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Sorption interactions of plant cuticular matter with organic compounds are not yet fully understood.
The objective of this study was to examine the competitive sorption-desorption interactions of the
triazine herbicides (atrazine and ametryn) with cuticular fractions isolated from tomato fruits and leaves
of Agave americana. The 13C NMR data suggest a rubber-like nature for the cutin. This biopolymer
exhibited reversible and noncompetitive sorption. Enhanced desorption of atrazine was recorded in
the bi-solute system with bulk and dewaxed A. americana cuticles. 13C NMR analyses of these samples
suggested that the sorbed competitor ametryn facilitated a physical phase transition of rigid paraffinic
sorption domain to mobile and flexible domain during sorption process. We suggest that the different
sorption-desorption behavior obtained for the two cuticles is related to the higher content of waxes
(14% vs 2.6%) and lower content of cutin (46% vs 75%) in the A. americana versus tomato fruit
cuticle.
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INTRODUCTION

Sorption-desorption interactions of herbicides and other
hydrophobic organic compounds (HOCs) are one of the major
processes affecting the fate of these compounds in soils. The
predominant sorbent for such compounds is the soil organic
matter (SOM). One of the precursors for SOM is plant cuticle
(1, 2), a thin layer of predominantly lipids that covers all primary
aerial surfaces of vascular plants (3). The outer surface of the
cuticle is covered with waxes, which consist of a complex
mixture of long-chain aliphatic and cyclic components (4). In
most plant species, the major structural component of the plant
cuticle is the cutin biopolymer (between 30 and 70% by weight).
This is a high-molecular-weight, insoluble, polyester-like biopoly-
mer composed of various inter-esterified aliphatic hydroxy acids
with chain lengths of C16 and C18 (5). In some plant species,
such asAgaVe americana, the base and acid hydrolysis-resistant
biopolymer, known as cutan, is a major constituent of the cuticle
layer together with cutin (3, 6). Cutan is composed of a small
aromatic skeleton ether bonded to a long chain ofn-alkenes
and n-alkanes (7). In addition to these two aliphatic-rich
biopolymers, the plant cuticle contains polysaccharides (mainly

pectin) that are layered between the epidermal cell wall and
the cuticle membrane (8).

Several studies have shown the selective preservation of cutin
and cutan biopolymers in soils (1, 5, 9-11) and their incorpora-
tion into humic macromolecules (12). Recent studies have
reported that these cuticle-derived biopolymers can sorb sig-
nificant amounts of highly hydrophobic as well as relatively
polar organic compounds (13-17). The aliphatic-rich structure
of the cuticle has been suggested to provide both hydrophobic
nonspecific sorption domain and specific adsorption sites,
facilitating hydrophobic and H-bonding interactions, respectively
(13, 15).

Several studies have suggested that SOM consists of at least
two types of sorption domains (16,18,19). These domains can
be characterized as expanded and condensed organic structures,
analogous to rubbery and glassy synthetic polymers (18, 20,
21). Sorption to the rubbery gel-like domain is governed by a
solid-phase dissolution (partitioning) process, resulting in
reversible, noncompetitive sorption and linear sorption iso-
therms. However, sorption to the glassy (condensed) domain
of SOM is generally nonlinear, exhibiting partially irreversible
sorption behavior (desorption hysteresis), and is expected to be
affected by competition of a similar solute (8, 16, 22, 23).

The physicochemical properties of the sorbent (i.e., SOM)
in soils and sediments have been suggested to affect the sorption
affinity and mechanism of HOCs (24-26). Thus, to elucidate
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the fate of HOCs in the environment, a better understanding of
the role of SOM constituents in the sorption process is essential.
Therefore, the objective of this study was to examine the
competitive sorption-desorption behavior betweens-triazine
herbicides (atrazine and ametryn) to improve our mechanistic
understanding of the sorption capabilities of the plant cuticular
fractions based on their unique properties and structures and
motivated by their ubiquitous abundance.

MATERIALS AND METHODS

Isolation of Cuticular Fractions. Cuticular fractions were isolated
from the fruits of tomato (Lycopersicon esculentumMill) and leaves
of the succulent plantAgaVe americana. Tomato cuticle is a cutan-
free cuticle, whereas the cuticle ofA. americanahas been reported to
be composed of both cutin and cutan biopolymers (3,6). The cuticular
fractions (bulk cuticle, dewaxed cuticle, cutin and cutan biopolymers)
were isolated using the method reported previously by Chefetz (13).
Briefly, cuticle sheets were manually peeled from the fresh fruits or
leaves after boiling in water. Then the bulk cuticle sheets were treated
with an oxalic acid (4 g/L) and ammonium oxalate (16 g/L) solution
at 90°C for 24 h and washed to remove any residual materials. Waxes
were removed by Soxhlet extraction with chloroform/methanol (1:1,
v/v) for 6 h. To obtain the cutin biopolymer, the dewaxed tomato
cuticles were hydrolyzed with 6 M HCl (6 h under reflux). To obtain
the cutan fraction, the dewaxed cuticular material isolated fromA.
americanawas saponified (1% w/v KOH in methanol for 3 h at 70
°C), and then hydrolyzed (6 M HCl; 6 h under reflux). All treatments
were performed twice to ensure complete removal of the desired
fraction. All purified fractions were washed with deionized water,
freeze-dried, ground, and sieved (<0.5 mm).

Analyses of the Cuticular Fractions.Elemental (C, H, N) analyses
were conducted in duplicate using an automated elemental analyzer
(EA 1108, Fisons Instruments, Milan, Italy). The cross-polarization
magic angle spinning (CPMAS)13C nuclear magnetic resonance (NMR)
spectra were acquired with a Bruker Avance 300 MHz NMR spec-
trometer (Bruker, Analytic, Billerica, MA). The acquisition parameters
were as follows: spectral frequency 75 MHz, spinning rate 5 kHz,
contact time 1.5 ms, 1 s recycle delay, and line broadening 40 Hz. The
spectra were integrated into the following chemical-shift regions:
paraffinic carbon (0-50 ppm); alcohols, amines, carbohydrates, ethers,
and methoxyl carbons (50-96 ppm); aromatic and phenolic carbons
(96-163 ppm); and carboxyl, carbonyl, and amide carbons (163-220
ppm).

Specific heats of the corresponding cuticular materials were deter-
mined in a Shimadzu DSC-50 differential scanning calorimeter (Si-
madzu Corp., Kyoto, Japan) with computer-aided data analysis,
following the procedure described by Casado and Heredia (27). The
dried samples (10-15 mg) were heated from 273 to 323 K at 5 K/min.
The heat flow into the sample was calculated using the following
equation: dH/dt) mCp(dT/dt) where dH/dtis the measured heat flow
(J/min),m is the sample mass (g),Cp is the specific heat (J/g‚K) and
dT/dt is the scan rate (K/min). To establish an optimal baseline under
cooling conditions, the program was carried out on two empty pans.
This baseline was used for correction of the baseline with sample runs.

Batch Sorption-Desorption Experiments.Atrazine (2-chloro-4-
ethylamino-6-isopropylamino-s-triazine) and ametryn (2-ethylamino-
4-isopropylamino-6-methylthio-1,3,5-s-triazine) were kindly provided
by Agan Chemical Manufacturers (Ashdod, Israel). Atrazine exhibits
an aqueous solubility of 30 mg/L and logKOW of 2.7. Ametryn’s
properties are as follows: aqueous solubility of 185 mg/L and logKOW

of 3.07. Both compounds are weak bases exhibiting pKa values of 1.7
and 4.1, respectively (28).

Short-term batch sorption experiments were conducted for 3 d (based
on kinetic experiments performed for 21 d). Aliquots from a concen-
trated HPLC-grade methanol stock of atrazine were dissolved in a
background solution containing 5 mM CaCl2 (to maintain a constant
ionic strength), 100 mg/L NaN3 (to inhibit microbial activity), and 50
mg/L NaHCO3 (pH 7). Atrazine solutions (10 mL) at various
concentrations (0.5-15 mg/L) were added to the cuticle samples

previously weighed into 20-mL Teflon centrifuge tubes. The mass of
sorbents were selected to achieve 40-60% sorption. The tubes (three
replicates and a blank for each concentration) were agitated in the dark
at 200 rpm for 3 d (25°C).

After the sorption experiments, desorption was performed by
replacing 60% of the supernatant with fresh (sorbate-free) background
solution. Then the tubes were re-agitated under the conditions used in
the sorption experiments. Desorption was performed for the periods
tested in kinetic experiments to determine the desorption equilibrium
time for each sorbent-sorbate pair. Based on these tests, desorption
was performed for 3 d for all sorbents except for the cutan residue,
which exhibited a longer equilibrium time (7 d). At the end of the
sorption and desorption steps, all tubes were centrifuged (4000g, 20
min), and 1-mL aliquots were removed and filtered (0.45µm) for
quantitative HPLC analysis.

Competitive sorption between atrazine and ametryn was performed
at a constant ametryn concentration (150 mg/L) and varying atrazine
concentrations. Competitive desorption was performed by the above-
described procedure with the background solution containing the
equilibrium concentration of the competitive ametryn (40-60 mg/L).
This allowed us to perform the desorption experiment for atrazine at
constant ametryn concentration.

Atrazine and ametryn concentrations were detected using an L-7100
LaChrom HPLC with a LiChrospher RP-18 column (25 cm× 4.0 mm,
5 µm), equipped with a photodiode-array detector. Atrazine and ametryn
were eluted using acetonitrile/water (70:30, v/v) as the mobile phase
and detected by absorbance at 222 nm.

Data Analysis. The Freundlich parameters (KF and N) were
calculated using the logarithmic form of the equationq ) KF × Ce

N,
whereq is the sorbed amount per unit weight of sorbent (mg/kg),Ce

is the equilibrium concentration (mg/L),KF [(mg/kg)‚(mg/L)-N] is the
Freundlich capacity coefficient, andN (dimensionless) describes the
isotherm curvature. Values for the C-normalized capacity coefficient
(KF,OC) were calculated by normalizingKF to the C content in each
sorbent. Since theKF,OC value depends on theN value, it is not possible
to compare theKF,OCvalues for isotherms with differentN values. Thus,
the organic C-normalized distribution coefficients (KOC) were calculated
for a Ce of 0.1 and 5 mg/L using the equationKOC ) KF,OC × Ce

(N-1).
Statistical analysis (All Pairs, Tukey-Kramer,P ) 0.05) was performed
by JMPIN software, version 4.0.4. (SAS Institute Inc., Cary, NC).

RESULTS AND DISCUSSION

Sorption in a Single-Solute System.Sorption and desorption
data of atrazine with cuticular fractions isolated from the fruits
of tomato and leaves ofA. americanaare presented inFigures
1 and2, respectively. The sorption parameters are summarized
in Table 1. With the tomato cuticle fractions, theKF,OC values
calculated for the bulk cuticle and the cutin biopolymer were
284 and 760 (mg/kg OC)‚(mg/L)-N, respectively. In addition,
the bulk sorption isotherm was highly nonlinear exhibiting a
FreundlichN value of 0.74 as compared to 0.94 for atrazine
isotherm with the cutin. Due to the highly nonlinear isotherm
with the bulk cuticle, at equilibrium concentrationCe of 5 mg/L
the calculatedKOC value for atrazine with the cutin biopolymer
was 3.7 times higher than the value calculated for the bulk
cuticle (690 and 186 L/kg OC, respectively). AtCe of 0.1 mg/
L, the KOC value for atrazine with the cutin biopolymer was
872 versus 516 (L/kg OC) for the bulk cuticle.

Similar to the atrazine sorption behavior obtained with the
tomato cuticular matter, with theA. americanacuticles fractions,
atrazine exhibited the lowestKF,OC value with the bulk cuticle.
Removal of the cuticular waxes (14% by weight) resulted in a
53% increase in the calculated atrazineKF,OC value (Table 1).
Further removal of the polysaccharides and cutin (19 and 47%
by weight, respectively) resulted in a significant increase in the
KF,OC, from 160 for the bulk cuticle to 347 (mg/kg OC)‚(mg/
L)-N for the cutan biopolymer. With theA. americanacuticles
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fractions theKF,OC values can be compared since all isotherms
were linear and exhibited statistically similar FreundlichN
values (Table 1). It is important to note that atCe of 0.1 mg/L,
atrazine’sKOC values with cutan were significantly lower than
that obtained for the cutin biopolymer isolated from the tomato
(323 and 872 L/kg OC, respectively). Moreover, the atrazine
affinity to the bulk tomato cuticle was higher than to the bulk
A. americana, probably due to the higher cutin content in the
bulk tomato as compared to its level in the bulkA. Americana
(75% vs 47%, respectively).

Similar to Chefetz (13) and Chamel and Vitton (29), our data
emphasize the importance of the cutin biopolymer as a sorbent
for triazine herbicides. The cutin, a major component of the
cuticle, exhibited a strongly paraffinic nature. The paraffinic C
made up 76% of the total C in the cutin sample as calculated
from the 13C NMR spectra (Figure 3), and the H/C ratio of
this sample was 1.64 (Table 2). This ratio was lower for the
bulk tomato cuticle, probably due to the presence of unsaturated
aliphatic chains and cyclic components in the cuticular waxes
(4). Removal of the waxy layer (2.6% by weight) and pectin
(21% by weight) from the bulk tomato cuticle resulted in a
significant increase in the sorption ability of the cutin biopoly-
mer. It was suggested that these two structural fractions of the
cuticle (waxes and pectin) are attached to the cutin biopolymer
and therefore prevent solute uptake (13).

In this study, the physical conformation of the sorbents was
studied by13C NMR spectroscopy (Figure 3) and differential
scanning calorimeter (DSC) to obtain the glass-transition
temperature (Tg) (Figure 4). Several studies have reportedTg

values for bulk tomato fruit cuticle at-47 and 25°C and for
the cutin biopolymer at 23°C (27,30,31). The phase transitions
were assigned to the melting of waxes and the phase transition
inside the cutin biopolymer. In our study, a continuous change
of Cp between 10 and 40°C rather than a distinct glass transition
was obtained with the tomato bulk and cutin cuticles (Figure
4A,B). TheTg of the tomato cuticle has been reported to vary
with fruit maturation. Mature cuticles did not show a clear glass
transition (31). Our cuticles were isolated from mature tomato
fruits; therefore,Tg was not observed in the investigated
temperature range. This physical conformation of the bulk
tomato cuticle and the cutin biopolymer is supported by the
13C NMR spectra (Figure 3). The major peaks in the paraffinic
region (0-50 ppm) of the bulk tomato cuticle13C NMR
spectrum were at 25 ppm (CH3) and 29 ppm (mobile amorphous
C domain) (32, 33). The 32-ppm signal (crystalline or rigid C)
appeared only as a shoulder in the13C NMR spectrum of the
bulk tomato cuticle (Figure 3F), whereas in the cutin spectrum,
this shoulder is negligible (Figure 3E). This suggests that the
level of rigid paraffinic domain which facilitates nonlinear
sorption is higher in the bulk cuticle than in the cutin, which
appears to be rubbery-like biopolymer. The condensed structure
of the bulk cuticle is probably attributed to the pectin which
hold together the cutin in a complexes network. These data are
supported by the significantly lower linearity of the atrazine
sorption isotherm with the bulk tomato cuticle versus the
isotherm with the more flexible cutin biopolymer (Freundlich
N values of 0.74 and 0.94, respectively). With this biopolymer,

Figure 1. Atrazine sorption (filled) and desorption (empty) data with tomato fruit cuticular fractions: bulk cuticle (A) and cutin (B) in single-solute (left)
and bi-solute (right) systems. Each point represents the mean of triplicate vials; bars represent standard error.
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atrazine is likely to perform H bonding interactions with H
acceptor groups (13).

The significant increase in atrazine sorption affinity to the

dewaxed fraction of theA. americanacuticle fraction is probably
related to the crystalline nature of the epicuticular waxes present
in the bulk cuticle (34). These waxes have very little binding

Figure 2. Atrazine sorption (filled) and desorption (empty) data with Agave americana cuticular fractions: bulk cuticle (A), dewaxed cuticle (B), and
cutan (C) in single-solute (left) and bi-solute (right) systems. Each point represents the mean of triplicate vials; bars represent standard error.

Table 1. Atrazine Sorption and Desorption Parameters

sorption desorption

sorbent KF,OC
a Nb R2 KF,OC

a Nb R2

Tomato Fruit-Derived Cuticular Matter
single-solute system bulk 284a 0.74 ± 0.04 0.95 240a 0.90 ± 0.03 0.99

cutin 760b 0.94 ± 0.01 1 750b 0.99 ± 0.03 0.98
bi-solute system bulk 200a 0.93 ± 0.02 0.98 193a 0.86 ± 0.05 0.87

cutin 743b 0.89 ± 0.01 1 694b 0.96 ± 0.01 1

Agave americana Leaf-Derived Cuticular Matter
single-solute system bulk 160a 1.06 ± 0.03 0.98 180a 1.29 ± 0.09 0.93

dewaxed 245d 1.04 ± 0.03 0.97 265d 1.09 ± 0.08 0.93
cutan 347f 1.03 ± 0.03 0.98 384f 1.22 ± 0.06 0.95

bi-solute system bulk 200b 0.90 ± 0.01 1 90c 1.5 ± 0.07 0.95
dewaxed 230d 0.90 ± 0.06 0.91 130e 1.28 ± 0.07 0.94
cutan 194h 1.02 ± 0.04 0.97 192h 1.28 ± 0.04 0.98

a KF,OC is the C-normalized distribution coefficient [(mg/kg OC)‚(mg/L)-N]. Means with different superscripts (a−h) are significantly different (p < 0.05). Comparisons are
made only within the same sorbent type. b ± one standard error.
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capabilities to polar solutes such as atrazine. A crystalline or
condensed structure of the epicuticular waxes is supported by
the 13C NMR data presented inFigure 3. The spectrum of the
bulk A. americanacuticle (Figure 3C) is characterized by a
sharp peak at 32 ppm and a smaller peak at 29 ppm assigned to
crystalline and mobile amorphous paraffinic domains, respec-
tively (32, 33). The ratio of the two peak intensities H32 ppm:
H29 ppm (rigid to mobile-amorphous domain) was 1.64 for this
sample. When waxes were removed (dewaxed cuticle,Figure
3B) this peak-intensity ratio decreased to 0.98. This suggests
an increase in the relative level of mobile amorphous state
paraffinic domains in the dewaxed cuticle. This change was
followed by a 53% increase in the calculatedKF,OC for atrazine
with the dewaxed cuticle compared to the wax-containing (i.e.,
bulk) cuticle. The DSC measurements (Figure 4) show a distinct
Tg in the bulk A. americanacuticle in the temperature range
between 13 and 16°C. This Tg was not observed with the
dewaxed sample and therefore is assigned to the epicuticular
waxes.

The high affinity of atrazine to the cutan biopolymer is related
mainly to its hydrophobic nature. The cutan was characterized
by a low O content and exhibited a low polarity index
(calculated by the atomic (O+ N)/C ratio,Table 2). Moreover,
the13C NMR spectrum of this sample did not exhibit any peaks
assigned to O-containing C functionalities (e.g., carboxyl or
carbonyl structures). Therefore, we assume that the atrazine
interactions with this sorbent are governed by hydrophobic-type

interactions. In contrast, with the cutin biopolymer, both
hydrophobic and polar (H-bonding) interactions can occur(13,
15).

Sorption in a Bi-solute System.Additional information on
the sorption mechanism can be obtained by studying the
competitive behavior of similar sorbates such as atrazine and
ametryn. Structurally similar sorbates are expected to compete
more strongly with each other than with sorbates exhibiting
different physicochemical properties (19, 35, 36). Xing et al.
(19) have reported the nonlinear and competitive sorption
behavior ofs-triazines with glassy polymers and linear, non-
competitive behavior with rubbery polymers such as polyeth-
ylene, chitin, and cellulose. In our study, for the tomato cuticle
fractions (bulk and cutin) the atrazineKF,OC values were
statistically similar in the absence and presence of ametryn
(Figure 1, Table 1). However, atCe of 0.1 mg/L theKOC value
for atrazine with the bulk tomato cuticle was decreased by from
516 to 235 L/kg OC in the presence of the competitor ametryn.
At Ce of 5 mg/L, the calculatedKoc values in the presence and
absence of ametryn were not significantly different. This trend
was resulted from the significant increase in the FreundlichN
value from 0.74 in the single-solute to 0.93 in the bi-solute
system with the bulk tomato cuticle. This suggests that at low
atrazine concentrations, the ametryn competes successfully with
atrazine for sorption sites in the bulk tomato cuticle, probably
due to the relatively high level of rigid paraffinic domain in
this fraction. However, with the cutin biopolymer, similarKOC

values were obtained for atrazine at both systems (single- and
bi-solute). This is probably due to the rubbery nature of this
fraction where competition between solutes is not expected.
Although the cutin biopolymer made up 75% by weight of the
bulk tomato cuticle and it is the main sorbent within the bulk
cuticle, its physical nature within the cuticle (attached by pectin
and waxes) limits the accessibility of its sorption sites. This
results in a successful competition of ametryn over atrazine in
low atrazine concentration with the bulk cuticle sorbent.

In competitive sorption experiment with glassy type of
sorbent, the sorption affinity of the tested solute is expected to
decrease, while with rubbery-like sorbent the sorption affinity
is not affected (19,37). However, in our study with the bulkA.
americanacuticle, atrazine exhibited an increase in sorption
affinity in the bi-solute system. The calculatedKF,OC values for
the sorption of atrazine with the bulkA. americanacuticle were
160 and 200 (mg/kg OC)‚(mg/L)-N in the single- and bi-solute
systems, respectively (Table 1). In addition, atrazine sorption
isotherm had more curvature in the presence of ametryn
(FreundlichN value was decreased from 1.06 to 0.9). AtCe of
0.1 mg/L, the atrazineKOC values with the bulkA. americana
cuticle exhibited an increase of 78% in the bi-solute system as
compared to the single-solute system (251 vs 139 L/kg OC,
respectively). A similar trend of decreasing in sorption nonlin-
earity and increasing ofKOC value at lowCe was observed for
the dewaxed cuticle. In this case, FreundlichN value was
decreased from 1.04 to 0.9 and theKOC value at Ce of 0.1 mg/L
was increased from 223 to 290 L/kg OC. However, the presence
of ametryn significantly reduced the sorption affinity of atrazine
to the cutan biopolymer (theKF,OC value decreased by 44%).

Desorption in Single- and Bi-Solute Systems.Desorption
data and sorption-desorption hysteresis can provide further
insight into the sorption mechanism and structural composition
of the sorbent. With the bulk and cutin fractions isolated from
the tomato fruit, atrazine exhibited a reversible sorption with
no observable desorption hysteresis in the absence and presence
of ametryn (Figure 1). Similar to the tomato cuticular matter,

Figure 3. Solid-state 13C NMR spectra of cuticular matter isolated from
A. americana leaves [cutan (A), dewaxed (B), and bulk (C)] and cuticular
fractions isolated from tomato fruits [cutin (E) and bulk (F)]. Spectra D
and G refer to the bulk cuticles (A. americana and tomato, respectively)
loaded with 2.6 (% wt) ametryn.
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the atrazine sorption isotherms with allA. americanafractions
exhibited reversible sorption behavior in single-solute system
(Figure 2, left side;Table 1). With the cutan biopolymer, no
desorption hysteresis of atrazine was obtained in the bi-solute
system as well. However, in the bi-solute system, the atrazine
desorption data obtained with the bulk and dewaxedA.
americanacuticles exhibited enhanced desorption (Figure 2,
right side). For these two sorbents, the desorptionKF,OC values
were significantly lower than the values obtained for the sorption
isotherms (Table 1). This indicates that it was easier to desorb
atrazine from the sorbent matrix (i.e., bulk and dewaxed cuticles)

in the presence of a competitor (ametryn). In general, enhanced
desorption is observed in systems in which surfactants or
dissolved organic matter are present or have been added (38).
These materials operate as a third medium, assisting to desorb
bound molecules. In our study, the concentration of dissolved
organic matter in the test tubes was negligible, suggesting that
this mechanism was not controlling the enhanced desorption
observed for atrazine in the bi-solute system with bulk and
dewaxedA. americanacuticles.

Another possible mechanism that could assist in enhancing
desorption is phase transition of the sorption domain due to a

Table 2. Relative Yields of Cuticular Fractions, Their Elemental Composition, and Atomic Ratios

sample yielda C H Ob N H/C O/C (O + N)/C

tomato fruit cuticle bulk 100 64.0 8.2 26.6 1.2 1.55 0.31 0.33
cutin 75 71.5 9.8 18.6 0.1 1.64 0.19 0.20

Agave americana leaf cuticle bulk 100 67.0 10.4 21.8 0.5 1.87 0.24 0.25
dewaxed 86 65.2 10.2 23.6 0.5 1.89 0.27 0.28
cutan 20 76.8 11.7 11.2 0.4 1.82 0.11 0.11

a % weight. b Calculated by mass difference.

Figure 4. Differential scanning calorimeter heating thermograms of cuticular matter isolated from tomato fruits [bulk (A) and cutin (B)] and cuticular
fractions isolated from A. americana leaves [bulk (C), dewaxed (D), and cutan (E)]. Thermograms F and G refer to the bulk cuticles (tomato and A.
americana, respectively) loaded with 2.6 (% wt) ametryn.
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high load of competitor (20,39). To check this hypothesis, we
analyzed the bulk cuticles (tomato andA. americana) by solid-
state13C NMR and by DCS after they had been loaded with
ametryn. The samples were interacted with ametryn under the
conditions described for the sorption experiments. The13C NMR
spectra of the samples before and after loading with ametryn
are presented inFigure 3C,D (for A. americanabulk cuticle)
and Figure 3F,G (for tomato bulk cuticle), respectively. The
two NMR peaks of 32 ppm (rigid domain: crystalline or solid
amorphous domain) and 29 ppm (mobile amorphous domain)
in paraffinic carbons (0-50 ppm) have been used to characterize
the physical conformation of organic matter (40). With the bulk
tomato cuticle, the levels of mobile amorphous paraffinic (28-
30.5 ppm) and rigid paraffinic (30.5-33 ppm) domains were
similar in the presence and absence of the competitor ametryn
(27 mg sorbed ametryn/g cuticle). The mobile amorphous
domain was 25 and 26%, and the rigid domain was 14.5 and
15% (from the total paraffinic region, 0-50 ppm) in the
presence and absence of the competitor ametryn, respectively.
Thus, we conclude that ametryn did not influence a matrix
conformation of the tomato bulk cuticle.

With the bulkA. americanacuticle, the relative level of the
solid-amorphous (rigid) paraffinic C domain was decreased from
29.4 to 24.3%, and the level of the mobile-amorphous paraffinic
domain was increased from 20.0 to 22.1% in the presence of
26 mg/g ametryn loading. The H32 ppm:H29 ppm peak intensity
ratio (rigid to mobile-amorphous domain) was 1.44, whereas a
ratio of 1.64 was calculated for the unloaded cuticle sample
(Figure 3, panelsD andC, respectively). Thus, with this sorbent
(rich in waxes), a matrix transition of rigid to mobile-amorphous
paraffinic domains in the presence of sorbed ametryn was
occurred. Chen and Xing (40) reported that a physical phase
transition (melting) of reconstituted waxes was induced by
sorbed polycyclic aromatic hydrocarbons during sorption to
cuticular waxes isolated from green pepper fruits. This mech-
anism is similar to the transformation of a glassy polymer to a
rubbery stage above theTg (20, 39, 41). Our DSC measurements
support this phase transition: the bulkA. americanacuticle
exhibited twoTg, the first between 13 and 16°C and the second
between 30 and 40°C (Figure 4C)); however, no distinct glass
transition was obtained with the bulkA. americanaafter loading
with ametryn (Figure 4G). We assume that these physical
phase-transition processes took place mainly with the waxes
(which exhibited a glassy nature and made up 14% by weight
of the cuticle). This is supported by the lower trend of enhanced
desorption observed for the dewaxed cuticle. We assume that
the presence of a high concentration of ametryn facilitated the
phase transition (melting), which in turn created more low-
energy partition-like sorption sites, resulted in higher sorption
capacity and easier desorption. This trend was not observed in
the tomato cuticle probably due to the low concentration of
waxes (3% by weight).

This study demonstrates the markedly high sorption capacity
of tomato andA. americanacuticular matter for atrazine. The
cutin biopolymer seems to facilitate reversible and noncompeti-
tive sorption, probably due to its rubbery nature. On the other
hand, the epicuticular waxes facilitate enhance desorption in a
bi-solute system. These processes are possibly related to phase-
transitions that occur in the presence of high solute loading.

ABBREVIATIONS USED

Ce, equilibrium concentration; DSC, differential scanning
calorimeter; HOC, hydrophobic organic compound;KF,OC,

C-normalized Freundlich capacity coefficient;KOC, C-normal-

ized distribution coefficient; NMR, nuclear magnetic resonance;
OC, organic carbon; SOM, soil organic matter;Tg, glass-
transition temperature.
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