.0+0.9 13730 positive hysteresis observed previously, although the percentages
;(2) 1;.7f8_§ 1883f2.6 of NFL desorbed from each soil (%D) were in general higher

1370, 58414 than in the case of NFL application to soil without BCDaple

2 4 315+74 1000 £2.2 3). The contrary tendency of %D values in each soil, in
12 976+62 nax2s comparison to the previous experiment 1, is also remarkable
20 83.6+65 770+18 ’

because in this case, in general, the lower the amount of NFL

3 1‘21 ggéfgg gigfig adsorbed, the higher the %D. Taking into account that during
20 581+ 16 69.6+25 the desorption steps all of the supernatant is separated from the
4 4 82417 624490 soils, this implies that no BCD was present in the desorption
12 138+03 338+13 solutions, only a small amount of BCD which could be desorbed
20 153+ 14 375+27 from that previously adsorbed during adsorption step. It can be
5 4 41.8+05 1000+ 46 concluded that the presence of BCD in soil surfaces after
12 44.4+04 80.0 £ 1.6 adsorption experiments may have modified the soil properties,
20 53.0£10 79.0£38 altering the desorption behavior of the soil. Jozefaciuk et al.
6 4 31.9+57 1000+8.6 (21, 22) demonstrated that soil physical properties were greatly
12 543£35 87.9+£26 modified by randomly methylate@-cyclodextrin (RAMEB)
20 723+80 87.5+0.4

treatment. RAMEB increased water adsorption and surface areas
in sandy soils and decreased them in clayey soils, and the
desorption of nonpolar pollutants was enhanced in RAMEB-
treated soils.
(lower %D) at low concentrations adsorbed (desorption from  Herbicide Mobility in Soils. Although adsorption—desorp-
an initial concentration of 4 mgt); that is, NFL molecules  tjon processes allow the evaluation of adsorption mechanisms,
are more strongly sorbed at low surface coverage. these results cannot be directly extrapolated to the dynamic flow
The percentages of desorption obtained show that the higherregime that occurs through the soil, due, among other reasons,
theKs value, the lower the desorption percentage. Accordingly to the nonequilibrium conditions and to the highly different soil/
also withK; values, soil 5 presented a considerable %D, despite solution rates in soil columns. For these reasons experiments
its high OM content, indicating that OM is not the only factor using soil columns have been carried out to emulate more

@ Experiment 1 data from Villaverde et al. (17).

that controls NFL desorption from this soil. closely the real conditions in soil.

Experiment 2: In the Presence of 0.01 M BAe objective Three soils (1, 2, and 6) were selected to study the mobility
of this experiment was to observe the effect of the direct of NFL in hand-packed soil columns. The results obtained from
application of NFL=BCD solutions on the adsorptierdesorp- soil column experiments have been represented in the form of

tion of the herbicide on the different selected soils. The breakthrough curves (BTCs), with the number of pore volumes
corresponding adsorption isotherms can be also observed inas abscissa and the herbicide concentration relative to that
Figure 2. These isotherms were also well described by the initially added C/Cy) as ordinateFigure 3 shows the BTCs
linearized Freundlich equatiofR{ >0.986). In all of the soils for NFL leaching through these soils [NFL applied as CagNO
studied a large decrease in NFL adsorption capacity was or BCD solutions], and’able 4 shows the cumulative amount
observed, in comparison with the adsorption obtained when of NFL eluted in the leachates from the soil columns, as well
NFL—Ca(NQ), solutions were used. This behavior is also as the amount of NFL remaining at different depths in the soil
reflected inKs values obtained in experiment 2gble 2), which columns.

are quite lower (ranging between 1.40 and 0.10) than those When NFL is applied as Ca(N{ solution, the low amount
corresponding to experiment 1 (ranging between 15.54 andof herbicide eluted in the case of soil 1 is remarkable; the
0.35). Consequenthkq andKq values are also lower than in  percentage of the herbicide eluted was only 3.2T1%ble 4
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Figure 3. NFL breakthrough curves in selected soils using NFL-Ca(NO;), or NFL-BCD solutions.

Table 4. Percentage of Norflurazon Extracted from Soil Columns and Table 4 also shows the distribution of NFL residues in the
Eluted in Leachates, Employing 0.01 M Ca(NOs), as Eluent Solution soil columns, as a function of column depth, after completion
of leaching. NFL residues extracted from soils 6 and 2 at each
soil depth were practically negligible when NFL was applied

soil

1 2 6 as Ca(NQ); solutions, because almost 100% of the pesticide
depth(cm) ~ NFL2 NFL-BCD® NFL NFL-BCD NFL  NFL-BCD initially applied had been eluted from the soil columns. In sall
0-4 30.73 10.94 0.30 5.02 0.60 536 1 hlgher amounts of NFL residues were e)?tracted from the upper

4-8 27.69 10.36 0.11 531 0.22 6.10 three segments when NFCa(NGs), solutions were applied,
figliﬁ 228‘11 ﬂ;g 822 g% g;g géé and it was not detected at depths below 16 cm, indicating a
16-20 0.00 10.37 0.15 6.28 0.30 676 hlgh retention of the herbicide in the sur_face horlzons_ of _th|s
20-24 0.00 9.92 0.26 8.87 050 9.50 soil. The amount recovered after extraction from the six rings
0 o .
otal extracted 8937 62.49 105 3688 YT, of the columns was 89.37 /o_o_f that |n|_t|ally applied, very close
total eluted 391 3842 9859 5955  96.88  59.13 to the total amount of herbicide retained by the soil column.
total recovered 9258 10091 9964 9643 9897  99.32 To observe the effect of the presence of BCD on NFL
: _ leaching through the soils, herbicide mobility experiments were
aNFL, norflurazon applied as 0.01 M Ca(NOs), solution. ® NFL-BCD, morflu- carried out in soil columns by applying the herbicide as 0.01

razon applied as 0.01 M BCD solution. M BCD solutions Figure 3). The herbicide lixiviation in soil

1 was 38.42% when applied as BCD solution versus 3.21% of
also shows that, on the contrary, the percentage of NFL elutedNFL elution obtained when the herbicide was applied in Ca-
reached almost 100% for soils 2 and 6. NFL leached rapidly (NOs), solution. This increase in herbicide movement through
through these sandy soils because of their low OM content andthe soil columns indicates that when NFL is applied to the soil
high porosity. The behavior of soil 1 is quite different because column as a complex NFEBCD in solution, its adsorption on
a very low release of the pesticide was obtained. These resultsthe soil is lower than in the case of being applied in the absence
are in agreement with those obtained in the adsorption experi-of BCD, indicating the higher tendency of the NFL—BCD
ments, because th& value obtained for soil 1 was much higher complex to remain in soil solution than to be adsorbed, in
(15.54) than those obtained for soils 2 and 6 (0.35 and 1.70, agreement with the results obtained in adsorption experiments
respectively). previously discussed.
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On the contrary, the behavior observed in sandy soils 2 and Taple 5. Percentage of BCD Adsorbed on Soils 1, 2, and 6 for
6 is completely different; a smaller amount of leached herbicide Vvarious BCD Concentrations Used
was obtained in comparison with leaching in the absence of

BCD (from 98.59 to 59.55% and from 96.88 to 59.13% for BCD % adsorbed

soils 2 and 6, respectivelyiable 4), and a diminution of the concn used (M) mg g~ of soil soil 1 soil 2 soil 6

maximum of BTC could be also observed. In both soils, the 5x 105 0113 301 100 100

amount of herbicide eluted from the columns was reduced by 1x107* 0.227 20.8 100 100

~40%, confirming the reduction of herbicide lixiviation ob- 25x107 0.567 20.7 86.4 95.6
35x107 0.794 207 60.0 483

served in the absence of BCD.

This behavior has been observed in the adsorption of other
pesticides in soil in the presence of other organic compounds2 and 6 a great part of BCD (applied as BENFL complex)
such as surfactants, this effect being attributed to the surfactantmay be adsorbed on these soils, yielding a strong NFL retention
adsorption in the soil 23). Sanchez-Camazano et a4 effect, because BCD would act as a bridge between NFL
observed, in certain kinds of soils and surfactant concentrations,molecules and the soil surfaces. BCD adsorption on soil had
an increase in atrazine adsorption to soil through the “bridge been previously prove@9, 30), observing also as result a higher
effect” caused by the surfactant. Chapell et &5)( also 2,4-D adsorption and a delay effect in its lixiviation in soil. On
hypothesized that atrazine partitioning into surfactant micelles the contrary, in soil 1 most of the BCD applied is not adsorbed
on external surfaces of smectite led to enhanced retention ofin the soil column, remaining then in soil solution higher
atrazine by the solid phase. The enhanced adsorption of theconcentrations of NFL as an inclusion complex with BCD.
insecticide methidation on soils was also observed due to the The results obtained with the different soils employed
higher hydrophobic character of the soil surface when it is indicated that BCD could play a double role depending on the
amended with surfactants (26). Enhanced sorption of other soil type. On the one hand, BCD is able to act as a solubilizing
organic contaminants in soil through the modification of its agent in soils such as soil 1 due to its lower BCD adsorption.
surfaces by the adsorption of surfactants has been also reportedhe advantage of this behavior for this kind of soil, with a high
(27, 28). adsorption capacity for the herbicide and a very low desorption,

This higher retention of NFL in columns of soils 2 and 6 would be the increase of availability of hydrophobic herbicides
seems to be in contradiction with the large decrease in NFL fOr weeds, because BCD decreases their high retention in soils,

adsorption in these soils observed in the isotherms previously@v0iding the use of higher amounts of herbicide, with the
discussed when NFEBCD solutions were used. However. it  conseguent environmental and economic disadvantage. On the

must be taken into account that in those experiments the amoun®ther hand, its role as an agent that decreases the leaching of
of BCD used was much higher (22.7 mg of BCD!gf soil), hydrophobic herbicides in sandy soils such as 2 and 6 is clear,
whereas in soil column experiments the amounts used weredue to the higher adsorption of BCD on these soils, acting as a
between 28- and 43-fold lower: 0.806, 0.529, and 0.646 mg of bridge toward herbicide molecules. The main advantage in these
BCD g ! of soils 1, 2, and 6, respectively. If BCD tends to be soils: yvhich have a low adsorption capacity for hydrophobic
adsorbed on soil surfaces, the lower the concentration of BCD herbicides, could be a decreased leaching and, therefore, lower
in solution, the more tenaciously it adheres to the sorbent. At 0SS Of active ingredient and a lower risk of groundwater
higher concentrations there would be more BCD molecules in contamination, because a great part of the herbicide remains in
soil solution and a higher possibility that NFL molecules are 1€ upper horizons of the soils, where it would carry out its
complexed with BCD in solution, whereas at low concentrations Piological action on the roots of weeds.
a great part of BCD molecules would be adsorbed, providing a Aq important conclusion tha_lt can be dedL_Jced from t_he results
coating to soil particles that retards the mobility of NFL. obtained in the present work is the necessity of carrying out an
BCD Adsorption in Soils. To test if the higher retention of in-depth study about the interaction of different CDs used in
NEL in the columns. of s.oils 5 and 6 was related to the soil treatments with soils presenting a wide variety of charac-

. . . : teristics and properties, to determine the potential behavior of
adsorption of BCD on these soils, BCD.adsorpnon experlment.s each CD in (Eacﬁ kind of soil, because w[i)th the data that are
were performed using BCD concentrations that gave BCD/soil available in the present paper, it is difficult to say too much
r_atios similar to those used in m_obility experiments_. Th_e contact about the extent and mechanis,ms of adsorption of BCD to the
time used was_24 h! the same time that B.CD applied in ‘h?‘ .SO'I different fractions of the soils (silica sand, iron oxide coating,
columns remained in contact with the soil before the addition 1:1 and 2:1 clay minerals, and organic matter). This study is in
of the first 25 mL of distilled water for leaching. Although batch .ro ress ' ' '
adsorption experiments are not totally comparable with the prog ’
dynamic conditions of leaching experiments and the soil/solution
ratio used is different, the results obtained in the batch adsorption
experiments are crucial to explain if the different retention of e are indebted to Syngenta Agro S.A. for the collaboration
the herbicide observed in soil columns is due to a different with our investigations and for providing norflurazon.
adsorption of BCD in each sail.
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