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TECHNICAL PAPER

Dicamba and 2,4-D residues following applicator cleanout: A potential
point source to the environment and worker exposure
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This paper presents a survey of pesticide residues in tanks following application and throughout the cleanout procedure as
conducted by 46 volunteer operators across Colorado. While many pesticides were detected, this paper focuses on dicamba and 2,4-D,
which were detected by liquid chromatography/tandem mass spectroscopy (LC-MS/MS). An exponential decrease in concentration was
observed with sequential rinses, although this decrease may be more rapid for more water-soluble pesticides. More than 95% of the
pesticide in the prerinse solution was removed by the end of the third rinse in all but three operator samples. Concentrations after three
rinses were 0.41 = 0.25 and 3.3 + 1.1 mg/L for dicamba and 2,4-D, respectively. These concentrations suggest that the recommended
practice of three rinses may not be adequate to eliminate off-target effects or point sources of pesticide waste, and that the
recommended standard of personal protective equipment is essential to prevent worker exposure to the chemicals.

Implications: This paper demonstrates that the waste generated during cleanout of pesticide application devices constitutes a
potential source of pollution and worker exposure. In particular, while the first rinse of pesticide containers is often treated as
hazardous waste and reapplied to crops, the remaining rinses are not. This work demonstrates that the wastewater generated in
subsequent rinses can have high enough concentrations to impact worker health, cause off-target effects on crops, and potentially
constitute a point source of pesticides. The practical implication is for improved recommendations and regulations regarding

pesticide applicators and their cleanout process.

Introduction

The preparation of pesticide containing solutions for agricultural
application and the subsequent cleanout of pesticide tanks by
operators is typically repeatedly performed at the same farmyard
site (Castillo et al., 2008). While runoff of pesticide-containing
water, or the transport of pesticides through soils and into ground-
water, has been the focus of much research, evidence is emerging
that the preparation and cleanout, or repeated rinsing, of pesticide
tanks may act as a point source of pesticides to the environment
(Helweg et al., 1998; Higginbotham et al., 1999; Poggi-Varaldo
1999; Suciu et al., 2011), elevating concentrations in groundwater
and runoff (Gan et al., 1996). The application of pesticides to farms
typically involves three stages: (i) preparation of pesticide solution
in the tank, (ii) spraying pesticide on cropland, and (iii) the cleanout
of the pesticide tank. While pesticide solution preparation has the
potential to introduce small volumes of highly concentrated liquids
into the environment, the cleanout phase could introduce larger
volumes of more dilute liquids (Castillo et al., 2008). Agricultural
workers are encouraged to follow guidelines for preparation
described on the label by the pesticide companies and are typically
required to wear personal protective equipment, reducing the

potential for both point sources and worker exposure during the
first stage of pesticide application. While the focus of pesticide
point sources is typically the spraying phase of application, this
phase is highly regulated. However, the third and final phase of the
application process, cleanout of the pesticide tank, remains poorly
informed by research. While questions have been raised about the
best practices for pesticide cleanout to minimize both worker
exposure and point sources to the environment, little research has
been done on this stage, either in idealized conditions or to identify
the actual practices employed by agricultural workers. Several
studies of pesticide concentrations found that washing of the exter-
ior of spray tanks may constitute a point source of pesticides
(Jensen and Spliid, 2004; Ramwell et al., 2007), consistent with
the suggestion that washing the interior of the same spray tanks will
likely lead to even higher concentrations.

Unsurprisingly, the soil underneath pesticide preparation and
cleanout areas exhibits higher pesticide concentrations than other
farmyard areas (Helweg et al., 2002). This is likely due to a
combination of spills, drips, and release of the dilute rinsates during
the cleanout phase of application (Higginbotham et al., 1999).
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Much research has focused on the use of biobeds, which are
mixtures of peat, straw, and topsoil, covered by grass, that are
designed to retain and degrade pesticide-containing waste produced
during solution preparation and cleanout (Castillo and Torstensson,
2007; Castillo et al., 2008; Fogg et al., 2003). These biobeds are
typically tested with pesticide solutions intended to mimic real-
world conditions of pesticide preparation and cleanout (Spliid et al.,
2006). At least one study (Spliid et al., 2006) designed its testing of
biobeds based on concentrations derived from testing the exterior
of field sprayers for pesticides—potentially leading to an over-
estimate of concentrations applied during the cleanout process.
However, while pesticide solutions for application follow formula-
tions specified by the manufacturer, and should be replicable, there
are few studies of pesticide concentrations of rinsate generated
throughout the cleanout process. Without accurate concentrations
of pesticides in rinsate generated by agricultural workers, it is
difficult to assess the effectiveness of different biobed forumula-
tions, the potential of cleanout waste to act as a point source to the
environment, or the potential for rinsate to contribute to occupa-
tional exposure to pesticides by agricultural workers.

In the United States, pesticide education programs typically
recommend three rinses of pesticide tanks. The first rinse should
be reapplied to crops, but the second and third rinses are often
disposed of in a designated area. The cleanout procedures some-
times include commercial detergents, either specific to the pesti-
cides used or, with surprising frequency, ammonia, bleach, or
hand detergent (Walker and Farmer, 2014). To the best of our
knowledge, only a single study of pesticide tank cleanout inves-
tigated rinsate concentration as a function of number of rinses for
six pesticide mixes (Pydrin, Lorsban, Comite, Orthene, Kelthane,
and Phosdrin) for two aerial applicators (Woodrow et al., 1989).
This study used the regression coefficients between concentration
and number of rinses to suggest that three rinses was adequate to
reduce rinsate concentration to <1% of the original mix, but that
final rinsate concentrations for two of the pesticides, Pydrin and
Lorsban, were higher than the LCs for rainbow trout (Woodrow
et al., 1989). However, this study investigated only a limited
number of pesticides under very controlled conditions, and did
not necessarily capture rinsate concentrations of actual cleanout
practices. This study did, however, raise questions about the
extent to which pesticide residues left in applicator tanks may
act as point sources or cause unintended off-target impacts.

A clear understanding of potential pathways for pesticides to
enter the environment is essential in determining the best practices
for pesticide applicators to reduce environmental contamination
and worker exposure (Higginbotham et al., 1999). Here, we pre-
sent new data of pesticide concentrations collected during clean-
out from 46 applicators in Colorado as part of a larger survey of
1102 applicators on cleanout practices, the largest ever such study
of cleanout practices and pesticide concentrations in rinsates. We
focus our analysis on dicamba and 2,4-D, though results from
multiple other pesticides are also described. Dicamba and 2,4-D
are herbicides that are widely used for agriculture. Dicamba is a
pre- and postemergent broad-leaf herbicide in the benzoic acid and
chlorophenoxy classes of compounds; it is widely used on crops,
including wheat, corn, and soybean. 2,4-D is in the phenoxyacetic
acid class of compounds, and is used to control broad-leaf weeds
in cereal crops. With the advent of genetically engineered resistant
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crop strains (Cao et al., 2011), usage of these two pesticides in
particular is predicted to increase in the United States.

These data allow us to determine the efficacy of cleanout
procedures by actual operators, as opposed to idealized simula-
tions, for dicamba and 2,4-D, and to quantify the potential for
pesticide rinsates to act as point sources of pesticides to the
environment and as contributors to occupational pesticide
exposure by agricultural workers.

Materials and Methods

Samples from 46 anonymous Colorado pesticide applicators
were collected as part of a larger survey on pesticide tank clean-
out, in which applicators were given the opportunity to volunteer
as anonymous participants in a study of pesticide cleanout effi-
cacy. The information obtained from sample submission was not
directly linked to the submitters. Participants were provided with
informed consent, which was included with the sampling methods
—if a participant did not agree with the informed consent, the
participant did not conduct the sampling and was not included in
this study. However, due to incomplete information from surveys
or ambiguous labeling, nine sets of samples were excluded from
the analysis. The study and protocols for contacting applicators
were approved by the Colorado State University (CSU)
Institutional Review Board, and carried out by CSU
Cooperative Extension. Volunteer pesticide applicators were pro-
vided with sample jars and detailed instructions to collect samples
of (1) spray solution from the tank, (2) water sample from water
source, (3a—3c) samples from up to three tank rinses, and (4) a
sample of tank cleaner, if used. Samples were returned in insu-
lated containers with icepacks. Volunteers answered a short sur-
vey to determine applicator type and most recently used
pesticides, and returned the samples in coolers to the CSU
Department of Chemistry for analysis.

Samples (jars 1, 2, 3a-3c) were tested by high-performance
liquid chromatography—tandem mass spectroscopy (HPLC-MS/
MS) for the pesticides noted as “recently used” by applicators.
The instrument used was a Hewlett-Packard Agilent 1100 series
high-performance liquid chromatograph coupled to mass spectro-
metric detection (HPLC—ultraviolet [UV]-electrospray ionization
[ESII-MS/MS) using a 0.45-um polytetrafluoroethylene (PTFE)
filter and a Waters XBridge BEH C18 XP column (130 A, 3.5 pum,
2.1 mm x 150 mm). The tandem mass spectrometer settings were
optimized using 10 uM to 25 puM pesticide standards in 1%
acetonitrile and 99% water. The total runtime of the chromato-
graphy was 30 min (flow rate of 0.5 mL/min, injection volume of
20 pL), with mobile phase including (A) a mixture of 0.1% formic
acid in water and (B) a mixture of 0.1% formic acid in acetonitrile.
Elution followed a linear gradient from a mixture of 80% A and
20% B to 100% B over 20 mins; 100% B for 2 min; and
equilibration back to starting conditions over 8 min. Dicamba
was detected at 9.9 min, with a parent ion at m/z 219.3 and a
product ion at m/z 175. 2,4-D was detected at 12.95 min, with a
parent ion at m/z 219.4 and a product ion at m/z 161.

Calibration curves in ESI negative mode for pesticide mixed
standards levels of 100-10,000 ng/L and a 20% water/80% acet-
onitrile blank showed linear responses for 17 pesticides (Figure S1).
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Pesticide standards were provided by the Colorado Department of
Agriculture from the Environmental Protection Agency. Both
dicamba and 2,4-D were detected with negative mode electrospray
ionization with a detection limit of 10 pg/L and 22 pg/L.

Samples were also measured by a novel HPLC-UV/visible
(Vis) measurement; however, this measurement did not include
dicamba or 2,4-D, and is thus described in the Supplemental
Information.

Results

While 26 pesticides were investigated using LC-MS/MS
and LC-UV/Vis detectors, we noted that only pesticides in a
subset were listed as recently used by multiple applicators. 2,4-
D and dicamba were the most widely used of the measured
pesticides, and had the largest number of samples (Figures 1
and 2). These two herbicides became the focus of our analysis
(Table 1). For 2,4-D, concentrations of the initial sample prior
to the first rinse ranged from 2,089 to 1,054,738 pg/L (average
= 31,200, standard error [SE] = 57,000), while third and final

Dicamba (ug/L)

1
Background Pre-rinse 15t rinse 2nd rinsea 3rd rinse

Figure 1. Concentrations of dicamba (ug/L, or ppb) in background water,
prerinse application solution, and following the first, second, and third rinses.
Each individual sample is represented by the gray dots, while the average for
each component is represented with a black circle. The y-axis is logarithmic to
incorporate the dynamic range of magnitude in concentrations observed.
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Figure 2. Concentrations of 2,4-D (ug/L, or ppb) in background water, pre-
rinse application solution, and following the first, second, and third rinses. Each
individual sample is represented by the gray dots, while the average for each
component is represented with a black circle.
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Table 1. The average (standard error) and range of concentrations (mg/L)
observed in samples for dicamba and 2,4-D.

Average (SE) [range] (mg/L) Dicamba 2,4-D
Concentrated 245 (55) 312 (57)
0.41-650 2.1-1055
First rinse 11.4 (5.3) 23.1 (5.8)
BDL-111 0.04-108
Second rinse 5.5 (3.0) 11.7 (3.6)
BDL-53 0.065-62
Third rinse 0.41 (0.25) 3.3 (1.1)
BDL-5.2 BDL-29

Note. Sample minima marked as BDL were below the detection limit of the
instrument (0.010 mg/L for dicamba, 0.022 mg/L for 2,4-D). The parameters
determined from exponential fits (Figure 3) are listed, along with errors

rinsate concentrations ranged from 0 to 29,207 pg/L (average =
3,300, SE =1,200). Comparison of the final rinsate to prerinse
concentrations showed that, on average, 2,4-D was removed
with 98% efficiency (range 73—100%, n = 26). For dicamba,
precleaning initial samples ranged from 408 to 650,450 pg/L
(average = 245,000, SE = 55,000), resulting in an average
100% cleanout efficiency (range 98-100%, n = 21).

All but three sample sets from the 47 applicators showed that
applicator cleanout was able to remove >95% of the pesticide
from the initial prerinsing solution by the final rinse. While only
a single rinse typically removes 90-95% of the pesticide, the
recommended three rinses appears to remove the bulk of the
pesticide initially placed in containers. Of the three applicator
samples that removed <95% of the initial pesticide by the third
rinse, all contained 2,4-D and one additionally contained
dicamba. The sample set with the lowest cleanout rate (79%
2,4-D) was washed three times, and the initial concentration was
70 ppm, substantially lower than the 2,4-D initial sample aver-
age of 312 ppm. This outlier is likely due to inadequate volumes
of cleanout liquid being used by this particular applicator.

Complete sample sets for all pesticides demonstrated decreas-
ing pesticide concentrations for each rinse (Figures 1 and 2).
Average rinsate concentrations for the prerinse sample, and sam-
ples following the first, second, and third rinses, show an expo-
nential decrease in pesticide concentration, as do rinsate
concentrations for each individual. For example, a logarithmic
regression for dicamba concentrations from each applicator
resulted in correlation coefficients (+*) ranging from 0.046 to
0.9998 (mean = 0.815; median = 0.882; only 1 of 25 applicators
showed 7 < 0.5). Thus, the samples from a majority of the
applicators showed an exponential decrease in concentration
with number of rinses. The exponential fit follows eq 1,

y=4Ae M)
where y is the concentration in the sample (ug/L), x is the number of
rinses, A4 is a preexponential multiplicative factor that represents the
average starting concentration before cleanout, and t is the “rinse
constant,” equivalent to the number of rinses at which 1 —¢ ' of the
pesticide will be removed (Leike, 2002). For example, dicamba has
a rinse constant, or 1, of 0.3, meaning that approximately one-third
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(30%) of a rinse is required to remove approximately two-thirds
(1 — ¢!, or 63%) of the pesticide. Fit parameters for dicamba,
2,4-D, and five other pesticides are summarized in Table 2, along
with key physical and chemical properties.

Discussion

Exponential fits for the data show that dicamba may be more
rapidly cleaned out than 2,4-D (evidenced by the lower 7 of the fit),
potentially due to its higher water solubility (6.5 g/L for dicamba
vs. 0.9 g/L for 2,4-D in water; Kamrin, 2010) (Figure 3). While
other pesticides do not have more than five samples, exponential
fits for average picloram, metsulfuron-methyl, and mecoprop-p
rinsates all showed t values between 0.19 and 0.48, in contrast to
the single sample set containing pendimethalin (Table 2, solubility
= 0.0003 g/L), for which the exponential fit showed much less
efficient cleanout (t = 1.2 £ 0.2). This observation of decay con-
stants (1) on the order of 0.3 is consistent with results from
Woodrow et al., though that study concluded that cleanout rates
were consistent across the variety of pesticides tested, potentially
due to similar water solubilities of the pesticides under study
(Woodrow et al., 1989). Instead, we suggest that pesticides with
particularly poor water solubility may require substantially more
rinses, or use of an organic cleaning solvent such as acetone, to
achieve the same cleanout efficiencies as relatively soluble pesti-
cides like dicamba and 2,4-D, though more investigation is need to
verify this hypothesis. Figure 4 shows rinse constants as a function
of water solubility for each pesticide, and suggests that pesticides
with water solubilities less than 0.2 g/L. may have rinse constants,
or T, greater than 1 and will thus be particularly challenging to
efficiently clean solely with water. For a compound like pendi-
methalin with a rinse constant of 1.2, six water rinses would be
required to reduce the concentration to 1% of the original concen-
tration. However, the solubility of many pesticides is pH depen-
dent, and acidification or alkalinization of rinse water may increase
the solubility and improve cleanout efficacy. The nature of the
exponential nature of the decay means that the target cleanout
rate will depend on the starting concentrations (preexponential
factor, A)—that is, more dilute pesticide mixtures need fewer rinses
to reach the same concentration of rinsate than a more concentrated
mixture. We note that in the limited sample set in this study, this
preexponential factor is smallest for the two least water-soluble
pesticides, atrazine and pendimethalin. Thus, while they may be
more difficult to clean out, these two pesticides are present in lower
concentrations in the first place.

Despite high cleanout efficiency, the final rinses for many
applicators still showed pesticide levels substantially higher
than the background samples of clean water used to rinse the
pesticide tanks (Table 1). These data show that after a single
rinse of dicamba, at least one sample was below the detection
limit of the instrument, while this occurred only after three
rinses of 2,4-D, consistent with the dicamba being more easily
cleaned out due to its higher water solubility. Concentrations of
dicamba after three rinses were substantially lower than 2,4-D,
but still an average of 410 pg/L. This final observation raises
the question of whether three rinses are adequate to eliminate
unintended application when pesticide residues from a previous

Table 2. Summary of chemical and physical properties for seven pesticides, including their aqueous solubility (g/L at pH 7), and parameters derived from exponential decay fits

Aqueous

Solubility

Log Kow

Formula

Use

A (ug/L)

(g/L)
0.03
0.9
6.5

Pesticide

2.5

C8H14C1N5
CgHClLO5
CsHClLOs

Herbicide (annual grass, broad-leaf weeds)

Herbicide (broad-leaf weeds)

4026 (464)
311,940 (7330)
244,995 (3510)

3.8 (1.2)

Atrazine
2,4-D

2.58-2.53%
~0.80%

0.39 (0.05)
0.33 (0.03)
0.48 (0.01)
0.31 (0.02)

Herbicide (broadleaf weeds)

Dicamba

458,550 (3140)

0.734
2.

Mecoprop

0.018%
5.18
1.8

C14H,;5N506S
Ci3H9N304

Herbicide (broadleaf weeds)

101,000 (995)

79

Metsulfuron-methyl
Pendimethalin
Picloram

Selective herbicide (grasses, weeds)

Herbicide (broadleaf weeds)

6359 (581)

1.2 (0.2)
1,839,400 (4310)

0.19 (0.02)

0.0003
0.43

CsH3CI3N,0,

Notes: These parameters include the rinse constant (t) and preexponential factor (4, pg/L), with errors determined by the fit in parentheses.

+At pH 1.

TAtpH 7.
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Figure 3. The change in concentration of dicamba (black) and 2,4-D (red) as a
function of number of rinses (0-3 rinses) is fitted to an exponential decay.
Circle markers represent the average, with error bars representing the standard
error in concentration.

Rinse constant, t

hg &~ &

T T T T T 1

0 1 2 3 4 5 6 7
Solubility in water (g/L)

Figure 4. The rinse constant, t, is derived from the exponential fits and indicates

the number of rinses required to decrease the concentration to ~37% (1/e) of the

initial pesticide concentration. This constant is plotted against pesticide water
solubility (g/L). Errors in the fit are reflected in the y-axis error bars.

application are unintentionally applied on agricultural areas and
have unintended, negative consequences. Such effects have
been implicated in herbicide-contaminated manure (Kylin
et al., 2007). While the addition of new pesticide mix to the
tank will substantially dilute the rinsate, a fourth rinse may be
necessary to prevent accidental application of pesticide to
particularly susceptible nontarget crops. This may be a greater
problem for less water soluble pesticides such as pendimetha-
lin. This idea is consistent with observations of external pesti-
cide concentrations on surfaces of field spray applicators, in
which more soluble pesticides were observed in higher con-
centration following washings (Jensen and Spliid, 2004).

An important question for pesticide applicators is whether the
current best practices recommendation of three rinses is adequate
for effective cleanout, and whether the common recommendation
that only the first rinse be reapplied to crops is appropriate. To
examine this, the averages, standard error and range of concentra-
tions observed for dicamba and 2,4-D are presented in Table 1.
The first rinsate is typically reapplied to the crops, and the rela-
tively high concentrations suggest that is an appropriate action.
However, similar disposal techniques may be appropriate for the
second rinsate, as concentrations average 3.0-3.6 mg/L of
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dicamba and 2,4-D. While these rinsate concentrations may
seem high, it is difficult to assess the potential impact of these
rinsates on aquatic or terrestrial life if not reapplied to crops, as
they will be rapidly diluted in the environment, and likely pose a
minimal environmental threat. However, these results suggest that
post-cleanout rinses may act as point sources for pesticides in the
environment. The importance of residues generated during clean-
out of applicator tanks on public health, environment, and agri-
cultural worker safety depends on the toxicity and environmental
mobility and persistence of the pesticide. These final concentra-
tions are all substantially (i.e., multiple orders of magnitude)
lower in concentration than the concentrations in the initial pes-
ticide solution or first rinsate. Thus, these second and third rinsates
will have only a small impact as point sources, having shorter
environmental persistence and faster degradation rates than the
initial solution or first rinsate (Felsot and Dzantor, 1995; Gan
et al., 1996; Helweg et al., 1998; Higginbotham et al., 1999).

The direct exposure of humans to the first or second rinsates is
of concern in terms of worker exposure and safety. The applicator
survey accompanying sample collection revealed multiple appli-
cators who did not wear full personal protective equipment during
the entire cleanout process, suggesting a potential mechanism for
exposure of pesticide applicators to high concentrations of even
the more soluble pesticides. The authors must recommend that all
rinses be treated with care using proper personal protective equip-
ment, although further directed studies on occupational exposure
during cleanout are needed. While much attention has been paid to
the potential for worker exposure during pesticide application
(Choi etal., 2013; Moon et al., 2013), few studies have considered
worker exposure during other stages of pesticide application
(Harris et al., 2010). A study of worker exposure to pesticides on
external surfaces of sprayers showed that even for short exposure
times, large enough concentrations of pesticides could be trans-
ferred to workers so as to pose a potentially significant occupa-
tional exposure (Ramwell et al., 2005). While the concentrations
of'the rinsates are likely much lower than the concentrations on the
external surfaces of sprayers, the potential exposure time is much
longer. Both dicamba and 2,4-D have relatively low toxicity
toward humans compared to other pesticides, but both have been
linked to eye irritation upon contact. Thus, handling of even the
third cleanout rinse may constitute a previously unconsidered
occupational exposure for pesticide applicators. These observa-
tions are consistent with anecdotal reports of unintended pesticide
exposure during nozzle calibration of aerial application systems.

The exponential decay in pesticide concentrations with mul-
tiple rinses demonstrates that there are diminishing benefits to
encouraging more than three rinses with the relatively soluble
dicamba and 2,4-D. Further, agricultural workers must balance
water usage with cleanout, so more than three rinses may be
reasonable only in the case of less water-soluble pesticides that
may cause off-target effects.

Biobeds present an intriguing approach to minimizing the point
source presented by disposal of pesticide-containing rinsates.
Further investigation of the ability of biobeds to remove dicamba
and 2,4-D, in particular, is required, along with the impact of co-
application of these two herbicides to microbial degradation in the
biobed, as there is evidence that multiple pesticides can lead to
nonlinear effects on microbial populations and degradation rates.
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The results of this survey of pesticide cleanout efficacy
demonstrate that sequential rinses exponentially decrease the
concentration of pesticide in the tank. While three rinses typically
remove >95% of the pesticide from the tank, the final concentra-
tions observed in many of the samples were high enough to
impact occupational exposure to the pesticide by workers if
personal protective equipment is not worn throughout the entire
cleanout process. Further, the pesticide applicators who only use
one or two rinses are at risk for experiencing off-target effects.
This study raises questions about the efficacy of water rinses for
less water-soluble pesticides, which may require more rinses than
dicamba or 2,4-D for equally efficient cleanout.
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