Sorption Behavior of s-Triazine and Thiocarbamate Herbicides on Soils
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ABSTRACT

The soil-water partitioning coefficient (K,) is an important param-
eter for predicting the transport of herbicides in soils. We studied
the sorption behavior of two s-triazines [atrazine (2-chloro-4-ethy-
lamino-6-isopropylamino-1,3,5 triazine) and prometon (2,4-
bis(isopropylamino)-6-methoxy-s-triazine)] and two thiocarbamates
[EPTC (s-ethyl dipropylthiocarbamate) and triallate (s<(2,3,3-trich-
loroallyl)diisopropyl-thiocarbamate)] on two soils [Hanford sandy
loam (HSL) (coarse-loamy, mixed, nonacid, thermic Typic Xeror-
thents) and Tujunga loamy sand (TLS) (mixed, thermic Typic Xe-
ropsamments)} with varying organic matter content and soil texture.
The K,-values were determined with 2 mass balance equilibrium
batch technique in which the solution as well as the sorbed phase
concentration was directly measured. Two grams of soil were equi-
librated with 20 mL of aqueous herbicide solution for 24 h at 25 +
1 °C. Four concentrations of each herbicide at one-half, one-fourth,
and one-sixth, and one-eighth of their respective aqueous solubilities
were selected for the experiments. Sorption constants were calculated
with both linear and nonlinear Freundlich isotherms. The exponents
1/n of the Freundlich isotherm varied between 0.767 and 0.984, thus
indicating considerable nonlinearity in some of the isotherms. The
K, -values (soil-water partitioning constants based on the organic C
fraction of a soil) were calculated as the ratio of the measured K,-
values and the soil organic fraction of the HSL and TLS soils. Using
the mass balance equilibrium method, the average K_-values of atra-
zine, EPTC, prometon, and triallate for the two soils were found to
be 54, 196, 76, and 2838 m3/Mg, or 0.42, 0.50, 0.21, and 0.88 times
those estimated from measured soil solution concentrations only.
Since the latter values are much closer to reported literature values
(most of which were determined from measured solution concentra-
tions only), we believe that the variability and ambiguity of current
literature K, -values may be due largely to inaccurate determination
of K;-values. We also estimated the K, -values from basic soil phys-
ical and chemical properties by using previously reported predictive
equations.

GRICULTURE PRODUCTION has greatly benefited
from the use of herbicides. Unfortunately, the
heavy reliance on herbicides also raises the question
of how to protect the long-term quality of our soil and
water resources. As detailed screening of each herbi-
cide under laboratory or field conditions is not feasi-
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ble, several mathematical simulation approaches have
been proposed for predicting the behavior of these or-
ganics in the environment (e.g., Lindstrom et al., 1968;
van Genuchten et al., 1974, 1977; Knisel, 1980;
Farmer et al., 1980; Jury et al., 1983a, 1987; Donigian
and Rao, 1986). The calibration, validation, and best
use of these predictive approaches require accurate
values for benchmark properties of the chemicals and
their degradation products.

Sorption and degradation are the two most impor-
tant processes affecting the fate and behavior of pes-
ticides in soil. The degree of sorption from the solution
onto the solid phase of the soil may be described by
a soil-water partitioning coefficient (K,). Previous
studies have shown that for most nonionic chemicals,
K, is determined primarily by the soil organic C frac-
tion (F,) (e.g., Bailey and White, 1972; Rao and Dav-
idson, 1980; Green and Karickhoff, 1986). The K-
values can provide a correlation between K, and F,,
and thus make it possible to specify adsorption prop-
erties of a herbicide largely independent of soil type.
The K .-values are highly correlated with water solu-
bility, water-octanol partition ratios (K., ), bioconcen-
tration factors, equilibration times for pesticide-soil-
water-systems, and selected soil properties including
pH, particle-size distribution, and surface area (Rao
and Davidson, 1980; Green and Karickhoff, 1986).
Several studies (e.g., Jury et al., 1983a; Villeneuve et
al., 1988) have directly incorporated K_.-values into
mathematical models for predicting the fate and trans-
port of organic chemicals in the environment.

Although a large number of laboratory methods ex-
ists for measuring sorption from solution (Green et
al., 1980), the most commonly used technique is the
batch equilibration method. Most K- and K -values
currently available in the literature are derived from
batch equilibrium experiments in which the adsorbed
phase concentration is not directly measured but in-
directly calculated from changing solution phase con-
centration. Such indirect solution methods do not al-
low for an independent verification of the mass
balance of the chemical during the experimental pro-
cedure. Variable soil properties may also have resulted
in significant variations in reported K,-values (Ha-
maker and Thompson, 1972; Rao and Davidson,
1980; Green and Karickhoff, 1986). The reported var-
iability in K, -estimates cast considerable uncertainty
as to the applicability of simulation results obtained
with theoretical transport models. An alternative and
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more accurate technique for measuring sorption is to
use a mass balance method in which both the solution

and sorbed phase concentrations are measured inde- -

pendently (McCall et al., 1981). This paper reports
comparisons of K, -values of four commonly used her-
bicides (atrazine, EPTC, prometon, and triallate) for
two different California soils as determined with both
the mass balance method and the more conventional
solution method. Hence, one major objective of this
study was to determine the accuracy of the mass bal-
ance method as compared to the solution method.

MATERIALS AND METHODS
Herbicides

Four commonly used nonionic herbicides, viz, atrazine,
EPTC, prometon, and triallate were selected for our study.
These organics are preemergence herbicides commonly used
to control weeds in many crops. Analytical standards of the
chemicals were obtained from the USEPA (Research Tri-
angle Park, NC). Selected properties of the four herbicides
are given in Table 1.

Soils

Two California soils, a Hanford sandy loam (HSL) from
the Moreno Experimental Farm of the University of Cali-
fornia, Riverside, and a Tujunga loamy sand (TLS) from
Fontana, were selected for the experiments. They represent
the soils of two research farms of the University of Califor-
nia, Riverside. Bulk soil surface (0-15 cm) samples were air-
dried, passed through a 2-mm sieve, and analyzed for their
basic physical and chemical properties. Standard methods
were employed to determine the pH (1:1, water/soil), total
organic C (dry combustion), cation exchange capacity (CEC)
(1:1 Na saturation), and particle size distribution (hydrom-
eter); results are listed in Table 2.

Batch Equilibrium Studies
Aqueous solutions of each herbicide were prepared from
hexane/acetone solutions of the analytical grade herbicides.

Table 1. Selected properties (at 25 °C) of the four herbicides used
in this study.

Mole. Vapor Vapor Half-Life
Herbicide wt. pressure density Solubility Kyt (in soil)
Pa mg/L d
Atrazine} 215.7 9.0E-05§ 8.0E-06 33 25E-07§ 71
EPTC} 189.3 28 2.2E-01 370 5.9E-04 30
Prometon# 225.3 8.3E-04 7.5E-05 750 1.0E-07 -
Triallate}  304.7 2.6E-02 3.2E-03 .4 T.9E-04 100

T Henry’s law constant.

$ Jury et al. (1983b).

§ 1.OE-05 = 1.0 X 10-.
# Spencer et al. (1988).

Table 2. Some properties of the soils used in the adsorption studies.

Organic pH CEC at Clay Silt Sand
Soil type  carbon (1:1) 25°C <2pm 2-50 gm 50 gm-2 mm
% cmol/kg %

Hanford

sandy

loam

(HSL) 043  6.05 5.95 7.1 25.8 67.1
Tujunga

loamy

sand

(TLS) 033  6.30 045 4.5 13.5 82.0

The initial concentrations were approximately one-half, one-
fourth, one-sixth, and one-eight of the aqueous solubilities
of each herbicide. Equivalent amounts of the analytical grade
stock solution for each concentration were deposited on the
inner walls of 1-L volumetric flasks, after which the solvents
were completely evaporated with a gentle stream of dry N,.
Next, the deposited pesticides were solubilized in 0.01 Af
CaCl, aqueous solutions. While some previous workers have
used different soil/water ratios, a majority preferred 1:10
ratios for their sorption studies. Hence, we also selected the
1:10 ratio. Two grams of soil and 20 mL of the agueous
solution were equilibrated in a 35-mL Teflon test tube by
using an end-over-end electrical shaker at 40 rpm for 24 h
at 25 = 1 °C. All treatments were replicated four times.
Several water-soil blanks were used. After equilibration, the
tubes were centrifuged in a thermostable high-speed centri-
fuge at 14 000 rpm (23 500 X g) for 10 min at 25 + | °C.
The herbicide concentrations in soil and supernatant liquid
phases at equilibrium were determined using methods de-
scribed below. '

Extraction

Chemicals in the liquid phase were extracted by a liquid-
liquid partitioning technique using n-hexane for atrazine,
EPTC, and triallate, and dichloromethane for prometon. The
supernatant solutions from the tubes were transferred into
125 mL separatory funnels and diluted with 20 mL of a 5%
(w/v) sodium carbonate aqueous solution. Herbicides were
then extracted four times with 25 mL solvent by vigorous
shaking for 30 s each time. The four solvent batches were
combined and transferred through a 5-cm anhydrous sodium
sulfate column to a wide-mouth, round-bottom flash evap-
orator (250 mL) flask. The hexane extracts containing her-
bicide residues of atrazine, EPTC, and triallate were con-
centrated to 25 mL, whereas the dichloromethane extracts
of prometon were dried completely and solubilized in hex-
ane. The final volume of each extract was 25 mL.

The soil samples were mixed with washed and dried silica
sand, and extracted by Soxhlet extraction using 200 mL hex-
ane + acetone (1:1, v/v) for 4 h. The extracts were passed
through a 5-cm anhydrous sodium sulfate column and con-
centrated on a rotary flash evaporator. Adsorbed concentra-
tions were corrected for the amount of pesticides in the re-
sidual aqueous solution remaining in the soil.

Analysis

Herbicide concentrations in the extracts were analyzed us-
ing a Varian 3700 gas liquid chromatograph (GLC) equipped
with-NP and ®*Ni electron capture detectors (Varian Instru-
ments, Sunnyvale, CA). The GLC conditions for the analysis
of different compounds are given in Table 3. With the meth-
odology adopted here, the recovery of the compounds sep-
arately from the fortified soil and water samples varied be-

Table 3. Gas liquid chromategraph conditions for analyses of four
herbicides.

Temperature, °C (ifz /?x?i:’ Reten-
At tion
Injection Col- Detector tion time,
Herbicide port umnt (NP} X 10 H, N, Air min
Atrazine 200 150 300 8 18 20 20 1.5
EPTC 150 110 300§ 2 - 20 - 243
Prometon 200 180 300 16 18 20 20 1.95
Triallate 180 155 250 2 13 20 .20 203

t Columns: 0.91 m X 2 mm i.d. Ultrabond 20M on carbowax 0.125 to 0.149
mm and for EPTC DB-Wax with same material (Megabore) for all others
(Alitech Assoc., Los Altos, CA).

1 Nitrogen phosphorus.

§ ©*Ni electron capture detector.
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tween 97 and 102%. However, from the soil-water-herbicide
batch experiments, the mass of herbicides recovered was
found to vary between 90 and 97%.

Sorption Isotherms

Herbicide sorption isotherms were calculated using the
Freundlich equation

C, = KC, " [1]

where C, is the sorbed concentration (mg/kg), C,, is the equi-
librium solution concentration (ug/mL), and K and 1/n are
the Freundlich equilibrium constants. The nonlinear least-
squares optimization computer program developed by
Zhang et al. (1987) was used to estimate the model param-
eters. We also described pesticide sorption in terms of the
simpler linearized relationship

C = K.C, (2]

where K, is the linear partitioning coefficient.

RESULTS AND DISCUSSION

Table 4 summarizes the equilibrium distribution of
the four herbicides in the adsorbed and solution
phases. The amounts of herbicide applied and percen-
tile recovered, are also included. The K, -values were
calculated using the organic C fraction (F,) of each
soil and the Freundlich K-values, as determined with
the mass balance and the solution concentration meth-
ods. Optimized values of K and 1/n (Eq. [1]) and K-

values (Eq. [2]) in-the sorption isotherms for different
herbicide-soil combinations are listed in Table 5. Note
that in most cases the calculated K,-values are signif-
icantly less than those calculated with the Freundlich
Eq. [1]. This is because Eq. [2] does not consider non-
linearity in the sorption isotherm. As previously
shown by Rao and Davidson (1982), K ,-values ob-
tained by applying Eq. [2] may lead to large errors
when n deviates significantly from unity.

As previously discussed, most earlier workers cal-
culated K or K, on the basis of solution concentrations
(C,) only. This approach assumes that the remainder
of the pesticide is adsorbed as C,, and ignores degra-
dation, volatilization, or other processes causing dis-
appearance or nonrecovery of herbicides from the
measurement system. For example, of 29.7 ug atrazine
applied to the HSL soil (Table 4), only 28.68 ug was
recovered using the mass balance method. In the so-
lution method, the difference of 1.02 ug is immediately
contributed to adsorption, thus increasing the sorbed
phase concentration by 0.51 mg/kg, and ultimately ov-
erpredicting by 2.19 times the adsorption coefficient
as compared to the mass balance method. For com-
parison, we have included in Table 5 also the Freun-
dlich equation parameters calculated on the basis of
solution phase concentrations only. The same trend
of adsorption behavior of the eight herbicide-soil com-
binations occurred with both methods. The data in
Table 5, however, indicate that the Freundlich K-val-
ues calculated with the solution method are in all cases

Table 4. Equilibrium distribution of herbicides between adsorbed and solution phases.

Kort
Adsorbed Solution Mass of Average Mass Solution
Herbicide Soilt concentration concentration herbicide applied recovered balance method
ng/g ug/mL 1g % m*/Mg
Atrazine HSL 0.34 1.40 29.7
0.65 294 62.0
1.25 6.76 142.3
1.61 10.38 220.0 97.3§ 63 143
TLS 0.37 293 61.5
0.47 4.27 90.3
0.73 6.53 136.4
0.93 9.12 190.4 96.6 45 112
EPTC HSL 19.71 28.90 686.8
! 2691 41.86 990.4
66.18 111.30 2620.8
136.10 189.60 4514.7 90.1 148 424
TLS 11.03 23.50 546.6
19.05 44.57 1032.5
25.17 80.40 1843.1
41.63 100.40 2323.2 90.0 242 572
Prometon HSL 11.39 52.06 1138.7
20.09 105.00 22720
31.97 176.90 3892.2
39.74 215.00 4738.0 91.8 84 395
TLS 10.01 51.25 1158.5
18.84 102.50 2329.0
31.97 175.60 3920.5
39.91 213.60 4767.3 91.9 67 340
Triallate . HSL 1.68 0.13 6.2
3.83 0.29 14.1
5.87 0.43 21.4
8.23 0.70 32.0 94.9 2832 3397
TLS 1.98 0.13 7.3
321 ' 0.27 11.9
5.79 0.48 24.0
730 0.74 329 91.4 2843 3072

t HSL = Hanford sandy loam; TLS = Tujunga loamy sand.

% Calculated using the F,. of each soil and the Freundlich K-values determined with the mass balance and solution methods.

§ Each value is the mean of four replicates and four concentrations.
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substantially higher than the mass-balance computed
values.

The observed differences in sorption behavior of the -

four herbicides were expected because of their different
mode of adsorption on soil substrates (Mortland and
Meggitt, 1966; Calvet, 1980; Beste and Humburg,
1983; Gamble et al., 1986; Madhun et al., 1986). Ir-
respective of soil or calculation method, adsorption of
triallate on the two soils was always greatest, followed
in order by EPTC, prometon, and atrazine. Atrazine,
prometon, and triallate adsorption on HSL was higher
than on TLS (Table 4) because of slightly higher or-
ganic matter and clay contents (Borggaard and Strei-
big, 1988; Ramen et al., 1989). EPTC showed little
difference in adsorption on the two soils, but its ad-
sorption on TLS was slightly more nonlinear (1/n =
0.826) than on HSL (1/n = 0.984). Although the or-
ganic C contents of the two soils are not much differ-
ent, the type of the organic matter (OM) may also have
played a role. In addition, the higher clay content,
higher CEC, and different OM-mineral relations of
HSL may have contributed somewhat to the higher
adsorption coefficients.

The K, -values for each herbicide, as calculated with
different methods, are summarized in Table 6. Exper-
imental results are compared with available literature

values (some of which were estimated from previously
measured Ky-values and soil organic C content) along
with K -values calculated from basic soil and herbi-
cide properties using several equations taken from the
literature. Some researchers (e.g., Hamaker and
Thompson, 1972) have suggested that one should ob-
tain essentially the same K, -value for a given pesticide
in a variety of soils. This may not always be the case
because adsorption of a particular pesticide depends
not only on the organic C of the soil, but also the type
of organic matter (Ishiwatari, 1969), clay content
(McCall et al., 1980), pH of the media (Weber, 1966),
CEC (Ghani and Allbrook, 1986), and soil texture
(Valverde-Garcia et al., 1988), as well as on the chem-
ical properties of the herbicide itself. Relative differ-
ences in K, -values between the four herbicides were
almost the same, irrespective of the method of data
calculation. The K -values were considerably less (ex-

- cept for triallate using the mass balance method) when

calculated using the linear isotherm K;-values, than
when using the nonlinear Freundlich K-values. The
solution method (C,,) yielded K.’s that were 2.4, 2.5,
4.8, and 1.19 (averages of both soils) times those by
the mass balance method for atrazine, EPTC, pro-
meton, and triallate, respectively.

The literature values listed in Table 6 vary greatly.

Table S. Parameters of the linear and nonlinear Freundlich isotherms for different herbicide-soil combinations.

Freundlich isotherm parameters§

Linear equation

parameters$ Mass balance Solution method
Herbicide Soilt K, r K 1/n r K 1/n r
Atrazine HSL 0.08 0.977 0.27 0.789 0.998 0.61 0.921 0.999
TLS 0.09 0.963 0.15 0.833 0.996 0.37 1.297 0.765#
EPTC HSL 047 0.631# 0.72 0.984 0.995 1.81 1.004 0.999
TLS 0.36 0.907 0.80 0.826 0.971 1.90 0.951 0.998
Prometon HSL 0.15 0.939 0.36 0.872 0.999 1.68 0.918 0.999
TLS 0.17 0.927 0.22 0.963 0.999 1.13 0.993 0.999
Triallate HSL 14.49 0.900 12.07 0.941 0.997 13.10 0.943 0.997
TLS 8.90 0.976 9.43 0.767 0.994 11.27 0.783 0.995

t HSL = Hanford sandy loam; TLS = Tujunga loamy sand.

% Calculated with linear Eq. [2] from C,/C, ratios using the mass-balance method.

§ Calculated with the nonlinear Eq. [1].
# All values except these were significant at the 95% confidence level.

Table 6. Experimental K, -values (m’/Mg) of four herbicides compared with literature values and values estimated from physico-chemical

properties.

Based on this study
Freundlich K

Estimated from equations}

Linear Mass Solution
Herbicide Ky balance method Literature valuest A B C D E
62(4), 130(5), 11(6), 102(7), 258(10),
Atrazine 23 54 128 122(11), 102-163(8) 638 1526 1888 192 1599
EPTC 110 196 498 48-136(2), 240, and 238(8) 169 393 332 638
Prometon 45 76 358 408(3), 54(4), 197(5), 524(9), 74, and 350 (8) 115 265 . 200 410 488
Triallate 3041 2838 3235 3600(1), 2200(8) 2037 4986 8612 - 3569

1 Sources: (1) Jury et al. 1980; (2) Ekler, 1988; (3) Zhang et al., 1987, (4) Scott and Phillips, 1972; (5) Harris, 1966; (6) Grover and Hance, 1969; (7) Huang
et al., 1984; (8) Green and Karickhoff, 1986; (9) Rao and Davidson, 1980; (10) Clay et al., 1988.

$(A) logK, = 3.64 — 0.55 (log s)

(B) log K,, = —0.561 logs + 3.8

(C) logK,, = —0.699 log s + 4.42
log K,. = 1.029 log K,,, —0.18

(D) K, = mSS = m(100% OC) + 2(% clay) +
0.4(% silt) + 0.005(% sand)

(E) log K,, = —0.699 log s + 4.42
log K. = 1.377 + 0.544 (log K,.)

Kenega and Goring, 1980;
Gerstl and Mingelgrin (1984);
Gerstl and Mingelgrin (1984);
Rao and Davidson (1980);
Pionke and DeAngelis (1980);

Gerstl and Mingelgrin (1984),
Kenega and Goring (1980)
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The mass balance K.’s fall into the lower range and
the C,-based K’s in the upper range of these values.

Hence, some of the variability in available literature

values likely results from the method by which K,’s
and K.’s are calculated. Other factors responsible for
this large deviation could be the use of different ex-
perimental methodologies, including the use of differ-
ent soil-solution ratios, equilibration times, initial
concentration ranges of the compounds, and imposed
pH’s of the media (Hamaker and Thompson, 1972).

The K,.-values indirectly calculated with different
equations (Table 6) predict varying adsorption behav-
ior of the four herbicides. Particularly, all equations
predict much stronger adsorption of atrazine than in-
dicated by our experiments, or reported literature val-
ues. Also, the order of increasing adsorption changes
from atrazine-prometon-EPTC-triallate to prome-
ton-EPTC-atrazine-triallate with these predictive
equations. Equation A gives K, -predictions that are
closer to all our experimental values, except for atra-
zine.

SUMMARY AND CONCLUSIONS

Adsorption coefficients for atrazine, EPTC, pro-
meton, and triallate were measured by the batch equi-
librium method on two soils varying in organic con-
tent and soil texture. The data indicate that the mass
balance approach, wherein concentrations of pesti-
cides are determined on the adsorbent as well as in
the equilibrium solution, is necessary to obtain ac-
curate values with the batch method. Adsorption coef-
ficients calculated using only equilibrium solution
concentrations, and assuming that any unrecovered
pesticides were adsorbed on the soil, yielded uncertain
results. Freundlich adsorption coefficients calculated
using solution concentrations only were much ‘higher
than the mass balance computed values. This indicates
that much of the unaccounted pesticide was probably
not adsorbed on the soil, but might have been lost by
degradation or other means. Because the reported lit-
erature values are closer to those derived from meas-
ured solution concentrations only, we believe that
much of the variability of current K_-literature values
may have been caused by inaccurate determinations
of K4-values using solution concentrations only.
Higher K;-values obtained with the solution method

will lead to an underestimation of the rates of pesticide '

transport in soils, and overestimate erosion losses. In
order to obtain accurate adsorption coefficients by the
equilibrium batch technique, we recommend meas-
uring concentrations in the adsorbed phase as well as
in the solution phase at equilibrium. This is especially
important for the relatively high water/soil ratios as
used in our study. Errors associated with the solution
method should be less at relatively low water/soil
ratios.

REFERENCES

Bailey, G.W., and J.L. White. 1970. Factors influencing adsorption,
desorption and movement of pesticides in soil. Res. Rev. 32:29-
92

Besté, C.E,, and N.E. Humburg. 1983. Herbicide handbook of the
Weed Science Society of America. 5th ed. WSSA, Champaign, IL.
Borggaard, O.K., and J.C. Streibig. 1988. Atrazine adsorption by

some soil samples in relation to their constituents. Acta Agric.
Scand. 38:293-301. :

Calvet, R. 1980. Adsorption-desorption phenomena. p. 1-30. In R.J.
Hance (ed.) Interactions between herbicides and the soil. Aca-
demic Press, New York.

Clay, S.A., RS. Allmaras, W.C. Koskinen, and D.L. Wyse. 1988.
Desorption of atrazine and cyanazine from soil. J. Environ. Qual.
17:719-723.

Donigian, A.S., and P.S.C. Rao. 1986. Overview of terrestrial pro-
cesses and modeling. p. 3-35. In S.C. Hern and S.M. Melancon
(ed.) Vadose zone modeling of organic pollutants. Lewis Publ.,
Chelsea, MI.

Ekler, Z. 1988. Behavior of thiocarbamate herbicides in soils: Ad-
sorption and volatilization. Pestic. Sci. 22:145-157.

Farmer, W.J., M.S. Yang, J.Letey, and W.F. Spencer. 1980. Hex-
achloro-benzene: Its vapor pressure and vapor phase diffusion in
soil. Soil Sci. Soc. Am. Proc. 44:676-680.

Gamble, D.S., M.I. Haniff, and R.H. Zienius. 1986. Solution phase
complexing of atrazine by fulvic acid: A batch ultra-filtration tech-
nique. Anal. Chem. 58:727-731.

Gerstl, Z., and U. Mingelgrin. 1984. Sorption of organic substances
by soils and sediments. J. Environ. Sci. Health B19:297-312.
Ghani, A., and R.F. Allbrook. 1986. Influence of several soil prop-
erties on the degradation of EPTC in some New Zealand soils.

N.Z. J. Agric. Res. 29:469-474.

Green, R.E., J.M. Davidson, and J.W. Biggar. 1980. An assessment
of methods for determining adsorption-desorption of organic
chemicals. p. 73-82. In A. Banin and V. Kafkafi (ed.) Agrochem-
icals in soils. Pergamon Press, New York.

Green, R.E,, and S.W. Karickhoff. 1986. Estimating pesticide sorp-
tion coefficients for soils and sediments. SWAM, Vol. 3. USDA-
ARS, Washington, DC.

Grover, R., and R.J. Hance. 1969. Adsorption of some herbicides
by soil and roots. Can. J. Plant Sci. 49:378-380.

Hamaker, J.W_, and J.M. Thompson. 1972. Adsorption. p. 49-143.
In C.A.L. Goring and J.W. Hamaker (ed.) Organic chemicals in
the soil environment. Vol. 1. Marcel Dekker, New York.

Harris, C.I. 1966. Adsorption, movement, and phytotoxicity of
monuron and s-triazine herbicides in soil. Weeds 19:6-16.

Huang, P.M., R. Grover, and R.B. McKercker. 1984. Components
and particle size fractions involved in atrazine adsorption by soils.
Soil Sci. 138:26-29.

Ishiwatari, R. 1969. An estimation of the aromaticity of a lake sed-
imem3humic acid by air oxidation and evaluation of it. Soil Sci.
107:53-57.

Jury, W.A_, R. Grover, W.F. Spencer, and W.J. Farmer. 1980. Mod-
eling vapor losses of soil-incorporated triallate. Soil Sci. Soc. Am.
J. 44:445-450.

Jury, W.A., W.F. Spencer, and W.J. Farmer. 1983a. Behavior as-
sessment model for trace organics in soil: I. Model description.
J. Environ. Qual. 12:558-564.

Jury, W.A., W.F. Spencer, and W.J. Farmer. 1983b. Use of models
for assessing relative volatility, mobility and persistence of pes-
ticides and other trace organics in soil systems. p. 2-43. In J.
Saxena (ed.) Hazard assessment of chemicals. Current develop-
ments, Vol. 2. Academic Press, New York.

Jury, W.A,, A M. Winer, W.F. Spencer, and D.D. Focht. 1987.
Transport and transformations of organic chemicals in the soil-
air-water ecosystem. Rev. Environ. Contam. Toxicol. 99:119-164.

Kenaga, E.E., and C.A.L Goring. 1980. Relationship between water
solubility, soil sorption, octanol-water partitioning, and concen-
tration of chemicals in biota. p. 78-115. In J.G. Eaton et al. (ed.)
Aquatic toxicology. STP 707. ASTM, Philadelphia, PA. )

Knisel, W.G. (ed.) 1980. CREAMS, a field scale model for chemicals,
runoff, and erosion from agricultural management systems.
USDA Conserv. Res. Rep. 26. U.S. Gov. Print. Office, Washing-
ton, DC.

Lindstrom, F.T., L. Boersma, and H. Gardiner. 1968. 2,4-D diffu-
sion in saturated soils. A mathematical theory. Soil Sci. 105:107-
113

Madhun, Y.A,, J.L. Young, and V.H. Freed. 1986. Binding of her-
bicides by water soluble organic materials from soil. J. Environ.
Qual. 15:64-68. . )

McCall, P.J., D.A. Laskowski, R.L. Swann, and H.J. Dishburger.
1981. Measurement of sorption coefficients of organic chemicals
and their use in environmental fate analysis. p. 89-109. In Test
protocols_for environmental fate and movement of chemicals.
Proc. AOAC 94th Annual Meeting, Washington, DC. 21-22 Oct.
1980. Assoc. Official Analytical Chemists, Arlington, VA,

McCall, P.J., R.L. Swann, D.A. Laskowski, S.M. Unger, S.A. Vroma,
and H.J. Dishburger. 1980 Estimation of chemical mobility in soil
from liquid chromatographic retention times. Bull. Environ. Con-
tam. Toxicol. 24:190-195.

Mortland, M.M., and W.F. Meggitt. 1966. Interaction of ethyl N,N-



SINGH ET AL.: SORPTION BEHAVIOR OF HERBICIDES ON SOILS . 525

di-n-propylthiocarbamate (EPTC) with montmorillonite. J. Agric.
Food Chem. 14:126-129.

Pionke, H.B., and R.J. DeAr&gelis. 1980. Method for distributing
pesticide loss in field runoff between the solution and adsorbed
phase. p. 607-643. In CREAMS, A field scale model for chemicals,
runoff and erosion from agricultural management systems. USDA
Conserv. Res. Rep. 26. U.S Gov. Print. Office, Washington, DC.

Ramen, S., M. Krishna, and P.C. Rao. 1989. Adsorption-desorption
of atrazine on four soils of Hyderabad, India. Water Air Soil
Pollut. 40:177-184.

Rao, P.S.C, and J.M. Davidson. 1980. Estimation of pesticide re-
tention and transformation parameters required in nonpoint
source pollution models. p. 23-67. In M.R. Overcash and J.M.
Davidson (ed.) Environmental impact of nonpoint source pol-
lution. Ann Arbor Science Publ., Ann Arbor, ML

Rao, P.S.C, and J. M. Davidson. 1982. Retention and transforma-
tion of selected pesticides and phosphorus in soil-water systems:
A critical review. EPA-600/3-82-060. USEPA, Washington, DC.

Scott, H.D., and R.E. Phillips. 1972. Diffusion of selected herbicides
in soil. Soil Sci. Soc. Am. Proc. 36:714-719.

Spencer, W.F., M.M. Cliath, W.A. Jury, and L. Z. Zhang. 1988.
Volatilization of organic chemicals from soil as related to their

Henry’s law constants. J. Environ. Qual. 17:504-509.

Valverde-Garcia, A., E. Gonzalez-Prada, M. Villafrancha-Sanchez,
F.D. Rey-Bueno, and A. Garcia-Rodriquez. 1988. Adsorption of
thiram and dimethoate on Almeria soils. Soil Sci. Soc. Am. J.
52:1571-1574.

van Genuchten, M.Th., J.M. Davidsor, and P.J. Wierenga. 1974.
An evaluation of kinetics and equilibrium equations for the pre-
diction of pesticide movement through porous media. Soil Sci.
Soc. Am. Proc. 38:29-34.

van Genuchten, M.Th., P.J. Wierenga, and G.A. O’Connor. 1977.
Mass transfer in sorbing media. I1I. Experimental evaluation with
2,4,5,-T. Soil Sci. Soc. Am. J. 41:278-285.

Villeneuve, J., P. Lafrance, O. Banton, P. Frenchette, and C. Robert.
1988. A sensitivity analysis of adsorption and degradation param-
eters in the modeling of pesticide transport in soils. J. Contam.
Hydrol. 3:77-96.

Weber, J.B. 1966. Molecular structure and pH effects on the ad-
sorption of 13 s-triazine compounds on montmorillonite clay.
Am. Mineral. 51:1657-1670.

Zhang, L., W.F. Spencer, and M.M. Cliath. 1987. A study of the
sorption of prometon on a sandy loam soil with batch equilibrium
method. Environ. Chem. 6:11-15.



