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The effect of undesalted dissolved organic matter (DOM) extracted from composts on the degradation,
adsorption, and mobility of cyhalofop herbicide in soils was studied. A paddy-field sediment poor in
organic matter (OM), an OM-rich forest soil, and DOM from agroindustrial or municipal waste compost
were used. DOM increased the cyhalofop-acid but not the cyhalofop-butyl solubility in water. The
degradation of cyhalofop-butyl in the sediment was slow, giving cyhalofop-acid as the only metabolite,
whereas in forest soil, the process was faster, and three byproducts were detected. Soil pretreatment
with DOM did not modify the degradation pattern but only reduced the adsorption of cyhalofop-butyl
by soil, whereas it increased the adsorption of cyhalofop-acid. Among the cationic components of
DOM solutions, the potassium ion seems to be related to the increased adsorption of the cyhalofop-
acid in both OM-poor and OM-rich soils, yielding reversible complexes with the former and favoring

hydrophobic interactions with the latter.
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INTRODUCTION

Increasing attention has been paid to the adverse impact of
pesticides on the environment, human health, and life-support
systems. The potential for contamination of water bodies is high
in areas where rice is cultivated under flooded conditions (/-6).
The agrochemicals applied to aquatic environments such as
paddy fields are a matter of concern for potential leaching (7-9)
and persistence in soil and water (/0). During the draining phase,
consisting of a forced movement of paddy water toward other
field chambers and finally into surface water courses, agro-
chemicals can be mobilized and diffused into the environment.
Conversely to nonflooded soils, the high volume of paddy water
increases significantly the amount of agrochemicals in solution,
and their possible adsorption into the paddy-field sediment is
not favored.

Generally, the retention and mobility of pesticides in soil are
determined by the extent and strength of the interactions with soil
surfaces and are governed by the chemical and physical properties
of both soil and pesticides. For soils characterized by a low organic
matter content, the interaction with pesticides is often related to
the active components of the inorganic fraction (i.e., clays and clay
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minerals (/7)). Usually, an increase in the clay content results in
a decreasing mobility of the pesticide. For soils with a higher
organic matter content, the retention of pesticides has been related
to the total organic content, with the nature of the organic matter
having little influence on sorption processes (/2, 13). The total
soil organic matter includes both soluble and insoluble fractions,
although the contribution of soluble organic matter in soil is usually
very small.

Many studies performed on the effect of soil dissolved organic
matter (DOM) on the behavior of organic pollutants in the
absence of soil generally agree upon a solubility enhancement
of pesticides (/4—18). Usually, these studies deal with nonion-
izable or neutral chemicals, characterized by high n-octanol/
water distribution coefficients (logK,, range of 4—6). The
enhanced solubility of pesticides recorded in DOM solutions is
not always confirmed when the soil is added to the experimental
framework (/9). In the presence of soil, contradictory results
were obtained in studies concerning the effect of DOM on the
behavior of cationic or positively ionizable pesticides in soil
and water, probably owing to different experimental conditions
(19-22). Despite the negative charge of negatively ionizable
pesticides, which constrains them in the soil liquid phase and
subsequently in water courses, only a few studies on their
behavior in soil in the presence of DOM have been conducted
(11, 23, 24).

Although the interactions of pesticides with DOM are affected
by the ionic strength of the solutions, DOM is often used in
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Table 1. Summary of Characteristics of Investigated Soils (SD in Parentheses)
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pH texture (%)
soil H.0 CaCl, clay loam sand TOC? (g kg™ ") CEC® (cmoli+) kg ™)
St 6.00 (+0.29) 5.50 (+0.10) 10 42 48 14.0 (£0.02) 2.00 (+0.01)
S2 7.10 (£0.13) 6.80 (+0.19) 20 54 26 73.0 (+0.27) 9.90 (+0.09)

aTOC: total organic carbon. ° CEC: cationic exchange capacity.

laboratory trials, after the removal of salts (i.e., as a purified
organic fraction), and sometimes further fractionated in humic
and fulvic acids (71, 15). Metals bound to DOM constituents
or contained in a free form are lost during the purification
procedure, and rarely is purified DOM studied as a function of
both ionic strength and saline composition (/4).

As many pesticides are found in groundwater (2, 3, 5), it is
apparent that there is significant transport of these chemicals
through the soil profile. The addition of organic amendments
to the soil is an agricultural practice that, introducing a
remarkable amount of exogenous soluble organic matter, is
considered to potentially affect the pesticide fate in the
soil (25, 26). The extent to which the exogenous DOM is
involved in the transport process through the soil is far from
being understood.

Cyhalofop-butyl (butyl (R)-2-[4-(4-cyano-2-fluorophenoxy)-
phenoxy]propionate, Clincher), applied at rates of up 300 g/ha,
is an acetyl CoA carboxylase inhibitor for postemergence control
of barnyard grass (Echinochloa spp.) and silver top (Lepthochloa
fusca) in rice (27, 28). The esters of aryloxyphenoxyalkanoic
acids act as pro-herbicides. The formulation as esters facilitate
the uptake through the plant cuticle and, once entered into the
plant, they are transformed within a few hours into the acidic
form [i.e., the active herbicide (29-31)]. In soils, cyhalofop-
butyl is quickly transformed into the more soluble negatively
ionizable acidic form (32).

The effect of exogenous DOM from two composts on the
behavior of cyhalofop-butyl and -acid was studied in two
different soils. Since the behavior of negatively ionizable
pesticides is greatly affected by the soil pH, we decided to study
the adsorption—degradation of cyhalofop-butyl and -acid in two
soils with a similar pH value but differently characterized in
organic matter content: a sediment from a paddy field and forest
soil. To study the effect of the saline component on the herbicide
behavior in soils, DOM was used without any desalting
treatment or pH modification at concentration levels never
exceeding their maximal solubility. The persistence, adsorption,
and mobility of cyhalofop in the presence of DOM by means
of solubility tests, determination of adsorption—desorption
isotherms in soils, and leaching experiments on soil columns
were evaluated.

MATERIALS AND METHODS

Soils. Two Italian soils were used: a paddy-field sediment, obtained
by collecting the first centimeters of the soil, from Novara (S1), and a
Lythic Usthortents soil, sampled in the first 10 cm of a forest soil,
from Bologna (S2). Although compost amendment is not commonly
performed for forest soil, this soil was chosen because of the high
organic matter content, in contrast to the low organic content of paddy
soil (total organic carbon (TOC) 14.0 and 73.0 g kg~ ' for S1 and S2,
respectively; see Table 1). In addition, the expected high concentration
of endogenous DOM in S2 soil allows us to evaluate its effect with
respect to herbicide adsorption—desorption in the presence of exogenous
DOM.

Soil samples were air-dried, sieved at <2 mm, and stored at room
temperature in the dark. The soil pH was determined in water or 0.01
M CaCl, solution with a soil/liquid phase ratio of 1:2.5 w/v. Particle

size distributions were performed using a pipet method (33). The TOC
was determined according to the modified Walkley—Black method (34).
The cation exchange capacity (CEC) was determined according to the
procedure of Hendershot and Duquette (35). A summary of character-
istics of the soils is reported in Table 1.

For soil experiments under reduced microbial activity, we followed
the autoclaving conditions indicated by Alef and Trevors (36, 37) for
small amounts of soil. Soil aliquots of 50 g were spread out in thin
layer (1-2 cm) in glass beakers and autoclaved at 121 °C and 1.1 atm
for 1 h before use. The adopted method for reducing the microbial
activity was good enough to leave unchanged the concentration of
cyhalofop-butyl or -acid during 1 week experiments in our soils.

DOM. DOM was extracted from two composts collected after the
third week of the curing phase at Caviro (Imola, BO, Italy) or Hera
(Rimini, RN, Italy) composting plants. The first compost (Ca) was
obtained with a blend of winery byproducts (sewage sludge, marcs,
and centrifuged winedregs) and urban plant trimmings by a forced
aeration system. The second compost (Cy) was obtained with a blend
of municipal solid waste from separate collections and lignocellulosic
material by a weakly mixed static pile. The composting time for both
composts was 28 days.

The suspension formed by a compost/deionized water ratio of 1:4
was shaken in polypropylene copolymer centrifuge tubes on a horizontal
shaker for 24 h at room temperature. After centrifugation at 15000g
for 40 min, the supernatant was passed through an ashless filter paper
(Whatman 42) and subsequently filtered through 5 and 0.45 um
Durapore membrane filters. The extracts of Ca or Cy compost, called
DOM, and DOMy; solutions from hereon, were finally freeze-dried
and stored in a desiccator without any additional treatment.

The dissolved organic carbon (DOC) of composts Ca and Cy,
determined under these extraction conditions, and the TOC of the DOM
were measured on freeze-dried DOM samples by a thermo-electron
elemental analyzer (Thermo Fisher Scientific). The DOC of composts
was 0.9 and 0.2 g kg~ ! for C4 and Cy, respectively. The electrical
conductivity (EC) of DOM solutions was measured by a type SAT
conductimeter (Halosis, Italy) equipped with a 1 cm ™! cell constant
platinum electrode (CRISON, 5292). Elemental analysis of DOM was
performed by an inductively coupled plasma optical emission spec-
trometer (Spectro CIR.O.S.CCD) furnished by SPECTRO Analytical
Instruments GmbH & Co. (Kleve, Germany) equipped with a plasma
source and an optical detector with a charge-coupled device (CCD)
able to quantify emission wavelengths of elements ranging between
125 and 780 nm. Before elemental analysis, freeze-dried DOM (100
mg) was dissolved by hot digestion with acids of spectroscopic grade
(5 mL of HNOj3 (65% v/v) and 10 mL of 98% H,SO,). The DOM also
was analyzed by "H NMR spectroscopy. Before NMR analysis, freeze-
dried DOM samples were resuspended in distilled water. The excess
metal ions were removed by sequentially passing the DOM solutions
over two IR-120 H cation-exchange resins. After adjusting the leachate
pH to a neutral value by the addition of a 0.1 N NaOH solution, the
leachate was freeze-dried, and the DOM was desiccated over P,Os at
room temperature for 24 h to reduce the water signal in the '"H NMR
spectra. Finally, DOM samples were dissolved, each at its maximum
solubility value (Sw 3.4 and 14 g L™! for DOMa and DOMy,
respectively) in 0.75 mL of D,O. "H NMR data were acquired with
3 s of recycle time, 256 transients, and a 90° pulse using a 400 MHz
Mercury Plus Varian NMR spectrometer (Varian, Inc.). According to
Kaiser and co-workers (38), the proton distribution of DOMs in the
region of 0-2.5, 2.5-4.0, and 4.0-9.0 ppm was assigned to aliphatic,
carbohydrate (amino acids, sugars, CH, adjacent to ester and ether/
hydroxyl), and aromatic portions, respectively. The amount of car-
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Figure 1. Structures of cyhalofop-butyl and its byproducts.

boxylic protons was determined by titration of acidic moieties with a
0.05 M NaOH solution in the pH range between 3.0 and 10.5. Samples
of freeze-dried DOM (60 mg) were dissolved in 100 mL of distilled
water, and the pH of the solutions was adjusted at 3.0 by the addition
of a 0.05 M HCl solution. The titration curve was obtained by TIM860
Titration Manager (TitraLab, Radiometer Analytical SAS) equipped
with a glass pH electrode.

In this study, freeze-dried DOM was redissolved in distilled water
at a concentration never exceeding its maximal solubility before use.
In the experiments in autoclaved soils pretreated with DOM, freeze-
dried DOM samples were also autoclaved at 121 °C and 1.1 atm for
1 h before addition to soil.

Chemicals. Cyhalofop-butyl (butyl (R)-2-[4-(4-cyano-2-fluorophen-
oxy)phenoxy]propionate, CB, purity 99.9%), cyhalofop-acid ((R)-2-
[4-(4-cyano-2-fluorophenoxy)phenoxy]propionic acid, CA, 99.4%),
cyhalofop-amide (2-[4-(4-carbamoyl-2-fluorophenoxy)phenoxy]propi-
onic acid, CAm, 99%), and cyhalofop-diacid ((R)-2-[4-(4-carboxyl-2-
fluorophenoxy)phenoxy Jpropionic acid, CD, 98%) were kindly supplied
as analytical standards by Dow Agrosciences (Bologna, Italy). Chemical
structures of CB and its degradation products are shown in Figure 1
(32). Because of the low solubility of CB either in water (1.2 uM at
pH 7.0 (32)) or in 1% methanol solution (1.9 uM), a 1% acetonitrile
aqueous standard solution of CB was prepared (4.0 uM). A 1%
acetonitrile standard aqueous solution of CA (500 uM) was prepared
and used in the range of 0-500 uM after dilution with distilled water
(1% acetonitrile).

Solubility Tests. We followed the solubility enhancement technique
proposed by Chiou and co-workers (/5) with small modifications to
study the effect of exogenous DOM on CB or CA solubility. Sterile
DOM solutions were adjusted at pH 6.0 (i.e., similar to the soil pH)
and added to a CB or CA amount exceeding that required to saturate
the solution. The solutions were sonicated for 10 min and then left to
equilibrate on a horizontal shaker at room temperature for 24 h to
facilitate the solubilization process. The samples were subsequently
centrifuged at 15000g for 40 min to separate the excess solute. After
aspiration of undissolved solute particles adhering to the meniscus, an
aliquot of the supernatant was withdrawn and directly analyzed by
HPLC. The solubilities of CB or CA obtained in an aqueous solution
(pH 6.0) were used as controls. The experiments were run five
times.

Degradation Kinetics. To simulate the rice cultivation environment
where CB is applied, the experiment was conducted in a soil/water
suspension. The degradation kinetics of CB was conducted in soils in
the presence of DOM, after pre-equilibration of 10 g of soil for 16 h
with 5 mL of DOMa or DOMy solutions, each at its maximal solubility.
An aqueous solution of CB (15 mL, 4.0 uM, 1% in acetonitrile) was
then added to the slurry, yielding a 3 M final concentration. The
herbicidal dose used in the experimental design (280 g ha™') was of
the same order of magnitude of the field application dose (300 g ha— ')
when considering a distribution in the first centimeter of depth, whereas
the DOM amounts corresponded to a compost dose (c.a. 2 t ha™ ') lower
than the compost amendment dose of paddy fields in the north of Italy
(25-30 tha™ ). At different times, the supernatants were separated from
the solid phase by centrifugation at 15000g for 40 min and directly
analyzed by HPLC. To desorb any chemicals eventually adsorbed on
the soil solid phase, each pellet was shaken for 20 min with 20 mL of
acetonitrile. Then, the organic phase was again centrifuged and analyzed

by HPLC. As a control, the same procedure was repeated without DOM.
All the experiments were run in duplicate. The total recovery of CB
and its degradation products from the aqueous solution and the
desorbing organic solvent, calculated on a molar basis, was 86.2 +
2.1 and 78.7 & 3.1% for S1 and S2 soil, respectively.

To evaluate the effect of the microbial activity on the overall
degradation, the CB degradation kinetics was run also in autoclaved
soils. A separate study on the CA degradation was run under the same
experimental conditions. The recovery of CA and its degradation
products from the aqueous solution and the desorbing organic solvent,
calculated on a molar basis, was 85.7 4= 0.9 and 80.1 + 2.8% for for
S1 and S2 soil, respectively.

Adsorption on Soil. In a preliminary experiment, the adsorption
kinetics of CB in autoclaved soils was studied. Since after 24 h the
adsorption of CB in soil was complete, the same period was chosen as
a contact time for adsorption experiments. Because of the low solubility,
the soil adsorption of CB was studied for one point of concentration
(3.0 uM, 1% in acetonitrile). The adsorption experiments were
conducted in batch in 50 mL centrifuge tubes at 20 £ 2 °C. The
adsorption was conducted after pre-equilibrating the soil (10 g) for 16 h
with DOM solutions (5 mL) at the maximal solubility. Fifteen milliliters
of CB standard solution (4.0 uM, 1% in acetonitrile) was then added
to the slurry, giving a 3.0 #M final concentration. Samples were shaken
on a horizontal shaker for 24 h. Finally, the suspension was centrifuged,
and an aliquot of the supernatant was withdrawn and analyzed by
HPLC. The amount of chemicals adsorbed by soils was calculated from
the difference between initial and final concentrations both based on a
20 mL total volume. Controls were run after pre-equilibrating soil
samples with distilled water. All the experiments were run in duplicate.

Adsorption isotherms of CA on sterile soils were performed at four
concentrations in the range of 0-500 uM following the same procedure
described previously for CB. To study the adsorption of the DOM on
both soils, adsorption trials were conducted in the absence of herbicides
under the experimental conditions described previously. The extent of
adsorption was evaluated by measuring the absorbance at 465 nm of
soil solutions (39) in the absence or presence of exogenous DOM (Jasco
model 7800 spectrophotometer).

Desorption. Desorption was performed for CA in a batch with the
dilution technique. After the adsorption process was complete, an aliquot
(2 mL) of the supernatant, withdrawn to measure the adsorption as
described in Adsorption on Soil, was replaced by the addition of distilled
water. The samples were newly shaken for 24 h, and 2 mL aliquots of
supernatant were withdrawn and analyzed by HPLC. The process was
repeated twice consecutively. The chemicals’ concentration in the
desorption solution was determined, and the amount remained adsorbed
on the soil after each desorption step calculated by the difference. Each
level of dilution thus provided one point on the desorption iso-
therms.

Mobility on Soil Column. Because of the low solubility of CB, the
mobility on the soil column was investigated only for CA. Experiments
on soil columns were performed at room temperature in glass cylinders
(height of 20 cm; i.d. of 3.5 cm) loaded with 150 g of soil at the field
capacity (27 and 35% of soil moisture for S1 and S2, respectively) to
simulate the rice cultivation environment. The total pore volume of
soil columns, calculated by the difference between weights of soil at
the saturation capacity and dried at 105 °C, was 390 and 352 cm® kg™’
for S1 and S2 soil, respectively. A CA solution (5 mL, 500 uM) was
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Table 2. Selected Physical and Chemical Properties of Investigated DOMs (SD in Parentheses)

"H NMR area (%)

elements® (g kg™

DOM TOC®  COOH (mmol Sw’ EC

sample (g kg~") 100 g~' DOM) aliphatics carbohydrates aromatics pH (L™ (@Sm™) Ca K Mg Na
DOM, 262 (+8) 3050 (£4.8) 64 16 20 50(x06) 34 054(+£0.13) 2.40(+£031) 122.0 (£2.7) 105.0 (£0.04) 29.0(+0.9)
DOMy 154 (£0.3) 101.0(+£6.1) 51 41 8  102(+£028) 14 089(0.08) 30.2(+09) 194.0(£0.35) 9.00 (+0.22) 69.0 (1.0)

@ Referred to freeze-dried samples. © TOC: total organic carbon. © Sy: water solubility. @ EC: electrical conductivity measured on DOM solutions of 1 g L™".

added to the column top and left to equilibrate for 24 h. Afterward,
the column was eluted by adding to the top of the 60 mL of solution
of DOM each at its maximal solubility, at a flow of 0.2 mL/min for a
period of 5 h equivalent to a rainfall intensity of 32 mm H,O h™'.
Under these experimental conditions, the applied DOM amounts
corresponded to a compost dose (16 t ha~') close to the range of the
compost amendment dose of paddy fields in the north of Italy (25-30 t
ha™"). After leaching, the soil columns were divided into 4 cm sections,
and each section was extracted with 50 mL of acetonitrile. The suspension
was shaken for 20 min and centrifuged, and the supernatant was analyzed
by HPLC. The same experiment was conducted with a (271 ppm) K* or
(42 ppm) Ca*" solution as the eluant. Control soil samples were loaded,
left to equilibrate, leached with distilled water, and then treated as described
previously. All experiments were run in duplicate. The total recovery of
CA and its degradation products, calculated on a molar basis, was 74.1 +
1.8 and 71.7 £ 3.8% for S1 and S2 soil, respectively.

Chromatographic Analysis. The concentration of CB and its
degradation products was determined by HPLC. The system was
assembled as follows: a Jasco 880-PU Intelligent pump, a Jasco AS-
2055 plus Intelligent Sampler, a Jasco 875-UV Intelligent UV-vis
detector at 224 nm, Borwin v 1.2160 chromatography software, a Jones
Chromatography model 7971 column heater, and a uBondapak C18
analytical column (10 #m, 3.9 mm x 300 mm) eluted with acetonitrile
plus water (50 + 50 by volume, pH 2.75 for H3;PO,) at a flow of 1 mL
min~ ! kept at 35 °C in a column oven. Under these chromatographic
conditions, the retention times for CB, CA, CD, and CAm were 40.0,
7.0, 4.5, and 3.6 min, respectively. Our HPLC conditions were not
able to discriminate free from DOM-adsorbed herbicide. In fact, in a
previous experiment (not reported), a complete dissociation of the
herbicide DOM or byproduct DOM complexes in the acetonitrile/water
mobile phase during HPLC analysis was confirmed by comparing
known pesticide or byproduct concentrations in the presence and
absence of DOM.

Data Analysis. Adsorption data of CB were expressed as the
distribution coefficient: K4 = Cy/C., where C (umol kgfl adsorbent)
is the amount of herbicide adsorbed on soil, and C. (uM) is the
equilibrium concentration in the liquid phase. The data obtained by
adsorption or desorption experiments of CA were fitted to the
logarithmic form of the Freundlich equation, log Cs = log K¢ + 1/n
log C., where log Kr and 1/n are empirical constants representing the
intercept and slope of the linear equation, respectively. The hysteresis
coefficient, H, for the adsorption—desorption isotherms was calculated
according to the formula H = (1/n4es)/(1/n445), Where 1/n,qs and 1/nges
are the Freundlich slopes obtained for the adsorption and desorption
isotherms, respectively (40).

RESULTS AND DISCUSSION

DOM Characterization. Some physical and chemical char-
acteristics of the DOMs are reported in Table 2. The lower
solubility of DOM)y; in comparison to DOM4 may be due to
several reasons. The lower amount of acidic protons (i.e.,
negatively ionizable carboxylic groups) of DOMy makes this
DOM less soluble than DOMa,. In addition, a higher ionic
concentration of the DOMy; solution could allow DOM)y; to pass
in solution to a smaller extent (salting out effect), albeit to a
limited level as suggested by the small conductivity value (EC
0.89 dS m™ ', Table 2). Likewise other organic polymers (e.g.,
humic and fulvic acids, pectines, proteins, etc.), the solubility
of DOM, mainly constituted by polyanionic structures, is
depressed by soluble salts (47). In Table 2, the most abundant

Table 3. Solubility Tests of Cyhalofop-Butyl and Cyhalofop-Acid in the
Presence of DOMs at pH 6 (Mean of Five Replicates, SD in Parentheses)

solvent medium CB solubility (¢M) CA solubility (M)

water solution 0.83 (+0.21) 322.0 (+3.9)
DOMjsolution? 0.89 (40.28) 638.0 (£4.7)
DOMy solution? 0.85 (40.26) 554.0 (£18.1)

@ Solution at the maximal solubility.

metals (Ca, K, Mg, and Na) measured on freeze-dried DOM
samples are reported. The higher amounts of base cations of
DOMy together with the lower carboxylic group content justify
the lowest observed solubility. The alkaline pH value of DOMy
(pH 10.2, Table 2) is the result of the industrial practice to add
potassium and calcium carbonate or hydroxide to halt the
composting process.

Solubility of Cyhalofop in the Presence of DOMs. In Table
3, the solubility of CB and CA in DOM solutions at pH 6.0 is
shown. The unchanged solubility of CB in the presence of
DOMs indicates that no interaction occurs with the DOMs. This
probably results from the high hydrophilicity of the DOM in
contrast to a complete hydrophobic character of the CB
molecule. On the contrary, the doubled solubility of CA suggests
an interaction with the DOM. Since at our working pH (about
6.0) CA, characterized with a pK, of 3.8 (28), exists mostly in
anionic form, a molecular interaction responsible for this
increase of solubility must occur despite the repulsion between
the negative charges of DOM and CA. Since the carboxyl group
is the only molecular moiety differing from the ester CB to the
acid CA, this functional group might be reasonably involved
in the solubilization of CA in the presence of DOM. Similar to
water and cation bridgings formed between the carboxylate
groups of humic substances and the soil phases in the presence
of base metals (42), polar and/or ionic interactions between
metal cation-rich DOM and CA anionic moiety may be assumed
to be responsible for the notable increase of CA solubility.

Cyhalofop-Butyl. Degradation Kinetics. The degradation of
CB in soils with time is reported in Figure 2. The kinetics data
for the CB degradation are given in Table 4. The CB
degradation in nonautoclaved S2 soil follows a simple pseudo-
first-order kinetics (r = 0.952, Table 4), whereas it follows a
two-stage trend in nonautoclaved S1 soil as evidenced by Figure
2. A two-stage trend of CB degradation already was found by
other researchers in European soils (27). In both soils, the CB
half-life time (#;2) is about 1 day. This result agrees with the
t1, value found by other researchers in an Italian sandy-loam
soil (32). In our soils, a marked difference can be noted between
CB degradation trends (Figure 2).

In S1 soil, after an initial fast decay during the first 24 h, a
slow decrease of the CB level occurs in the remaining period.
In S2 soil, CB is completely degraded in about 170 h. Different
byproducts are observed in the two soils. In S1 soil, only
increasing amounts of the acid CA are formed during the first
24 h; after that, the amounts remain constant with time. In S2
soil, CA is not stable, but it is hydrolyzed to the amide CAm,
which in turn is hydrolyzed to the diacid CD (Figure 1), the
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Figure 2. Degradation kinetics of cyhalofop-butyl in autoclaved and
nonautoclaved paddy-field sediment (S1) and forest soil (S2) (mean of

two replicates, SD as vertical bars).

main degradation product. Generally, in soils, the conversion
of esters to carboxylic acids is a common reaction arising
through both biotic (43) and abiotic mechanisms (44), whereas
the conversion of nitriles to give either amides and subsequently
carboxylic acids is mainly due to microbial processes (45). In
our soils, the formation of byproduct CA, CAm, and CD is a
process mediated by soil microorganisms as confirmed by the
stability of CB in autoclaved soils (Figure 2, 7;,, > 2 months
for both S1 and S2 soils; see Table 4).

In general, the pretreatment with DOM does not modify the
pH of our soils and does not affect the degradation trend of
CB. Although DOM is an important substrate for microorgan-
isms because it represents a bioavailable carbon source (46, 47),
in autoclaved soils, with a reduced microbial activity, these
results were expected. Also, in nonautoclaved soils, no signifi-
cant effect was observed on the CB degradation trend as
confirmed by kinetics data (Table 4). Since in S2 soil, the carbon
contribution of exogenous DOM is presumably negligible if
compared to the endogenous one (S2 soil TOC 73.0 g kg™ "),
the CB degradation trend, unmodified with respect to the soil
without DOMs, is justified. In S1 soil pretreated with DOMs,
the unchanged degradation kinetics may be due to its reduced
microbial activity as already observed by the slow degradation
trend of CB in the nonautoclaved soil shown in Figure 2.

Adsorption. Because of the scarce solubility of CB (0.83 uM,
Table 3), only its distribution coefficient, Ky, for adsorption on
autoclaved soils was measured (Table 5). The CB adsorption
is greater on S2, the soil with the highest clay and TOC content
(Table 1). In a study on CB adsorption in European soils,
Jackson and Douglas found higher Ky values (32) in comparison
to our results. Most likely, our different experimental conditions
are responsible for the observed adsorption coefficient. The
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pretreatment of our soils with DOM significantly decreases the
CB adsorption (Table 5). This finding suggests that DOM
addition decreases the sites available to the adsorption of CB
on the soil surfaces. Since the DOM does not interact with CB,
as shown by the unchanged solubility of CB in its presence
(Table 4), the adsorption decrease may be due to the occupation
by the DOM of soil sites available for CB. Generally, the DOM
from soil or composting processes is smaller in size and more
oxygenated than the humified organic structures of soils (48)
and, hence, less prone to adsorb the nonpolar CB molecule.

Measurements of the absorption at 465 nm (Absaes) of soil
solutions in the absence or presence of exogenous DOM confirm
the occupation of soil adsorption sites by DOM. Both DOM}j
and DOM)y; adsorb on our soils. In fact, for S1 soil treated with
DOMa4, in the case that no adsorption of DOM on soil occurrs,
an absorbance of 0.204, equal to the summation of the
absorbance of endogenous DOM (Absaes of 0.168) and exog-
enous DOM (Absaes of 0.036), is expected. On the contrary,
the value recorded on the S1 soil solution after pretreatment
with DOM, is much lower (Absses of 0.026), indicating that
the adsorption of DOM, on S1 soil occurs. When S1 soil is
pretreated with DOM)y,, the absorbance of the soil solution is
0.028, lower than the additive absorbance (Abssgs of 0.120). In
S2 soil pretreated with DOM4 or DOM)y, the Absyes of the soil
solution is 0.172 or 0.167, respectively, which is smaller than
the additive absorbance (0.349 or 0.265, respectively).

Cyhalofop-Acid. Degradation Kinetics. As CB rapidly
hydrolyzed to CA, the main degradation product in the soil and
the herbicidal active form, as well as the evaluation of the
degradation kinetics of CA in our soils, was evaluated (Figure
3). The degradation of CA in both S1 and S2 soils follows a
simple pseudo-first-order kinetics. The kinetics data are given
in Table 4. As already reported for CB, the degradation trend
of CA presents a marked difference in our soils. In nonauto-
claved S1 soil, the degradation kinetics of CA is slow (t;, of
14 days, Table 4) if compared to the kinetics trend in S2
nonautoclaved soil (f;, of 15 h, Table 4). In S1 soil, the
degradation products CAm and CD are detected as traces after
a 1 week experiment (Figure 3). Conversely, in S2 soil, the
diacid CD is almost the only detectable degradation product
after a 5 day experiment. In this soil, CD is not stable for a
prolonged period as shown by the decrease of its concentration
level after the 1 week experiment (Figure 3). The mediation of
soil microorganisms to the degradation process is confirmed by
the stability of CA in autoclaved soils (Figure 3 and Table 4).

Finally, the soil pretreatment with DOM, or DOMy; does
not affect the degradation trend of CA as shown by the 7, values
in S1 and S2 soils, similar for both pretreated or nonpretreated
soils (Table 4). This finding, confirming the results obtained
by the study of the degradation of CB in our soils, is supported
by the same considerations given under Cyhalofop-Butyl
Degradation Kinetics.

Adsorption and Desorption. Because of the fast soil degrada-
tion of CB ester to CA acid, the study was extended to the
adsorption—desorption behavior of CA by soils. The Freundlich
adsorption parameters of CA on soils are shown in Table 6.
Similarly to that observed for CB adsorption, CA is also more
adsorbed on organic forest S2 soil than on paddy-field S1
sediment (Kpygs of 0.52 and 3.00 ug""~"” mL"" ¢~' for S1 and
S2, respectively). The isotherms are nonlinear with slopes (1/
n) smaller than 1, resembling the L-type curves described by
Giles et al. (49). The L shape suggests a relatively higher affinity
of the herbicide for the adsorption sites at low equilibrium
concentrations. The desorption parameters, shown in Table 7,
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Table 4. Kinetics Data of Cyhalofop-Butyl and Cyhalofop-Acid Degradation in Paddy-Field (S1) and Forest Soil (S2) Pretreated or Untreated with DOM

Solutions (SD in Parentheses)

nonautoclaved soil

autoclaved soil

sample Kobs (1073 h7T) to r Kobs (x1073 h™7) tyo (days) r
Cyhalofop-Butyl
St 24 h? 0.30 (40.02) 96.3 0.935 (+0.030)
S1 4 DOMa 24 h? 0.31 (0.05) 94.1 0.935 (£0.020)
S1 + DOMy 24 h? 0.31 (+0.03) 93.9 0.954 (+0.070)
82 21.9 (£0.9) 31.6h 0.952 (£0.030) 0.50 (0.01) 57.8 0.931 (£0.060)
S2 4 DOMa 23.8 (+0.7) 29.1 h 0.898 (£0.050) 0.52 (0.04) 55.4 0.903 (£0.050)
S2 + DOMy 24.0 (+0.9) 289 h 0.905 (40.090) 0.52 (0.02) 55.0 0.865 (40.030)
Cyhalofop-Acid
St 2.1 (40.20) 13.7 days 0.979 (<0.020) 0.20 (0.08) 144 0.876 (-£0.090)
S1 + DOMa 2.39 (+0.10) 12.1 days 0.956 (£0.040) 0.20 (40.07) 143 0.978 (+0.060)
S1 + DOMy 2.40 (4£0.20) 12.0 days 0.969 (=0.060) 0.20 (0.04) 143 0.989 (£0.070)
s2 46.6 (41.20) 149 h 0.981 (=0.040) 1.20 (£0.20) 24.1 0.884 (+0.080)
S2 4 DOMa 44.7 (£1.00) 155 h 0.909 (£0.070) 1.22 (£0.10) 23.7 0.908 (£0.070)
S2 4 DOMy 46.8 (£0.90) 148 h 0.966 (£0.050) 1.25 (40.20) 23.0 0.950 (£0.040)
@Value not calculated by first-order kinetics but experimentally determined.
Table 5. Distribution Coefficient of Cyhalofop-Butyl® in Soils (Mean of Two 1 =+ CR == Chm
Replicates, SD in Parentheses) 100 4
sample Ce? (uM) ks (Lkg™") 80
St 1.20 (£0.20) 1.30 (+0.30)
St + DOM, 2.90 (£0.10) nac o
S1 + DOMy 3.00 (£0.20) na.
82 0.70 (0.01) 3.34 (0.05)
S2 4 DOMa 1.32 (40.02) 0.85 (£0.07) g 40 |
S2 + DOMy 1.43 (40.03) 0.61 (£0.08) =
20 -
anitial concentration: 3.0 «M in 1% acetonitrile. ® Ce: equilibrium concentration
in liquid phase. °n.a.: not available because no adsorption was observed. 0 & i & & . 3
are indicative of the complete reversibility of the CA adsorption g 20 4 @ auﬁme :hi}w W o m W
on S1 soil and the complete irreversibility on S2 soil. The
hysteresis coefficient, H, for the adsorption and desorption k2 ——CA —=— CAm
isotherms (Table 7) is a measure of the extent of hysteresis in 100 —a—CD - - - CAn autoclaved soil
the desorption. A value of 1 indicates that the desorption
proceeds as fast as the adsorption does and that hysteresis does

not occur. For all equilibrium points, CA desorption from S1
soil is completely reversible with unitary H coefficients. The
opposite behavior of the soil—CA adsorption complex toward
the dilution is indicative of a polar—ionic interaction (reversible
by dilution) with S1 soil and a hydrophobic interaction (not
reversible by dilution) with S2 soil.

Although the contribution of the organic carbon from DOM
is negligible as compared to the organic carbon content of our
soils (ATOC of 0.4 and 0.1 g kf{1 for DOM4 and DOMy,,
respectively; see Table 6), the DOM pretreatment increases the
CA adsorption. On S1 soil, the addition of DOM notably
enhances the CA adsorption, whereas on S2 soil, the increase
is lower.

With respect to the control, S1 soil pretreated with DOM
shows an enhanced affinity for the adsorption of CA, as
indicated by the notable increase of Kpags (AKpuas of 904 and
500% in soil treated with DOM, or DOMy,, respectively; see
Table 6) and the lowering of 1/n,qs values (1/n,4s of 0.85 for
control and 0.43 and 0.55 for soil treated with DOM, or DOMy,
respectively; see Table 6). Nevertheless, the adsorption still
remains completely reversible (H value of ca. 1, Table 7). This
finding may be explained by two mechanisms: (i) DOM
previously adsorbed on soil surfaces increases the number of
organic sites available to interact with CA by a polar—ionic
mechanism and (ii) the addition of base cations increases the
base metal saturation degree of the sediment, hence linking to
a higher extent the CA carboxylate moiety through cation and

0 20 40 60 80 100 120 140 160 18
NETICH

Figure 3. Degradation kinetics of cyhalofop-acid in autoclaved and

nonautoclaved paddy-field sediment (S1) and forest soil (S2) (mean of

two replicates, SD are vertical bars).

water bridges (42). The first mechanism is supported by the
modification of soil surfaces as a consequence of DOM
adsorption (see Cyhalofop-Butyl Adsorption) and by the in-
creased solubility of CA in the presence of DOM (Table 3).
The second mechanism is supported by the pH decrease of S1
soil measured in CaCl; solution in comparison to distilled water
(ApH -0.5, Table 1) due to a further release of protons as a
consequence of cationic exchange by Ca ions. In a similar
manner, the addition to soil of base metals brought by DOM
(Table 2) promotes the exchange reactions on organic and
mineral phases of soils. In addition, the low content of organic
matter present in S1 sediment (TOC 14.0 g kg™ ', Table 1)
makes its mineral surfaces more available to the interaction with
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Table 6. Freundlich Parameters for Cyhalofop-Acid Adsorption in Soils (Mean of Two Replicates, SD in Parentheses)
sample ATOC? (g kg™ ") 1/Nags Krags (g™ mL"" g~") AKags? (%) r
S1 0.85 (£0.001) 0.52 (+0.08) 0.985 (£0.001)
S1 + DOMa 0.4 0.43 (40.06) 470 (£1.70) 904 0.910 (£0.060)
S1 + DOMy 0.1 0.55 (=0.08) 2.60 (&1.00) 500 0.890 (£0.040)
32 0.80 (0.10) 3.00 (+1.00) 0.980 (£0.010)
$2 + DOMg 04 0.72 (+0.04) 4.90 (+0.90) 163 0.990 (+0.010)
$2 + DOMy 0.1 0.79 (0.04) 3.50 (4-0.40) 117 0.996 (+0.001)
@ ATOC: contribution of DOM organic carbon to soil TOC. ® AKsgs: increase of Krags owing to DOM pretreatment of soil.
Table 7. Freundlich Parameters for Cyhalofop-Acid Desorption (Mean of Two Replicates, SD in Parentheses)
sample G® (uM) 1/ges Kes (g™ mL'" g~") r H
St 89.0 (+2.0) 0.87 (40.002) 1.10 (£0.07) 0.979 (40.030) 1.02
180.0 (£4.0) 0.86 (+0.001) 1.16 (+0.20) 0.989 (+0.050) 1.01
275.0 (£3.0) 0.86 (£0.01) 2.70 (£0.70) 0.989 (+0.060) 1.01
S1 + DOMja 99.0 (+1.0) 0.46 (£0.004) 1.48 (£0.02) 0.989 (£0.020) 1.07
206.0 (£3.0) 0.48 (+0.01) 2.40 (+0.30) 0.989 (£0.070) 1.12
311.0 (£0.5) 0.44 (£0.04) 15.10 (41.20) 0.977 (£0.003) 1.02
S1 + DOMy 100.0 (40.5) 0.55 (0.05) 5.60 (0.40) 0.989 (£0.09) 1.00
203.0 (+2.0) 0.61 (£0.03) 6.23 (0.09) 0.989 (£0.070) 1.1
307.0 (+3.0) 0.56 (£0.02) 14.90 (£1.30) 0.975 (0. 100) 1.02
S2 60—300 n.a.° n.a. n.a. n.a.
S2 + DOMjy 60—300 n.a. n.a. n.a. n.a.
S2 + DOMy 60—300 n.a. n.a. n.a. n.a.

a G initial concentration. ® H: hysteresis coefficient (1/nges)/(1/Mags).

CA. Both mechanisms may be involved in the increase of CA
adsorption on S1 soil.

The scenario in S2 soil is different; the CA adsorption still
remains irreversible after DOM treatment (Table 7) that, hence,
does not modify the interaction mechanism. Very likely, the
amount of adsorption sites available to a hydrophobic interaction
with CA does not vary as a consequence of the adsorption of
DOM on the soil. This is reasonably supported by the very high
content of organic matter of S2 soil (TOC of 73.0 g kg~ ', Table
1). The adsorption of DOM on the soil surfaces does not modify
the hysteresis in the desorption of CA (Table 7). The increases
of the adsorption extent after pretreatment of S2 soil with DOM
(AKp,gs of 163 and 117% in soil treated with DOM or DOM)y,
respectively, Table 6) may be due to the ionic content of DOM
solutions whose cationic component, complexing the negatively
charged groups, lowers the negative charges of both soil organic
matter and CA. At our working pHs, the decrease of the
electrostatic repulsion between soil organic matter— pK, values
of ~5 according to Stevenson (50)—and CA would allow CA
to come to a shorter distance from soil surfaces and hence to
favor the hydrophobic interactions without modifying the
adsorption mechanisms as confirmed by the similar values of
CA affinity for untreated and treated soil (1/n,4s of 0.80 for
control and 0.72 and 0.79 for soil treated with DOM or DOMy,,
respectively; see Table 6).

Mobility on Soil Column. In the study of CA mobility on
soil columns, the top soil was previously treated with the
herbicide, left to equilibrate, and then eluted with DOM
solutions. All aliquots of leachate collected from the soil
columns did not contain detectable levels of herbicide or its
degradation products. In agreement with the CA stability
recorded in S1 soil and its degradation in S2 soil (Figure 3), in
the column experiments, CA was recovered unchanged at the
end of the experiment in S1 and partially degraded to CAm
and CD in S2 soil (Figure 4). In both soils, the presence of
DOM influences the mobility of the chemicals along the soil
profile but does not affect their persistence in comparison to
control soils. In fact, their molar balance is similar in soils eluted
with distilled water or DOM solutions.

°n.a.: not available because no desorption was observed.

The presence of the DOMs in the eluting solution reduces
the CA mobility along both S1 and S2 soil profiles in
comparison to soils eluted with distilled water (controls). In both
soils, DOMy;, with the highest content of base metals and the
lowest content of organic matter and carboxylic groups (Table
2), is more active than DOM, in decreasing the CA mobility.
In addition, in S2 soil, the mobility of the metabolites CAm
and CD, both containing carboxylate moieties (Figure 1), is
reduced (Figure 4).

Although the adsorption of DOM on soil surfaces during the
elution time (5 h) cannot be stated, it seems reasonable to assume
that this time period is enough for the base cations contained
in the DOM solutions to modify the soil surfaces by cation
exchange and, in adsorbed form, increase the retention of CA
along the soil profile by interactions with the carboxylic moiety.

The same mechanisms suggested to explain the increased
adsorption of CA in S1 and S2 soil in the presence of DOM
can be adopted to explain the reduced mobility of CA along
the soil column. In fact, in the leaching experiment on the
column filled with the soil poorer in organic matter (S1), the
cationic exchange by base metals brought by DOM on soil
surfaces can be responsible for the higher extent of cation and
water bridges with the carboxylate moiety of CA. In the soil
with the highest organic matter content (S2), the base metals
contained in the DOM solutions, decreasing the repulsive forces
between the negative charges of both soil organic matter and
carboxylate groups of CA, CAm, and CD, reduces their
movement along the soil profile Figure 4.

In Figure 4, the CA mobility in the soils eluted with solutions
of K™ and Ca®" also is reported—the most representative
monovalent and divalent cations found in the DOM)y; solution;
see Table 2—to analyze the contribution of the cationic
component to the retention process of CA. The concentration
of K* or Ca?" in the leaching solutions is the same as the
DOMy solution (271 and 42 ppm for K and Ca, respectively).
Since the speciation of metals contained in the DOM was
beyond the purpose of this study, we roughly considered the
total metal amount contained in DOMy; as free metals to
highlight their effect on the CA mobility in soils. In both soil
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Figure 4. Mobility of cyhalofop-acid and byproducts along the profile of S1 and S2 soil columns leached with exogenous dissolved organic matter (DOMa
or DOMy) or metal (K* or Ca®") solutions (mean of two replicates, SD of CA, CAm, and CD, respectively, are in parentheses).

columns, with respect to controls, the presence of K ions
decreased the CA mobility along the soil profile, partially
reproducing the CA distribution in the presence of DOMy.
Therefore, the K ion seems to be involved in the decreased
mobility of CA in our soils eluted with DOM solutions. The
Ca ion shows a different behavior, mobilizing a lower and higher
amount of CA along the profile of S1 and S2 soils, respectively,
with respect to controls. The difference in the binding activity
of the two cations in the adsorbed form toward the carboxylates
can be explained. In fact, while in the adsorbed form K* may
give rise to a cation bridge with carboxylates due to the
formation of an inner-sphere complex, Ca*" forms a water
bridge, a weaker outer-sphere complex mediated by water
molecules (42, 51). The different strength between K and Ca
complexes may be responsible for the best CA retention in soils
eluted with K ions with respect to Ca ions.

In studies on the effect of the binding ability of Ca ions
adsorbed on soil and clay matrices toward the adsorption of
acifluorfen, a herbicide containing a carboxylic moiety, the
formation of an insoluble complex with Ca ions was found to
simulate an increase of adsorption (52, 53). In our work,
although the chemical structures for CA and acifluorfen are
similar, the precipitation of an insoluble Ca—CA complex can
be excluded by an increase in the CA solubility in the highly
saline DOM solutions (Table 3).

Conclusion. This study indicates that the presence of unde-
salted exogenous DOM in a paddy-field sediment and a forest
soil does not affect the degradation, mediated by soil microor-

ganisms, of cyhalofop-butyl and cyhalofop-acid, whereas it
influences their retention in the soils under study. In DOM
solutions, the solubility is unmodified for CB and increased for
CA. The carboxylic group arising from the hydrolysis of ester
CB to the acid CA is involved in the solubilization process.
Ionic interactions such as water and cation bridges between
DOM and CA anionic moieties may be responsible for the
increase of CA solubility in the presence of DOM. Owing to
the adsorption of polar DOM molecules to the soils, the
adsorption of the nonpolar CB decreased, whereas the adsorption
of the anionic CA increased. In the poorly organic paddy-field
sediment, the adsorption of CA is reversible. After DOM
treatment, the soil adsorption notably increases, but it still
remains reversible. This enhancement is ascribed to the interac-
tion of CA with DOM or cations, both in the adsorbed form
onto soil surfaces. In the highly organic forest soil, the
adsorption of CA is nonreversible, indicative of hydrophobic
interactions, and so remains after the DOM pretreatment. The
increase of adsorption recorded in the presence of DOM is
ascribed to the high cationic content of DOM that, by its
complexing activity, lowering the electrostatic forces between
the negative charges of both soil organic matter and the CA
carboxylate, favors the hydrophobic interaction. The increased
adsorption of CA to soils is confirmed by its decreased mobility
along the soil profile in soil columns eluted with DOM solutions.
The K ions, contained in the largest amount in the DOM
solutions, known to form an adsorbed form reversible inner-
sphere complex with carboxylates, decrease the mobility of CA
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along the soil profile. The saline component of compost extracts
seems to account for a large extent of the increased adsorption
of the anionic herbicide cyhalofop-acid in both paddy field and
forest soils, generating highly reversible complexes with the
former and nonreversible complexes with the latter, both
involving the CA carboxylate group.
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