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ABSTRACT: Aminocyclopyrachlor sorption/desorption was investigated in 14 soils from Brazil, representing a range of pH, and
organic carbon (OC) and clay contents. The Freundlich equation adequately described behavior of aminocyclopyrachlor in soil.
Freundlich sorption coefficient (Kf) values ranged from 0.06 to 1.64 and 1/n values for ranged from 0.9 to 1.0. Sorption was
correlated to OC (Kf,oc ranged from 11 to 64) and clay contents. The lowest sorption was found for soils with very low OC contents
(0.50�0.65%) and loamy-sand to sand textures. The 1/n values for desorption were lower than those observed for sorption,
suggesting that aminocyclopyrachlor sorption by soil was not reversible; hysteresis coefficients ranged from 0.13 to 0.74. The results
suggest that although aminocyclopyrachlor would be very mobile based on its sorption coefficients, its potential depth of leaching
may be overestimated due to the hysteretic desorption.
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’ INTRODUCTION

Aminocyclopyrachlor (6-amino-5-chloro-2-cyclopropyl-4-pyrimi-
dinecarboxylic acid) (Figure 1) is a new herbicide from a new class
of chemistry known as pyrimidine carboxylic acids.1,2 In earlier
stages, aminocyclopyrachlor was previously developed as DPX-
MAT 28 (acid form), or as DPX-KJM44 (methyl esther form).3

Although both compounds are equally active as herbicides, the
methyl ester form has lower vapor pressure and is more volatile
than the acid form.4 Approximately 80% of the methyl ester is
converted to the free acid into plants six hours after leaf absorption.3

Aminocyclopyrachlor has been developed for noncrop uses
such as bare ground, brush, right-of-way, and turf, as well as for
range, pasture and invasive weed control5 and has both foliar and
soil activity on susceptible species.6 It is active on a number of
glyphosate and ALS-resistant weeds such as marestail,7 Russian
thistle, kochia, and prickly lettuce.5,8 Other weeds efficiently
(80�100%) controlled for periods ranging from 60 days to one
year after application are yellow poplar and red oak species,9

musk thistle,10 cogongrass,11 and marestail.7 Other species like
leafy spurge, Canada thistle, Scotch thistle, Russian knapweed,
field bindweed, common milkweed, salt cedar, Russian olive,12

Russian thistle, pigweeds, marestail, kudzu and volunteer grains8

also exhibit excellent control (>90%) one year after treatment.
Reports of plant responses to aminocyclopyrachlor include epinasty
of newly developing leaves and stems primarily on broadleaf
species, indicating that its mode of action, yet not fully known, is
consistent with synthetic auxin herbicides.4

Aminocyclopyrachlor application rates to date in field research
projects have ranged from 35 to 315 g active ingredient per
hectare. Most sensitive perennial weeds are well controlled at
70�140 g ha�1.12 In spite of the low application rates, long
periods of residual activity are expected for most proposed uses
of aminocyclopyrachlor. Although aminocyclopyrachlor has ex-
hibited a number of positive stewardship attributes with very low

impact to mammals and the environment,5 not much is known
about its fate in soil. As a result, aspects related to its sorption and
desorption from soil are of main interest concerning both its
agronomical use and environmental fate. This work was aimed at
characterization of sorption and desorption coefficients of ami-
nocyclopyrachlor in a diverse collection of soils from Brazil that
have a wide range in soil properties.

’MATERIALS AND METHODS

Soils. Fourteen Brazilian soils with varying physicochemical character-
istics were selected for this study. Samples were collected from the
0�10 cm depth, air-dried, and ground to pass through a 2 mm sieve.
Main physicochemical properties of soils are given in Table 1. Sand and
clay contents were determined by the hydrometer method. Soil pH was
measured in a 1:2 soil/deionized water mixture. The organic C content
was determined by dry combustion at 1,370 �C .
Chemicals. 14C-Labeled aminocyclopyrachlor and pure analytical

standards were graciously provided by DuPont (Wilmington, DE). Four
solutions (1.41; 0.47; 0.14 and 0.047 μmol L�1) were prepared in 0.01 N
CaCl2, and

14C-aminocyclopyrachlor was added to them to give a
solution radioactivity of ∼109 Bq mL�1. Final solutions contained less
than 0.4% methanol and were stored in foil-covered flask at 4 �C in
the dark.
Sorption Kinetics. The amount of aminocyclopyrachlor sorbed as

a function of time was determined in two diverse soils (BRA1 and
BRA4) in order to evaluate the suitability of a 24 h equilibration time in
the batch equilibration sorption studies. To 10 g of untreated soil, 10 mL
of 0.75 μmol L�1 14C-aminocyclopyrachlor solution were added, mixed
using a vortex mixer, and shaken on a tabletop shaker. After 0, 2, 4, 8, 24,
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and 48 h, triplicate tubes were removed and centrifuged and 1 mL aliquots
were removed for analysis. Five millililters of scintillation cocktail (EcoLyte,
cocktail, ICN Biomedicals, Costa Mesa, CA) was added to the 1 mL
aliquot, and the amount of 14C-aminocyclopyrachlor was determined by
liquid scintillation counting with a Packard 1500 counter (Packard
Instruments, Downer Grove, IL.).
Sorption. Sorption studies were performed using the batch equili-

bration method. To 10 g of soil in 35 mL glass centrifuge tubes with
Teflon-lined caps, 10 mL of aminocyclopyrachlor solution was added.
The tubes were thoroughly mixed using a vortex mixer (30 s) and then
mechanically shaken on a tabletop shaker at 20 ( 2 �C for 24 h. The
tubes were then centrifuged for 20 min at 370g. A 3 mL aliquot was
removed using a disposable glass pipet. A 1 mL subsample of the sup-
ernatant was analyzed for 14C as discussed above. The amount of
chemical sorbed to soil was calculated as the difference in aminocyclo-
pyrachlor concentration in the added solution and in the supernatant
after equilibration. All studies were performed in triplicate. No sorption
was observed in a blank tube containing solution without soil. Data were
fit to theFreundlich equationdescribed below to obtain sorption coefficients.

Desorption. Desorption was determined for aminocyclopyrachlor
at two concentrations (1.41 and 0.047μmolL�1) on all 14 soils.Desorption
was determined immediately after sorption by replacing the 3mL aliquot
removed with the same volume of 0.01 N CaCl2. The tubes were then
mixed using a vortex mixer, shaken for 24 h, centrifuged, and the sup-
ernatant analyzed as previously described and replaced again. This was
done for three desorption steps. All studies were done in triplicate.
Sorption and Desorption Model. Sorption coefficients Kf and

1/n were calculated from the slope and intercept of the log form of the
Freundlich equation: Log [Cs] = logKfþ 1/n log [Ce]; where [Cs] is the
concentration (μmol kg�1) of aminocyclopyrachlor sorbed onto soil
after equilibration and [Ce] is the aminocyclopyrachlor concentration
(μmolL�1) after equilibration. Sorptiondistribution coefficients (Kd, L kg

�1,
whereKd = [Cs]/[Ce]), andKoc, L kg

�1, whereKoc = (Kd/(%OC))� 100)
were also calculated. Desorption Kf and 1/n were determined similarly
to the sorption coefficients, from a plot of amount of remaining
chemical sorbed at each desorption step versus the equilibrium
concentration. The desorption Kd value for the third desorption step
was also calculated for comparison to the sorption Kd. The hysteresis
coefficient, H, for the sorption�desorption isotherms was calculated
according to the formulaH= (1/ndesorption)/(1/nsorption), where 1/nsorption
and 1/ndesorption are the Freundlich slopes obtained for the sorption and
desorption isotherms, respectively.13

’RESULTS AND DISCUSSION

Sorption Kinetics. The results from the study on the rate of
sorption of aminocyclopyrachlor in soils BRA1 and BRA4
(Figure 2) showed that >50% of the total herbicide sorbed at
48 h was accomplished immediately after solution contact withFigure 1. Main physicochemical properties of aminocyclopyrachlor.21,23

Table 1. Physicochemical Properties of Soils

% clay mineralogyc

soil origin (city, state, geographic coordinates) soil classificationa pH H2O OC sand clay text.b major minor

BRA1 Marialva, PR (S 23� 310 210 0;
W 51� 500 200 0)

Oxisol�Rhodic Hapludox
(Latossolo Vermelho distrof�errico)

6.0 1.60 27 65 C K, H, 2:1 Gib, MgH, An, Go, Qz, VHE

BRA2 Umuarama, PR (S 23� 470 240 0;
W 53� 150 300 0)

Ultisol (Argissolo Vermelho distr�ofico) 5.1 0.68 89 7 S K, H, 2:1 Gib, Go, MgH, An, VHE

BRA3 Pres. Castelo Branco,
PR (S 23� 140 080 0;
W 52� 100 090 0)

Oxisol�Typic Hapludox
(Latossolo Vermelho distr�ofico)

5.4 0.50 88 10 LS K, H, 2:1, Gib Go, MgH, An, Qz

BRA4 Umuarama, PR (S 23� 470 390 0;
W 53� 150 020 0)

Oxisol�Typic Hapludox
(Latossolo Vermelho distr�ofico)

4.9 1.02 85 11 LS K, H, 2:1, Gib Go, MgH, An, Qz

BRA5 Mamborê, PR (S 24� 160 000 0;
W 52� 300 000 0)

Oxisol�Rhodic Hapludox
(Latossolo Vermelho distrof�errico)

5.7 1.83 35 56 C K, H, 2:1 Gib VHE, An, MgH

BRA6 Santa Mônica, PR (S 23� 130 210 0;
W 53� 050 050 0)

Plintosol (Plintossolo H�aplico) 5.7 0.90 60 17 SL K, H, 2:1 Gib, Go, MgH, An, VHE

BRA7 Vilhena, RO (S 12� 460 540 0;
W 60� 050 310 0)

Oxisol�Rhodic hapludox
(Latossolo Vermelho distr�ofico)

5.9 2.05 38 57 C K, H, Gib Go, Qz

BRA8 Rio Verde, GO (S 17� 470 170 0;
W 50� 570 420 0)

Oxisol�Rhodic hapludox
(Latossolo Vermelho distr�ofico)

6.2 2.17 39 59 C K, H, Gib VHE

BRA9 Rondon�opolis, MT (S 16� 500 530 0;
W 54� 030 020 0)

Typic quartzipsaments
(Neossolo Quartzarênico �ortico)

7.2 0.65 93 5 S K, Go Qz

BRA10 Rondon�opolis, MT (S 16� 520 170 0;
W 53� 500 170 0)

Oxisol�Typic Hapludox
(Latossolo Vermelho distr�ofico)

6.1 1.79 45 50 C K, H, Gib Go

BRA11 Santa Maria, RS (S 29� 430 180 0;
W 53� 430 310 0)

Arenic albaqualfs
(Planossolo H�aplico eutr�ofico)

6.0 1.06 62 17 SL K, 2:1 VHE, Qz

BRA12 Barra do Bugres, MT (S 15� 060 430 0;
W 57� 180 090 0)

Typic quartzipsaments
(Neossolo Quartzarênico �ortico)

6.5 0.61 92 7 S K, Go H, Qz

BRA13 Tangar�a da Serra, MT (S 14� 390 010 0;
W 57� 250 540 0)

Oxisol�Typic Hapludox
(Latossolo Vermelho distr�ofico)

5.2 1.63 39 57 C K, H, Gib Go, An

BRA14 Barreiras, BA (S 12� 090 260 0;
W 45� 270 130 0)

Oxisol�Typic Hapludox
(Latossolo Vermelho-amarelo)

6.5 0.64 87 11 LS K Go, H, An

aAccording to Soil Taxonomy and Brazilian Soil Science Society. bTexture: C, clay; S, sand; SL, sandy loam; LS, loamy-sand. cK = kaolinite; H =
hematite; Gib = gibbsite; Go = goethite; VHE = vermiculite with Al-hydroxy interlayer; An = anatasio; Qz = quartz; MgH =maghemite; 2:1 = smectites
and or vermicullites.
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both soils, increasing to 95�100% after 24 h. For most herbi-
cides, faster initial sorption reflects the sorption on the most
accessible sites, whereas the slower sorption (between 8 and 24 h)
reflects sorption on less accessible sites.While slower sorptionmay

have a physical origin corresponding to diffusion of the herbicide
into soil organic matter for some pesticides14,15 it may not be the
case for BRA4, which has lowerOC and clay contents and a lower
pH as compared to BRA1. Our results are consistent with fast
sorption kinetics of other weak acid herbicides such as 2,4-D,
picloram, and aminopyralid.16,17 Thus, a 24 h period was
considered suitable for attaining operational equilibrium.
Sorption.Aminocyclopyrachlor Freundlich sorption parameters

are presented in Table 2. The Freundlich equation adequately
described (R2 g 0.98) the behavior of aminocyclopyrachlor for
all soils. Because sorption was not concentration-dependent, 1/n
sorption values were ∼1.0 (Table 2) and not significantly
different from each other; Kf values can be compared between
soils. In general, Kf values were low in general and ranged from
0.06 (BRA3) to 1.16 μmol(1�1/n) L1/n kg�1 (BRA7) (Table 2,
Figure 3).
Significant linear correlations (P < 0.05) indicated that OC (r =

0.88) and clay contents (r = 0.84) are positively correlated to
aminocyclopyrachlor Freundlich sorption coefficients. Linear equa-
tions that describedKf as a functionof carbon contents (Kf =�0.1867
þ 0.5250% OC, R2 = 0.76) or as a function of clay contents (Kf =
0.07642þ 0.01237%clay,R2=0.71) were slightlyworse predictors of
Kf when compared to multiple regression fit for both soil properties
(Kf = �0.141 þ 0.418% OC þ 0.0028% clay, R2 = 0.77).

Figure 2. Sorption kinetics of aminocyclopyrachlor in soils BRA1 and
BRA4. Each point is the mean of three replicates.

Table 2. Freundlich sorption parameters for aminocyclopyrachlor in different soils from Brazil

μmol(1�1/n) L1/n kg�1

soil Kf Kf,oc 1/n sorption R2 init concn desorption (μmol L�1) 1/n desorption R2 H

BRA1 0.63 (0.61�0.64)a 39 (38�40) 0.97( 0.01 0.9997 1.41 0.21 0.9703 0.22

0.047 0.21 0.9778 0.22

BRA2 0.22 (0.20�0.23) 32 (30�34) 0.94( 0.04 0.9968 1.41 0.24 0.7157 0.13

0.047 0.20 0.8235 0.21

BRA3 0.06 (0.05�0.06) 11 (10�13) 0.90( 0.06 0.9913 1.41 0.24 0.8374 0.27

0.047 0.28 0.8359 0.32

BRA4 0.34 (0.32�0.36) 33 (31�35) 0.95( 0.03 0.9982 1.41 0.33 0.9673 0.35

0.047 0.38 0.9955 0.40

BRA5 0.52 (0.48�0.57) 28 (26-31) 0.97( 0.04 0.9966 1.41 0.25 0.9427 0.26

0.047 0.24 0.9731 0.25

BRA6 0.29 (0.27�0.30) 32 (30�34) 0.99( 0.03 0.9984 1.41 0.65 0.9944 0.65

0.047 0.56 0.9935 0.56

BRA7 1.16 (1.08�1.24) 56 (53�60) 1.01( 0.03 0.9985 1.41 0.38 0.9009 0.37

0.047 0.29 0.8768 0.29

BRA8 0.83 (0.83�0.83) 38 (38�38) 1.00( 0.01 0.9998 1.41 0.41 0.9999 0.41

0.047 0.36 0.8589 0.36

BRA9 0.07 (0.06�0.08) 11 (9�13) 0.93( 0.09 0.9829 1.41 0.29 0.7391 0.18

0.047 0.34 0.9724 0.38

BRA10 0.49 (0.48�0.49) 27 (27�28) 0.98( 0.01 0.9999 1.41 0.44 0.9849 0.44

0.047 0.43 0.9982 0.44

BRA11 0.50 (0.48�0.52) 47 (45�49) 0.99( 0.02 0.9994 1.41 0.45 0.9413 0.45

0.047 0.41 0.9171 0.41

BRA12 0.09 (0.08�0.10) 15 (13�16) 0.97( 0.05 0.9945 1.41 0.30 0.9621 0.31

0.047 0.35 0.9348 0.35

BRA13 1.05 (1.01�1.08) 64 (62�66) 0.99( 0.01 0.9997 1.41 0.47 0.9770 0.47

0.047 0.50 0.9970 0.50

BRA14 0.14 (0.13�0.15) 22 (20�23) 1.03( 0.04 0.9962 1.41 0.63 0.9743 0.62

0.047 0.43 0.7328 0.42
aNumber in parentheses are confidence intervals (Kf, Kf,oc) or standard deviation of the mean (1/n).
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Although aminocyclopyrachlor is a weak acid, no significant
correlation was found between Kf and soil pH, which ranged from
4.9 to 7.2. Other auxin-type herbicides, such as pyridine carboxylic
acids (picloram), benzoic acids (dicamba), phenoxycarboxylic acids

(2,4-D) and quinoline carboxylic acids (quinclorac), usually have
their sorption to soil positively correlated to organic carbon,
although pH is considered to be the primary soil property influen-
cing sorption.18�20 However, it is not unusual to find reports of
absence of correlation between sorption coefficients of these
herbicides and pH.17 The absence of significant correlations
between Kf and pH in this study could be the result either of the
narrow range of pH values of the majority of the soils (9 of the 14
soils had a pH of 5.7 to 6.5) or because all soils had pH values
above pKa of aminocyclopyrachlor (pH of 10 of the 14 soils was
>1 unit above the pKa of 4.65 (21)). At pH levels above the pKa,
weak acid herbicides such as aminocyclopyrachlor are substan-
tially dissociated and not sorbed in most soils. Based on the pKa

of aminocyclopyrachlor, low sorption should be expected for
most soils in this study.
Although no correlation could be found between sorption and

pH for all soils, when soils with similar OC contents (>1.6%OC)
are compared (for instance, BRA7 versus BRA8; BRA5 versus
BRA10 or BRA1 versus BRA13), those with the lowest pH have
the highest Kf. For low OC soils (<0.7% OC) (for instance,
BRA2, BRA9, BRA12 and BRA14) a negative correlation was
found between soil pH and Kf (r = �0.94, P < 0.05). The
relationship is valid for the whole range of clay:OC ratio (8�41)
of soils in this study. On the other hand, by comparing Kf values
for soils with similar clay contents (for instance, BRA2 versus
BRA12; BRA4 versus BRA14; BRA6 versus BRA11; or BRA5,

Figure 3. Freundlich isotherm fit to describe aminocyclopyrachlor
sorption (solid line) and desorption (dashed line) at concentrations
of 1.41 and 0.047 μmol L�1 for soils BRA3 and BRA7. Bars associated
with each symbol represent the standard deviation of each mean value.

Table 3. Distribution Coefficients (Kd), Sorption Coefficient (Koc), and Desorption Kd for Selected Soils from Brazil

soil init concn (μmol L�1) sorption Kd (L kg�1) Koc
a (L kg�1) desorption3 Kd

b (L kg�1)

BRA1 1.41 0.62( 0.03c 39 1.19( 0.02

0.047 0.67( 0.02 42 1.34( 0.01

BRA2 1.41 0.23( 0.03 32 0.48( 0.08

0.047 0.26( 0.02 39 0.58( 0.03

BRA3 1.41 0.05( 0.01 10 0.12( 0.03

0.047 0.07( 0.01 14 0.15( 0.02

BRA4 1.41 0.34( 0.02 33 0.60( 0.01

0.047 0.39( 0.03 38 0.66( 0.02

BRA5 1.41 0.50( 0.01 27 0.93( 0.03

0.047 0.53( 0.01 29 1.02( 0.07

BRA6 1.41 0.29( 0.03 32 0.38( 0.05

0.047 0.28( 0.01 32 0.41( 0.03

BRA7 1.41 1.17( 0.03 57 1.71( 0.11

0.047 1.09( 0.04 53 1.76( 0.12

BRA8 1.41 0.85( 0.05 39 1.28( 0.03

0.047 0.85( 0.00 39 1.33( 0.02

BRA9 1.41 0.06( 0.00 9 0.13( 0.03

0.047 0.07( 0.02 11 0.14( 0.03

BRA10 1.41 0.48( 0.03 27 0.76( 0.04

0.047 0.51( 0.02 29 0.81( 0.06

BRA11 1.41 0.50( 0.00 47 0.75( 0.04

0.047 0.51( 0.04 48 0.78( 0.03

BRA12 1.41 0.09( 0.01 16 0.19( 0.02

0.047 0.09( 0.01 15 0.18( 0.03

BRA13 1.41 1.07( 0.05 66 1.46( 0.03

0.047 1.09( 0.01 67 1.47( 0.03

BRA14 1.41 0.14( 0.01 22 0.21( 0.01

0.047 0.12( 0.01 19 0.22( 0.01
a Koc= Kd/(% OC) � 100. bDesorption Kd calculated after the third desorption step. cMean Kd value ( standard deviation of the mean.
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BRA7, BRA8 and BRA13), more sorption is found for lower pH
soils only if the clay:OC ratio is very low (e17).
As previously mentioned, aminocyclopyrachlor sorption was

positively correlated to soil OC content. The range of Kf values
varied by a factor of ∼20, whereas Kf,oc varied by a factor of ∼6.
Kf,oc ranged from 11 (BRA3) to 64 (BRA13). Therefore,
although Kf,oc reduces variability of sorption coefficient, the
effect of normalization to soil organic carbon exhibited a smaller
effect than would be expected if organic carbon was the main soil
property responsible for sorption. That could reflect the importance
of clay contents, as previously discussed, or multiple interaction
effects.
Desorption. The range of values for 1/n desorption was from

0.20 to 0.65, with most values <0.50 (Table 2). Figure 3 shows
the aminocyclopyrachlor desorption isotherms in soils BRA7 and
BRA3 at highest and lowest concentrations in this study.
The 1/n values for desorption are much lower than those

observed for sorption; hysteresis coefficients, H, ranged from
0.13 to 0.69 (at 1.41 μmol L�1), and from 0.21 to 0.74 (at 0.047
μmol L�1). There was no correlation betweenH and Kf for these
soils. These data suggest that once aminocyclopyrachlor was
sorbed, it did not readily desorb. No correlations were found
betweenH and soil properties. Hysteresis may be a kinetic effect
or an experimental artifact.22 It may also be that a portion of the
applied herbicide is very strongly or irreversibly bound to soil.
Regardless of the mechanism, hysteresis can impact predicted
mobility; desorption Kd coefficients were consistently higher
than sorption Kd for all soils and both concentrations (Table 3).
The results suggest that aminocyclopyrachlor would be very

mobile based on its sorption coefficients. However, if transport
models used sorptionKd values to predict movement, its depth of
leaching may be overestimated due to the hysteretic desorption.
The average Kd for the third desorption step was a factor of 1.8
times greater than the sorption Kd. These data are the first
published data on aminocyclopyrachlor sorption�desorption in
soil. However, to better evaluate potential mobility, information
is needed on aminocyclopyrachlor degradation and sorption of
aged residues.
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