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Bentazone (3-isopropyl-1H-2,1,3-benzonthiadiazain-(4)3H-one 2,2-dioxide) is a postemergence
herbicide which is used extensively worldwide, especially in China. The sorption of bentazone in
various types of soils and extracted humic acids was investigated using a batch equilibration technique.
Significant linearity was observed in sorption isotherms in five different types of soil, with distribution
coefficients (Kj) that varied between 0.140 and 0.321 mL g~!. The distribution coefficient was
determined to be a function of organic matter and pH in the soil. A model based on distribution
coefficients was developed to predict bentazone sorption in soils. The organic matter-normalized
partition coefficients for the neutral and anionic forms of bentazone were 370.3 and 2.40 mL g1,
respectively. Hence, more attention should be given to the potential leaching problem when bentazone
is applied in soils containing low organic matter and high pH.
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INTRODUCTION Koo, Was 6.7+ 0.2 mL g ! (7). Nevertheless, several field
. . . . . lysimeter studies on bentazone mobility have reported minor
Bentazone is a widely used selective herbicide for controlling leaching (4). Abernathy and Wax attributed their results to
weeds in corn fields, paddy fields, and orchards. Although repulsion between ionized bentazone and soil collo@ls (

bentazone IS mainly app_lled postemergence, muc_h of 't.eventu'Gaston et al. found greater sorption of bentazone in the Sharkey
e_llly ccf)ntaml_nat(is(,jthe SO'.I andhwater Sysm"?ﬁr? l_zves_nga-_l_ soil due to finer texture and higher organic carb@ T).
tion of sorption—desorption phenomena of herbicides In Soills 'y, ever fittle systematic investigation has been attempted to

of great interest in both environmental and ecological research.ﬁnd how dominant factors affecting bentazone sorption in soil
Sorption of organic contaminates in soil is an important process .. quantitatively related to sorption

affecting environmental fate (transport, degradation, volatiliza- . . . .
Soil properties, such as organic matter content, clay and oxide

tion, and bioaccumulation) (2). ) - . . .

. ., .._content, dissolved organic matter, pH, particle size, and cation-
. Most of thg avgllable reports.state .that ben.tazone exhibits exchange capacity, have been found to be important factors
little sorption in soil and has relatively high mobility. Aberna_thy affecting herbicide sorptior810). However, most studies on
apd W ax found that .bentazone was weakly ad_sorbed in 12 bentazone were conducted without extensive investigation of
!Illnqls soils (3).' as ewdenced. by its movement with a solvent soil properties or the effects of sorbents/sorbates and physical/
in thin-layer soil plates and soil column studies. Bergstrom and chemical properties on sorption (10—12). The objective of this

Jarvis reported a distribution coefficiekty = 2.9 mL g* for . - .
S ; study is to develop a model explaining the sorption of bentazone
bentazone sorption in a Mellby sand (5.9% organic mat®gr) (. ils with di ) : .
. ) . th different ph h I ties.
Donigian and Carsel estimatedka ranging from 0.26 to 6.6 N Sk SOIIS With difierent physicochemical properies

mL g~ (5). Gaston et al. showed that bentazone sorption in
six Dundee slit loam soils could be described with= 0.032 MATERIALS AND METHODS

1(r2=

+ 0'0.02 r’r}ng r 0'l945)h(6)li< It W?S alsé)o rep(;orrt]edFt hat tg? h Soils.Five types of soil were utilized for the studies described herein.

_sorpnon of bentazone In - ar eY clay 9 e_ye _t e rel_m ICN Surface soils (615 cm) were collected from Yuhang, Linan, Aniji,

isotherm, and the approximate linear distribution coefficient, g Deqing, in the north of Zhejiang Province, China. Large lumps of

the soil were manually broken apart and air-dried for 48 h. The soil

* Address _correspondence to this author at Zhejiang University Was then homogenized by passing through a sieve with 2-mm openings,

(telephone;+86-571-8697-1386; fax}-86-571-8696-8420; E-mail, wpliu@ put into plastic bags, and stored at@ until use.

mail.hz.zj.cn). ; ; ; i ; ; ;
* Zhejiang University. Physical and che_mlcal ‘son charac;ensncs are given in Tabl_e 1. Soll
* Northwest University. pH was measured in a mixture of sei water (1:1 by weight) with a
TUniversity of California—Riverside. glass pH electrode. Particle size distributions were evaluated using the

10.1021/jf0343332 CCC: $25.00 © 2003 American Chemical Society
Published on Web 07/24/2003



Bentazone Sorption in Soils J. Agric. Food Chem., Vol. 51, No. 18, 2003 5363

Table 1. Physical and Chemical Properties of Soils Collected from 0 to 15 cm Depths in Zhejiang Province, China

oma pH clay sand silt CECh
no. site of soil type of soil (9kg™ (so0ilH0, 1:1) (gkg™ (9kg™ (9kg™ (cmollkg)
1 Yuhang loam, sand 40 7.67 378 61 482 30.0
2 Linan clay, loam 6.4 4.14 493 156 310 15.7
3 Aniji sand, loam 43 7.36 151 344 442 17.8
4 Aniji loam, sand 28 479 254 293 408 6.4
5 Deqing loam, sand 40 4.9 289 113 535 12.4

a.Soil organic matter content. P Cation exchange capacity.

pipet method 13), and the organic matter content (OM) was measured
by a colorimetric method using chromic acit4. The cation exchange

capacity (CEC) was determined by following the procedure reported
by Hendershot and Duquette (15). 25 L

Humic Substances.Humic substances were extracted by the
procedure outlined by Stevensob6j and Piccolo X7). First, a 50-g
soil sample was washed with 0.1 M HCI to decompose free carbonates g, 2°
and remove alkali earth metals; it was then washed again with distilled
water until free of Ct ions. The acid-washed samples were placed in
centrifuge bottles with 0.5 M NaOH (1:5 soil/extractant) undera N
atmosphere and shaken for 12 h. Suspensions were then centrifuged,
and the supernatants were filtered through acid-washed glass wool. 10
Residues were further extracted with the same extracting solution until
colorless extracts were obtained. Once filtered, each extract was
immediately brought to pH= 1 by adjusting with concentrated HCI. 51 e
The fractions were combined, and the humic acids were allowed to
settle for 24 h at ambient temperature QL °C). Suspensions were

)

g, (mg kg
o

centrifuged at 3600 rpm. The precipitated humic acids were washed 0o o » & o 1w =
three times with 0.1 M HCI, purified by shaking in a polyethylene ¥
bottle under N for 36 h with 0.5% HCHHF solution, washed again G, (mgm’)

to remove residual C| and then dried in a vacuum desiccator at Fi 1L tion isoth f bent different soils: Anii
ambient temperature. igure 1. Linear sorption isotherms of bentazone on different soils: Anji

Chemicals.Bentazone £ 97%) was obtained from BASF (Ludwig- paddy soil (v), Linan red soil (G), Yuhang paddy soil (W), Anji paddy

shafen, Germany). The water solubility was 500 g, land K. = soil (..),‘and nging pat.jdy soil (A). Foints are observed values, while
392 the line is the fit to the linear regression model.

Sorption in Soils and Humic Acids (HA). A batch equilibration
technique was used. A series of 10.00- and 7.00-mL 0.01 M calcium
chloride solutions containing initial concentration of bentazone ranging
from 3.0 to 111.0 mg C* were added to 10.0-g soil samples (dry weight
basis) in 25-mL screw-cap glass centrifuge tubes with Teflon-lined
septa. Mercury chloride (200 mg8 was added as a biocide. The
samples were shaken at 120 strokes per minute on a reciprocating shak
for 24 h in darkness at 2% 2 °C. The obtained suspended fraction
was then centrifuged at 4800 rpm (3@)®@or 30 min. Three milliliters
of supernatant was removed and filtered through a @r25PTFE
membrane (syringe filter). The first 2.5 mL of filtrate was transferred
and used to measure pH. The last 0.5 mL was collected and stored inRESULTS AND DISCUSSION

a vial for HPLC analysis. Experiments were carried out in triplicate Sorption in Soils and Humic Acids. The sorption behavior
with a blank as a control. of bentazone in five selected soils was evaluated by both the

The experimental procedure for the determination of the sorption mqdified linear isotherm model (1) and the Freundlich model
of bentazone on HA was followed as described above, except @)

using 50.0 mg of HA with 8.00 mL of solution, and a 10-mL
capacity centrifuge tube instead. The pH of the solution was

Analysis of Bentazone.Equilibrium concentrations Gg) were
analyzed on an LC-10ADvp high-performance liquid chromatograph
(Shimadzu, Kyoto, Japan) equipped with an SPD-10Avp photodiode
array detector, an SIL-10ADvp automatic injector, two HPLC pumps,
and a CTO-10Avp oven and Class-vp data system. The HPLC
ecgonditions were as follows: WaterdBondapak G column, 250 mm
x 2.5 mm i.d.; 1 mL min?® flow rate; 55:45 methanol/water (pH
2.8, adjusted with EPOy) as mobile phase; detection wavelength, 218
nm; injection volume, 2QcL; and oven temperature, 3C.

adjusted to 2.5 with 1.0 M HCI before sorption experiments were 9= KqCe 1)
initiated.
) . ” =K. 2)
Simulation of the Effect of pH on the OctanoWater Partition q e

Coefficient. Reversed-phase HPLC was used to mimic the partitioning

of bentazone between organic matter and water under different pH whereq is the sorbed amount (mg k¥, Ce is an equilibrium
values. A YGW Gg column (Dalian Yilite, China), 250 mnmx 2.5 concentration (mg L2), Kq is the linear distribution coefficient,
mm i.d. and a methanol—water mobile phase were used. As reportedy js the Freundlich empirical constant, and i an exponent

by Braumann et al. (18), the retention time obtained using only this that expresses the degree of isotherm nonlinearity.
mobile-phase system is strongly related to Righe logarithm value The linear and the Freundlich models were fit to the isotherm

of the partition coefficient of a compound betweagnctanol and water. L . . .
Phosphoric acid was added to the mobile phase to adjust the pH. Othe ata with linear regression. The isotherm data and the best-fit

instrumental conditions were the same as described in the analyticallin€@r isotherms are shown iRigure 1. Best-fit regression
method below, except for the flow rate, which was maintained at 0.8 Coefficients are listed iTable 2.

mL min~%, and the use of various ratios of methanalater. KNQ, As shown inTable 2, the experimental data of bentazone in
was used to determine the dead time. five tested soils fit well to both linear and Freundlich models
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Table 2. Fitting Results of Sorption Isotherms Using Linear Model and Freundlich Models

linear isotherm

Freundlich isotherm

range
(mg L™

Kq
(mLg™)

KOC

pH? (mLg™?)

K

(mg!"L"kg™1) 1n

7.63
415
7.28
4.84
4.86

3-64
4-64
3-93
3-93
3-93

0.206
0.162
0.140
0.233
0.321

8.86
435

5.60
14.3
13.8

OB WM -

0.95
0.99
0.99
0.99
0.99

0.369
0.189
0.147
0.350
0.476

0.780
0.976
0.985
0.931
0.925

0.91
0.99
0.97
0.98
0.99

@ Measured in equilibrium suspension.

with R > 0.91. The values of all correlation coefficients (R) of
linear models were greater than those from the Freundlich
model, and the exponents, 1/n, in the Freundlich model were
close to unity. Accordingly, the linear model better described
the sorption behavior of bentazone in soils than in the Freundlich
model.

Linear isotherms are characteristic of herbicide partitioning
between soil organic matter and water (19). Near unity values
of 1/n also support sorption due to partitioning0j. Hence, it
is also possible to determine the affinity of soils to bentazone
by comparingKq values. TheKy values indicate that bentazone
sorption in each soil, ordered from greatest sorption to least
sorption, is soil 5> soil 4 > soil 1 > soil 2 > soil 3. The
values ofKy ranged from 0.140 to 0.321 mL kg for these
five soils, in accordance with results reported by Donigin (
and Gaston (7).

Shan et al. Z1) proposed to classify pesticides wika.
(organic carbon-normalizely) values less than 50 as a very
high mobility group and those havingka, value between 50
and 150 as a high mobility group. All valuesk. in this study
were less than 50T@ble 2). This suggests that bentazone has
very high mobility with a possible leaching problem. These
findings bring to attention possible water pollution caused by

900

800

700

500 4

400

15
C.(mgL™
Figure 2. Sorption isotherms for bentazone on a humic acid extracted

from a paddy soil. A, experimental points; —, linear model regression.
CaCly, 0.013 M; pH = 2.83; R = 0.98; K4 = 304.69.

1.0 2.0 25

Kow- HPLC retention times reflect the partitioning behavior
between the nonpolar stationary and the relatively polar mobile
phases. Braumann et al. reported that kagcould be used

bentazone application, especially in the event that heavy rainsinstead of logP, as a hydrophobic parameter for herbicides

transport the bentazone.

(18).

Organic matter, especially humic substances, plays a very The capacity factork, is defined as

important role in the fate and movements of herbicide in soils
with strong sorption behavior (223). Soil organic matter has

been treated as a solid-phase partitioning medium for nonionic

organic compounds (8).
The linear model fit experimental results for sorption of

k= (tg — t)/t, 3)

wheretgr andt, are the retention times of bentazone and KNO
respectively. Logk, was obtained by extrapolation to zero

bentazone on HA over all tested concentrations, as shown inaccording to

Figure 2. The sorption pattern of bentazone on HA was similar
to that for all soils Figure 1). The linear isotherm model
indicates that a constant partitioning of herbicide occurred
between solution and adsorbent, namely, sorption is directly
proportional to the concentration solution phase over the whole
concentration range investigated.

Comparison of the Effect of pH on Koy and Kom. The
aqueous solubility and the logarithm of the octanwhter
partition coefficient (i.e., lod<ow) are two important properties
correlated with the sorption behavior of pesticides. For the
dependence of lof, on the pk and pH for ionic pesticides,
Hu et al. (24) suggested a simple relation,

(1 — 1/(1 + 10PHPKI)

Kow = Ko /(1 + 10P77PK) 4 K

ow oW i

where the subscripts “0” and “w” refer to octanol and water
phases, respectively, at@y, , andKoy i are [HA]/[HA]w and
[A~]J/[A]w, respectively ([HA] and [A] are the concentrations

of the neutral and ionic species of the pesticide, respectively).

logk=logk, + S¢ (4)

whereg is the volume fraction of organic solvent in the water
organic solvent mixturek,, represents the capacity factor of a
solute with pure water as the mobile phase, &nsl related to
the solvent strength of the pure organic solvent.

The dependencies of Idg, and logkom 0on pH are shown in
Figure 3. It was found that the ldg, of bentazone is almost
constant when the pH was less than 3.0, but decreased
dramatically when the pH was increased from 3.0 to 4.4. Further,
decreases were small at higher pH. The kggrelationship to
pH was similar. The similarity between lég, and logk,, versus
pH suggests that the same mechanism may govern the effect
of pH onkon, i.€., partitioning of bentazone between aqueous
solution and organic matter.

Correlation of K4 and Soil Properties.Correlations between
sorption of nonionic compounds and soil organic carbon contents
have been extensively studie®] 9, 23). However, if the organic
matter is less than 0.1%, clay and silt play an important role in

Chromatographic techniques have been widely used to calculatethe sorption of pesticides (25). Zachara et al. 8), reported
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Figure 3. Comparisons of the effect of pH on organic matter-normalized
partition coefficient and on capacity factor. Arrows mean the curve
corresponding to the coordinate.
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Figure 4. Construction of a model to predict bentazone sorption in soils
and confirmation. OJ, data extracted from Gaston (6, 7); O, experimental
points; —, linear fit; «++, 99% confidence intervals.

that ionized compounds, such as N-heterocyclic base, were
sorbed preferentially as the cation. These findings support that
the sorption was a function of sorbent CEC and solution of pH.
Therefore, it is worthwhile to examine whether tkg values
measured in this study correlated with the soils’ properties,
including OM, CEC, slit, sand, and clay contents and suspension
of pH. However, the respective correlation coefficients were
0.297,—0.323,—0.510, 0.406, 0.083, and0.605, indicating
no apparent correlation betwekgand each of soils’ properties.
As shown in the linear isotherm&ifures 1and2) and by
the similarity of Kom andk in relation to pH (Figure 3), the
sorption of bentazone in soils was primarily controlled by
partitioning of neutral species on soil organic matter. The total
sorption, Gta, hOWever, is given by

®)

wheregtal is the total amount of bentazone adsorbgds the
amount of neutral species absorbed, ggglis the amount of
ionic species absorbed. If sorption of bentazone in soils is due
to partitioning of both neutral and anionic forms in soil organic
matter, the effect of pH on sorption can be explained via its
control on bentazone ionization. Linear sorption equations for

qtotal = qn + qion

total, neutral, and anionic bentazone are expressed as follows:
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Ghotal = KoCe (6)

0y = Kq'Ce' (7)

Qion = Kdionceion (8)

o = 1/(1+ 10PHPKI) 9)

wherea is the fraction of neutral species. Substituting eg96
into eq 5 yields

K.Co = aK4'C, + (1 — 0)K,*"C, (10)
Eliminating Ce, eq 10 takes the form
Ky=aky"+ (1 — )K" (11)

When divided by organic matter content of soil, eq 11 becomes

Kom = 0Ky + (1 — a)K (12)
Rewriting eq 12, we obtain
Kom = (Ky" — KO/, + K o (13)

If the partition coefficients normalized by organic matter for
both neutral and anionic species of bentazone in different soils
are constant, then a linear relationship is expected betWggn
anda, as shown irFigure 4. On the basis of laboratory data,
the regression equation is

Kom = 368a + 2.40 (R=0.99) (14)
Equation 14 implies that both values of the pH of the soil
solution and the organic matter contents in soil control bentazone
sorption. Clearly, however, the neutral species is more adsorbed

than the anionic form.

From the sorption coefficienKy, measured for sorption
bentazone on humic acids (HA) at pH 2.83, as showFigure
2, it was found thaKon" = 434.65, very close to the calculated
value (370.3) obtained using eq 14. This agreement also
confirms that the sorption of bentazone in soils is primarily
controlled by partitioning of neutral species on soil organic
matter.

This model was also tested using results reported by Gaston
et al. (6,7) (Figure 4). The reported experimental values were
closely fitted to the line by eq 14, which implies that the model
can be applicable to predict the sorption of bentazone in soil
containing even a limited difference of soil properties.

Conclusion. The sorption behavior of bentazone in extracted
humic acids and soils having different physicochemical proper-
ties was best described by a linear model that suggests the
partitioning of neutral soils on organic matter was the dominant
mechanism. Experimental results also indicate that bentazone
is highly mobile. A study oK,mn andk in relation to pH showed
that the distribution coefficient was a function of organic matter
content and pH. These results led to a model for predicting
bentazone sorption on the basis of organic matter content and
pH.
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