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The effect of aging in the soil of three organic amendments (OAs), one liquid (LF) and two solid ones
(SF and AL), has been investigated and related to changes in soil adsorption of metalaxyl and
tricyclazole. LF and AL have very high dissolved organic carbon (DOC) contents with low humification
index values, whereas SF has a low DOC content but the highest amounts of highly humified material.
All OAs increased the adsorption of tricyclazole, whereas adsorption of metalaxyl decreased in soils
amended with LF and AL, due to competition with DOC for mineral adsorption sites. With aging,
DOC from SF amended soils is not significantly affected and neither is adsorption behavior. On the
contrary, the great reduction of DOC from LF and AL with aging has been shown to affect adsorption
of metalaxyl and tricyclazole, and this effect is dependent on the pesticide, the nature of the DOC,
and the type of soil, in particular its clay mineralogy.
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INTRODUCTION increase the risk of contamination of water bodies. Conse-
quently, the effect of OA addition on pesticide behavior is not

Thedwujtesprr]ead tQCCTr:egce of pehs'glctld?rs], %spr)]euglly ]lcr][hthe easy to predict, especially when liquid amendments are applied
groundwater, has stimulated research Into the behavior ot thes&, .\ ,an poc concentrations resulting from the OA are high.
agrochemicals in the environment. In particular, overuse of . . S
fungicides has been shown to result in pollution of water bodies _ '€ nature of organic constituents of soils is likely to vary
through processes such as leaching and rurbbf3j. These significantly among soils and even more among OAs of different
losses are attenuated by the natural process of adsorption©Mgin, which consequently can affect adsorption of organic
because degradation, transport, and biological activity of COmpounds. Chemical fractionation methods have been widely
pesticides are greatly influenced by adsorption on soil constitu- US€d in studies of the interaction of soil organic matter and
ents, in particular soil organic matte#, (5). Hence, organic pesticides, although such techniques may result in modification
amendments (OAs) can be used to reduce leaching of pesticide®f the chemical nature of soil organic matt@5(16). On the

and its harmful effects, because this practice has been showrPther hand, structural characterization of organic matter from

to modify soil surfaces, promoting adsorptiof—8) while ~ SOil or organic amendment origin has been accomplished by
providing an ecological and economical method of organic waste NMR (i.e., refs17—19), IR (i.e., ref20and21), and pyrolysis
disposal. (i.e., refs18 and 22) techniques. More recently, fluorescence

The study of the influence of OA on pesticide behavior in spectroscopy has been useq §ugcessfu|ly to obtain informat.ion
soil is of great interest, especially when it is an issue very seldom about the structure and humification of DOC (23-25), and, in
considered when the decision is made to fertilize soil or dispose Préevious work, we have related the information obtained by this
of organic wastes. Other aspects being considered are nutritionafechnique with pesticide behavior in the sdil( 26).
ones, risk of nitrate leaching, or accumulation of heavy metals  The aim of this paper is to evaluate the changes in DOC on
in soils. The incorporation of OAs in soils introduces both solid organic amendment, immediately after the incorporation of the
organic matter and soluble organic carbon (DOC). In some casesorganic amendment and after incubation in the soil for 2 months,
DOC has been shown to reduce pesticide adsorption due toand to relate these changes with pesticide soil adsorption. This
DOC—pesticide interactions and/or competition between DOC would help to find the key factors needed to design strategies
molecules and pesticide molecules for adsorption sged.4). to prevent contamination or to remediate it once produced and,
This decrease in adsorption would enhance transport andin our case of study, serves as an example of reconciliation

between agricultural development and environmental sustain-

*Instituto de Recursos Naturales y Agrobidiag ability. Although it is realized that the DOC fraction of the OAs

8 Institlt fir Bodenokologie. is a relatively small proportion of the total OA mass, it is to be
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Table 1. Physicochemical Properties of Soils (P1, P2, and P3) and Organic Amendments (SF, LF, and AL) and Humification Indexes (HIX =
Fluorescence Intensity from 435 to 480 nm/Fluorescence Intensity from 300 to 345 nm, Equation 1) of Extracts from Soils and Organic Amendments

soils organic amendments

parameter P1 p2 P3 SF LF AL
TOC.2 % 0.60 1.47 0.48 18.3 14.9 49
DOC,> mg/L 9.79 18.3 135 2224 2843 3031
clay, % 16 53 68
(I, K, M).,c % (59, 20, 21) (36, 34, 30) (56, 16, 28)
silt, % 9 36 31
sand, % 75 11 1
dry matter, % 85 31 100
pH 7.1 7.6 8.3 9.4 5.1 5.4
HIX DOC 3.97 3.76 2.87 12.32 0.70 0.44

(x£0.27) (£0.43) (£0.32) (+4.42) (£ 0.05) (£0.10)

a Total organic carbon. ° Dissolved organic carbon. ¢ lllite (1), kaolinite (K), and montmorillonite (M). ¢ Standard deviation about the mean of three replicates.

expected that because of its mobility, the DOC fraction will from the olive oil production industry. Some physicochemical properties
have a significant effect on the fate of chemicals in the of the OAs are also given iable 1.

environment (27). The goals of the research reported here are Amendment of the Soils and Incubation of Amended SoilsSoil

to quantify and explain this effect on the fate of selected samples (1 kg) were amended (10% w/w on a dry basis) with the three
pesticides and to determine to what degree this effect is stableOAs (SF, LF, and AL), thoroughly mixed, air-dried, and sieved. Once
over time. For this purpose, three soils varying in their amended, each soil was divided into two subsamples: 500 g was dried,
physicochemical properties, three different OAs, and two sieved, and used for adsorption studies immediately after amendment
fungicides of different adsorption behaviors (metalaxyl and (nonincubated soils), and 500 g of each amended soil was incubated at
tricyclazole) were selected. Metalaxyl is a fungicide with 22°C for 2months after the addition of the appropiate volume of water
residual and systemic activity, and it is used as a soil and foliar In 0rder to obtain a moisture content equivalent0.33 kPa. These
treatment. Muller and Buser (28) have detected amowa0 amended SQI|S will be refe_rred to_as incubated” soils or tlmei ?)

ng/L of metalaxyl in agricultural drainage water, and Sukul and versus “nonincubated” soils or time 0 0) throughout this study.
Spiteller @9) have shown that it can leach to deeper soil horizons Moisture content was maintained constant throughout the incubation
aﬁd reach groundwater in soils of low organic carbon content period by the weekly addition of distilled water as necessary. After 2

It h b h dsorb . ith h months of incubation, soils were dried, sieved, and used in adsorption
t has been shown to adsorb on organic matter, althoug studies in the same conditions as with “nonincubated” soils, as will be

adsorption on soil mineral surfaces has also been reported,joscribed later.
especially when low organic matter soils were conside8&d-(

32). Trlpyclazole IS 6_‘ systemic funglqlde for the Con.trol of rice troscopical Studies. DOC was extracted from OAs, soils, and amended
blast disease, and it adsorbs to soil to a much higher extentsq;s (nonincubated and incubated) by treatment with a 0.01 M CaCl
than metalaxyl§3). Triazole fungicides are widely used, and a gqytion, to minimize the extraction of clay and to mimic, to some
possible cause for concern is their long persistence in34)l ( degree, the ionic strength of the pore wate®)( Triplicates of soils
and amended soils were extracted in a ratio 1:2, (bey of sample
MATERIALS AND METHODS and 10 mL of CaC)), and triplicates of OAs were extracted in a ratio

Pesticides, Soils, and OAdvietalaxyl [methyIN-(2-methoxyacetyl)- 1:20, the proportion of amendment that exists during the extraction of
N-(2,6-xylyl)-bL-alaninate] (chemical purity: 97.7%) was supplied ~ amended soil (10% wiw). All extractions were performed on a dry mass
by Industrias quimicas de Navarra, SA, Pamplona, Spain. This fungicide Pasis. Suspensions were shaken for 15 min at room temperature,
is a white powder with a melting point of 63:52.3 °C, a vapor centrifuged for 15 min at 10@0 and then filtrated with 0.4m pore
pressure of 0.75 mPa (2&), a water solubility of 8.4 g/L (22C), polycarbonate filter. The shaking time was kept as short as practically
and a molecular mass of 279.3 (35). Tricyclazole (5-methyl-1,2,4- possible because it was attempted here to obtain material that could
triazolo[3,4-b][1,3]benzothiazole) (95.5% purity) was supplied by Eli actually be in the dissolved state in situ. DOC of the extracts was
Lilly (Indianapolis, IN). It is a crystalline solid with a melting point of ~ measured at pH 2 with a Shimadzu TOC-5050A total carbon analyzer.
187-188°C, a vapor pressure of 0.027 mPa (25, a water solubility The pH of the samples was adjusted by the addition pf.Iof 2 N
of 1.6 g/L (25°C), and a molecular mass of 189.2 (35). HCI/mL of sample and sparged with,No avoid interference of

Three agricultural soil samples from southern Spain, which had not carbonates in DOC determinations and to ensure that dissolved carbon
been treated with either metalaxyl or tricyclazole, were used in this determinations correspond to organic C.

study: P1, P2, and P3. All samples were collected from th&@cm To avoid concentration effects, the extracted DOC was diluted to

upper layer of the horizon, air-dried, sieved topas2 mmmesh, and have absorbance 0.1 cnT! at 254 nm 40) and then acidified with 2
stored at room temperature. The physicochemical properties of the soilN HCI to obtain a pH of 2, because the pH of a solution can have a
samples are given ifiable 1. Soil pH was measured in a 1:2 (w/w) '

soil/deionized water mixture. Soil texture was determined according
to the hydrometer metho@€). The total organic carbon content (TOC)
of the soils was determined according to the Walki&jack method
(37). Clay mineralogy (illite, montmorillonite, and kaolinite) was

Characterization of DOC from OAs and Amended Soils: Spec-

strong effect on fluorescence specta (42). All measurements were
done at this pH. The fluorescence spectra, from 300 to 480 nm, were
obtained in a Varian Cary Eclipse fluorescence spectrophotometer, using
1 cm cuvettes under excitation at 254 nm. The optical density of the
determined according to an X-ray diffraction procedure on oriented samples at_ the exc_itgtion wavelength was determined with a Varian
specimens (38). All measurements were done in triplicate. Car_y _50 Bio U\+visible spectrophotomeyer,.and_the fluorescence
Three organic amendments, solid fertiormont (SF), liquid fertiormont ©€Mission spectra were corrected by multiplication with faetowhere
(LF), and alperujo (AL), were used in this study. SF and LF are A is the absorbance in crhat the excitation wavelength (23).
commercial humic amendments derived by composting the solid and A humification index (HIX) was calculated from the fluorescence
liguid waste, respectively, of the olive mill process, and AL is a residue data as
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where WI is the wavelength in nanometers andis the fluorescence
intensity at this wavelength (123).

DOC from the OAs (1:20 extraction on a dry mass basis) was further
analyzed by Fourier transform infrared spectroscopy (FT-IR). Extracts
were freeze-dried and analyzed as KBr disks using a Nicolet 5 PC
spectrometer.

Pesticide Adsorption Studies Adsorption isotherms of metalaxyl
and tricyclazole on soils and nonincubatée=(0) and incubatedt (=
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Table 2. Changes in pH, Total Organic Carbon (TOC), Dissolved
Organic Carbon (DOC), and Humification Indexes (HIX) of Amended
Soils with Incubation Time (t) [t = 0 (No Incubation) and t = 2
(Incubation for 2 Months at 40% w/w Moisture Content]

organic pH TOC, % DOC, mg/L HIX

amendment soil t=0 t=2 t=0 t=2 t=0 t=2 t=0 t=2
SF PL 89 85 183 177 738a* 880 841 9.79*
P2 74 8.3 176 172 734a 580 7.61 9.72*

P3 86 86 133 114 683a 760 7.06 10.6*
LF P1 65 79 170 097* 1501a 307* 0.85  4.87*
P2 77 79 216 1.83 1198b 220* 0.98 4.51*
P3 80. 81 165 131* 988c 189 0.94  4.66*
AL P1 68 87 329 243* 1624a 467 034  4.82*
P2 70 82 372 379 1343b 515 037  4.60*
P3 78 85 322 324 1204b 344* 043 4T2*

2) amended soils were measured using a batch equilibration method.

Triplicates of 5 g (metalaxyl) or 2 g (tricyclazole) of each soil were
treated with 10 mL of the corresponding fungicide solutions with a
concentration (§ of 5, 10, 20, 50, or 10tM made up in 0.01 M
CaCb. The suspensions were shaken at 202 °C for 24 h and
centrifuged at 1009at the same temperature. Supernatants were filtered
and equilibrium concentrationsC§) determined by HPLC with a
photodiode array detector. The following conditions were used: Nova-
Pack C18 column, 15 3.9 mm; flow rate, 1 mL/min.; eluent system,
50:50 methanol/water (metalaxyl) and 20:80 acetonitrile/water (tri-
cyclazole); injection volume, 2bL; detection wavelength, 230 nm for
both fungicides. Quantification limits under these conditions were 0.5
and 0.2uM for metalaxyl and tricyclazole, respectively.

Adsorption isotherms were obtained by plotting the amount of
fungicide sorbed (€= umol/kg) versus the equilibrium concentration
(Ce = uM) and fitted to the Freundlich equation:

C,=KC 2
Adsorption constant&; and n;, which indicate adsorption capacity
evaluated aC. = 1 M and adsorption intensity, respectively, were
calculated. Considering the range of initial solution concentrations used
for both fungicides in adsorption studids;, values will indicate soil
adsorption capacity at low concentrations, whengagalues give an
indication of the evolution of adsorption when concentration in solution
increases.

Statistical Treatment of the Data. Statistical analyses of experi-
mental data were carried out with the program SPPS 11.0 for Windows.
Significant statistical differences of all variables (DOC, TOC, HIX,
andKjs) between the different treatments (freshly amended sotis-or
0 and aged amended soils tor= 2) were established by Student's
test atP < 0.05.

The amounts of DOC extracted from the freshly amended soils P1,
P2, and P3 (&= 0), which is indicative of DOC adsorption to soils,
were analyzed by ANOVA, considering DOC as the dependent variable.
Significant statistical differences of DOC between the different amended
soils were established by Tukey's test {P0.05).

RESULTS AND DISCUSSION

Characterization of DOC of the OA and Amended Saoils.
The amount of DOC of the OAs is very high in the case of the
liquid amendment LF and solid AL, the last with very high TOC
(Table 1). The amendment of the soils with SF, LF, and AL
resulted in an increase of TOC of the soils, especially AL
amended soilsTable 2). No differences were observed in
adsorption of DOC from SF among nonincubated soils (71, 75,
and 75% of DOC sorbed on P1, P2, and P3, respectively),
whereas DOC from LF and AL sorbed to a higher extent on
soils P2 and P3, of higher clay content, when compared with
the sandy soil P1, as indicated by the lower DOC of soils P2
and P3 amended with LF and AL when compared with P1
(Table 2,t = 0). This fact points to molecular differences
between DOC from AL and LF and DOC from SF.

@ For each organic amendment, different letters (a—c) among soils indicate
statistically significant differences (P < 0.05). ° Values marked with an asterisk
indicate that differences between t = 2 and t = 0 are statistically significant
(P < 0.05).
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Figure 1. Emission fluorescence spectra of the DOC of the organic
amendments SF, LF, and AL at pH 2 and an excitation wavelength of
254 nm.

Spectroscopic studies reveal that differences between amend-
ments are not only in quantity but also in quality of DOC. The
maximal fluorescence intensity of DOC from SF extragg(re
1) appears at wavelengths400 nm, indicating that their
fluorescence is dominated by condensed molecules, presumably
aromatic, which are typical for humic materiaB®3( 42—44).

The LF and AL amendments have the maximal fluorescence
intensity in the region near 300 nrkigure 1). In this region,

less condensed and nonhumified material tend to fluoresce. The
intensity of this peak is much higher in DOC from AL than in
DOC from LF. It should also be noticed that DOC from LF
fluoresces to a higher extent at higher wavelengths (in the 400
nm region) than AL. The very low HIX valuesTéble 1)
indicate that LF and AL contain great amounts of relatively
nonhumified material. On the contrary, HIX values of DOC
from SF show that this amendment contains the highest amounts
of complex molecules (Table 1).

FT-IR spectra of DOC from OA extracts also show differ-
ences in the quality of DOCF{gure 2). The main feature
observed in FT-IR spectra is the high intensity of the band near
1400 cnt? in the SF extract when compared with the LF and
AL extracts. This band corresponds to the carbonyl absorption
band of the ionized carboxylic group (COY)45). On the other
hand, the band near 1700 corresponding to the carbonyl
absorption band of the carboxylic group (COOH) is not present
in the SF extract, whereas it is very clear in the LF and AL
extracts, despite the proximity of the 1600 Thband also
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Figure 2. FT-IR spectra of the DOC of the organic amendments SF, LF,
and AL.

associated with COOand water absorption. The higher amount
of carboxylate in the SF extract is the reason for the high pH
of SF when compared to LF and AOgble 1).

The fluorescence spectra of extracts of the soils amended with
SF and AL at time O (nonincubated soils) do not significantly
alter spectrum characteristics of the respective GAgure 3,
solid symbols), with a maximum at high wavelengths400
nm) in the case of SF or at low wavelengths (near 300 nm) in
AL-amended soils. In the case of LF-amended soils at time 0,
the intensity of the peak of maximal fluorescence intensity,
which appears near 300 nm in the LF extrdeig(re 1), is
reduced (Figure 3, solid squares), and this reduction is higher
in soils P2 and P3, of higher clay content, in agreement with
the higher adsorption of DOC measured in these sdible
2). In Figure 3 it is also shown that the fluorescense intensity
in the region near 300 nm in LF- and AL-amended soil spectra
is higher in soil P1 than in soils P2 and P3, confirming that the
DOC fraction that sorbs to higher extent on clay soils P2 and
P3 is the fraction that fluoresces at lower wavelengths. This
can be attributed to rapid adsorption to soil of the DOC fraction
of LF fluorescing at lower wavelengths, whereas more complex
(humified) organic material remains in solution. Preferential
microbial utilization of DOC in these soils can also explain these
results.

The HIX values of SF-amended soils at timeT@kle 2) are

Cox et al.

With residence time in the soil, DOC from SF-amended soils
is not significantly affected (P< 0.05). Also, DOC from
incubated soils (& 2) amended with SF shows fluorescence
spectra similar to those of the corresponding amended soils that
were not incubated (Figure 3, solid and open circles). Conse-
quently, HIX values show just a small increase with residence
time (Table 2). In the case of LF- and AL-amended soils, DOC
dramatically decreases in every soil after a 2 month incubation
period (Table 2). The fluorescence spectra of DOC from LF-
and AL-amended soils after incubation (Figure 3, open symbols)
are very different from those at time 0: the peak in the 300 nm
region, of very high intensity in AL nonincubated amended soils
(Figure 3,t = 0) and the AL extractRigure 1), disappears in
LF- and AL-amended soils after incubatidn< 2). This results
in a great increase in HIX values of DOC from LF- and AL-
amended soils with incubatioiféble 2). Fluorescence studies
indicate that the great reduction in DOC in the LF- and AL-
amended soils with incubation time is mainly due to a reduction
in DOC molecules of low degree of complexation (probably
smaller and more polar), which as discussed above has the
lowest ability/tendency to fluoresce.

Three processes can be mainly responsible for this decrease
in DOC: (1) microbial degradation (mineralization), (2) increase
in DOC adsorption with residence time of OA in the soil, and/
or (3) polymerization (humification) of the DOC, giving rise
to more condensed molecules that fluoresce at higher wave-
lengths. If (1) is responsible for the great decrease in DOC in
LF- and AL-amended soils with residence time, a similar
decrease should be observed in TOC of incubated soils. An
interesting feature is that TOC remained unaffected upon
incubation in soils P2 and P3 amended with the solid amendment
AL of very high DOC, despite the decrease in DOGle 2).
These results suggest that the increase in adsorption of DOC
with residence time can, in some cases, be also responsible for
the decrease in DOC. Probably the longer time needed for
soluble organic carbon from the solid amendment AL to pass
into soil solution during the incubation period, when compared
with the DOC from the liquid amendment LF, protects DOC
from AL from microbial degradation, allowing an increase in
adsorption with time to occur.

Adsorption of Metalaxyl and Tricyclazole in Nonincu-
bated Amended Soils.Metalaxyl adsorption coefficients ob-
tained from isotherms with unamended and amended soils
(nonincubated, = 0) are given inTable 3. Adsorption increases
in the unamended soils in the order P3P2 > P1. Metalaxyl
adsorption on soil P3, of very high clay contefiable 1), is
much higher than on soils P1 and P2 (10 times higher). Soil
P3, of very low TOC Table 1), is a saline soil from the marshes
of southern Spain affected by high salt concentrations, which
gives rise to a surface alteration of its illitic clay that behaves
like smectite 47,48) and hence renders a very high adsorption

higher than the corresponding unamended soils, although lowercapacity for water and polar organic compounds such as

than the HIX of the SF extracT@ble 1), which can be attributed

to adsorption of the more condensed molecules in SF to soil.
Plaza et al. 46) have observed that soil amendment with pig
slurry, of smaller aromatic polycondensation and humification
degree than soil humic acid, resulted in modification of soll
humic acid and that this modification includes a reduction in
aromaticity. In the case of LF- and AL-amended soils, HIX
values slightly increase (LF-amended soils) or remain unaffected
(AL-amended soils) (Table 2) when compared with the HIX
values of LF and AL extractsT@ble 1) and in every case are
lower than the HIX values of the corresponding unamended
soils (Table 1).

metalaxyl (32,49).

When soils were amended with SF, adsorption increased in
soils P1 and P2, which can be attributed to an increase in TOC
(Table 2), and remained unaffected in soil F&ble 3), despite
the increase in TOC from 0.48 to 1.33% and the high HIX of
this OA (Tables 1 and 2). This fact corroborates the great
affinity of metalaxyl for mineral surfaces3{, 32): the high
mineral surface area available for adsorption in soil P3 is more
important than the increased organic surfaces. Amendment with
LF and AL ( = 0), of very high DOC contentsTable 1),
increased metalaxyl adsorption in soil P1, whereas adsorption
remained unaffected in P2 LF and increased in P2 AL
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Figure 3. Emission fluorescence spectra of DOC from P1, P2, and P3 amended soils (nonincubated, t = 0, and incubated, t = 2) at pH 2 and under
an excitation wavelength of 254 nm.

(Table 3). Adsorption on P3 decreased with both LF and AL. soil surfaces2), competing with metalaxyl molecules for the
As shown in fluorescence studies, the LF and AL amendments same mineral sorption sites. This is corroborated by the higher
are mainly constituted by molecules with low degrees of adsorption of DOC from LF and AL on soils P2 and P3 when
complexation (Table 1). The lack of increase in metalaxyl compared with soil P1 (Table 2).

adsorption or the lower adsorption than unamended soil, despite Tricyclazole adsorption data obtained from adsorption iso-
the increase in TOCT@ble 2), can be attributed to interactions therms are given iTable 4. Adsorption coefficients for every
between smaller DOC molecules from LF and AL and mineral soil are higher than the corresponding data for metalaxyl, due
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Table 3. Metalaxyl Sorption Coefficients in Unamended and Amended higher clay content (P2 and P3) and with the more polar (less
Nonincubated (t = 0) and Incubated (t = 2) Soils humified) OAs (LF and AL) indicates that polar interactions,
although not as relevant as in the case of metalaxyl, are also
organic ~_nonincubated sails (t=0) ~_incubated soils (t = 2) important in the case of this fungicid63) and, hence, compe-
soil amendment  K; Ny R? Ki . R? tition for mineral sorption sites can also take plat&,26).
P1 0.29 12 0.98 Adsorption of Metalaxyl and Tricyclazole in Incubated
flf égg ig ggg é-;g*a (1)'83 ggg Amended Soils: Effect of OA Aging. Metalaxyl adsorption
AL 131 096 099 088 104 100 isotherms on amended soils incubated for 2 months were fitted

to the Freundlich equation, and adsorption coefficients are given

P2 047 12 099 in Table 3, together with adsorption data at time 0 (nonincubated
SF 1.69 1.0 098 292 087 099 . . . :
LE 0.49 12 094  107* 106 100 soils). When soils amend_ed with SF were |_ncubated for 2
AL 0.66 1.2 099  113* 099  1.00 months, metalaxyl adsorption on soil P1 remained unaffected,
P3 548 11 100 whereas it significantly increase® (< 0.05) on soils P2 and
SF 542 11 098 850 095  1.00 P3 (Table 3). No significant changes in the amounts of TOC
LF 1.94 13 100 597 100 1.00 or DOC were observed for P1 and P2 amended withTaible
AL 4.98 0.88 097 630 090  0.99 2), whereas in the case of soil P3, with very high sorption
capacity for metalaxyl, the significant decrease in TGC<
2 Values marked with an asterisk indicate that differences between K; (t = 0) 0.05) while DOC remains unaffected suggests mineralization
and K (t = 2) are statistically significant (P < 0.05). of sorbed organic C in nonincubated soil blocking surfaces
) ] o available for adsorption, resulting in further mineral surfaces
Table 4. Tricyclazole Sorption Coefficients in Unamended and available for metalaxyl adsorption. We have previously observed

Amended Nonincubated (t = 0) and Incubated (t = 2) Soils that HO, treatment for organic matter removal of the clay

fraction of this soil increased adsorption of the polar herbicides

organic nonincubated soils (t = 0) incubated soils (t = 2) 7 ¢ g
soil  amendment K; . R? K ” R thiazafluron and metamitrod), which would corroborate our
P1 321 098 097 hypotheses.
SF 162 077 100 2494 068 100 Metalaxyl adsorption significantly increase € 0.05) with
LF 9.08 0.91 1.00 594 088 097 incubation { = 2) in all soils amended with LF, and the highest
AL 113 09 099 155 08 100 increase (x3) was observed in the highly sorptive clay soil P3.
p2 24.0 072 0.99 All three soils amended with LF show higher and significant
SF 343 071 100  404* 064 100 (P < 0.05) decreases in TOC than in DOC, especially soil P1
LF 35.7 062 099 123 078 100 + LF (0.73% reduction in TOC versus 0.24% in DOC). This
AL 230 078 100 191 08 099 indicates that mineralization of the DOC in soil solution must
P3 193 0.80 1.00 be followed by desorption of sorbed organic carbon, which also
SF 325 076 100 398" 071 099 further mineralizes, giving rise to a decrease in DOC of nearly
';\E 5‘21 ggg 833 gg:i* 8;2 1188 80% of the DOC present in nonincubated soils (from 1501 to

307 mg/L). The DOC remaining in solution has a higher degree
of complexation, as indicated by fluorescence studiégure

3) and, hence, is more stable to mineralization and has a lower
affinity for mineral surfaces than the smaller DOC molecules

to its lower water solubility (50). In this case we do not find (12). ) o

the very high adsorption on P3 observed for metalaxyl. On the ~Adsorption of metalaxyl significantly decreases {F0.05)
contrary, higher adsorption was observed in soil P2, of higher in P1 with aging (= 2) of AL when compared with freshly
TOC than P1 and P3. Soil P1, of very low TOC and clay con- amended P1. The higher reduction in TOC than in DOC again
tent, shows a very low adsorption capacity for tricyclazole. The Suggests desorption of sorbed organic carbon. However, this
effect of OA addition to soil in adsorption behavior is completely release of OC does not increase available surface for metalaxyl
different in the case of this fungicide. With the exceptions of adsorption in this poorly sorptive soil. In the clay soils P2 and
P2+ AL, P3+ LF, and P3+ AL, OAs increased the adsorption ~ P3, TOC remained unaffected with aging, whereas DOC was
of tricyclazole, and amendment with the highly humified SF highly reduced (80 and 70% in soils P2 and P3, respectively),
rendered, in most cases, the highest adsorption coefficients wherfuggesting an increase in adsorption of DOC from AL with time.
compared with the respective unamended soil. The increase inThis increase in adsorption of DOC significantly ¢ 0.05)
adsorption upon amendment is much h|gher in the low adsorp_ increases metalaxyl adsorption on P2 amended with AL due to
tive soil P1. Adsorption of tricyclazole on P2 AL, P3 + LF, generation of new organic surfaces, whereas no significant
and P3+ AL at concentrations-1 uM increases when com-  differences (P< 0.05) upon incubation of AL were observed
pared with the respective unamended soil, as indicated by thein P3. These results reveal the heterogeneity of soil mineral
higher ny coefficients (Table 4). This increase in pesticide Surfaces with respect to adsorption of polar compounds. Soils
adsorption at high concentrations raises the possibility of the P2 and P3 both have very high clay contents, although different
use of this OA in remediation in the case of pesticide point clay mineralogies: P2 is rich in montmorillonite (34%), and
pollution or accidental spills. Organic matter is the most impor- P3 is rich in illite (56%). DOC sorption from AL to highly
tant soil component affecting the adsorption of tricyclaz6t) ( sorptive illite of P3 might block metalaxyl mineral sorption sites,
which can explain the increase in adsorption with OAs at high Which would be compensated by the generation of new organic
concentrations. However, the quality of organic matter appears surfaces upon DOC sorption, rendering adsorption capacities
to be very important because there is not a clear positive relation-similar to those at = 0 rather than at = 2.

ship of tricyclazole adsorption to soil TOC. Also, the lack of Tricyclazole adsorption significantly increasd® € 0.05)
increase in adsorption at low concentrationg (K the soils of with aging (t= 2) in all three soils amended with SF (Table

2 Values marked with an asterisk indicate that differences between K (t = 0)
and K; (t = 2) are statistically significant (P < 0.05).
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4), despite there being no changes in the amount of TOC or
DOC after 2 months of incubation in soils P1 and P2 and despite
the decrease in TOC observed in soil-PSF with aging Table

2). These changes can be attributed to changes in the quality of
OM increasing the adsorption capacity for organic molecules.
As shown inTable 2, the significant increase (R 0.05) in

HIX with incubation time observed for DOC from P8 SF
(Table 2) indicates that although the TOC is reduced, sorbed
organic matter must be more humified and have a higher
adsorption capacity for tricyclazole.

Changes in the adsorption of tricyclazole with incubation of
LF and AL amendments, of very high DOC content, greatly
differ from those observed for metalaxyl. When soils amended
with LF were incubated for 2 months, adsorption significantly
decreased (P< 0.05) in soils P1 and P2. It should be noted
that in P2 adsorption is even lower than in unamended sail.
This can be attributed to the decrease in TOC (Table 2),
reducing hydrophobic interactions between tricyclazole and OM,
which, on the contrary as for metalaxyl, are more important
that the increase in available mineral adsorption sites when
adsorbed organic matter desorbs into solution. On the contrary,
as in soils P1 and P2, in the clay soil P8, significantly
increases from 15.4 to 26.9¢ble 4) despite the decrease in
TOC (Table 2). This increase again shows the different
adsorption behaviors of the two clay soils (P2 and P3) used in
this study. The high adsorption capacity of the mineral surfaces
of soil P3 and the importance of the “quality” of soil surfaces

J. Agric. Food Chem., Vol. 52, No. 18, 2004 5641

(3) Neumann, M.; Schutz, R.; Schafer, K.; Muller, W.; Mannheller,
W.; Liess, M.Water Res2002, 36, 835—842.

(4) Chiou, C. T. Theoretical considerations of the partition uptake
of nonionic organic compounds by soil organic matter. In
Reactions and Megement of Organic Chemicals in SQiIBSSA
Special Publication 22; Soil Science Society of America:
Madison, WI, 1989; pp 1—29.

(5) Koskinen, W. C.; Harper, S. S. The Retention Process: Mech-
anisms. InPesticides in the Soil Environment: Processes,
Impacts and ModelingCheng, H. H., Ed.; Soil Science Society
of America: Madison, WI, 1990; pp 1—29.

(6) Guo, L.; Bicki, T. J.; Felsot, A. S.; Hinesly, T. . Environ.
Qual. 1993,22, 186—194.

(7) Barriuso, E.; Houot, S.; Serra-Wittling, €estic. Scil996,49,
65—75.

(8) Cox, L.; Celis, R.; Hermosin, M. C.; Becker, A.; Cornejo, J.
Agric. Ecosyst. Environ1997,65, 151—-161.

(9) Lee, D. Y.; Farmer, W. J.; Aochi, YJ. Environ. Qual.1990,
19, 567—-573.

(10) Businelli, D.J. Environ. Qual.1997,26, 102—108.

(11) Celis, R.; Barriuso, E.; Houot, S. Environ. Qual.1998, 27,
1348—1356.

(12) Cox, L.; Celis, R.; Hermosin, M. C.; Cornejo, J.; Zsolnay, A.;
Zeller, K. Environ. Sci. Technol2000,34, 4600—4605.

(13) Huang, X.; Lee, S. LJ. Environ. Qual.2001,30, 1258—1265.

(14) Williams, C. F.; Letey, J.; Farmer, W.J.Enaron. Qual.2002,
31, 619-627.

(15) Barriuso, E.; Koskinen, W. CSoil Sci. Soc. Am. J996, 60,
150—157.

(16) Scow, K. M.; Johnson, C. RAdv. Agron.1997,58, 1-56.

in adsorption is also revealed, and both seem to compensate (17) chefetz, B.; van Heemst J. D. H.; Chen, Y.; Romaine, C. P.:

the decrease in OM at least at low concentrations. In relation
to this, Roldan et al. (52) reported previously that mineral
surfaces can also account for tricyclazole adsorption. The lower
n; coefficient for tricyclazole in P3+ LF att = 2 when
compared td = 0 (0.75 versus 0.95) suggests that the increase
in adsorption upon amendment is more important at low solution
concentrations.

With incubation time, adsorption of tricyclazole experiences
a small but significant (P< 0.05) increase in P+ AL and a
small significant P < 0.05) decrease in P2 AL, whereas
there is a large increase (significant Rt< 0.05) in K; for
tricyclazole on P3t+ AL (Table 4). As discussed above, TOC
remains unaffected in soil P3, whereas DOC decreases with
aging of AL in the soil, which has been attributed to an increase
in adsorption of DOC from AL with incubation time. On the
contrary, as with metalaxyl, in the case of the less polar
tricyclazole, DOC molecules coating mineral surfaces produce
an increase in hydrophobic surfaces that further sorb tricyclazole.

Our results indicate that changes in soil organic matter upon
amendment depend on the nature of the organic amendment,
the quality of the soil surfaces, and changes in organic matter
with residence time in the soil. Changes in adsorption of two
fungicides, differing mainly in the most important soil compo-
nent affecting their adsorption (mineral surfaces, in the case of
metalaxyl, and organic surfaces, in the case of tricyclazole),
upon soil amendment, depend on soil characteristics, interactions
between DOC and soil mineral surfaces (depending on the nature
of DOM and on clay mineralogy), and changes in the quality
and quantity of TOC and DOC upon immediate mixing as well
as after incubation.
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