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The effect of 5-cyclodextrin (3-CD) on the removal of the herbicide norflurazon (NFL) from soils has
been investigated. The interaction of NFL with 5-CD in solution yielded the formation of a water-
soluble inclusion complex at 1:1 stoichiometric ratio, which gave an increase in NFL solubility.
Desorption studies of NFL previously adsorbed on six soils of different characteristics have been
performed in the presence of 0.01 M 3-CD or 0.01 M Ca(NOs3), as extractant solutions. Positive
hysteresis was observed in all soils when 0.01 M Ca(NOs3), solution was used, indicating that
desorption of NFL from these soils was not completely reversible. On the contrary, the application of
[3-CD solutions to soils where NFL had been previously adsorbed increased very much its desorption,
and a negative hysteresis was obtained for all soils studied; that is, more NFL was desorbed with
respect to NFL adsorption isotherm. A clear relationship was observed between the physicochemical
characteristics of the soils and the 5-CD concentration necessary to remove the herbicide, the
percentages of desorption observed for each soil being inversely related to the values obtained for
the Freundlich sorption capacity parameter of the herbicide, K:;. In general, high desorption yields
can be obtained with very low $-CD concentrations, which is an important advantage from an economic
point of view, although in those soils that present an extremely high NFL adsorption, higher amounts
of 3-CD should be used. The results obtained indicate the high extracting power of 5-CD toward the
herbicide previously adsorbed on the soils and the potential use of 3-CD for in situ remediation of
pesticide-contaminated soils.
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INTRODUCTION activity in soils, thereby reducing their natural bioremediation
capability. One type of these additives is microbially produced
f:ompounds, known as biosurfactants, which can enhance low-
polarity and nonpolar organic contaminant removal without
accumulating in the soil (9—12). Clyclodextrins (CDs) are a
class of microbially produced compounds that are able to form

The remediation of soils and groundwater is the most costly
and time-consuming part of site cleanups, because the natural
attenuation of contaminated soil is effective only in a few cases
(1). After the source of contamination has been removed and
treated, contaminated soils and groundwater may remain and. . . ! . .
require treatment?). Nowadays in situ technologies have !nclu3|o.n com.plexes with organic compounds in solution,
become very attractive for treating contaminated soils and increasing their water solubility (13).
groundwater because of lower cost, less disruption to the The application of CDs as solubility-enhancing agents has
environment, and reduced worker exposure to hazardous materiPeen investigatedl4—17). A large number of papers in which
als. Addition of agents such as organic cosolvents and surfac-the complexation with cyclodextrin is studied using pesticides
tants is known to increase the transport of low-polarity organics that present problems can be found, from both agricultural and
from soils (3-6). Surfactants are important components of most €nvironmental points of view. Most of the pesticid€D
pesticide formulations because they can function as spreaderscomplexes have been prepared to improve the pesticides’
stickers, antifoamers, compatibility agents, or activators. How- Solubility in water. Due to the importance of solubility in the
ever, it has been found that both cosolvents and surfactants havéoliar translocation and penetration of systemic herbicides and
some disadvantages for soil remediation application8g). fungicides, Manolikar and Sawarit§) prepared and character-
Cosolvents are not effective in solubilizing the organics unless ized -cyclodextrin complexes of the herbicide isoproturon.
their volume-fraction concentrations ard 0%, and surfactants ~ Saikosin et al. 19) prepared inclusion complexes with the
form high-viscosity emulsions that are difficult to remove from insecticide carbaryl to obtain formulations with lower toxico-
the soils. Furthermore, synthetic surfactants inhibit microbial logical effects. They obtained a solubility increase of 18.4-fold

when the insecticide was complexed to methyl-3-cyclodextrin,

* Corresponding author (e-mail jvillaverde@irnase.csic.es; f84- but showed a lower toxicity than commercial carbaryl. 24-D
954624002; telephon¢34-954624711). CD complexes have been also prepared to obtain some changes
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Table 1. Different Properties of the Soils Studied determined as follows: OC (% 0.58 x OM (%). The amorphous
and organically bound iron and aluminum oxides were determined using
soil ammonium oxalate—oxalic acid (34).
property 1 ) 3 1 5 6 Methods. Solubility Studies in Aqueous Pha3ée phase solubility
studies were performed according to the method reported by Higuchi
pH 76 65 57 80 48 80 and Connors (35). NFL (5 mg) was added to aqueous solutions (10
CaCO;(gkg™) 00 00 00 2410 00 690 mL) containing various concentrations #CD (between 0 and 0.012
CEC (cmolc k™) » 17235 58 390 201 48 M). The flasks were shaken at 28 for 1 week. This time of reaction
organic matter (g kg™) 190 510 138 176 584 792 was chosen from preliminary kinetic studies (not shown). After that,
S.and (%) 164928 567 217 6L1 876 the suspensions were filtered through a Q22 Millipore glass fiber
silt (%) 612 44 238 315 200 40 : ; ; .
clay (%) 26 25 195 659 98 8.4 memlbrane filter and prqperly diluted, and the concgntratlon of NFL in
amorphous AOs (g kg3 9.4 03 03 35 123 02 the filtrate was determined by HPLQ equ_lpped WIFh a fluorescence
amorphous Fe;03 (gkg™) 108 0.3 14 08 233 04 detector.5-CD was not detected using this analytical method, and

therefore, it did not interfere with the assay. The conditions were as
follows: mobile phase, acetonitrile/water (60:40); flow, 0.6 mL/min;

. . . . temperature, 30C; chromatographic column, Kromasil C18 reverse
in the properties of 2,4-D, and the removal of this herbicide phase; fluorescence detector (Shimadzu RF-535), with excitation and

previously adsorbed on the soil has been improved ysio® emission wavelengths of 310 and 405 nm, respectively.

solutions (20,21). To achieve a good biological activity, The apparent stability constait, was calculated from the straight
fungicides must be used dissolved in water, which involves in line obtained in the phase solubility diagram, following the equation
most cases preparation of saltlike derivatives, and, if this is not proposed by Higuchi and Connors (35)

feasible, the use of organic solvents. That is the reason why

Lezcano et al. (2223) selected eight quite low water-soluble K. = slope/g(1 — slope) (1)
fungicides to increase their solubility by complexation with CDs

and to study the feasibility of the preparation of solid complexes \heres, is the NFL equilibrium concentration in aqueous solution in
of fungicide—cyclodextrins. Villaverde et al24, 25) have the absence oB-CD and slope is the slope of the phase solubility
obtained an increase in norflurazon solubility up to 5-fold with  diagram.

o- and S-cyclodextrins and up to 4-fold wity-cyclodextrin. Adsorption-Desorption Experiments in SoMFL adsorption experi-
On the other hand, it has been also shown that molecular ments in soils were carried out in quadruplicate in 50 mL centrifuge
encapsulation by CDs increased the bioavailability of polycyclic tubes, by mixing 10 g of each soil with 20 mL of 0.01 M Ca(jO
aromatic hydrocarbons (PAHSs) in soils, enhancing bioremedia- selution (used to maintain the ionic strength in the aqueous solution),
tion (26—31). Cuypers et al.30) demonstrated that HPCD containing various concentrations (4, 8, 12, 16, and 20 miydf NFL.

- - o The samples were shaken for 24 h at2@ °C. This time of reaction
gxtraet!lonb'.?ay .prOVIde a g.OOd :jnethg.d for the gre(_jlctlon ; é PAH was chosen from preliminary kinetic studies (not shown), which showed
loavallani 'ty_'n Contam_'nate sediments. Gruiz et X that adsorption had reached equilibrium. After that, the samples were
showed that biodegradation of hydrocarbons could be enhancegijered and analyzed. NFL adsorbed was calculated from the difference

and their toxic effect on plants and soil microbes decreased by petween its concentrations in the supernatant before and after equilib-
adding CDs. Fenyvesi et akT) used aqueous CD solutions to  rium. Adsorption isotherms were obtained by plotting the amount of
remove PAHs and pesticides from contaminated soils. However, NFL adsorbed by the soilimol/kg) versus the respective concentrations
studies about the application in situ of CDs for the remediation in equilibrium mol L™). Sorption isotherms were fitted to the
of pesticide-contaminated soils have not been yet carried out_logarit_hmic form of the Freundlich equation to calculate the adsorption

Norflurazon (NFL) was first registered as a pesticide in the Capacity of each soil used:

United States in 1974. NFL is a selective preemergent herbicide
widely used to control germinating annual grasses and broadleaf log C;=log K¢+ nlog C, @
weeds in fruits, vegetables, nuts, cotton, peanuts, and soybeans
(32). NFL presents problems with its retention in soils with high Cs (umol kg™) is the amount of herbicide sorbed at the equilibrium
organic matter and iron oxides conter8), and therefore itis ~ concentratiorCe (umol L), andK; andn are constants that characterize
a concern that NFL may persist in soils, implying a great risk the relative §qrption capacity and _the sorption intensity, respectivgly,
as long-term contaminant, which could gradually be desorbed for the herbicide. The fitted equation was used to calculate sorption
and available if the soil conditions change distribution coefficients (K) at a selecte€. (10 «umol L) in order to

. . ’ calculate the organic carbon normalized distribution coeffici&®gg)(

The aim of this work was to evaluate the effectb€D on ¢ is often used in the discussion of sorption of nonpolar hydrophobic
NFL desorp“on focused to SO" decontam|nat|on. Six SO”S Wlth Compounds’ the Concept being Compatib|e with the idea of Organic
different characteristics were used to study the influence on NFL carbon (OC) having the same affinity for a nonpolar compound
desorption by using-CD as extractant solution, in comparison independent of the OC source.
to the removal obtained with 0.01 M Ca(N@ solution. Desorption experiments were performed after adsorption equilibrium

was reached, for the points corresponding to NFL initial concentrations

of 4, 12, and 20 mg %, by removing the supernatant after centrifuga-
MATERIALS AND METHODS tion, replacing it by 20 mL of 0.01 M Ca(Ng) solution or 0.01 M

f-CD solution, allowing equilibration for an additional 24 h, and finally

Materials. Technical NFL (purity of 97.8%) was kindly supplied  operating as in the adsorption experiments. Three consecutive desorp-
by Novartis andf-CD (99%) by Roquette (Lestrem, France). Six tions were carried out.

different soils were employed to carry out the adsorptidasorption In some cases, NFL desorption experiments were carried out using
experiments. They were taken from the superficial horizer2@cm), different concentrations g8-CD in solution to determine the lower
and their main physicochemical properties are showhahle 1. All S-CD concentrations needed for obtaining NFL desorption from soil.

other materials were of analytical reagent grade and used as receivedThe concentrations used were 0.01, 0.5, 2.0, 5.0, 7.0, and 10.0 mM
All soils are from southwestern Spain except soil 5, which is from and also the concentration SfCD corresponding to the millimoles of
Scotland. They were analyzed for pH in saturated paste, total carbonateNFL adsorbed on each soil (1:1 molar ratio GfCD and NFL
content, particle size distribution, cationic exchange capacity, and adsorbed). The desorption procedure was the same as previously
organic matter content (OM). Organic carbon content (OC) was described with three consecutive desorption steps.
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Figure 1. Phase solubility diagram of norflurazon in the presence of
p-cyclodextrin.

RESULTS AND DISCUSSION

Studies in Aqueous PhaseThe phase solubility diagram of
NFL in the presence of differef®=CD concentrations is shown
in Figure 1. A linear increase up to 5-fold in NFL solubility is
observed whefi-CD concentration is increased, and a solubility
limit is not obtained in the range @CD concentrations used.
This is in agreement with an Aclassification according to
Higuchi and Connors35). The diagram is a straight line with
a slope of<1, and it may be ascribed to the formation of a 1:1

Villaverde et al.

complex stoichiometry in solution. The apparent formation
constant (K) was calculated according to eq 1. In our case, a
K. = 360 M~! was obtained.

Adsorption Experiments in Soils.NFL adsorption isotherms
on the six soils under study in the presence of 0.01 M CajNO
as background electrolyte are presentelligure 2. These soils
were selected to carry out NFL adsorptietesorption experi-
ments due to their different physicochemical characteristics. All
of the adsorption isotherms were “L” type (concave initial
curvature) according to the classification of Giles et al. (36),
and in all cases NFL adsorption isotherms were well described
by the linearized Freundlich equation. The sorption isotherms
were compared using th&:; parameter of the Freundlich
equation (Table 2). The constaKt is the amount of pesticide
sorbed for an equilibrium concentration ofihol L~* and hence
represents adsorption at low adsorbate concentrafioralues
are related to the adsorption capacity of the different soil samples
toward NFL.

For the soils under studi{; was between 15.54 and 0.35
umol kg2, indicating the strong influence of soil characteristics
on NFL adsorption. NFL adsorption has been related to the
organic matter (OM) of the soils by several researchers, and in
some cases it has been also related to soil pH and cation
exchange capacity37), the clay content38), or the type of
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Figure 2. Adsorption—desorption isotherms of norflurazon employing 0.01 M Ca(NOs), as desorbent: (<) adsorption

curves.
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Table 2. Freundlich Adsorption Isotherm Parameters (K; and n Table 3. Percentage of Norflurazon Desorbed from the Soils Studied
Values), Coefficients of Determination (R 2) and Distribution (Kg), and .
Organic Carbon Normalized Distribution Coefficients (Kyc) of NFL initial extractant solution
Norflurazon Sorption on the Soils Used soil concn (mg L™Y) 0.01 M Ca(NO3), 0.01 M 5-CD
1 4 20+0.9 255+ 2.4
oo OM o faESDE , , 12 117403 49108
soil (gkg™ (umol kg™4) n+SD? R Kq Koc 20 13.7+02 616+ 0.4
1 19.0 15.54 + 0.54 0.61+0.01 0.998 6.33 575 2 4 315+4.4 100.0 + 3.2
2 5.10 035+£0.02 115+002 0999 049 166 12 976456 100.044.3
3 138 280+026  085+003 0999 198 247 20 836455 1000427
4 176 6.56+0.25 0.75+001 0998 369 361 B T
5 53.4 200021  081+003 0995 129 42 3 4 341+20 839+38
6 7.92 1704015 0724003 0995 089 193 12 36.6+20 95.0£75
20 581+16 100.0 1.7
aMean values + standard deviation of three replicates. © Determined at Ce= 4 4 82+17 92.8+£19.0
-1 12 138+03 98.2+2.6
10 wmol L1,

20 153+ 14 97.6 +3.3
soil cation (39). Moreover, in a previous pap88) the influence 5 1‘21 ﬁ‘g f gi iggg f gg
of amorphous oxides and OM on NFL adsorption in soils was 20 53.0 + 1.0 1000+ 2.7
also found. _ o N 6 4 31957 89.0+185

Kt values of our isothermd éble 2) indicated that the affinity 12 543+35 100.0 + 3.6
of the soils for NFL was related to their OM contefigple 1). 20 723+8.0 100.0+2.1

The only exception was soil 5, with the highest OM content
but lower adsorption capacity, indicating that OM content may
not be the only factor determining NFL adsorption in this soil. study are shown ifTable 3. In general, NFL adsorption on
Even soil 5 also presented high contents of amorphous andsoils was more irreversible (lower %D) at low concentrations
organically bound iron and aluminum oxides (23.3 and 12.3 g adsorbed (desorption from an initial concentration of 4 mg§)L
kg1, respectively), besides its high OM content (53.4 g¥g that is, NFL molecules are more strongly sorbed at low surface
but, despite this, NFL adsorption was not very high, and, for coverage, and consequently, it is more difficult to desorb them.
this reason, ity was very low #2). Some authors have The percentages of desorption observed for each soil are in
reported that the interassociation processes among different soiigreement with the values obtained for the sorption capacity
components may block sorptive functional groups on mineral parameter; that is, the higher th& value, the lower the
and organic surfacesAQ). Morillo et al. 33) demonstrated  percentage of NFL removed from the soil. Soil 5 presented a
previously that amorphous iron and aluminum oxides were considerable %D, despite its high OM content, indicating that
covering the organic surfaces on this soil, decreasing sorptionOM is not the only factor that controls NFL desorption from
by blocking the organic surface of the soil. They concluded this soil, and the interaction between NFL molecules and soil
that, although both soil constituents favor NFL adsorption on surfaces is not very strong.
soils, the contribution of the organic matter was higher than  Desorption Experiments Using 0.01 Mp-CD as Extractant
that of the amorphous oxides, and the masking of the soil Solution. Desorption isotherms employing 0.01 BACD can
organic surface with such oxides may decrease the herbicidebe observed ifFigure 3, and %D values obtained for the six
adsorption. This special feature observed in soil 5 will influence soils under study are shown irable 3. In all cases a negative
its behavior in relation to NFL removal from this soil, as will hysteresis can be observed; that is, more NFL was desorbed
be shown later. with respect to the adsorption isotherm. The same behavior
The role of hydrophobic bonds on the adsorption of nonpolar described previously about the relative irreversibility of the NFL
hydrophobic herbicides on OM of soils can be compared by adsorbed is also observed, because NFL adsorption was more
normalizing the distribution coefficienkq, to the percentage irreversible at the lowest NFL concentration adsorbed. This
of organic carbon (OC) of the different sampl&sdj. The more behavior can be specially observed in soils 1, 3, and 4, which
hydrophobic a molecule is, the higher the probability for presented the highest adsorption capacity. One hundred percent
partition from the aqueous phase to the organic phésecan desorption was obtained in all cases except in soil 1, for which
be used as a measure of this property in soils, and it is NFL desorption was not higher than 61.63% (with 20 mg L
independent of other soil properties. When hydrophobic bonds NFL initial concentration). In soils 6 and 2 a dramatic desorption
with the OM are responsible for the adsorption of a herbicide, effect was observed, as was expected, because these soils
Koc Values should be relatively constant among different soils. showed a very low herbicide adsorption. Also, soil 5, which
In the present paper, th&, values obtained were not constant showed a slightly higher herbicide adsorption than soils 6 and
(Table 2), varying between 575 and 4nol kg%, indicating 2, suffered a dramatic desorptive effect whg«€D solution
the different natures of the organic matter of these soils and/or was applied. The behavior observed in these three soils indicated
the influence of the interassociation among the different soil that the herbicide presents a higher tendency to form complexes
components. in solution with 3-CD than to remain adsorbed on the soil
Desorption Experiments Using 0.01 M Ca(NO) as Ex- component surfaces where it was previously adsorbed.
tractant Solution. Figure 2 also shows the desorption isotherms The results obtained indicate the high extracting power of
of NFL from the six soils under study employing 0.01 M Ca- [-CD toward the herbicide previously adsorbed on the sails,
(NO3);, as the extractant solution. In all cases positive hysteresisdue to the formation of water-soluble inclusion complexes
was observed, indicating that desorption of NFL from these soils between NFL ang-CD. Similar results have been obtained in
was not completely reversible, especially for soil AL, which previous papers using-CD as extractant solution for the
has a high OM content and iron amorphous oxides. Total herbicide 2,4-D from soil 41, 42). In general, low-polarity
percentages of NFL desorbed (%D) for each concentration underpesticides have a high tendency to be adsorbed on soil surfaces,
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Figure 3. Adsorption—desorption isotherms of norflurazon employing 0.01 M S-cyclodextrin as desorbent: (<>) adsorption curves; (M, A, x) desorption
curves.

leading to their inactivation and low bioavailability and, Soils 5 and 3, which presented a little high&rvalues (2.0
sometimes, to soil contamination. If these pesticides are ableand 2.8, respectively), also showed a dramatic herbicide
to form inclusion complexes with CD and, as a consequence, desorption (100%) using very log+CD concentrations, except
to increase their solubility, the application of CD solutions to when the corresponding stoichiometric cyclodextrin concentra-
soils containing a high concentration of pesticide residues tion was used (95.59 and 71.72% desorbed, respectively).
adsorbed can increase their removal and pass to the soil solution However, in the case of soil 4, which showed a very high
where they will have a higher bioavailability. capacity for NFL adsorptionK; value of 6.56), the total
Desorption Experiments Using Different-CD Concen- desorption of NFL was almost reached only when the maximum
trations. To know the minimunp-CD concentration thatis able  3-CD concentration was used, decreasing the percentage de-
to provoke good herbicide desorption results for each type of sorbed as the concentration fCD decreased. The same
soil, different desorption experiments employing varige&D behavior is observed for soil 1, which showed the highest
concentrations were carried out. feble 4 are given the adsorption capacity for the herbicidésC 15.54), reaching only
different NFL desorption percentages obtained (%D) corre- a maximum desorption of 61.63% upon addition of the
sponding to the six soils studied in this work. A clear maximump-CD concentration used (10 mM).
relationship is observed between the physicochemical charac- In general, a strong tendency to form an inclusion complex
teristics of the soils and th8-CD concentration necessary to  between-CD and NFL is proved, because high desorption
desorb the herbicide from each soil. In the cases of soils 2 andyields can be obtained with very lof§-CD concentrations,
6, which showed the lowest capacity for herbicide adsorption ~10~2 mM. These results indicate th@CD can act as an
(Ks values of 0.35 and 1.70, respectively), 100% of the herbicide effective extractant of herbicides from soils with different
initially adsorbed was desorbed after three consecutive desorpphysicochemical properties, in most of the cases employing only
tion steps, even using 1:1 molar ratios/HED in relation to an stoichiometrig3-CD concentration. This is very important
NFL adsorbed. from environmental and economical points of view, because
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Table 4. Percentage of Norflurazon Desorbed (%D) from the Soils
Studied, Employing Different 3-Cyclodextrin Concentrations

soil  f3-CD concn (mM) %D soil  3-CD concn (mM) %D (6)
1 543 x 10724 25.4 4 412 x10722 32.9
0.1 288 0.1 386
05 324 0.5 445 )
2.0 35.9 2.0 515
5.0 458 5.0 771
7.0 49.9 7.0 92.9 (8)
10.0 61.6 10.0 97.6
2 148x10722 100 5 1.92 x 10722 95.6
0.1 100 0.1 100 ©)
05 100 05 100
2.0 100 2.0 100
5.0 100 5.0 100
7.0 100 7.0 100 (10)
10.0 100 10.0 100
3 2,68 x 10724 717 6 1.32x 10722 100
0.1 100 0.1 100 (11)
0.5 100 05 100
2.0 100 2.0 100
50 100 5.0 100 (12)
7.0 100 7.0 100
10.0 100 10.0 100

2 3-CD concentration (mM) = norflurazon adsorbed (mM). (13)

by using a very lows-CD concentration, a high NFL concentra-  (14)
tion could be extracted for a subsequent effective biodegradation
in soil. For such a lows-CD concentration a very little volume

of water is needed, and NFL leaching toward groundwater will
be minimized. On the other hand, on the basis of published
data, it would appear that CDs are becoming comparable in
cost with surfactant44), although a detailed comparison on
the costs of surfactants and CDs for polluted-site remediation
is not found in the literature. However, because the cost of CDs
has continuously decreased in recent yea8, (investigations
regarding their technical merits for subsurface remediation are
justified.

In conclusion,5-CD can be considered as a very effective
and economic in situ soil remediation tool. Because there is a
great interest in developing systems that can enhance the
transport of organic compounds through porous media, thus
facilitating remediation, the high affinity of CDs for a great
variety of pesticides makes them possible candidates for use as
soil decontaminants, as has been already demonstrated in the
case of remediation of soils contaminated with PAHs @&,

30, 43) and containing other herbicides @&).

(15)

(16

~

17

(18)
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