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ABSTRACT

A model of acidic pesticide sorption in soils was developed from
theoretical modeling and experimental data, which initiaily considered
a combination of a strongly acidic pesticide and a variable-charge soil
with high clay content. Contribution of 2,4-1) |(2,4-dichlorophenoxy)
acetic acid| anionic-form sorption was small when compared with
molecular sorption. Dissociation of 2,4-1) was not sufficient to explain
the variation in Kdas a function of pH. Acccssihility of soil organic
functional groups ahle to interact with the pesticide (conformational
changes) as a function of organic inatter dissociation was proposed to
explain the observed difierences in sorption. Experimental 2,4-1) sorp-
tion data and K<values from literature for Dumetsulam [Ar(2,6-difluo-
rophenyl)-5-niethyl 11.2,4) triazolo [l,5-a| pyriniidine-2-sulfonaniide]
and sulfentrazone 1A'-12,4-dichloro-5-14-(difluroniethyl)-4,5-dihydro-
3-methyl-5-oxo-1/i-1",4-tria/,ol-I-yll phenyl] niethanesulfonaniide]
in several soils fit the model.

A cidic pesticides are sorbed to organic soil colloids
iland the sorption depends on pH, being greater
under acid conditions where the pesticides are sorbed in
molecular (neutral) form (Weber, 1972). Grover (1968)
found that reducing soil pH from 6.5 to 5.0 reduced the
bioactivity of picloram, owing to increased binding of
molecular forms by organic matter. The pH-dependence
of sorption has been reported for many acidic pesticides,
including bentazone (Abernathy and Wax, 1973; Grey
et al., 1996), chlorimuron (Goetz et al., 1989), chlorsul-
furon (Shea, .1986; Walker et al., 1989), metsulfuron-
methyl (Walker et al., 1989), and picloram (Nearpass,
1976).

Abernathy and Wax (1973) concluded that bentazone
was mobile if the soil pH was near neutral. The high
mobility around neutral pH was attributed to the com-
bined effects of relatively high water solubility and
acidic characteristic of the compound. A cation ex-
change resin retained no bentazone, while the greatest
sorption occurred on an anion resin between pH 5 and
7. Bentazone has a pKaof 3.2; thus, it exists predomi-
nantly in anionie form under pH conditions near neu-
trality. Grey et al. (1996) noted that bentazone sorption
decreased as pH increased for U.S. Coastal Plains Ul-
tisols.

Goetz et al. (1989) evaluated chlorimuron sorption
and mobility in Ultisols and Inceptisols, with sorption
being inversely related to soil pH. Chlorimuron is a
weak acid with a pKaof 4.2; therefore, anionie forms

C.A. Spadotto. Embrapa Environment, C.P. 69.13820-000 Jaguaritna,
SP, Brazil. A.G. Homsby (retired), Soil and Water Science Dep.,
Univ. of Florida. Received 18 Dee. 2000. *Corresponding author
(spadotto@cnpma.embrapa.br).

Published in J. Environ. Qual. 32:949-956 (2003).

949

predominate in solution for most soils. Shea (1986) stud-
ied chlorsulfuron dissociation and sorption on selected
sorbents and soils, and noted that lowering the pH in-
creased herbicide sorption. However, it was shown that
chlorsulfuron, which has a pKaof 3.8, was not sorbed
by technical kaolinite at pH 4.7.

Walker et al. (1989) measured sorption and degrada-
tion rates of chlorsulfuron and metsulfuron-methyl in
soils taken from different depths. Sorption of both her-
bicides was inversely correlated with soil pH and posi-
tively correlated with organic matter content. It was
suggested that soil pH was the dominant factor control-
ling sorption in most soils. Chlorsulfuron and metsulf-
uron-methyl have pKavalues of 3.8 and 3.3, respecti vely;
hence, only under very acid conditions will a significant
proportion of these herbicides exist in nonionized form.

Nearpass (1.976) studied the sorption of picloram by
humic acids and humin. The pH-dependent sorption of
picloram (pKa = 3.4) agreed with the concept that its
sorption is largely that of uneharged molecules. Sorbate-
dependent pli effect and sorbent-dependent effects
were pointed out. An increase in picloram sorption by
humin and humic acids was observed at pli values close
to the compound’s pK,, (3.4), when a small change in
pH with increasing ionic strength would result in a signif-
icant increase in the neutral fraction of the herbicide.
Higher ionic strengths result in displacement of more
hydrogen ions from soil solids, thereby reducing soil
solution pH and shifting acidic compounds tow'ard neu-
tral forms.

Bailey et al. (1968) noted early on the difficulty in
predicting sorptive behavior for pesticides that dissoci-
ate to form an ion. Several factors, such as dissociation,
soil solution pH, ionic strength and composition, and
surface charge, may have to be considered to success-
fully predict sorption of acidic compounds by soils. Fur-
thermore, sorption of ionizable organic compounds can
occur through various mechanisms (Koskinen and Har-
per, 1990), such as ion exchange, charge-transfer interac-
tion, hydrogen bonding. and van der Waals forces.

Jafvert (1990) presented a method to obtain sorption
coefficients for organic acid compounds on sediments.
Invariant sorption of neutral form with pH and linear
pH-dependent sorption of anionie form were assumed.
Fontaine et al. (1991) obtained anionie and neutral sorp-
tion coefficients using nonlinear optimization of flumet-
sulam sorption normalized with respect to organic car-
bon, as a function of pH. Sorption of neutral and anionie
forms was assumed to occur only on organic matter.

Lee et al. (1990) showed that equilibrium sorption of
pentachlorophenol (PCP) could be predicted from a
knowledge of soil solution pH, organic carbon content,
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and pKavalue of PCP. Regitano et al. (1997) combined
the data on imazaquin sorption obtained in their study
with a data set from Loux et al. (1989). The model
presented by Lee et al. (1990) was fitted to the combined
data to optimize for values of organic carbon-normalized
coefficients, with sorption of anionic forra being rauch
lower than that observed for molecular form.

Sorption coefficients for neutral and anionic forms,
based on traditional interpretation of batch equilibrium
experiments, are empirically combined to produce an
overall sorption coefficient. In this study theoretical
modeling is combined with experimentally determined
and published sorption coefficient data. It is intended
to offer a model based on current understanding of
the contribution of nonionic and ionic processes to the
sorption of acidic pesticides, with emphasis on weath-
ered, variable-charge soils.

The herbicide 2,4-D was chosen as a model acidic
pesticide, which can exist in molecular and anionic forms
in soils. Due to its low pKavalue (2.8), 2,4-D appears
predominately in anionic form in the pH range comxnon
to variable-charge soils. Hence, ionic sorption could also
occur on positively charged soil minerais. Hydroxy-iron
and -aluminum soil compounds exhibit a high sorption
capacity for phenolic acids, such as 2,4-D. This is attrib-
uted to the large chemical reactivity of these positively
charged minerais toward the negatively charged car-
boxyl and phenolic hydroxyl groups of the phenolic acid
compounds (Huang et al., 1977). Oxisols are highly
weathered soils containing kaolinite and iron and alumi-
num oxides. Weathered soils with variable-charge min-
erais constitute an important soil category in tropical
and subtropical agricultural regions of the world (e.g.,
Brazil, Australia, India, China, Central Africa, the south-
eastern region of the USA, and Hawaii).

There have been many research studies of pesticide
sorption mechanisms on isolated soil fractions. How-
ever, as pointed out by Graham-Bryce (1981), there has
been less work on mechanisms of sorption by whole
soils. Although highly elegant in many respects, studies
of pesticide-clay mineral interactions are largely irrele-
vant to modeling purposes (Karickhoff, 1984). In such
studies, the mineral surfaces are highly prepared while,
in natural systems, mineral surfaces are commonly cov-
ered with coatings (organic and inorganic polyelectro-
lytes).

The purpose of the present study was to model the
sorption of acidic pesticides in soils, using theoretical
modeling and experimental data. Combination of a
strongly acidic pesticide and a high-clay-content soil
with predominantly variable-charge minerais was ini-

tially chosen as an extreme case study for sorption. Sorp-
tion of acidic compounds is mainly driven by their disso-
ciation. In this study it is hypothesized that the sorption
(and consequently the transport) of acidic pesticides
also depends on soil variable charges and organic mat-
ter dissociation.

MATERIALS AND METHODS

Samples of an Oxisol were collected in Ribeirdo Preto re-
gion, Sdo Paulo State. Brazil, and soil properties were deter-
mined according to methods presented by Empresa Brasileira
de Pesquisa Agropecuaria, Servigo Nacional de Levantamento
e Conservacdo de Solos (1979) and Camargo et ai. (1986).
Clay content was determined based on a method presented
by Bouyoucos (1927). Texture was classified according to the
USDA system (USDA Soil Conservation Service. Soil Survey
Staff, 1975). Mineralogy description was based on methods
presented by Jackson (1969), using X-ray diffraction (XRD)
techniques. The point of zero charge (PZC) was determined
based on the method of van Raij and Peech (1972). The
method used for organic carbon determination was that of
Walkley and Black (1934). Soil pH was measured in 1.1 (w/
w) soil and 0.01 M calcium chloride (CaCl2) solution mixtures.
Soil properties are presented in Table 1. This Oxisol was
chosen due to its high clay content and predominance of vari-
able-charge minerais.

In a subsample, soil pH changes were promoted by addition
of 1 M hydrochloric acid, HC1, or 1 M calcium hydroxide,
Ca(OH)2 to produce values either below or above its natural
pH levei. Soil samples were moistened to field capacity and
allowed to equilibrate for 6 wk. Each soil sample was remoist-
ened to field capacity every 2 d. Another set of soil subsamples
was used to study the effects of organic matter reduction from
the soil on sorption, at different pH leveis. Soil was treated
with hydrogen peroxide (H2 2 based on methods presented
by Jackson (1958) and Black (1965). The residual organic
carbon content was measured, and then pH changes were also
performed as described above.

Sorption coefficients were determined with a standard
batch equilibrium method, with 10 mg of analytical 2,4-D per
liter of a0.01 M CaCl2solution being used. A 10.00-mL aliquot
of the solution was added to 5.00 g of soil in a centrifuge
tube, and it was shaken in an agitator for 24 h at about 25°C.
Preliminary studies have shown that more than 90% of the
2.4-D sorption occurs within 2 h, and microbiai degradation
was considered negligible. Homsby et al. (1996), considering
many references, selected 10 d as half-life value for 2,4-D.
Assuming first-order degradation rate, it indicates that more
than 93% of 2,4-D wouid remain after24h. In addition, several
researchers also have noted that sorption processes tend to
limit the biodegradation rate of pesticides. Ogram et al. (1985)
suggested that microbiai degradation of 2,4-D occurred only
in the solution phase, and not when the pesticide was sorbed.

At the end of the equilibrium period, the suspensions were

Table 1. Properties of the soilt used in the 2,4-D sorption experinient.

Clay content Organic carbon CECi
% cmol/kg
64 16 103

pll (CaCl,) PzZC§ Mineralogyll

49 41 K> Gi» H®Go

t Typic Haplorthox (IJSDA Soil Conservation Service, Soil Survey Staff, 1975). Khodic Ferralsol (Food and Agricultural Organization of the United
Nations/United Nations Educational, Scientific and Cultural Organization, 1971), Latossolo Roxo (Empresa Brasileira de Pesquisa Agropecudria, Servigo

Nacional de Levantamento e Conservagdo de Solos, 1988).
mCation exchange capacity at pH 7.
§ Point of zero net charge.
1| K, kaolinite; Gi, gibbsite; H, hematite; Go, goethite.
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centrifuged for 20 min at 10000 rpm. and the supernatant
filtered through a 0.45-M-m filter. The amount of pesticide in
the supernatant was determined by high performance liquid
chromatography (HPLC) analysis (3.9- by 150-mm Cwcolumn,
5-p.m particle diameter; Waters, Milford, MA), with duplicate
injections of supernatant and standard solutions being made.
The mobile phase was methanol and water (70:30 v/v) and
0.01 M tetrabutyl-animonium chloride, with detection being
performed at 228 nm. Supernatant pH values were read on a
pH meter, and changes in pesticide sorption with pH were
studied.

Sorption at equilibrium was calculated as the difference
in concentration between the initial solution and solution at
equilibrium with the soil, at a single solution concentration
for each pH levei, and an apparent K& value was estimated.
The overall sorption coefficient (K@) was calculated as =
SiC. where S is the mass of sorbed herbicide per mass of soil
(9/kg) and C is the herbicide concentration of the supernatant
solution at equilibrium (g/L).

In addition, soil sorption data for two other acidic pesticides,
covering a large range of pK,, values, were obtained from the
literature. The fit of the theoretical model to the measured
and literature sorption data sets was evaluated with the SAS/
STAT program (SAS Institute, 1989). The NLIN procedure
in SAS fits nonlinear regression models using a least squares
method. A Gauss-Newton procedure was used for finding the
least squares estimator (Bard, 1974; Kennedy and Gentle,
1980; Draper and Smith, 1981). Based on Myers (1986), an F
test was applied and the coefficient of determination (R2) was
calculated for a given nonlinear model.

The overall sorption coefficient (Kd) of acidic pesticides in
soils with variable-charge minerais can be expressed as;

Ki = (Km X 4n) + (K[ X 49 (1

where Knl X (yarepresents the sorption coefficient of pesticide
in molecular forra (Kn), and K," x (Ris the sorption coefficient

25

0
20 25 30 35 4.0

of pesticide anionic form (K:) on positively charged soil parti-
cles. The lerm <,is the fraction of pesticide in molecular form,
and $xis the fraction of pesticide in anionic form.

The prime sorption coefficient of pesticide in molecular
form (A',/) is, in fact, a composite coefficient and depends on
effects of organic matter dissociation on the accessibility of
humin. In tum, values for the prime sorption coefficient of a
pesticide in anionic form (K,,) are a function of positive
charges on soil minerais (or a function of soil positive net
charge). The soil net charge can be estimated using equations
presented by van Raij and Peech (1972), and by introducing
reasonable values for required parameters, which can be ad-
justed according to experimental observations. It should be
possible to calculate the double layer potential at any pH
value, as the point of zero net charge is known.

Equation [1] can be rewritten as:

Ki = (*ocm' X Fx X ¢m) + (KmJ X Fnin X 43) [2]
where Kxjn' is the organic carbon-normalized prime sorption
coefficient of molecular form, FK is the soil organic carbon

fraction, is the mineral-normalized prime sorption coef-
ficient of anionic form, and Fni. is the soil mineral fraction.

RESULTS AND DISCUSSION

Changes in sorption coefficient values measured for
whole soil (i.e., without treatment with hydrogen perox-
ide) were developed as a function of pH and can be
seen in Fig. 1L At low pH, where acidic pesticides exist
largely in neutral form, the soil sorbs muclt more 2,4-D
as compared with sorption at high pH, where the pesti-
cide is mostly in anionic form. This suggests that the
anionic form of 2,4-D has a much lower sorption coeffi-
cient than the neutral form. lonic interactions may con-
tribute, to some degree, to anionic pesticide sorption

whole soil

"* soil afler OM
removal

45 50 55 60 65 70
PH

Fig. 1. Sorption coeffidents of 2,4-D measured for whole soil (Typic Haplorthox) with 16 g/kg organic C and when organic matter was largely

reduced (1 g/kg organic C), as a function of pH.
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under some conditions. This is more apparent in soils
with low organic carbon content and high clay content.
Based on the hypothesis of mineral blockage by organic
matter, mineral contribution is expected to be at a maxi-
mum when the ratio of mineral to organic carbon frac-
tions is more than 30, regardless of the mineral content
(Karickhoff, 1984).

Changes in sorption coefficients measured when or-
ganic matter was reduced can also be seen as a function
of pH in Fig. 1. The curve for the whole soil refers to
the overall sorption coefficient (Kd), and the premise is
that the curve for the soil with organic matter removed
could be related approximately to the anionic sorption
coefficient (Ka. However, removal of soil organic mat-
ter by HD 2 treatment was not complete and in this
study the organic carbon content was reduced to 1 g/kg
after treatment. Therefore, some residual organic mat-
ter content remained in the soil, partially covering min-
eral surfaces, and contributing to (or controlling) pesti-
cide sorption. Many researchers have recognized that,
at organic carbon leveis below 1 g/kg, interactions of
nonionic organic compounds with mineral surfaces may
be more important (Pignatello, 1989). However, that
would be an unrealistically low organic matter content
for Oxisols, such as that used in the present study under
natural conditions, even in the Bw horizon.

Clay and organic matter function more as a unit than
as separate entities, and the relative contributions of
organic and inorganic surfaces to sorption depend on
the extent to which the clay is coated with organic sub-
stances (Stevenson, 1982). The whole soil used here had
amineral to organic carbon ratio of 40. When about 94%
of the organic matter was removed that ratio increased
drastically and, consequently, the soil point of zero net
charge was assumed to rise. Therefore, the maximum
contribution of mineral ionic sorption was expected
after organic matter reduction.

However, when organic matter was largely reduced,
the sorption of 2,4-D diminished markedly (Fig. 1). As
a consequence of organic matter reduction, sorption
at different pH leveis was about 10-fold smaller than
sorption for the whole soil. This approximately parallels
the decrease in soil organic carbon content. Therefore,
interaction of organic matter with minerais may provide
an organic surface for sorption, and mechanisms other
than molecular interaction with organic matter are weaker.

It appears that the anionic form of the pesticide, ow-
ing to its relative larger size and lower concentration,
is not able to compete effectively for anion exchange
sites with other anions present in the soil solution. On
the other hand, ion pairing between the pesticide’s an-
ionic form and cations in the soil solution could occur,
and sorption of neutral ion pairs would be possible.
However, this process depends on cation (complemen-
tary ion) availability in solution, either due to high salt
concentrations (Westall et al., 1985) or near negatively
charged colloidal surfaces.

It is known that sorption of 2,4-D is mainly driven
by its dissociation; however, 2,4-D dissociation is not
enough to explain the variation in A, as a function of pH.
Assuming that the overall Adis dominated by sorption of

the molecular form, the prime sorption coefficient of
the pesticide, estimated by the expression Km = Kl<jv,
increases when pH values rise.

Organic matter becomes more accessible for solute
sorption at high pH due to conformational changes.
Therefore, accessibility of organic matter functional
groups able to interact with the pesticide may explain
some of the differences observed in sorption coefficient
values. Furthermore, hydrophobicity of the neutral form
of the pesticide, expressed as Km, does not appear to
vary substantially at low pH leveis.

Previous efforts to model sorption of acidic organic
compounds have, in general, overvalued anionic-form
sorption. On the other hand, the overall effect of organic
matter dissociation owing to pH changes has been over-
looked. Jafvert (1990), Lee et al. (1990), and Fontaine
etal. (1991) tried to explain greater sorption than would
be expected for acidic compounds, particularly at high
pH leveis.

Jafvert (1990) presented a model assuming invariant
sorption of the neutral form with pH and linear pH-
dependent sorption of the anionic form. Anionic-form
sorption was considered to occur mainly at high pH.
However, based on current knowledge, sorption of an-
ionic form would not be expected, owing to the predomi-
nant negative surface charge in soils at high pH leveis.
His modeling work was made consideriug sediment with
49.4% clay content and 15 g/kg organic carbon; there-
fore, most of the mineral surfaces were expected to be
covered by organic matter.

Fontaine et al. (1991) obtained anionic and neutral
sorption coefficients using nonlinear optimization of
sorption normalized by organic carbon as a function
of soil pH. Sorption of neutral and anionic forms was
assumed to be occurring only on organic matter. How-
ever, anionic-form sorption is not expected on organic
matter, except at very low pH leveis, when some func-
tional groups become positively charged (e.g., amines).
Bohn et al. (1985) have shown that soil organic matter
possessing a net positive charge has not been found at
normal soil pH values. Protonated amide groups may
yield positive charge mostly at very low pH leveis; in
spite of this, the overall charge on organic matter re-
mains negative.

Lee et al. (1990) showed that equilibrium sorption
could be predicted using a weighted combination of
sorption coefficients for the neutral molecule and or-
ganic anion, normalized to soil organic carbon content.
The assumption was made that sorption of the ionized
form may occur on formation of a neutral ion pair. It
was also suggested that the hydrophobic part of the
organic anion might sorb to a hydrophobic surface, with
its polar end oriented toward the more polar aqueous
phase. However, if these processes truly occur, they
might not be relevant because it has been shown that
overall sorption of acidic compounds decreases mark-
edly with pH when the anionic form is dominant.

Further work to model ionic interactions, as a func-
tion of pH, was not pursued in this study due to the
small contribution of anionic sorption when compared
with overall sorption (Fig. 1). This was even true in this
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specific case, which involves a combination of an acidic
pesticide with low pKa (strong acid) and a soil with
high clay content and predominantly variable-charge
minerais (kaolinite, gibbsite, heinatite, and goethite).
The organic carbon-normalized prime sorption coef-
ficient of molecular form (Kxm') can be expressed as:

Kocm' = (k'oc“ X f ) + (k'oc" X f) [3]
Therefore, Eq. [2] can be written as:
Kd= [(K'ocd X f) + (Koc" x/™)] x FIXX $m [4]
or
Kx = [(K'ocd X f) + (Kocn X [")] X [5]

where €mrepresents the fraction of molecular (neutral)
form of the pesticide,/Iand/" are related to the dissoci-
ated and nondissociated organic matter, and can be re-
spectively estimated as:

<pm = (1 + IQPH PKa)-1 [6]

10 ipH pKomt

[7]

1 + 10'T(PH-pKora)

r=i-j Bl
The values of the empirical constant, t), and the appar-
ent dissociation constant for organic matter, pKam used
in this study were in accordance with expected values
of ti = 2 (McBride, 1994) and pK,m= 5 (Bohn et al.,
1985; Sparks, 1995). The coefficients K'ocdand « o c- are
reference values for the magnitude of sorption, while
the estimates of the accessibility of humin in dissociated
and nondissociated organic matter (f and /") are ex-
pected to change with pH. They, along with $m will
define the shape of the Kdvs. pH curve.

Fig. 2. Measured data and fitted curve when using Eq. [5| for pH dependence of 2,4-D sorption (pK, 2.8). expressed hy
R1 = 0.993, significant at the 0.001 probakility levei.

(Typic Haplorthox). Kx = [(41 X 10" Xf ) + (490 X /! X

The fit of the theoretical model in Eqg. [5] to the
measured 2,4-D sorption data set for the whole soil was
evaluated. The measured data and fitted curve using
the NLIN procedure of the SAS/STAT program (SAS
Institute, 1989) are presented in Fig. 2. The analysis
made here should be applicable for other compounds
as well, for verifying if the model represents good fit to
the response of sorption as a function of pH. Searching
for expressions of Eq. [5] for other acidic pesticides, Ka
data from the literature were obtained and curves were
fitted following the same methodology. The contribu-
tion of ionic interactions to sorption of 2,4-D was shovwn
to be much smaller than nonionic contributions. Hence-
forth, the data sets presented in this study will not be
restricted to variable-charge soils.

Fontaine et al. (1991) reported Kx data for flumetsu-
lam in four soils adjusted to different pH leveis. Flumet-
sulam (a sulfonamide herbicide) is weakly acidic, with
a pKaof 4.6. The measured data and fitted curves ac-
cording to Eq. [5] are presented in Fig. 3. Though fit
for the individual soils was excellent, an overall curve,
resulting from fitting ali original K,cvalues for several
pH leveis in ali soils, was less satisfactory but still
highly significant.

Grey et al. (1997) reported Kdvalues for sulfentrazone
for four soils with different amended pH values. The
clay fraction was determined to be predominantly com-
prised of kaolinite for Soil 1 (Typic Unifluvent) and
Soil 2 (Rhodic Paleudult). Equal amounts of kaolinite
and smectite were found in Soil 3 (Aeric Ochraqualf).
Soil 4 (Typic Rhodudult) contained a combination of
kaolinite and iron and aluminum oxyhydroxides of he-
matite and gibbsite. Sulfentrazone (phenyl-triazolinone
herbicide) is a weak acid with a pKaof 6.6. The calcu-
lated K kvalues and fitted curves using Eq. [5] for sulfen-

pH

for whole soil
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pH

Fig. 3. Measured Kadata set for several pH leveis from Fontaine et al. (1991) fwith permission], and fitted curves when using Eq. [5j for
flumetsulam (pK,, = 4.6) in four different soils. Soil 1: Typic Argiudoll (initial pH = 5.9; 22 g/kg organic C). Soil 2: Typic Hupludult (initial
pH = 6.4; 6 g/kg organic C). Soil 3: Udic Haploboroll (initial pH = 6.8; 31 g/kg organic C). Soil 4: Typic Haplaquoll (initial pH = 7.1; 42 ¢/
kg organic C). Overali KM= 1(430 X/ d) + (700 X/°)1 X $m R2 = 0.660, significant at the 0.001 probability levei.

trazone are showa in Fig. 4. Use of the entire data set
to fit an overall curve still produced a highly significant
coefficient of determination.

It is apparent from Fig. 3 and 4 that variability of
the measured Kx data between different soils increases
when pil decreases, especially for pH leveis below the
pesticide pKavalues. The highly scattered points in Kx
values could be attributed to the fact that the soil organic
matter ismostly in nondissociated form at low pH leveis.
In other words, at low pH values, organic matter is in

Fig. 4. Calculated

flocculated form and, therefore, the pesticide has to
diffuse to sorption sites through organic matter strands
(Brusseau and Rao, 1989). The humin fraction of soil
organic matter seems to offer a stronger sorptive site
for nonionized molecules than humic and fulvic acids.
Humin can be considered the foundation material to
which humic and fulvic acids are bonded (Nearpass,
1976).

Differences in structure and composition of soil or-
ganic matter may arise as a function of local conditions

PH

data set for several pH leveis from Grey et al. (1997) [with perniission), and fitted curves when using Eq. [5] for sulfentrazone
(pK* = 6.6) in four different soils. Overall K«= 1(30 Xf* ) + (20 X/")] X

R2 = 0.748, signitlcant at the 0.001 probability levei.



SPADOTTO & HORNSBY: SOIL SORPTION OF PESTICIDES: MODELING pH EFFECTS 955

(Stevenson, 1982; Haider, 1992). Thus, hydrophobic
sorption depends on the variable physical structure and
composition of the solid-phase organic matter, especially
at low pH leveis. It is difficult to distinguish between two-
dimensional sorption onto the soil organic matter surface
and sorption within the actual three-dimensional poly-
meric structure of organic matter (Graham-Bryce, 1981).
General (nonspecific) processes can explain apparent
pesticide affinity for organic matter. However, as noted
by Graham-Bryce (1981), it should be emphasized that,
for the system being considered, there are three main
components: water, pesticide, and surface. The relative
strengths of attractions of these different components
for themselves and for each other determine the resul-
tant equilibrium distribution.

CONCLUSIONS

Dissociation of 2,4-D was not enough to explain the
variation in K& as a function of pH. Accessibility of
soil organic functional groups able to interact with the
pesticide as a function of organic matter dissociation
(conformational changes) was proposed to explain the
observed differences in sorption. Experimental 2,4-D
sorption data fit the model presented. Data on Kxvalues
from literature for flumetsulam and sulfentrazone in
several soils also fit the model. This research shows that
conformational changes in organic matter caused by
changes in pH are key to modeling sorption of acidic
pesticides in soils such as those used in this study.
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