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Abstract
The impact of nonideal sorption on atrazine transport was investigated for two sandy porous
media with 0.38 and 0.03% organic-carbon contents. In contrast to prior investigations, effluent
atrazine concentrations were monitored over a range of five orders of magnitude to examine long-
term elution behavior. As characterized by batch experiments, atrazine experienced nonlinear
sorption for both media. The results of the column experiments showed that atrazine exhibited
extensive elution tailing (delayed approach to relative concentration of zero). This non-ideal
transport was more pronounced for the medium with higher organic-carbon content. A
mathematical model incorporating nonlinear, rate-limited sorption/desorption described by a
continuous distribution function was used to successfully simulate atrazine transport.
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INTRODUCTION
Atrazine is a widely applied herbicide used to increase crop production by targeting pre-and
post-emergent grassy weeds. The widespread national and global use of this pesticide has
contributed to its prevalence as a contaminant of concern in drinking water and waterways.
For example, atrazine was detected in all of the 146 water samples collected at 8 locations
from the Mississippi, Missouri, and Ohio Rivers, with 27% of those samples containing
atrazine concentrations above the EPA's maximum contaminant level (MCL) of 3 µg L−1

(USGS, 1991). It is the second most commonly found pesticide in domestic and rural water
wells (U.S.NLM, 1995). With such widespread use and persistence in the environment,
understanding its transport and fate behavior is of critical importance.

The sorption and transport behavior of atrazine has been investigated in numerous studies
(e.g., Hayes, 1970; Rao et al., 1979; Nkedi-Kizza, et al, 1989; Brusseau and Rao, 1991;
Brusseau, 1993; Gaber et al., 1995; Xing et al., 1996; Chen and Wagenet, 1997; Lechon et
al., 1997; Sluszny et al., 1999; Mao and Ren, 2004; Sonon and Schwab, 2004; Pang et al.,
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2005; Montoya et al., 2006; Deng et al., 2008). However, potential low-concentration tailing
phenomena, associated with nonlinear and/or rate-limited sorption/desorption processes, has
not been examined for atrazine transport to a significant extent. Such tailing behavior has
been typically observed for other organic compounds when analytical methods with
sufficient detection limits have been employed, as shown by the results of aqueous miscible-
displacement (e.g., Piatt and Brusseau, 1998; Johnson et al., 2003, 2009; Deng et al., 2008)
and gas-purge (e.g., Werth et al., 1997; Lorden et al., 1998) experiments. The objective of
this research is to investigate the impact of non-ideal sorption on atrazine transport, under
the hypothesis that.nonlinear and rate-limited desorption will result in extensive elution
tailing.

MATERIALS AND METHODS
Two natural sandy porous media were used for the experiments. Borden aquifer sediment
was collected from the Canadian Air Force Base in Borden, Ontario. Eustis sub-soil was
collected from The University of Florida, Gainesville, Florida. Properties of each media are
listed in Table 1. Miscible-displacement experiments were conducted using analytical-grade
atrazine [2-chloro-4-(ethylamine)-6-(isopropylamine)-s-triazine], which was dissolved in a
background electrolyte solution of 0.02 M CaCl2. Pentafluorobenzoic acid in a 0.02 M
CaCl2 solution was used as a non-reactive tracer to characterize the hydrodynamic
properties of packed columns.

Miscible-displacement experiments were conducted with stainless steel (Alltech) columns
that were 7 cm long, with internal diameters of 2.1 cm. All tubing and fittings were stainless
steel to minimize sorption to the experiment apparatus. The columns were packed uniformly
with dry porous media, and then saturated with electrolyte solution. Two sets of experiments
were conducted, using solutions with a lower and a higher atrazine concentration (Co) for
injection. A constant flow rate of approximately 0.50 ml min−1, equivalent to a mean pore-
water velocity (v) of 25 cm h−1, was used for all experiments. All injection pulses were
approximately 30 pore volumes, after which the columns were flushed with electrolyte
solution to effect elution. Replicate experiments were conducted for the Borden media at
both initial concentrations, and for Eustis media at the higher injection concentration. To
confirm that effluent concentrations reached the injection concentration (C/Co = 1), all
experiments were stopped for a minimum of 12 hours between injection and elution to test
for changes in concentrations (i.e., a flow interruption test, Brusseau et al., 1989). The
results confirmed system equilibration for each experiment.

Atrazine was analyzed by ultraviolet-visible spectrophotometry (UV-Vis, lower quantifiable
detection limit (QDL) = 0.05 mg L−1) for higher concentrations, and by enzyme-linked
immunosorbent assay ((ELISA), QDL = 0.05 µg L−1)) for low concentrations. Recently,
consumer-based ELISA kits have become available for atrazine analysis, including one
manufactured by Abraxis™. This ELISA kit is based on the principles of competitive
ELISA reactions to determine atrazine concentrations ranging from 0.05–5.0 µg L−1

(Abraxis, 2004). This kit has been verified for atrazine analysis under the EPA
Environmental Testing Verification Program (EPA, 2004), and has received comparative
evaluation (Graziano et al., 2006; Jiang et al., 2006). Use of the ELISA method provides a
detection limit that is two to three orders of magnitude lower than those associated with
standard UV-Vis or gas chromatography. An error analysis was conducted and it was
determined that the analytical error associated with each data point is smaller than the size of
the data-point symbols used in plotting the breakthrough curves.

Batch experiments were conducted with both the Eustis and Borden media to characterize
atrazine sorption. Each soil was pulverized using a ball mill to eliminate aggregates and to
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reduce the time required to attain sorption equilibrium. The Eustis medium was combined
with the solution aliquots at a 1:1 solids-to-solution ratio, while the Borden medium was
combined at 2:1. The initial solution concentrations of atrazine ranged from 1.7 µg L−1 to
18.9 mg L−1. The experiments were conducted in triplicate for each of the five solution
concentrations, with triplicate standards for each high and low dilution. Samples were rotary
mixed for 72 hours, and then removed from the mixer and centrifuged at 2750 rpm for 1
hour. Batch experiments were analyzed by ELISA due to fine particles in the sample
supernatant causing interference with analysis by UV-Vis; however, stock and standard
solutions were crosschecked by UV-Vis.

Atrazine transport was simulated with a mathematical model that uses a probability density
function to describe a log-normal distribution of sorption/desorption domains and their
associated rate coefficients. The model was calibrated to the measured data to obtain best
fits, with optimized values for the mean first-order sorption/desorption rate coefficient
(mean ln-k2) and its variance ln (σ2ln-k2), and the fraction of instantaneous sorption/
desorption. The model also includes nonlinear sorption/desorption. The governing equations
are presented elsewhere (Li and Brusseau, 2000; Johnson et al., 2003).

RESULTS AND DISCUSSION
Results of the batch experiments show that atrazine exhibits nonlinear sorption for both
Eustis and Borden media (Figure 1). The Freundlich coefficients were Kf = 1.15 (0.91–1.5,
95% confidence intervals) and N = 0.82 (0.77–0.87) for Eustis soil, and Kf = 0.09 (0.06–
0.14), and N = 0.87 (0.76–0.98) for the Borden sediment (Table 2). These results indicate
that atrazine sorption is greater for the Eustis soil, most likely due to the higher organic-
carbon content.

The breakthrough curves for the non-reactive tracer (PFBA) exhibit minimal spreading and
tailing, indicating relatively ideal hydrodynamic transport conditions (Figure 2).
Breakthrough curves from tracer tests conducted before and after the atrazine transport
experiments are essentially identical. The atrazine breakthrough curves are delayed to
varying degrees in relation to the PFBA curves, as illustrated in Figure 2. Mass recoveries
for the atrazine experiments ranged from 96–105%, indicating no significant transformation
or irreversible sorption effects for atrazine transport.

The retardation factors for atrazine determined from moment analysis of the breakthrough
curves are presented in Table 3. For the Eustis medium, the retardation factor determined for
the experiment conducted with a lower injection concentration is larger than those obtained
for the experiments conducted with a higher injection concentration. This is consistent with
nonlinear sorption, supporting the batch experiment results. Such an analysis can not be
done for the Borden data, given the uncertainty associated with the low retardation factors
(1.02 and 1.04) obtained for the 1 mg L−1 experiments. Values for the sorption distribution
coefficient back-calculated from the column retardation factors are presented in Table 3.
Also presented are equivalent Kd values determined from the batch-experiment results by
the following: Kd Batch = Kf C(N−1), where C is the injection concentration for the
comparable column experiment. A comparison shows similar values were obtained with the
two methods.

Atrazine transport in both media exhibited extensive elution tailing (Figure 3).
Approximately 1000 pore volumes of water flushing were required to reach the QDL,
despite the relatively low retardation factors. The elution tailing is more extensive for the
higher organic-carbon content Eustis soil than for the Borden material. The extensive tailing
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observed herein would have largely been missed if analysis had been limited to standard
methods.

The transport model incorporating a continuous-distribution function for sorption produced
good simulations of the measured data, as illustrated in Figure 3. Calibrated parameters
included mean ln-k2, ln-variance k2, and the fraction of instantaneous desorption. Values for
the three parameters for Eustis were 0.10, 18, and 0.0 respectively, while values for Borden
were 0.25, 29.5, and 0.25, respectively. For both media, the calibrated parameters were
similar for the high and low injection-concentration experiments, supporting the robustness
of the modeling. A comparison of model simulations including and excluding nonlinear
sorption indicates that nonlinear sorption has a relatively minor impact on the observed
elution tailing. Thus, the extensive tailing is attributed primarily to the impact of rate-limited
desorption. A model incorporating the widely used two-domain or two-site description of
sorption kinetics could not accurately simulate the measured data (data not shown).

SUMMARY
A series of column and batch experiments was conducted to characterize the sorption and
transport of atrazine in two natural porous media. The improved detection limits associated
with the ELISA method provided an opportunity to characterize tailing phenomenon, which
appears to have not been done to such an extent in prior studies for atrazine. The results of
the column experiments showed that atrazine exhibited extensive elution tailing. This non-
ideal transport was more pronounced for the medium with a higher organic-carbon content.
A mathematical model incorporating nonlinear, rate-limited sorption/desorption described
by a continuous distribution function was used to successfully simulate the measured data.
The extensive tailing was due primarily to rate-limited desorption, with a minor contribution
from nonlinear sorption. Such behavior is expected to have an impact on persistence and
long-term bioavailability of atrazine residues in soils and sediments.
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Figure 1.
Isotherms for atrazine sorption for Eustis and Borden media.
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Figure 2.
Breakthrough curves for transport of Pentafluorobenzoic Acid (non-reactive tracer) in Eustis
and Borden media. Selected breakthrough curves for atrazine are included for comparison.
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Figure 3.
Measured and simulated breakthrough curves for atrazine transport in Eustis (A, B) and
Borden (C, D) media at two injection concentrations. Simulations produced with a
mathematical model employing a continuous distribution of sorption domains (represented
by a log-normal probability density function) are shown.
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Table 1

Porous media properties.

Porous Media Particle Size Distribution, % Organic Carbon, %

Sand Silt Clay

Eustis 95.6 <1.0 4.4 0.38

Borden 96.2 2.0 1.8 0.03
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Table 2

Batch experiment results.

Media Kf N Regression r2

Eustis 1.15
(0.90–1.48)

0.82
(0.77–0.87)

0.99

Borden 0.09
(0.06–0.14)

0.87
(0.76–0.98)

0.95

95% confidence intervals are shown in ( )
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Table 3

Summary of atrazine distribution coefficients from batch and column experiments.

Media Column Co(ppm) Column Ra Column Kd Batch Kd
b

Eustis 0.9 7.51 1.37 1.17 (0.92–1.5)

Eustis 18.7 3.83 0.6 0.68 (0.45–1.01)

Eustis 19.0 3.52 0.53 0.68 (0.46–1.01)

Borden 1.0 1.04 nmc 0.09 (0.06–0.14)

Borden 1.1 1.02 nmc 0.09 (0.06–0.14)

Borden 18.9 1.27 0.05 0.06 (0.03–0.13)

Borden 19.2 1.46 0.08 0.06 (0.03–0.13)

a
Retardation values determined via moment analysis

b
Equivalent Kd values are calculated as Kd Batch = Kf C(N-1), where C is the injection concentration for the column experiment used for

comparison; 95% confidence intervals are shown in ( ).

c
Retardation factors are too low to reliably determine Kd values
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