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Sprayer hygiene and concerns of off-target injury from auxin herbicides have
increased in recent years. New auxin tolerant crops have broadened the use patterns of
these herbicides. Therefore, experiments were conducted across two locations in
Mississippi in 2016, 2017, and 2018 to evaluate sprayer cleanout procedures to aid in
dicamba removal. Standard sprayer cleanout consisted of a triple rinse of 10% tank
volume, with either a tank cleaner or ammonia added in the second rinse. Samples
collected in each rinse step for all treatments were applied to actively growing soybean
and dicamba concentration quantified with HPLC. Experiments were conducted to
determine if various tank cleaners and ammonia produce visual injury when applied to
actively growing soybean and cotton alone and in conjunction with glyphosate. No tank
cleaner caused visual injury nor affected plant heights or yield. Furthermore,
experiments were conducted to evaluate tank cleaner effectiveness to remove dicamba
utilizing the standard cleanout procedure, with increased rinse volumes, sequence of
water and tank cleaner rinses, and cleanout effectiveness following durations of idle time
from application to cleanout. No tank cleaner provided greater dicamba removal, with all

cleaners performing the same as cleanouts utilizing water alone. Increasing rinse
volumes did not positively affect dicamba removal compared to 10% rinse volumes.
Multiple rinse steps utilizing a tank cleaner or altering the standard cleanout procedure
utilizing a water-tank cleaner-water rinse sequence did not result in greater dicamba
removal from contaminated sprayer systems. Finally, increases in time between
contamination with dicamba and cleanout did not negatively influence dicamba removal
using the standard cleanout procedure.
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CHAPTER I
INTRODUCTION
Auxin herbicides, also referred to as plant growth regulators (PGR’s), are one of
the oldest classes of herbicides used today. In the early 1940’s, 2,4-dichlorophenoxy
acetic acid (2,4-D), 1-napthakene acetic acid (1-NAA), 2-methly-4-chlorophenoxy acetic
acid (MCPA), and several other auxin herbicides were discovered by both British and
American researchers. In 1943 Arthur Glaston, a graduate student in botany at the
University of Illinois at Urbana-Champaign, focused on finding a chemical means to
make soybean (Glycine max L.) flower and fruit earlier. He discovered that 2,3,5triiodobenzoic acid (TIBA) would speed up the flowering of soybean and that in higher
concentrations it would defoliate soybean. These discoveries opened a new era of weed
control in modern crops due to their selective action and preferential control of dicot
weeds (Grossmann 2003, 2010). Beginning in 1945, 2,4-D became commercially
available (Sciumbato et al. 2004) as one of many phenoxy herbicides aimed at increasing
cereal crop yields for a nation at war (Quastel 1950, Song 2014). Dicamba was first
described in 1958, and registered for use in 1962 (Hartzler 2017). There are five families
of synthetic auxin herbicides: 1. Benzoic acids, all forms of the active ingredient
dicamba; 2. Phenoxy carboxylic acids, which includes the active ingredients 2,4-D, 2,4DB, MCPA, and MCCP (mecoprop); 3. Pyridine carboxylic acids, which include the
active ingredients aminocyclopyrachlor, aminopyralid, clopyralid, picloram, and
1

triclopyr; 4. Aromatic carboxymethyl derivatives; and 5. Quinolone carboxylic acids,
which includes the active ingredient quinclorac (Grossmann 2009).
The term auxin, from Greek (auxein) meaning to “increase”, was first used by
Frits Went in 1926 when he observed a compound, indole-3-acetic acid (IAA), that
resulted in curvature of oat coleoptiles (Sterling and Hall 1997). Indole-3-acetic acid is
produced in cells of the apical meristem and young leaves of plants, and is synthesized
from the aromatic amino acid tryptophan (Patten and Glick 1996). Auxins play a key
role in plant growth and development, from embryogenesis to formation of reproductive
structures, and regulation of plant senescence. Natural auxins affect cell elongation, cell
division, cell differentiation, root initiation, tropic responses, leaf senescence, cell and
organ polarity, and wound responsiveness (Grossman 2009).
Indole-3-acetic acid is transported throughout the plant long distances via the
phloem, and short distances, from cell to cell, via polar auxin transport. Polar auxin
transport occurs in two phases: influx and efflux. Indole-3-acetic acid exists in two
forms, IAAH, the un-dissociated form, and IAA-, the dissociated or anionic form. During
auxin influx, IAAH can cross the plasma membrane easily through passive diffusion due
to its lipophilic nature. IAA- on the other hand does not cross the plasma-membrane
easily and must do so via the AUX1 influx carrier. The cell interior is neutral (pH of 7)
compared to the apoplast (pH of 5). As a result, IAAH disassociates into H + and IAA.
Proton pumps along the cell walls transfer this H+ back into the apoplast. Indole-3-acetic
acid is unable to exit the cell on its own, relying on the PIN-FORMED (PIN) protein
efflux carrier to pump it back into the apoplast. Due to the low pH in the apoplast, IAA
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binds to hydrogen to form IAAH, and the entire process begins again (Petrasek and Friml
2009, Zazímalová et al. 2010).
Auxin herbicides closely resemble the structure of natural auxin hormones, with
2,4-D and IAA being structurally and functionally analogous (Song 2014). The
underlying molecular mechanism of how auxin herbicides selectively control dicots while
sparing monocots is not well understood, and the specific binding sites are unknown
(Grossmann 2000, Kelley and Riechers 2007, McSteen 2010). Auxin herbicides elicit the
same plant responses as natural IAA; however, IAA is rapidly conjugated and degraded
within the plant, unlike auxin herbicides which are retained for long periods of time,
resulting in longer-lasting intense actions (Grossmann 2009, Song 2014). Synthetic
auxins are believed to affect cell wall plasticity and nucleic acid metabolism. It is
believed that synthetic auxins acidify cell walls, the resulting reduction in pH leads to cell
elongation through increased activity of enzymes responsible for loosening of the cell
wall. This leads to uncontrolled growth of cells and eventually leads to destruction of the
vascular tissue. In low concentrations, at their cellular sites of action, auxins stimulate
growth and developmental processes through the stimulation of RNA polymerase, which
leads to increased RNA, DNA, and protein biosynthesis (Shaner 2014). In high
concentrations, growth is disturbed, leading to plant mortality through the overproduction
of ethylene, resulting in the characteristic epinastic response and eventually to senescence
(Grossmann 2009; Song 2014). Another effect of synthetic auxin herbicides on plant
systems is stimulation of abscisic acid (ABA) production. It is believed, that this is
signaled through the induction of ethylene production. The production of ABA directly
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mediates plant death as it signals for stomatal closure, eventually preventing gas
exchange (Song 2014).
The auxin herbicide dicamba, a benzoic acid, readily penetrates plant leaves,
roots, and stems, but not as readily as 2,4-D (Shaner 2014). With an acid dissociation
constant (pKa) of 1.87, dicamba acts as a weak acid and is transported symplastically
through the phloem and apoplastically through the xylem and accumulates at growing
points (Shaner 2014). In sensitive broad-leaved weeds, induction of 1aminocyclopropane-1-carboxylic acid (ACC) synthase in the biosynthesis of ethylene is a
primary and rapid response to dicamba (Yamada 2013). Several hours after treatment,
increased ACC synthase activity, followed by increased ACC concentration and ethylene
formation occurs in the shoot tissue, with ethylene causing epinastic growth and tissue
swelling (Yamada 2013). Dicamba transport across the plasmalemma may occur by
passive diffusion as well as by an active, protein-mediated process (Ashton and Crafts
1981). Dicamba metabolism is more rapid in tolerant species such as grasses than in
susceptible broadleaf species (Ashton and Crafts 1981). Several metabolic reactions have
been identified, including hydroxylation of dicamba to 5-hydroxy-2-methoxy-3-6dichlorobenzoic acid, demethylation to salicylic acid derivatives, conjugation of dicamba
or the metabolites with glucose, and decarboxylation to unidentified metabolites (Shaner
2014).
The most identifiable injury symptom of soybean from dicamba is upward curling
of leaves. Injury can range from cosmetic to a total yield loss depending on growth stage,
growing conditions and application rate (Andersen et al. 2004, Kelley et al. 2005).
Twisting and swelling of petioles, height reduction, terminal bud kill, splitting of the
4

stem, and curled malformed pods is also characteristic. Soybean are susceptible to
dicamba during all growth stages (Wax et al. 1969); however, when exposed to dicamba
during early vegetative growth stages soybean generally can recover from injury
(Scholtes et al. 2019; Weidenhamer et al. 1989). Kelley and Riechers (2003), found that
as little as 1/10,000 of the 280 g ae ha-1 dicamba rate can produce injury symptoms on
soybean. Exposure during vegetative growth stimulates lateral growth and increased
branching, especially when the apical meristem dies, while exposure during reproductive
growth results in early pod production and deformed pods (Robinson et al. 2013).
Andersen et al. (2004) concluded that soybean sprayed with 5.6 g ae ha -1 dicamba at V3
growth stage resulted in at least 40 percent visual injury 48 days after the treatment at a
rate of, with a 14 percent yield reduction. Soybean injury and yield reductions are greater
when applied in the reproductive growth stage (Griffin et al. 2013; Scholtes et al. 2019;
Wax et al. 1969). Yields were reduced 23% when dicamba was applied at R1 to R2 at a
rate of 4.4 g ae ha-1 with 75% yield reduction observed after applications of 35 g ae ha -1
(Wax et al. 1969).
Synthetic auxin herbicides are used widely for weed control in cereal grain crops,
forages, conifer nurseries, rights-of-way, aquatics, fruit and nut crops, and turf. Auxin
herbicide usage in cereal crops, including corn and rice, began during World War II and
has continued since. The release of the Roundup Ready Plus 2 Xtend ® System in 2012
by Bayer CropScience has increased the amount of auxin herbicides being applied in the
United States. This technology provides tolerance to dicamba in soybean and cotton in
conjunction with glyphosate tolerance in soybean and tolerance to glufosinate and
glyphosate in cotton. Xtend® tolerance was introduced through insertion of the dicamba
5

monooxygenase (DMO) enzyme into soybean and cotton. This enzyme allows for rapid
conversion of dicamba (3,6- dichloro-o- anisic acid) to a non-toxic 3,6-dichlorosalicylic
acid (Clemente et al. 2008). This allows plants to tolerate dicamba applications without
visual injury or yield reductions. An estimated 16.2 million hectares of Xtend ® soybean
and 2.4 million hectares of Xtend® cotton were planted in the U.S. in 2018 (Abbott
2018).
While the release of the Xtend® technology will aid growers in controlling
troublesome weeds, it will also lead to several challenges including herbicide drift,
volatilization, and sprayer contamination. Off-target movement of spray droplets and
volatility of phenoxy herbicides has been of great concern. In 2017, it was estimated that
1.4 million hectares of soybean in the United States were injured, or 4% of the 35 million
hectares planted, from off-target movement of dicamba (Bradley 2017). Volatility or
vapor drift is the physical change of a herbicide from a liquid state into a gaseous state,
which then can be moved far distances away from the intended target. Drift is the
physical movement of a spray droplet away from its intended target, usually only short
distances. Auxin herbicides are no more prone to drift than any other herbicide; however,
they are more susceptible to volatility due to their high vapor pressures, which quantifies
a compound’s potential to evaporate at a given temperature and barometric pressure.
Behrens and Lueschens (1979) found that dicamba had the potential to volatilize up to 3
days after the initial application. Increased temperature and low relative humidity can
increase the risk of volatility (Behrens and Lueschen 1979). To mitigate the risk of
dicamba volatility, the environmental conditions during the application should be
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monitored, and applications should be terminated if weather conditions become
unfavorable.
Auxin herbicide exposure may also be caused by incomplete cleanout of sprayers
following applications. Steckel et al. (2010) reported that unlike glyphosate, which can
be easily cleaned out of a sprayer with water alone, auxin herbicides take more time, care
and effort to be removed (Steckel et al. 2010). Boerboom (2004) found that even with a
complete cleanout using ammonia and water rinses after applications of dicamba, up to
0.63% of the original dicamba solution exited the sprayer with the next application.
Considering that soybean is extremely sensitive to dicamba, it is imperative that a
technique to remove all traces of herbicide become the standard adopted among
producers. Current tank cleanout guidelines vary by herbicide, but the general practice is
to triple rinse the tank, each time rinsing with a 10% volume of the tank (Davis et al.
2018; Whitford et al. 2015). Jacobs and Harrell (1983) reported that following pesticide
applications nozzles should be removed, and the sprayer drained, flushed with water,
filled with soapy water, flushed from the system and drained, refilled with an ammonia
solution, sprayed through the boom before soaking overnight, and rinsed with clean
water. Johnson et al. (1999), Pringnitz (1997), and Steckel et al. (2010) reported that the
best procedure to clean synthetic auxin herbicides from sprayers is a solution of ammonia
at 2.5 mL per liter of rinse water. After the solution is added to the tank, it is
recommended the boom be primed for a minimum of 1 minute and the solution left to
soak for several hours, preferably overnight. The sprayer should be drained, then rinsed a
second time, with an ammonia solution but without a soak period (Johnson et al. 1999,
Pringnitz 1997, Steckel et al. 2010). Labels from Engenia® (BASF, Research Triangle
7

Park, NC), Xtendimax™ (Bayer Cropscience, Research Triangle Park, NC) and
Fexapan® (Corteva Agriscience, Indianapolis, IN), caution against spray solution
residues in sprayer hoses for extended durations or overnight. After applications the
entire sprayer should be drained, then flushed with clean water. A commercial tank
cleaner should be added to the tank at the manufacturer’s recommended rate and all parts
of the tank thoroughly cleaned, with the solution agitated and circulated a minimum of 15
minutes, then flushed through the boom for at least one minute. All nozzles, screens, and
strainers should be removed and cleaned in a separate cleaning solution while the system
is drained. A third rinse should then be conducted and the exterior of the sprayer should
be cleaned (Engenia 2019; Xtendimax 2019). The product label for Banvel (dicamba) is
similar; however, following the soak period it recommends flushing the system with two
full tanks of water (Banvel 2009). Envoke (trifloxysulfuron) product label recommends a
four-rinse cleanout with the addition of a tank cleaner during rinses two and three
(Envoke 2013). Conversely, Roundup Powermax only recommends washouts with water
(Roundup 2018). Fierce (flumioxazin + pyroxasulfone) product label recommends the
sprayer be drained, filled with water and ammonia or Valent Tank Cleaner, circulated for
5 minutes, sprayed through the boom for 15 minutes, left to soak for 8 hours, sprayed for
15 minutes, drained, and rinsed a second time (Fierce 2016).
Tank cleaners serve a critical role to break down and dissolve herbicide residues,
which facilitates their removal. While tank cleaner composition varies, they all have the
same function of dilution, solubilization and deactivation. Some tank cleaners raise the
pH of the rinse water, which increases the solubility of weak acid herbicides (Johnson et
al. 1999). Diesel fuel or kerosene is also known to be an effective tank cleaner to remove
8

oil-soluble herbicides such as ester formulations of 2,4-D (Johnson et al. 1999; Pringnitz
1997). Household ammonia penetrates and loosens deposits; however, it does not
decompose herbicides and only raises the solubility of some pesticides (Pringnitz 1997).
After the spray tank has been rinsed with the cleaner it should then be rinsed a third time
using water. Following each rinse, rinsate should be sprayed over a non-susceptible crop
in accordance with the herbicide’s label that is being cleaned from the system (Johnson et
al. 1999; Pringnitz 1997). If proper practices are not performed by producers, there will
likely be many incidents where injury to susceptible crops will occur due to tank
contamination (Johnson et al. 2012). This justifies an investigation into sprayer cleanout
methodology in order to develop cleanout recommendations that reduce the incidences of
visual injury and crop yield reductions.
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CHAPTER II
SOYBEAN AND COTTON RESPONSE TO VARIOUS TANK CLEANERS WITH
AND WITHOUT GLYPHOSATE
Abstract
Rinse water used to clean sprayers should be sprayed in accordance with the
product label being cleaned from the sprayer system. When cleaning dicamba or 2,4-D
from a sprayer, the rinsate should be sprayed over Xtend® or Enlist® crops, respectively.
Because auxin herbicides are difficult to remove from sprayers, the use of a tank cleaner
is recommended. Cleaners must not cause phytotoxicity, affect yield, nor result in illegal
residues. The objective of this study was to determine if commercial tank cleaners cause
a phytotoxic or yield response to either cotton or soybean. Field experiments were
conducted in 2016, 2017, and 2018 in Brooksville and Starkville, MS. Eight tank cleaners
were applied alone and with glyphosate to R1 soybean and pinhead square cotton.
Results for both soybean and cotton experiments were similar, with no effects of cleaner
or glyphosate rate for all parameters evaluated. Visual injury was not observed at any
evaluation timing nor were plant heights affected. Soybean and cotton yields were not
reduced relative to the nontreated check (NTC). No cleaners tested negatively impacted
plant growth and development, at their labeled use rate. Glyphosate rate did not impact
visual injury symptoms and did not increase plant height or yield reductions.
Nomenclature: 2,4-D; cotton, Gossypium hirsutism L.; dicamba; glyphosate; soybean,
Glycine max L. [Merr.]
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Key words: Ammonia, auxin herbicides, sodium hydroxide, sprayer hygiene, tank
cleaner.
Introduction
The release of auxin tolerant soybean and cotton cultivars aids growers in
controlling troublesome glyphosate resistant weeds; however, it has led to several
challenges including off-target movement in the form of physical drift, volatility, and
contaminated sprayers. While glyphosate can be easily removed from sprayer systems
using water alone (Steckel et al. 2010), auxin herbicides produce injury symptoms at
much lower concentrations; therefore, require more time, effort, and care to completely
remove residues from sprayer equipment (Steckel et al. 2010). The importance of
cleaning sprayer systems has increased due to the extreme sensitivity of soybean and
cotton to dicamba and 2,4-D, respectively (Bayley et al. 1992; Griffin et al. 2013; Marple
et al. 2007; Scholtes et al. 2019; Staten 1946; Wax et al. 1969).
Cotton is considered one of the most susceptible agricultural row crops to 2,4-D
(Bayley et al. 1992) and damage to cotton by 2,4-D has been reported since 2,4-D was
first commercially introduced (Staten 1946). Marple et al. (2007) found that cotton was
visibly injured by as little as 1.4 g ae ha -1. Exposure during early to peak bloom has
generally shown the greatest reduction in yield when compared to exposure at late bloom
and early square production (Munk et al. 2009). Injury symptoms are characterized by
“strapping” of leaves, which is caused from limitations to interveinal leaf tissue growth
and parallel leaf venation. Malformation of newly produced squares and flowers is also
typical if exposure occurs during reproductive growth. Other symptoms include
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reddening of stems, petioles and bracts along with leaf yellowing, branch swelling, stem
splitting, and plant height reduction (Johnson et al. 2012).
Soybean are susceptible to low concentrations of dicamba during all growth
stages (Wax et al. 1969); however, when exposed during early vegetative growth stages
soybean often recovers from injury (Scholtes et al. 2019; Weidenhamer et al. 1989).
Soybean injury and yield reductions are greater when soybean is exposed in the
reproductive growth stage (Griffin et al. 2013; Scholtes et al. 2019; Wax et al. 1969).
Kelley and Riechers (2003), found that as little as 0.028 g ae ha -1 dicamba injured
soybean. Anderson (2004) concluded that soybean sprayed with dicamba at V3 growth
stage resulted in at least 40 percent visual injury 48 days after treatment (DAT) with 5.6 g
ae ha-1, with a 14 percent yield reduction. Yields were reduced 23% when 4.4 g ae ha -1
dicamba was applied during R1 to R2 and a 75% yield reduction was measured with
applications of 35 g ae ha-1 (Wax et al. 1969). The most identifiable injury symptom of
soybean from dicamba herbicides is upward curling of leaves. Injury can range from
cosmetic to a total yield loss depending on growth stages, growing conditions and the rate
of dicamba applied (Andersen et al. 2004; Kelly et al. 2005). Twisted swollen petioles,
reduced height, killed terminal bud, split stems, and curled malformed pods is also
characteristic. Exposure during vegetative growth stimulates lateral growth and
increased branching, especially when the apical meristem dies, while exposure during
reproductive growth results in early pod production and deformed pods (Robinson et al.
2013).
Current tank cleanout guidelines vary by herbicide, but the general practice is to
triple rinse the tank, each time with 10% of the tank volume (Davis et al. 2018; Whitford
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et al. 2015). During the second rinse, a tank cleaner is added to the rinse water. Tank
cleaners serve a critical role in breaking down and dissolving herbicide residues, which
facilitates flushing them out with the rinsate. While the ingredients of tank cleaners are
proprietary and vary, they all have the same function of dilution, solubilization, and
deactivation. Some tank cleaners raise the pH of the rinse water, which break down
residues of weak acid herbicides. Diesel fuel or kerosene is also known to be an effective
tank cleaner to remove oil-soluble herbicides such as ester formulations of 2,4-D
(Johnson et al. 1999; Pringnitz 1997).
Household ammonia penetrates and loosens deposits; however, it does not
decompose herbicides and only raises the solubility of some (Pringnitz 1997). Following
the second rinse a third rinse is conducted, following the same procedure as the first
rinse. All rinsate generated during the triple rinse cleanout procedure should be sprayed
over a non-susceptible crop in accordance with the herbicide label that is being cleaned
from the system (Johnson et al. 1999; Pringnitz 1997).
Following applications of Xtendimax™ (Bayer Crop Science, Research Triangle
Park, NC) rinsate should be applied over Xtend® soybean or cotton varieties, in order to
ensure dicamba does not result in crop injury or yield loss. Likewise, rinsate generated
during cleanouts of Enlist One or Enlist Duo (Corteva Agriscience, Indianapolis, IN
46268) should be applied over Enlist soybean or cotton varieties to avoid crop injury.
While the Xtendimax™, Engenia®, Enlist One®, and Enlist Duo® labels do not state
what type of cleaner to use, they do state that a commercial sprayer cleaner or ammonia
should be used according to the manufacturer’s directions. Because rinsate containing
the cleaning solution should be sprayed over actively growing crops such as Xtend ® or
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Enlist® soybean and cotton, it is important to ensure these commercial tank cleaners do
not produce visual injury symptoms or reduce crop yields. Growers may not comply
with these guidelines if their selected tank cleaner produces crop injury.
While tank cleaner compositions vary, most are ammonia or sodium hydroxide
based, with detergents to penetrate and remove dried-on residues, and surfactants to
emulsify oils (Whitford et al. 2015). These blends of surfactants and detergents are
considered proprietary and are not listed on product labels. Tank cleaners are classified
as adjuvants by the U.S. Environmental Protection Agency (EPA) (Hock et al. 2015).
Because adjuvants have no pesticidal properties, they are not regulated by EPA (Hock et
al. 2015). As a result, little to no data are published on efficacy or crop tolerances. In
high concentrations, gaseous ammonia used to fumigate plants leads to tissue necrosis
and plant death in some species (Van der Eerden 1982); however, no research has
investigated the effects of liquid ammonia, used as a tank cleaner on crop safety.
Similarly, no research could be found that investigated the effects of sodium hydroxidebased products on crop safety. Furthermore, the effects of the proprietary detergents and
surfactants used in commercial tank cleaners on plant health are unknown, and could
cause crop injury. Therefore, the objective of this study was to determine if tank cleaners
caused visual injury symptoms, height reductions, or yield reductions when applied to
actively growing cotton and soybean.
Materials and Methods
Site and Materials
Field experiments were conducted from 2016 to 2018 to evaluate crop response to
commercial tank cleaners applied alone or combined with glyphosate. Experiments were
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conducted in Brooksville, Mississippi, at the Black Belt Experiment Station and in
Starkville, Mississippi, at the R.R. Foil Plant Science Research Center. An eight by two
factorial arrangement of treatments, with cleaner as one factor and presence or absence of
glyphosate as the second factor, with three replicates and a non-treated control (NTC)
was arranged in a randomized complete block for each experiment. Experimental units
consisted of four 76 cm rows of soybean in one study or four 97 cm rows of cotton, 12.2
m in length in a second study. Soybean was seeded at 328,510 seeds ha -1 at 2.5 cm depth.
Cotton was seeded at 128,440 seeds ha-1 at 2.5 cm depth. Glyphosate tolerant varieties
were used in all experiments. Planting dates, crop variety, and soil information can be
found in table 2.1. Plots were managed weed and pest free in accordance with Mississippi
State University Extension Service suggestions.
Experimental factors consisted of tank cleaner (eight levels) and glyphosate
concentration (two levels). Eight tank cleaners were evaluated in the study: household
ammonia (10 ml per L of solution (ml L -1)), Erase (5 ml L-1) (Precision Laboratories,
Waukegan, IL), Incide Out (2.5 ml l-1) (Precision Laboratories, Waukegan, IL), Innvictis
Tank Cleaner (2.5 ml L-1) (Innvictis Crop Care, Loveland, CO), Nutra-Sol (2.4 g L -1)
(Becker Underwood, Ames, IA), Valent Tank Cleaner (10 ml L -1) (Valent U.S.A.,
Walnut Creek, CA), Wetcit (62.5 ml L-1) (Oro Agri, Fresno, CA), and Wipeout (2.5 ml L 1

) (Helena Agri-Enterprises, Collierville, TN). Rates were based on each product’s label

for use during sprayer cleanouts. Glyphosate concentration was 0 and 0.87 kg ae ha -1 in
the form of glyphosate potassium salt (Roundup Powermax, Bayer Cropscience,
Research Triangle Park, NC). Cleaner and presence of glyphosate were analyzed as main
effects.
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Treatment Application
Applications all three years were made with a sprayer equipped with AIXR
110015 nozzles (TeeJet Technologies, Springfield, IL) calibrated to deliver 141 L ha -1 at
276 kPa at a ground speed of 4.8 km h-1. Applications were made to soybean at the R1
growth stage (Fehr and Caviness 1997) or pinhead square growth stage in cotton (Stewart
et al. 2010). Treatments were applied to the center two rows of each plot, with the outer
two rows as untreated spray buffers.
Data Collection and Analysis
All data were collected from the center two plot rows. Visual estimates of crop
injury were collected 14 and 28 days after treatment (DAT) on a 0 to 100% scale, with 0
being no visible injury and 100 being total plant death (Frans et al. 1986). Chlorosis,
necrosis, height reductions and regrowth were visually evaluated to estimate injury. Plant
height was measured and reduction from the NTC calculated 14 and 28 DAT. Soybean
were harvested at the end of the growing season, yields were converted to 13% moisture,
and reductions from the NTC were calculated. Seed cotton weight and reductions from
the nontreated check were calculated.
Soybean and cotton data were analyzed separately. Studentized residual values
were calculated for each data point prior to ANOVA, and values in excess of 2.5 were
removed as outliers. Data were subjected to ANOVA to test significance of main effects
and interactions using the “stats” and “agricolae” package in R (version 0.98.1091,
RStudio Inc, Boston, MA). A true NTC (no cleaner or glyphosate) was included in the
experiment for comparison purposes but was not included in the analyses in order to
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minimize mean-squared error, and to allow greater mean separation. Data were pooled
across site years as experimental replication was considered a random variable.
Results and Discussion
Soybean Experiments
The main effects of cleaner and glyphosate rate were not significant for any of the
parameters evaluated (α > 0.05). Likewise, no interactions between main effects were
detected for any parameters evaluated (α > 0.05). P-values from ANOVA tables can be
found in Table 2.2. No visual injury was observed for any treatment combination at any
rating timing. At 14 DAT the main effect of cleaner was not significant, with height
reductions ranging from 0.8% relative the NTC with Wetcit to a 4.5% height increase
following applications of Innvictis Tank Cleaner. The main effect of glyphosate was not
significant, with soybean treated with the 0 and 0.87 kg ae ha -1 rates 1.2 and 0.4% taller
than the NTC, respectively. The same trends were measured at the 28 DAT evaluation
timing, with both rates of glyphosate resulting in non-significant height increases.
Relative to the NTC, means ranged from a 3.1% increase with household ammonia to a
1.3% decrease with Wetcit; however, no differences existed among cleaners. Likewise,
the main effect of glyphosate rate was non-significant, with the 0 and 0.87 kg ae ha -1 rates
producing 0.2 and 1.4% yield increases relative to the NTC, respectively (Table 2.3).
Cotton Experiments
The main effects of cleaner and glyphosate rate were not significant (α > 0.05) for
any parameters evaluated on cotton growth or yield, nor were interactions detected (α >
0.05) between main effects for any evaluated parameters. P-Values from ANOVA tables
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can be found in Table 2.4. No visual injury was observed at any evaluation timing for
any treatment. At 14 DAT, data reveal no difference exists among cleaners with plant
heights 1.4 to 7.2% taller than the NTC with ammonia and Wipeout, respectively. The
main effect of glyphosate rate was not significant. At 28 DAT, evaluation trends were
similar. Plant height reductions did not differ from the NTC by the addition of
glyphosate, although plants were 0.5% shorter with no glyphosate and 1.7% shorter when
treated with 0.87 kg ae ha-1 glyphosate. Yield data reveal no differences among cleaners
relative to the NTC. Glyphosate rate was non-significant, with the 0 and 0.87 kg ae ha -1
rates producing 5.0 and 1.6% yield increases relative to the NTC, respectively (Table
2.5).
Conclusion
Data from these experiments indicate that no difference exists among tank
cleaners when applied at their labeled use rate, with no visual injury symptoms being
observed in the soybean or cotton cultivars tested. Similarly, no differences in plant
height or yield relative to the NTC were measured in these studies. The addition of
glyphosate did not increase injury, impact yield, or plant heights. Consequently, this
indicates glyphosate does not cause a synergistic effect that increases injury when
combined with tank cleaners. Consequently, the rate of tank cleaners used during sprayer
cleanout operations is low enough to prevent injury and yield loss. Any injury, plant
height reduction, or yield reduction observed may be due to the presence of herbicide
residues remaining in the sprayer system and being present in rinsate. Of the eight
cleaners tested at the rates described in this study no differences exist, and adverse effects
were not observed when applied over actively growing cotton and soybean.
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Future research should be conducted to evaluate other commercial tank cleaners
to verify crop safety. Research should also be done to test these findings on additional
crops such as corn, additional soybean and cotton cultivars, increased concentrations due
to failure to use 10% tank rinse volumes, presence of residues following applications to
crop sites, and the effects of exposure during alternative growth stages.

23

Table 2.1

Year, location, seed variety, soil type, and soil taxonomic class for each
experiment

Year Location
Varietya
Soybean Experiments
2016 Brooksville Asgrow
4632
2016 Starkville
Pioneer
47T89
2017 Brooksville Asgrow
5335
2017 Starkville
Pioneer
49T09
2018 Brooksville Asgrow
4632
2018 Starkville
Asgrow
4632

Soil Typeb

Soil Taxonomic Classc

Brooksville
Silty Clay
Marietta Fine
Sandy Loam
Okolona Silty
Clay
Marietta Fine
Sandy Loam
Okolona Silty
Clay
Marietta Fine
Sandy Loam

Fine, smectitic, thermic Aquic
Hapluderts
Fine-loamy, siliceous, active,
thermic Fluvaquentic Eutrudepts
Fine, smectitic, thermic
Oxyaquic Hapluderts
Fine-loamy, siliceous, active,
thermic Fluvaquentic Eutrudepts
Fine, smectitic, thermic
Oxyaquic Hapluderts
Fine-loamy, siliceous, active,
thermic Fluvaquentic Eutrudepts

Cotton Experiments
2017 Brooksville Deltapine
Okolona Silty
Fine, smectitic, thermic
1515
Clay
Oxyaquic Hapluderts
2017 Starkville
Phytogen
Leeper Silty
Fine, smectitic, nonacid, thermic
449
Clay Loam
Vertic Epiaquepts
2018 Brooksville Deltapine
Brooksville
Fine, smectitic, thermic Aquic
1515
Silty Clay
Hapluderts
2018 Starkville
Phytogen
Catalpa Silty
Fine, smectitic, thermic
444
Clay Loam
Fluvaquentic Hapludolls
a
Asgrow (Bayer Cropscience, Research Triangle Park, NC 27709)
Pioneer (Corteva Agriscience, Indianapolis, IN 46268)
Deltapine (Bayer Cropscience, Research Triangle Park, NC 27709)
Phytogen (Corteva Agriscience, Indianapolis, IN 46268)
b
Source: U.S. Department of Agriculture, Natural Resources Conservation Service
(2019)
http://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx
c
Source: U.S. Department of Agriculture, Natural Resources Conservation Service
(2019)
https://soilseries.sc.egov.usda.gov/osdname.aspx
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P-valuesa from ANOVA test of fixed effects measuring soybean response
to eight tank cleaners applied with and without glyphosate.

Table 2.2

Height Reduction
Yield Reduction
Days after treatment
Fixed Effects
14
28
----------------------------P-value---------------------------Cleaner
0.305
0.984
0.833
Glyphosate
0.432
0.292
0.378
Cleaner x Glyphosate
0.604
0.424
0.217
a
Values less than 0.05 are significant according to Fisher’s Protected LSD test at the
α=0.05 significance level.
Table 2.3

Main effect of cleaner and glyphosate rate on soybean height 14 and 28
days after treatment and grain yield from experiments conducted across
two locations in 2016, 2017, and 2018 in Mississippi a.
Days after treatmentb

Cleaner
Ammonia
Erase
Incide-Out
Innvictis Tank Cleaner
Nutra-Sol
Valent Tank Cleaner
Wetcit
Wipeout

Yield

14
28
--------------------% reduction from NTC--------------------1.5
-2.1
-3.1
0.7
-2.7
-0.7
0.5
-2.9
1.2
-4.5
-2.5
-1.6
0.1
-3.1
-0.5
-0.9
-3.9
-1.3
0.8
-2.8
1.3
-1.3
-3.9
-1.5
NSD
NSD
NSD

Glyphosate Rate
--------------------% reduction from NTC-------------------0 kg ae ha
-1.2
-2.5
-0.2
-1
0.87 kg ae ha
-0.4
-3.5
-1.4
NSD
NSD
NSD
a
Abbreviations: DAT, day after treatment; NSD, non-significantly different; NTC, nontreated check.
b
Mean soybean height 14 and 28 DAT and grain yield of nontreated was 58 and 81 cm
and 3429 kg ha-1, respectively.
-1
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P-valuesa from ANOVA test of fixed effects measuring soybean response
to eight tank cleaners applied with and without glyphosate.

Table 2.4

Height Reduction
Yield Reduction
Days after treatment
Fixed Effects
14
28
----------------------------P-value---------------------------Cleaner
0.089
0.270
0.067
Glyphosate
0.189
0.205
0.129
Cleaner x Glyphosate
0.285
0.496
0.890
a
Values less than 0.05 are significant according to Fisher’s Protected LSD test at the
α=0.05 significance level.
Table 2.5

Main effect of cleaner and glyphosate rate on soybean height 14 and 28
days after treatment and grain yield from experiments conducted across
two locations in 2016, 2017, and 2018 in Mississippi a.
Cotton Heightb

Cleaner
Ammonia
Erase
Incide-Out
Innvictis Tank Cleaner
Nutra-Sol
Valent Tank Cleaner
Wetcit
Wipeout

Yield

14
28
--------------------% reduction from NTC--------------------1.4
2.0
-3.4
-2.5
-1.1
-7.8
-4.9
3.0
-7.9
-3.1
0.6
3.3
-1.6
3.0
-1.5
-4.7
1.2
-2.3
-4.4
0.6
1.6
-7.2
-0.3
-8.7
NSD
NSD
NSD

Glyphosate Rate
--------------------% reduction from NTC-------------------0 kg ae ha
-4.4
0.5
-5.0
-1
0.87 kg ae ha
-3.1
1.7
-1.6
NSD
NSD
NSD
a
Abbreviations: NSD, non-significantly different; NTC, non-treated check.
b
Mean cotton height 14 and 28 DAT and cottonseed yield of the nontreated was 79 and
113 cm and 3364 kg ha-1, respectively.
-1
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CHAPTER III
COMPARISON OF TANK CLEANERS FOR DICAMBA REMOVAL FROM
CONTAMINATED SPRAYERS
Abstract
While the release of dicamba tolerant soybean has aided growers with weed
control, several challenges exist, one being sprayer contamination. Field experiments
were conducted from 2016 to 2018 in Brooksville and Starkville, Mississippi. Nine tank
cleaners were evaluated along with a no-cleanout. The system was first contaminated
with 0.56 kg ae ha-1 dicamba. A triple rinse cleanout with tank cleaners added during the
second rinse was used. Samples collected in each rinse were analyzed with high
performance liquid chromatography (HPLC) to determine dicamba concentration. By 28
days after treatment (DAT), visual injury and height reductions did not differ among tank
cleaners. Visual injury decreased with each additional rinse but was not eliminated.
Injury ranged from 60% with the first rinse to 10% with a subsequent glyphosate mixture.
Plant height reductions and yield reductions followed similar trends, with a 6% height
reduction and 7% yield reduction present with the glyphosate mixture. Yield did not
differ among cleaners. Laboratory analysis reveal that treatments utilizing three rinses
with water alone performed similar to all tank cleaners used, except ammonia and
Innvictis tank cleaner, which had greater dicamba concentrations when averaged across
rinse. However, differences among cleaners do not translate to yield reduction, height
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reduction, or visual injury trends. These data would indicate that a triple rinse system is
necessary to minimize yield loss. Dicamba residues were still present following a triple
rinse cleanout, regardless of tank cleaner.
Nomenclature: Dicamba; glyphosate; soybean, Glycine max L. [Merr.]
Key words: Ammonia, auxin herbicides, pesticide removal, sodium hydroxide, spray
tank contamination, sprayer hygiene.
Introduction
Used widely for weed control in cereal grain crops, pastures, coniferous tree
nurseries, rights-of-way, aquatics, fruit and nut crops, and turf, synthetic auxin herbicide
usage has been further expanded with the release of the Roundup Ready Plus 2 Xtend ®
System in 2012 by Bayer CropScience. This technology provides tolerance to dicamba in
soybean and cotton through insertion of the dicamba monooxygenase (DMO) enzyme,
which allows for rapid conversion of herbicidal dicamba (3,6- dichloro-o- anisic acid) to
a non-toxic 3,6-dichlorosalicylic acid (Clemente et al. 2008), allowing plants to tolerate
dicamba applications without visual injury or yield reductions. It was estimated that 16.2
million hectares of Xtend® soybean and 2.4 million hectares of Xtend® cotton were
planted in the U.S. in 2018 (Abbott 2018).
Soybean (Glycine max (L.)) production in the United States has been trending
upwards in terms of harvested hectares and average yield in terms of kilograms per
hectare since 1924. In 2018, 36.1 million hectares of soybean were planted with an
average yield of 3471 kilograms per hectare, with an overall production value of $39.1
billion (USDA 2019). Soybean production in Mississippi is the third largest agricultural
commodity in the state, with a production value of $1.06 billion (MDAC 2019). In 2018,
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902,834 hectares of soybean were planted, with an average yield of 3,666 kilograms per
hectare (USDA 2019).
The release of the Xtend® technology has aided in the control of glyphosate
resistant weeds; however, several challenges have been forthcoming, including spray
drift, volatility which may lead to long distance off-target movement, and challenges
cleaning spray equipment. In 2017 an estimated 1.4 million hectares of soybean in the
United States were injured from off-target movement of synthetic auxin herbicides,
representing 4% of the 35 million hectares of soybean planted (Bradley 2017). Dicamba
injury to soybean is distinctly visible and easily identifiable. Visual injury symptoms
may also take the form of swelling and twisting of petioles, stem splitting, curling and
malformation of pods, death of the apical meristem, and reduced plant height. Soybean
exposure to dicamba may also result in plant death depending on soybean growth stage
and dicamba rate (Andersen et al. 2004; Scholtes et al. 2019; Kelley et al. 2005). While
soybean is prone to injury from dicamba during all growth stages (Wax et al. 1969), it
generally recovers when exposure occurs at early vegetative growth stages (Scholtes et
al. 2019; Weidenhamer et al. 1989). Exposure at vegetative growth stages stimulates
lateral growth and increased branching occurs, especially following death of the apical
meristem. Conversely, exposure at reproductive growth induces pod formation and
results in malformed pods (Robinson et al. 2013). Previous research has found soybean
exposed to 5.6 g ae ha-1 dicamba during V3 growth exhibited 40% visual injury occurred
with 14% yield loss (Anderson et al. 2004). In comparison, R1 to R2 soybean exposed to
4.4 g ae ha-1 dicamba decreased yield 23%, with 75% yield loss when exposed to 35 g ae
ha-1 dicamba (Wax et al. 1969). Therefore, greatest soybean yield reduction and injury
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occur when dicamba exposure occurs during early reproductive growth stages (Griffin et
al. 2013; Scholtes et al. 2019; Wax et al. 1969).
While glyphosate is easily removed from sprayer systems using water alone,
synthetic auxin herbicides require solvents other than water for removal (Steckel et al.
2010). Kelley and Riechers (2003) reported visual injury symptoms in soybean
following exposure 0.028 g ae ha-1 dicamba. Similarly, Boerboom (2004) reported 0.63
percent of the original dicamba solution exited the sprayer in the subsequent application
following a cleanout procedure of water and ammonia rinses.
Sprayer cleanout guidelines vary by pesticide; however, the general
recommendation is triple rinse the sprayer (Bode 1987) with rinse volumes equivalent to
10% of the tank’s capacity per rinse (Davis et al. 2018; Whitford et al. 2015). The
addition of a tank cleaner is recommended during the second rinse step on some product
labels. The makeup of tank cleaners varies; however, most are ammonia or sodium
hydroxide based and contain surfactants which act to emulsify oils and detergents which
penetrate residues which have dried on the tank surfaces (Whitford et al. 2015). The
addition of a tank cleaner during the cleanout procedure assists in the breakdown of
herbicide residues, which can then be flushed from the sprayer system. Some tank
cleaners raise the pH of the rinse water, which aids in releasing residues of weak acid
herbicides (Johnson et al. 1999). Household ammonia penetrates and loosens deposits;
however, it does not decompose herbicides and raises the solubility of only some
herbicides (Pringnitz 1997). While the basis of tank cleaners are similar, the blends of
surfactants and detergents are considered proprietary and are not listed on product labels.
According to U.S. Environmental Protection Agency (EPA) tank cleaners are considered
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adjuvants, which are not required to be registered by the EPA since they have no
pesticidal properties (Hock et al. 2015). Therefore, little is known about the compounds
present in these products. Additionally, studies focused on the effectiveness of these
products is limited. Few studies have been conducted to determine the most effective
cleanout procedures for removal of pesticides from sprayer systems. Literature suggests
a solution of 2.5 mL ammonia per liter of rinse water for the removal of synthetic auxin
herbicides from sprayer systems (Johnson et al. 1999, Pringnitz 1997, Steckel et al.
2010). After the solution is added to the tank, it is recommended the boom be primed 1
minute and the solution left to soak for several hours, preferably overnight. Then drain
the tank, rinse a second time with the same concentration of ammonia solution without a
soak period (Johnson et al. 1999, Pringnitz 1997, Steckel et al. 2010). After the second
rinse with ammonia, rinse a third time water. Following each rinse, the rinsate should be
sprayed over a non-susceptible crop in accordance with the label of the herbicide being
cleaned from the system (Johnson et al. 1999; Pringnitz 1997). Diesel fuel or kerosene is
also known to be an effective tank cleaner to remove oil-soluble herbicides such as ester
formulations of 2,4-D (Johnson et al. 1999; Pringnitz 1997); however, following its use
the sprayer must be rinsed with a cleaning solution utilizing a tank cleaner to remove all
diesel or kerosene (Johnson et al. 1999; Pringnitz 1997). Jacobs and Harrell (1983)
reported that following pesticide applications nozzles should be removed, and the sprayer
drained, flushed with water, filled with soapy water, flushed from the system and drained,
refilled with an ammonia solution, sprayed through the boom before soaking overnight,
and rinsed with clean water.
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Labels from Engenia® (BASF, Research Triangle Park, NC), Xtendimax™
(Bayer Cropscience, Research Triangle Park, NC) and Fexapan® (Corteva Agriscience,
Indianapolis, IN), caution against spray solution residues in sprayer hoses for extended
durations or overnight. After applications the entire sprayer should be drained, then
flushed with clean water. A commercial tank cleaner should be added to the tank at the
manufacturer’s recommended rate and all parts of the tank thoroughly cleaned, with the
solution agitated and circulated a minimum of 15 minutes, then flushed through the boom
for at least one minute. All nozzles, screens, and strainers should be removed and
cleaned in a separate cleaning solution while the system is drained. A third rinse should
then be conducted and the exterior of the sprayer should be cleaned (Engenia 2018;
Fexapan 2018; Xtendimax 2018). Banvel’s (dicamba) product label states similar
guidelines; however, following the soak period system should be flushed with two full
tanks of water (Banvel 2009). The product label for Envoke (trifloxysulfuron)
recommends a four-rinse cleanout, with a tank cleaner added during rinses two and three
(Envoke 2013). Roundup Powermax’s (glyphosate) label recommends washouts with
water alone (Roundup 2018). Fierce (flumioxazin + pyroxasulfone) product label
suggests the sprayer be drained, filled with water and ammonia or Valent Tank Cleaner,
circulated for 5 minutes, sprayed through the boom for 15 minutes, left to soak for 8
hours, sprayed for 15 minutes, drained, and rinsed a second time (Fierce 2016).
Since soybean is extremely sensitive to dicamba, it is imperative that all dicamba
residue is removed to prevent injury and avoid potential residues in crops not labeled. If
residues are not removed there will likely be many incidents of injury to susceptible crops
due to tank contaminations (Johnson et al. 1999). Therefore, the objective of this study is
34

to evaluate dicamba removal from a sprayer with commercial cleaners and a triple rinse,
without a soak period.
Materials and Methods
Site and Materials
Field experiments were conducted in 2016 - 2018 comparing various tank
cleaners for their ability to remove dicamba from contaminated sprayer systems. Field
Experiments were conducted in Brooksville, Mississippi at the Black Belt Experiment
Station and in Starkville, Mississippi at the R.R. Foil Plant Science Research Center. A
nine by four factorial arrangement of treatments with three replicates along with a nontreated control (NTC), a dicamba control, and a no-cleanout treatment were arranged in a
randomized complete block for each experiment. Experimental units consisted of three
76 cm rows of soybean 12.2 m in length. Soybean experiments were seeded with at a
rate of 328,510 seeds ha-1 at a 2.5 cm depth. Glyphosate tolerant varieties were used in
all experiments. Planting dates, crop variety, and soil information can be found in table
3.1. Plots were managed weed and pest free in accordance with Mississippi State
University Extension Service suggestions.
Experimental factors consisted of tank cleaner (nine levels) and rinse (four
levels). Tank cleaners included: household ammonia (3% NH3) (0.25% V/V in 2016 and
2017, 1% V/V in 2018), Erase (5 ml L-1) (Precision Laboratories, Waukegan, IL), Incide
Out (2.5 ml L-1) (Precision Laboratories, Waukegan, IL), Innvictis Tank Cleaner (2.5 ml
L-1) (Innvictis Crop Care, Loveland, CO), Nutra-Sol (2.4 g L -1) (Becker Underwood,
Ames, IA), Valent Tank Cleaner (10 ml L-1) (Valent U.S.A., Walnut Creek, CA), Wetcit
(62.5 ml L-1) (Oro Agri, Fresno, CA), and Wipeout (2.5 ml L-1) (Helena Agri-Enterprises,
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Collierville, TN) and water, where a cleanout was conducted using only water rinses.
Rates are given in amount of product per liter or rinse volume, and are determined from
the label of each product being used. The rinse factor consisted of rinse one (water),
rinse two (water + cleaner), rinse three (water), and rinse four which contained water and
glyphosate (Roundup Powermax, Bayer Cropscience, Research Triangle Park, NC)
mixture at a rate of 867 g ae ha-1 with an application volume of 140 L ha-1.
In 2016 cleanouts were conducted on a John Deere 6700 Sprayer (John Deere,
Moline, IL) equipped with a 1,590-liter tank and 18.3 m boom. The spray boom was
equipped with TTI 11004 nozzles (TeeJet Technologies, Springfield, IL). The sprayer
was first contaminated with 1,514 L of water and dicamba (Clarity, BASF, Research
Triangle Park, NC) was added at a rate of 560 g ae ha-1 with an application volume of 140
L ha-1. The sprayer was driven 2.41 km at a speed of 27.4 km hour -1, while the dicamba
solution was agitated, after which the boom was primed for two minutes. The sprayer
was then driven an additional 2.41 km at the same speed with the agitation on. The
dicamba solution was pumped into a holding tank for use contaminating subsequent
treatments, and the cleanout procedure was initiated. The first rinse was 159 L of water
(10% of the tanks volume) to the spray tank. The sprayer was then driven 2.41 km at
27.4 km hour-1 with the agitation system on. Tank contents were sprayed through the
boom and a 500 ml sample collected from nozzles on each end of the boom. Tank
cleaners were added to the second tank rinse at suggested use rates and agitated 15
minutes before the sprayer was driven 2.41 km. Tank contents were sprayed through the
boom and a sample collected from the boom end nozzles. All spray tips and screens were
removed and cleaned in an 11.35 L solution of water plus the same concentration of tank
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cleaner used in the second rinse. A third rinse of 10% tank volume of water only was
conducted with the same agitation and drive methodology as previous rinses. Following
the third rinse the tank was filled with 159 L of water and glyphosate (Roundup
Powermax, Bayer Cropscience, Research Triangle Park, NC) was added to the tank at a
rate of 867 g ae ha-1 with an application volume of 140 L ha-1. This solution was agitated
while the sprayer was driven and a sample collected from the boom end nozzle.
Following this rinse, the sprayer was triple rinsed with water to remove glyphosate from
the tank and spray hoses.
Due to volumes of water required to use this clean out process with the John
Deere 6700 sprayer, in 2017 a reduced size sprayer system was designed and built which
contains all the parts of a sprayer on a small scale (Figure 3.1). The system contained a
227 L cone-bottom tank (Norwesco, St. Bonifacius, MN) equipped with a Banjo bolted
tank flange (Banjo Corporation, Crawfordsville, IN) which ensured that the tank could be
completely drained. The tank was plumbed to a Shurflo 2088-394-144 diaphragm pump
equipped with Viton seals (Pentair, Minneapolis, MN) using an 89 cm long polyethylene
rubber blend reinforced hose (Kuri Tec, Brantford ON). The pump was operated at 276
kpa with an output of 11.4 L per minute. The pump was connected to a VisaGage II
Flow Monitor (CDS John Blue Co., Huntsville, AL) via a 102 cm long polyethylene
rubber blend reinforced hose. At the flow monitor the solution was evenly divided into
four 2.44 m long spray lines, which were terminated into the top of the tank using a TTI
11004 nozzle TeeJet Technologies, Springfield, IL). The system was controlled by a
multifunction timer (AutomationDirect.com, Cumming, GA) programed to run the pump
15 minutes. All connections were made with Banjo polypropylene fittings equipped with
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Viton rubber seals (Banjo Corporation, Crawfordsville, IN). The system contained four
identical setups fixed to a 1.2 m by 2.4 m steel platform, for multiple replications of each
treatment to be conducted simultaneously. Each tank was first contaminated with
approximately 189 L of dicamba (Xtendimax, Bayer CropScience, Research Triangle
Park, NC) at a rate of 560 g ae ha-1 with an application volume of 140 L ha-1. The
solution was circulated throughout the entire system 15 minutes before being pumped
back into a holding tank for use in contaminating subsequent treatments. A three-rinse
cleanout was then conducted, using 10% tank volume (22.7 L) for each rinse. Each rinse
solution was circulated for 15 minutes, with a tank cleaner being added during the second
rinse. During each rinse the tank solution was circulated six times, with the TTI nozzle
spraying rinsate on the tank surface. Following the second rinse, spray nozzles and
screens were removed and cleaned in a 7.57 L solution of water plus tank cleaner in the
second rinse at the same concentration. After the third rinse, the tank was filled with
water plus 867 g ae ha-1 glyphosate at an application volume of 140 L ha -1 (Roundup
Powermax, Bayer CropScience, Research Triangle Park, NC). A 500 ml sample was
collected from each rinse for field and laboratory analysis of dicamba residues. The nocleanout treatment was not triple rinsed, but filled with water and glyphosate immediately
after the dicamba solution was drained.
Treatment Application
Field dicamba residue applications were made with a CO2-pressurized backpack
sprayer equipped with TTI 110015 nozzles (TeeJet Technologies, Springfield, IL)
calibrated to deliver 141 L ha-1 at 276 kPa and 4.8 km h-1 to soybean at the R1 growth
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stage (Fehr and Caviness 1997). Applications were made to rows one and two of each
plot, with row three serving as a spray buffer.
Analytical Analysis
Analytical analysis was performed at the Mississippi State Chemical Laboratory.
Dicamba residue was analyzed an Agilent 1290 Infinity high performance liquid
chromatograph (HPLC) equipped with an Agilent ZORBAX Eclipse plus C18 (4.6 x 100
mm) 1.8 µm analytical column coupled to an Agilent 6460 Triple Quadrupole Mass
Spectrometer (Agilent Technologies, Santa Clara, CA). Data collected from the liquid
chromatograph-mass spectrometer (LC-MS/MS) was assessed with MassHunter B.04
software from Agilent. Samples were prepared for analysis through extraction and
dilution. Waters Oasis MAX solid phase extraction cartridges (Waters Corporation,
Milford, MA 01757) were conditioned with 10 ml methylene chloride, 10 ml ethyl
acetate, and 10 ml HPLC grade water to ensure that the cartridge did not go dry. One mL
of sample was added to the conditioned cartridge at a rate of 1 ml per minute. The
cartridge was then washed with 5 ml of HPLC grade water and a complete vacuum was
pulled on the cartridge for 5-10 minutes by a Sulpelco manifold (Sigma-Aldrich, St.
Louis, MO), to dry the cartridge. The sample was eluted off the cartridge with 10 ml
MeOH and 2% formic acid, then concentrated with nitrogen to a final volume of 1 ml
with a TurboVap Evaporator (Biotage LLC, Charlotte, NC) which flows nitrogen over
the samples in a heated bath to reduce solvent volume. Samples were diluted with HPLC
grade water, with rinse one diluted 1000x, rinse two diluted 100x and rinses three and the
glyphosate mixture being diluted 10x. After dilution samples were analyzed by LCMS/MS in a ZORBAX Eclipse Plus C18 (4.6 x 100 mm) 1.8 µm analytical column
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(Agilent Technologies, Santa Clara, CA) at 40°C with solvent A 99% water + 1% formic
acid and solvent B 99% acetonitrile + 1% formic acid. The binary pump flow rate was
0.3 ml min-1 with the following solvent gradient: from 0 to 5 minutes solvent B was held
at 10%, increasing at the 5-minute mark to 90%. A 3-minute post time allowed the
instrument to re-equilibrate for the next injection. A dicamba standard was analyzed
every ten samples to verify consistency of the MS detector over time. Mass spectrometer
conditions were: sheath gas temperature, 350°C; drying gas, 150°C; sheath gas flow, 11
L/min; nebulizer pressure, 45 psi; and capillary voltage, 3000 volts. MassHunter
Optimizer software gained fragmentation voltage and collision energies along with
optimal precursor and product ions. MassHunter Optimizer automatically optimizes
parameters used to monitor multiple-reactions for the MS/MS and stores those conditions
for data acquisition. Optimal parameters for dicamba detection are: precurser ion, 219;
product ion, 175; fragmenter, 65; collision energy, 5; and polarity, negative. The samples
were analyzed using positive electrospray ionization (ESI). A dicamba standard was
analyzed every ten samples to verify consistency of the MS detector over time. The
conservative lower limit of detection was two ppb.
Data Collection and Analysis
Visual estimates of crop injury were collected 14 and 28 days after treatment
(DAT) on a 0 to 100% scale, with 0 being no visible injury and 100 being total plant
death (Behrens and Luechens 1979). Chlorosis, necrosis, height reductions and regrowth
were visually evaluated to estimate injury. Plant height was measured and plant height
reduction from the non-treated check (NTC) were calculated 14 and 28 DAT. Soybean
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plots were harvested at end of the growing season with a two-row plot combine, yields
converted to 13% moisture content, and reductions from the NTC were calculated.
Studentized residual values were calculated for each data point prior to analysis of
variance (ANOVA), and values in excess of 2.5 standard deviations from the mean were
removed as outliers. Data were subjected to ANOVA to test significance of main effects
and interactions using the “stats” and “agricolae” package in R (version 0.98.1091,
RStudio Inc, Boston, MA). A true NTC and a dicamba treatment were included in the
experiment for comparison purposes but were not included in the analyses in order to
minimize mean-squared error, and to allow greater mean separation. Cleaner and rinse
were analyzed as main effects. Data were pooled across site years as experimental
replication was considered a random variable. No differences were detected between
ammonia rates used in cleanout experiments. Consequently, data were pooled across
rates. All HPLC data were log-transformed to meet assumptions for ANOVA and were
back calculated for discussion. P-values from ANOVA are reported in Table 3.2.
Results and Discussion
Field Experiments
The main effect of rinse was significant across all parameters evaluated.
Interactions between the main effect of cleaner and rinse were present at the 14 DAT
visual injury evaluation. Where the main effect of cleaner was non-significant, data were
pooled across cleaner. At 14 DAT, visual injury was similar among cleaner, ranging
from 58 to 52% in rinse one and 41 to 36% in rinse two (Table 3.3). By the third rinse,
dicamba residue in the tank cleaned with Nutra-Sol resulted in the highest levels of visual
injury at 27%, while Wetcit resulted in only 14% visual injury (Table 3.3). The
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glyphosate mixture resulted in 17 to 8% visual injury with Wipeout and Nutra-sol,
respectively (Table 3.3). No-cleanout treatment caused 57% visual injury, equivalent to
the first rinse (Table 3.3). By 28 DAT, no visual injury differences were detected among
the main effect of cleaner. Regardless of cleaner, all treatments caused 30 to 32% visual
injury, which is approximately one-half that of no-cleanout, which caused 64% visual
injury (Table 3.4). While visual injury symptoms decreased with each subsequent rinse,
no cleaner removed enough dicamba from the sprayer to eliminate soybean injury. The
first rinse resulted in 60% visual injury averaged across cleaner, decreasing to 36% with
rinse two, 17% with rinse three, and 10% with the glyphosate mixture (Table 3.4).
Soybean height reduction 14 DAT reveal no-cleanout treatment reduced plant height
34%, greater than all cleanout treatments (Table 3.5). Dicamba residues from Wipeout
resulted in greater plant height reductions, 16%, than Innvictis tank cleaner, Valent tank
cleaner, or water alone, which measured 12, 11, and 12%, respectively, when averaged
across rinses (Table 3.5). All other tank cleaners performed similarly. Plant height
reductions decreased with each rinse step. The glyphosate mixture, averaged across tank
cleaners, resulted in 5% reduced plant height reduction compared to the nontreated check,
although this was no different than reductions observed in rinse three (Table 3.5). At 28
DAT, plant heights were reduced 5 to 6% with rinse three as well as the glyphosate
mixture (Table 3.5) when averaged over tank cleaners. Averaged across rinses, dicamba
residues removed by all cleaners resulted in 14 to 18% height reductions from the NTC
(Table 3.5). No-cleanout reduced plant heights 43% from the untreated check (Table
3.5), similar to height reductions caused by the initial rinse.
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Yield data followed the same trends as plant height reduction data. No
differences existed among cleaners, therefore data were pooled and compared to nocleanout treatment. No-cleanout caused similar yield reduction as the first rinse for all
cleanouts, 37% (Table 3.5). By the second rinse, yields were reduced 15%, while only
6% loss was measured with rinse three and the glyphosate mixture averaged over tank
cleaner (Table3.5). The relationships between plant height and yield reductions are
similar to those reported by Wax et al. (1969) who found that soybean yields do not
always decrease when exposed to dicamba; however, when plant heights are reduced,
yield reductions generally occur. This suggests visual injury is not a good indicator of
damage to soybean exposed to dicamba.
Analytical Evaluation
The main effects of cleaner and rinse were significant for the HPLC dicamba residue
data; however, no interaction was detected. Averaged across rinses, ammonia and
Innvictis tank cleaner contained significantly greater dicamba concentrations, 74,021 and
64,206 parts per billion (ppb), respectively, than Incide-Out, Valent tank cleaner, water,
and Wipeout, which contained 42,800, 48,453, 42,669, and 45,264 ppb, respectively
(Table 3.6). Averaged across cleaners, dicamba concentration decreased with each rinse
step. The dicamba concentration of 3,568,000 ppb measured in the initial contamination
mix decreased with each rinse to 195,153, 11,980, 1,185, and 109 ppb by the glyphosate
mixture (Table 3.6) which is 0.003%. These values are much lower than Boerboom
(2004), who measured 0.63% of the original dicamba solution exited the sprayer system
following a complete cleanout using ammonia and water.
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Conclusion
In conclusion, data from these experiments suggest these cleaners have little value
for removal of dicamba from contaminated sprayers. Cleaner was found a significant
factor only in field experiments at the 14 DAT visual injury evaluation. However, only
the main effect of rinse was significant at the 28 DAT visual injury evaluation, as well as
both 14 and 28 DAT plant height reductions. Statistical analysis of data reveal plant
height reductions and visual injury are negatively affected for all rinse steps, which
suggests that following a complete triple rinse cleanout procedure with rinses of 10% of
the sprayer tank volume may result in injury and height reductions when a subsequent
application is made from the sprayer. Yield data reveal the same trends, with no
differences among cleaners. While laboratory analyses reveal differences among
cleaners in dicamba concentration in the sprayer after a triple rinse cleanout, these
concentrations do not manifest differences in yields, as soybean yields were reduced
when glyphosate was the sequential pesticide used after all tank cleaners. These data are
similar to Cundiff et al. (2017) who reported no differences existed between ammonia
plus water compared to water alone to remove dicamba from contaminated spray hose.
Similarly, Fishel et al. (1999) found that the addition of ammonia or bleach did not
improve pesticide residue removal from contaminated clothing compared to water alone.
No-cleanout resulted in visual injury, reduced plant heights, and yield similar to the first
rinse for all cleanout treatments. Future research should investigate other tank cleaners
for dicamba removal from sprayer until concentrations are low enough to avoid crop
injury, plant height reductions, and yield reductions. Research should also investigate the
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effectiveness of soak duration with a cleaner determine if longer soaks completely
remove dicamba.
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Table 3.1

Year

Year, location, seed variety, soil type, and soil taxonomic class for each
field experiment comparing different tank cleaners for their ability to
remove dicamba from a contaminated sprayer.
Location

Varietya

Soil Typeb

Soil Taxonomic Classc

2016 Brooksville Asgrow
Brooksville Silty Fine, smectitic, thermic Aquic
4632
Clay
Hapluderts
2016 Starkville
Pioneer
Marietta Fine
Fine-loamy, siliceous, active,
47T89
Sandy Loam
thermic Fluvaquentic Eutrudepts
2017 Brooksville Asgrow
Okolona Silty
Fine, smectitic, thermic
5335
Clay
Oxyaquic Hapluderts
2017 Starkville
Pioneer
Marietta Fine
Fine-loamy, siliceous, active,
49T09
Sandy Loam
thermic Fluvaquentic Eutrudepts
2018 Brooksville Asgrow
Okolona Silty
Fine, smectitic, thermic
4632
Clay
Oxyaquic Hapluderts
2018 Starkville
Asgrow
Marietta Fine
Fine-loamy, siliceous, active,
4632
Sandy Loam
thermic Fluvaquentic Eutrudepts
a
Asgrow (Bayer Cropscience, Research Triangle Park, NC 27709)
Pioneer (Corteva Agriscience, Indianapolis, IN 46268)
b
Source: U.S. Department of Agriculture, Natural Resources Conservation Service
(2019)
http://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx
c
Source: U.S. Department of Agriculture, Natural Resources Conservation Service
(2019)
https://soilseries.sc.egov.usda.gov/osdname.aspx

Table 3.2

P-valuesa from ANOVA test of fixed effects measuring dicamba residue
removal.
Visual Injury

Height Reduction

Yield
Dicamba
Reduction Concentration

Days After Treatment
Main Effects
14
28
14
28
-----------------------------------P-value----------------------------------Cleaner
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001
<0.0001
Rinse
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001
<0.0001
Cleaner x Rinse 0.0057 0.0516
0.0599
0.141
0.687
0.145
a
Values less than 0.05 are significant according to Fisher’s Protected LSD test at the
α=0.05 significance level.
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Table 3.3

Visual estimates of soybean injury 14 days after treatment of tank cleaners
for dicamba removal from contaminated sprayers across two locations in
2016, 2017 and 2018 in Mississippia.

Visual Injury b
Cleaner
Rinse 1
Rinse 2
Rinse 3
Glyphosate
------------------------------%----------------------------Ammonia
52
37
19 bcd
12 bcd
Erase
58
39
23 ab
9 cd
Incide-Out
56
40
22 abc
15 b
Innvictis Tank Cleaner
56
39
16 cd
17 b
Nutra-Sol
53
36
27 a
8d
Valent Tank Cleaner
55
38
17 bcd
14 bc
Water
54
36
21 abc
13 bcd
Wetcit
53
41
14 d
9 bcd
Wipeout
55
41
20 bcd
17 b
No-cleanout
57 a
NSD
NSD
P-Value
0.26
0.249
0.0054
<0.0001
a
Abbreviations: NSD, non-significantly different.
b
Means within columns followed by a common letter are not different according to
Fisher’s Protected LSD test (α = 0.05).
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Table 3.4

Main effect of cleaner and rinse on soybean visual injury 28 days after
treatment comparing tank cleaners for dicamba removal from contaminated
sprayers conducted across two locations from 2016 to 2018 in Mississippi.
Visual Injury a
---------%--------31 b
31 b
31 b
31 b
30 b
32 b
30 b
31 b
31 b
64 a

Cleaner
Ammonia
Erase
Incide-Out
Innvictis Tank Cleaner
Nutra-Sol
Valent Tank Cleaner
Water
Wetcit
Wipeout
No-cleanout
Rinse

---------%--------Rinse 1
60 a
Rinse 2
36 b
Rinse 3
17 c
Glyphosate
10 d
No-cleanout
64 a
a
Means within main effects followed by a common letter are not different according to
Fisher’s Protected LSD test (α = 0.05).
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Table 3.5

Main effect of cleaner and rinse on soybean plant height reduction 14 and
28 days after treatment and grain yield from dicamba residues following
sprayer cleanout with tank cleaners conducted across two locations from
2016 to 2018a.

Cleaner
Ammonia
Erase
Incide-Out
Innvictis Tank Cleaner
Nutra-Sol
Valent Tank Cleaner
Water
Wetcit
Wipeout
No-cleanout

Days After Treatmentb
Yieldc
14
28
--------------------% Reduction from NTC-------------------13 bc
17 b
14 b
14 bc
17 b
13 b
14 bc
17 b
16 b
12 c
18 b
16 b
14 bc
18 b
16 b
11 c
14 b
18 b
12 c
16 b
13 b
14 bc
18 b
16 b
16 b
17 b
18 b
34 a
43 a
37 a

Rinse
--------------------% Reduction from NTC-------------------Rinse 1
35 a
42 a
36 a
Rinse 2
10 b
14 b
15 b
Rinse 3
3c
5c
6c
Glyphosate
5c
6c
6c
No-cleanout
34 a
43 a
37 a
a
Abbreviation: NTC, non-treated check.
b
Mean soybean height 14 and 28 DAT and grain yield of nontreated check was 60 and 81
cm and 3151 kg ha-1, respective.
c
Means within columns of main effects followed by a common letter are not different
according to Fisher’s Protected LSD test (α = 0.05).
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Table 3.6

Main effect of cleaner and rinse on analytical concentrations with tank
cleaners on dicamba removal from contaminated sprayers conducted across
two locations from 2016 to 2018a.
Dicamba Concentrationbc
-------PPB------74,021 b
54,323 bc
42,880 c
64,260 b
48,453 bc
44,252 c
42,669 c
52,835 bc
45,264 c
221,933 a

Cleaner
Ammonia
Erase
Incide-Out
Innvictis Tank Cleaner
Nutra-Sol
Valent Tank Cleaner
Water
Wetcit
Wipeout
No-cleanout
Rinse

-------PPB------Rinse 1
195,153 a
Rinse 2
11,980 b
Rinse 3
1,185 c
Glyphosate
109 d
No-cleanout
221,933 a
a
Abbreviations: PPB, parts per billions.
b
Mean concentration of initial dicamba solution was 3,568,000 PPB.
c
Means within main effects followed by a common letter are not different according to
Fisher’s Protected LSD test (α = 0.05).
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Figure 3.1

Small scale sprayer designed to conduct cleanout experiments in 2017 and
2018.
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CHAPTER IV
ASSESSING INCREASED RINSE VOLUME EFFECTS ON SPRAYER CLEANOUT
AFTER DICAMBA APPLICATION
Abstract
Field experiments were conducted in 2017 and 2018 in Brooksville and Starkville,
Mississippi to evaluate rinse volumes on removal of 560 g ae ha

-1

dicamba with an

application volume of 140 L ha-1 with triple rinse. Rinse volumes of 10, 20, 40, and 60%
tank capacity with Wipeout tank cleaner added the second rinse were compared to water
alone as well as no cleanout. After the final water rinse, 867 g ae ha -1 glyphosate rate
was mixed in the tank. Samples of rinsate and glyphosate mix were circulated through
the sprayer 15 minutes each rinse cycle were applied to R1 soybean to evaluate visual
phytotoxicity, plant height reduction and yield and analyzed in the laboratory for dicamba
residue. Visual injury decreased as rinse volume increased. At 28 days after treatment
(DAT), glyphosate mixture after the 10% tank volume treatment caused 12% visual
injury; however, glyphosate mixtures after rinses of 20, 40, and 60% tank capacity caused
only 5, 5, and 4% visual injury, respectively. Regardless of rinse volume, glyphosate
mixes after all cleanout treatments resulted in 1% plant height reductions which were not
different. Yield reductions were not different among rinse volumes, with 6% yield
reductions caused by dicamba residues in glyphosate mix after 10 and 20% tank capacity
rinses. Dicamba residue in glyphosate mix after rinses of 40% tank volume resulted in
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5% yield reductions, while residues in glyphosate mixes after rinses of 60% tank volume
resulted in only 2% yield reductions. Laboratory analysis of dicamba residues in the
glyphosate mix found highest dicamba concentration occurred with 10% rinse volumes of
water alone. Data reveal that rinse volumes greater than 10% resulted in increased
dicamba residue removal in rinses one and two, and that the addition of a commercial
tank cleaner did not significantly improve dicamba residue removal compared to water
alone.
Nomenclature: Dicamba; glyphosate; soybean, Glycine max L. [Merr.]
Key words: Ammonia, auxin herbicides, pesticide removal, spray tank contamination
sprayer hygiene.

Introduction
Sprayer cleanout recommendations consist of triple rinsing the sprayer system
with 10 percent tank capacity per rinse, and a tank cleaner or ammonia during the second
rinse (Davis et al. 2018; Whitford et al. 2015). Limited research of cleaning method
effectiveness has been published, especially with focus on rinse volume. Jacobs and
Harrell (1983) reported that following pesticide applications nozzles should be removed,
and the sprayer drained, flushed with water, filled with soapy water, flushed from the
system and drained, refilled with an ammonia solution, sprayed through the boom before
soaking overnight, and rinsed with clean water. Johnson et al. (1999), Pringnitz (1997)
and Steckel et al. (2010) suggest a solution of 2.5 mL ammonia per liter of rinse water to
remove synthetic auxin herbicides from sprayers. The ammonia solution should be
sprayed through the boom for one minute, left to soak several hours, preferably
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overnight, drained, repeated without soaking, drained, and flushed with clean water
Johnson et al. 1999; Pringnitz 1997; Steckel et al. 2010). Rinsate generated should be
sprayed over a non-susceptible crop in accordance with the label of the product being
cleaned from the system (Johnson et al. 1999; Pringnitz 1997).
Labels from Engenia® (BASF, Research Triangle Park, NC), Xtendimax™
(Bayer Cropscience, Research Triangle Park, NC) and Fexapan® (Corteva Agriscience,
Indianapolis, IN), caution against spray solution residues in sprayer hoses for extended
durations or overnight. After application, drain, flush with clean water add a commercial
tank cleaner at the manufacturer’s recommended rate agitate and circulate the solution a
minimum of 15 minutes, then flush the boom for at least one minute. Remove all
nozzles, screens, and strainers to clean in a separate cleaner solution while the system is
drained. Follow with a third water rinse, then wash the exterior of the sprayer (Engenia
2018; Fexapan 2018; Xtendimax 2018). The Banvel 4L (dicamba dimethylamine) label
states after the soak period, flush the system with two full tanks of water (Banvel 2009).
Envoke’s (trifloxysulfuron) product label recommends a quadruple rinse cleanout with
tank cleaner added in rinses two and three (Envoke 2013). Conversely, Roundup
Powermax recommends washouts with water alone, but does not provide a specific
number of rinses (Roundup 2018). The Fierce (flumioxazin + pyroxasulfone) label
recommends to drain the sprayer, fill with water and ammonia or Valent Tank Cleaner,
circulate 5 minutes, spray through the boom 15 minutes, leave to soak eight hours, then
spray another 15 minutes, drain, and rinse a second time (Fierce 2016).
While the ingredients in tank cleaners vary, all are intended to remove pesticide
residues. Tank cleaner safety data sheet labels may list sodium or potassium hydroxide,
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trisodium phosphate, ammonia, anionic, ionic, or nonionic surfactants, or “proprietary”
ingredients for chemical composition. Surfactants emulsify oil residues in the sprayer
system, while detergents penetrate and solubilize water soluble pesticide residues
(Whitford et al. 2015), while others facilitate removal by raising the rinsate pH (Johnson
et al. 1999). Household ammonia penetrates and loosens dried residues of some
pesticides, but does not decompose them (Pringnitz 1997). Furthermore, tank cleaners
are classified as adjuvants by the U.S. Environmental Protection Agency (EPA) as they
have no pesticide properties; consequently, they are neither regulated nor registered by
EPA (Hock et al. 2015).
Attention to sprayer hygiene has increased primarily due to dicamba and 2,4-D
crop cultivars. Auxin herbicides have traditionally been used for weed control in grain
crops, turf, grass forages, and rights-of-way; however, Xtend™ technology by Bayer
CropScience broadened use patterns of synthetic auxin herbicides to both cotton and
soybean (Mortensen et al. 2012). Coinciding with the release of Xtend™ technology,
reports of off-target dicamba injury to susceptible soybean increased (EPA 2017); some
of which may be due to tank contamination, rather than pesticide drift (Behrens and
Lueschen 1979; Cundiff 2017; Egan and Mortensen 2012; Grover et al. 1972; Johnson et
al. 2012, Soltani et al. 2016; Steckel et al. 2010; Strachan et al. 2013). Of the 35 million
hectares of soybean planted in the United States in 2017, an estimated 4% were injured
due to off-target movement of dicamba (Bradley 2017).
Steckel et al. (2010) reported that glyphosate is easily removed from sprayer
systems, as flushing application equipment with water is recommended on some
Roundup labels; however, synthetic auxin herbicides take more time, care and effort to
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remove (Bode 1987; Jacobs and Harrell 1983; Steckel et al. 2010). Boerboom (2004)
reported 0.63% of the original dicamba concentration was removed from the sprayer in
the sequential application that followed a cleanout of ammonia and water rinses.
Engenia® (BASF, Research Triangle Park, NC), Xtendimax™ (Bayer Cropscience,
Research Triangle Park, NC) and Fexapan® (Corteva Agriscience, Indianapolis, IN)
labels state that following applications the sprayer be cleaned immediately, cautioning
against allowing solution to remain in the for extended durations or overnight. The
sprayer should be drained, flushed with clean water, rinsed again with a commercial tank
cleaner which is agitated and circulated a minimum of 15 minutes before flushing the
boom for at least one minute. All nozzles, screens, and strainers are then removed and
cleaned. The sprayer is then rinsed a third time, and the sprayer exterior cleaned. While
Engenia®, Fexapan®, and Xtendimax™ labels outline a detailed cleanout procedure, no
mention of water volume is suggested for any rinse step (Engenia 2018; Fexapan 2018;
Xtendimax 2018). The Engenia® label specifies a 10% volume to rinse bulk containers,
with 2 minutes agitation before draining, then repeat twice for a triple rinse (Engenia
2018).
Soybean are extremely sensitive to dicamba; as little as 0.28 g ae ha -1 will cause
injury symptoms (Kelley and Riechers 2003). Upward cupped leaves are the most
distinctive soybean injury symptom after exposure to dicamba. Injury symptoms range
from slight cosmetic to plant death and total yield loss dependent upon soybean growth
stage and dicamba exposure rate (Andersen et al. 2004; Kelley et al. 2005; Scholtes et al.
2019; Robinson et al. 2013; Wax et al. 1969). Epinastic, twisted petioles, distended
petioles, shortened plants, dead apical meristem, split stem, and curled malformed of
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pods are all characteristic injury symptoms of dicamba exposure. Although soybean are
susceptible to dicamba at both vegetative and reproductive growth stages, (Al-Khatib and
Peterson 1999; Anderson et al. 2004; Griffin et al. 2013; Robinson et al. 2013; Scholtes et
al. 2019; Soltani et al. 2016; Wax et al. 1969) exposure in early vegetative or late
reproductive growth stages generally are less detrimental, with only minimal yield losses
or height reduction (Scholtes et al. 2019; Weidenhamer et al. 1989). Andersen et al.
(2004) observed 40% visual injury and measured 14% yield loss after soybean was
exposed to 5.6 g ae ha-1 dicamba at V3 growth stage. Soybean injury and yield losses
were greatest when soybean in early reproductive growth stages were exposed to dicamba
(Griffin et al. 2013; Scholtes et al. 2019; Wax et al. 1969). Visual injury symptoms were
greatest when soybean was exposed to 8.8 g ae ha-1 dicamba between emergence and R2
growth stage; however, yield reductions were greatest, 61% of untreated, when exposure
occurred between V4 and R2 growth stages (Scholtes et al. 2019). Wax et al. (1969)
reported similar results, with yields reduced 23% when 4.4 g ae ha -1dicamba was applied
at R1 to R2 growth stages. Furthermore, a 75% yield loss was measured after application
of 35 g ae ha-1 dicamba at R1 to R2 growth stage (Wax et al. 1969).
Due to the sensitivity of soybean to dicamba, a clean-out procedure that removes
all residue must be developed to minimize the risk of off-target injury caused by sprayer
contamination. If proper cleanout procedures are ignored, injury to susceptible crops will
occur (Johnson et al. 2012). Therefore, the objective of this study was to evaluate
soybean response and chemical analysis of dicamba after a 15-minute agitation triple
rinse cleanout procedure with rinse volumes 10, 20, 40, and 60% of tank volume
followed by sequential glyphosate application.
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Materials and Methods
Site and Materials
Field experiments were conducted in 2017 and 2018 in Brooksville, Mississippi,
at the Black Belt Experiment Station and Starkville, Mississippi, at the R.R. Foil Plant
Science Research Center. A two by four by four factorial arrangement of treatments with
a non-treated control (NTC), a dicamba control, and no-cleanout treatment were arranged
in a randomized complete block with three replicates for each location. Experimental
factors consisted of tank cleaner ([Wipeout at 2.5 ml L-1 (Helena Agri-Enterprises,
Collierville, TN)] or water only), rinse volume (10, 20, 40 and 60%tank capacity), and
rinse (rinse 1 (water), rinse 2 (water + cleaner), rinse 3 (water), and rinse 4, water + 867 g
ae ha-1 glyphosate)). All experiments were conducted under conventional tillage on raised
beds. Experimental units consisted of three 76 cm rows of soybean 12.2 m in length.
Experiments were seeded with soybean (Glycine max L.) at a rate of 328,510 seeds ha-1 at
a 2.5 cm depth, to evaluate cleanout performance. Glyphosate tolerant varieties were
used in all experiments. Plant dates, crop variety, and soil information is in Table 4.1.
Plots were managed weed and pest free in accordance with Mississippi State University
Extension Service suggestions.
The sprayer used for this experiment (Figure 4.1) contained 227 L cone-bottom
tanks (Norwesco, St. Bonifacius, MN) equipped with a Banjo bolted tank flange (Banjo
Corporation, Crawfordsville, IN) which ensured that the tank could be drained. The tank
was plumbed to a Shurflo 2088-394-144 diaphragm pump equipped with Viton seals
(Pentair, Minneapolis, MN) using an 89 cm long polyethylene rubber blend reinforced
hose (Kuri Tec, Brantford ON). The pump was operated at 276 kpa with an output of
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11.4 L per minute. The pump was connected to a VisaGage II Flow Monitor (CDS John
Blue Co., Huntsville, AL) via a 102 cm long polyethylene rubber blend reinforced hose.
At the flow monitor the solution was evenly divided into four 2.44 m long spray lines,
which were terminated into the top of the tank using a TTI 11004 nozzle TeeJet
Technologies, Springfield, IL). The system was controlled by a multifunction timer
(AutomationDirect.com, Cumming, GA 30040) programmed to run the pump 15 minutes.
All connections were made with Banjo polypropylene fittings equipped with Viton
rubber seals (Banjo Corporation, Crawfordsville, IN). Each tank was first filled with
approximately 189 L of water plus 560 g ae ha-1 dicamba (Xtendimax™, Bayer
CropScience, Research Triangle Park, NC) with an application volume of 140 L ha-1.
The solution was circulated through the system 15 minutes, then pumped into a holding
tank for subsequent treatments, then triple rinsed with water, water plus cleaner, water,
then a glyphosate mix.

Each rinse solution was circulated for 15 minutes. Each rinse

solution was sprayed through the TTI nozzle inside the tank. After the second rinse,
spray nozzles and screens were removed and cleaned in a solution of 7.6 L water plus 2.5
ml L-1 tank cleaner. After the third rinse, the tank was filled with water plus 867 g ae ha -1
glyphosate at an application volume of 140 L ha -1 (Roundup Powermax, Bayer
CropScience, Research Triangle Park, NC). A 500 ml sample was collected from each
rinse for field and laboratory analysis of dicamba residues. The no-cleanout treatment
was not triple rinsed, but filled with water and glyphosate immediately after the dicamba
solution was drained.
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Treatment Application
Field dicamba residue applications were made with a CO2-pressurized backpack
sprayer equipped with TTI 110015 nozzles (TeeJet Technologies, Springfield, IL)
calibrated to deliver 141 L ha-1 at 276 kPa and 4.8 km h-1 to soybean at the R1 growth
stage (Fehr and Caviness 1997). Applications were made to rows one and two of each
plot, with row three serving as a spray buffer.
Analytical Analysis
Analytical analysis was performed at the Mississippi State Chemical Laboratory.
Dicamba residue was analyzed with an Agilent 1290 Infinity high performance liquid
chromatograph (HPLC) equipped with an Agilent ZORBAX Eclipse plus C18 (4.6 x 100
mm) 1.8 µm analytical column coupled to an Agilent 6460 Triple Quadrupole Mass
Spectrometer (Agilent Technologies, Santa Clara, CA). Data from the liquid
chromatograph-mass spectrometer (LC-MS/MS) was assessed with MassHunter B.04
software. Samples were prepared for analysis through extraction and dilution. Waters
Oasis MAX solid phase extraction cartridges (Waters Corporation, Milford, MA 01757)
were conditioned with 10 ml methylene chloride, 10 ml ethyl acetate, and 10 ml HPLC
grade water to ensure that the cartridge did not go dry. One mL of sample per minute
was added to the conditioned cartridge, then washed with 5 ml HPLC grade water
followed by a complete vacuum for 5-10 minutes by a Sulpelco manifold (SigmaAldrich, St. Louis, MO) to dry the cartridge. The sample was eluted off the cartridge
with 10 ml MeOH and 2% formic acid, then concentrated with nitrogen to a final volume
of 1 ml with a TurboVap Evaporator (Biotage LLC, Charlotte, NC) which flows nitrogen
over the samples in a heated bath to reduce solvent volume. Samples were diluted with
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HPLC grade water. Rinse one was diluted 1000x, rinse two diluted 100x and rinses three
and the glyphosate mixture diluted 10x. After dilution samples were analyzed by LCMS/MS in a ZORBAX Eclipse Plus C18 (4.6 x 100 mm) 1.8 µm analytical column
(Agilent Technologies, Santa Clara, CA) at 40 °C with solvent A 99% water + 1% formic
acid and solvent B 99% acetonitrile + 1% formic acid. The binary pump flow rate was
0.3 ml min-1 with the following solvent gradient: from 0 to 5 minutes solvent B was held
at 10%, increasing at the 5-minute mark to 90%. A 3-minute post time allowed the
instrument to re-equilibrate for the next injection. A dicamba standard was analyzed
every ten samples to verify consistency of the MS detector over time. Mass spectrometer
was operated at the parameters: sheath gas temperature 350 °C; drying gas 150 °C; sheath
gas flow 11 L/min; nebulizer pressure 45 psi; and capillary voltage 3000 volts.
MassHunter Optimizer software gained fragmentation voltage and collision energies
along with optimal precursor and product ions. MassHunter Optimizer automatically
optimizes parameters used to monitor multiple-reactions for the MS/MS and stores those
conditions for data acquisition. Optimal dicamba detection is obtained at parameters:
precurser ion 219; product ion 175; fragmenter 65; collision energy 5; and negative
polarity. The samples were analyzed with positive electrospray ionization (ESI). A
dicamba standard was analyzed every ten samples to verify consistency of the MS
detector over time. The conservative lower limit of detection was two ppb.
Data Collection and Analysis
Visual estimates of crop injury were collected 14 and 28 days after treatment
(DAT) on a 0 to 100% scale, with 0 being no visible injury and 100 being total plant
death (Behrens and Luechens 1979). Chlorosis, necrosis, height reductions and regrowth
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were visually evaluated to estimate injury. Plant height relative to the non-treated check
was calculated 14 and 28 DAT and presented as percent reduction. Soybean plots were
harvested at end of the growing season with a two-row plot combine, yields converted to
13% moisture content, and reductions from the NTC calculated.
Studentized residual values were calculated for each data point prior to analysis of
variance (ANOVA), and values in excess of 2.5 standard deviations from the mean were
removed as outliers. Data were subjected to ANOVA to test significance of main effects
and interactions by the “stats” and “agricolae” package in R (version 0.98.1091, RStudio
Inc, Boston, MA). A true NTC and a dicamba treatment were included in the experiment
for comparison purposes, but were not included in the analyses to minimize meansquared error, and to allow greater mean separation. Cleaner, volume, and rinse were
analyzed as main effects. Data were pooled across site years as experimental replication
was considered a random variable. All HPLC data were log-transformed to meet
assumptions for ANOVA and were back calculated for discussion. P-values from
ANOVA tests of main effects are reported in Table 4.2.
Results and Discussion
Field Experiments
No difference was detected between cleanouts that included tank cleaner
compared to water alone. This is similar to results from Cundiff et al. (2017) and Fishel
et al. (1999), who reported the addition of ammonia did not improve pesticide residue
removal. Interactions between the main effects volume and rinse were present for all
evaluated parameters. At 14 DAT, visual injury at 10% tank volume resulted in 49%
injury which decreased to 46% when volume doubled to 20% tank capacity. Injury levels
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were slightly lower with 40 and 60% tank volumes which produced 41 and 40% injury,
respectively (Table 4.3). The second rinse with 10% tank capacity caused 27% injury
which decreased to 22% observed from the 20% tank capacity rinse, to 15% visual
damage from rinsate of 40% tank volume, which was not statistically different than the
14% injury from dicamba residue in rinsate of the 60% tank capacity second rinse
cleanout (Table 4.3). Dicamba residues in the third rinse caused less than 14% visual
injury symptoms regardless of rinse volume. Dicamba residues in the glyphosate mix
from the sprayer after the triple rinse caused 45% visual soybean injury if no cleanout
procedure was used, but no more than 12% visual injury when the tank was triple rinsed.
When only 10% tank capacity was used to rinse the tank, 12% visual injury occurred 14
DAT, which was significantly more than 8% injury observed when 20, 40, 0r 60% tank
capacity was the rinse volume (Table 4.3). Wipeout and water performed the same, with
21% visual injury when averaged across rinse volume and rinse compared to higher
visual injury at 45% when there was no-cleanout (Table 4.3). Plant height was reduced
25 and 19% with 10 and 20% tank rinse volumes, respectively, by dicamba residues in
the initial water rinses. Rinse volumes increased to 40 and 60% tank capacity resulted in
significantly lower height reductions in rinse one, 4 and 3%, respectively (Table 4.4). No
differences of plant height were detected among volumes in rinses two, three, or the
glyphosate mixture at 14 DAT.

Plant height reductions of 10% were measured with no-

cleanout treatment (Table 4.4).
By 28 DAT, dicamba residue in the initial water rinse of only 10% tank volume
caused the most severe injury, 54%, which was reduced to 48 and 45% with 20 and 40%
tank volume rinses, and 40% injury when rinse volume was 60% tank capacity (Table
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4.5). Dicamba residue in the second rinse with 10 and 20% tank volume caused similar
visual injury at 26 and 25%, respectively, but decreased to 13 and 10% injury by 28 DAT
with 40 and 60% tank capacity rinse volumes (Table 4.5). By the final water rinse
greatest level of injury was caused by dicamba residue in the 10% tank volume rinse
treatment, 13%, compared to 7 to 8% injury observed with other treatments. Dicamba
residues in the glyphosate mixture that followed the tank triple rinse resulted in 12%
injury when 10% tank volume was used; however, all other volumes performed similarly
as less than 5% visual injury was detected by 28 DAT (Table 4.5). No-cleanout resulted
in 53% visual injury (Table 4.5). At the 28 DAT evaluation, plant height was reduced
31% compared to the non-treated check by dicamba residue in the initial rinse with 10%
tank volume water (Table 4.6). Increased rinse volume to 20% tank capacity resulted in
20% height reduction (Table 4.6). Heights of soybean sprayed with initial rinse rinsate of
40 or 60% tank capacity caused on 7 and 5% reduction, respectively (Table 4.6). No
differences in plant height reductions existed among rinse volumes of rinses two and
three. Height reductions of 1% were measured with all rinse volumes of the glyphosate
mixtures (Table 4.6). Soybean treated with glyphosate mixed immediately after the
dicamba solution was drained from the sprayer reduced height by 29% compared to the
non-treated check (Table 4.6).
Yield reductions were like 28 DAT plant height reductions. Soybean treated with
rinsate of the initial 10 and 20% tank capacity rinses yielded 29 and 24% less than nontreated soybean (Table 4.7). Yield reductions were almost halved at 12 and 16% when
rinse volume increased to 40 and 60% tank capacity respectively (Table 4.7). Dicamba
residue from the sprayer when glyphosate was mixed after the triple rinse caused 6% or
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less yield reduction, regardless of percent tank capacity volume used. Dicamba residue
in glyphosate mixed immediately after the dicamba solution was drained reduced
soybean yield by 26% compared to the nontreated. Although increases in rinse volume
remove more dicamba residues in the first rinse, no differences due to rinse volume were
detected in subsequent rinses. Soybean yield response data suggest no benefit to
increased water volume above 10% tank capacity when a triple rinse cleanout is used.
Furthermore, the use of Wipeout tank cleaner did not improve soybean yield compared to
water without a tank cleaner. Cundiff et al. (2017) reported similar results, with no
difference existing between the use of ammonia and water alone for the removal of
dicamba from various agricultural hose types. Likewise, these data indicate visual injury
observed 14 and 28 DAT is not a good indicator of potential yield loss caused by soybean
exposure to dicamba. Plant height reductions, however, closely aligned with yield
reductions, and therefore, can be indicative of expected loss. This is supported by Wax et
al. (1969) who reported that soybean yield losses do not always occur after exposure to
dicamba; however, when plant heights are reduced, yield reductions generally occur.
Analytical Evaluation
Laboratory analysis of rinsate samples reveal no differences in dicamba residues
regardless if Wipeout was in second rinse of the triple rinse cleanout (Table 4.8).
Dicamba residue concentrations decreased with each subsequent rinse. Similarly,
dicamba concentrations in the initial water rinse decreased as rinse volume increased
from 10 to 20 to 40 to 60% tank capacity. Differences also existed among dicamba
residues detected in the second rinse as rinse volume increased from 10 to 20% tank
capacity and from 20 to 40 or 60% tank capacity. The only difference detected in the
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final water rinse was 10% tank capacity rinse contained a higher concentration of
dicamba than either of the other rinse volumes. After the triple rinse cleanout and
glyphosate was mixed in the spray tank, no differences were detected in dicamba
concentrations of samples regardless of rinse volumes. All dicamba residue levels were
at or below 325 ppb, compared to 3,586,000 ppb present in the dicamba solution used to
contaminate the sprayer system (Table 4.8). No-cleanout resulted in dicamba
concentrations of 46,716 ppb, similar to that detected in the initial water rinse with 10%
tank capacity volume of 53,833 ppb. Trends measured in laboratory analyses of dicamba
concentration are similar to yield data. Increased rinse volumes lowered dicamba residue
levels in rinses one, two, and three; however, no differences existed in dicamba residues
in glyphosate mixed after cleanout. These data suggest 10% tank volume will remove
dicamba as effectively as higher water volumes from a spray tank.
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Table 4.1

Year, location, seed variety, soil type, and soil taxonomic class for each
experiment investigating the effects of increased rinse volumes on dicamba
removal from contaminated sprayer systems.

Year
Location
Varietya
2017 Brooksville AG5335

Soil Typeb
Soil Taxonomic Classc
Okolona Silty
Fine, smectitic, thermic Oxyaquic
Clay
Hapluderts
2017 Starkville P49T09
Marietta Fine
Fine-loamy, siliceous, active,
Sandy Loam
thermic Fluvaquentic Eutrudepts
2018 Brooksville AG4632
Okolona Silty
Fine, smectitic, thermic Oxyaquic
Clay
Hapluderts
2018 Starkville AG4632
Marietta Fine
Fine-loamy, siliceous, active,
Sandy Loam
thermic Fluvaquentic Eutrudepts
a
AG 5335, AG 4632, Asgrow, Bayer Cropscience, Research Triangle Park, NC; P49T09,
Pioneer, Corteva Agriscience, Indianapolis, IN
b
Source: U.S. Department of Agriculture, Natural Resources Conservation Service
(2019)
http://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx
c
Source: U.S. Department of Agriculture, Natural Resources Conservation Service
(2019)
https://soilseries.sc.egov.usda.gov/osdname.aspx

Table 4.2

P-valuesa from ANOVA test of fixed effects measuring dicamba residue
removal.
Visual Injury

Fixed Effects

Height Reduction

Yield
Dicamba
Reduction Concentration

Days After Treatment
14
28
14
28
---------------------------------P-value--------------------------------<0.0001 <0.0001 0.0549 <0.0001
0.0001
<0.0001
<0.0001 <0.0001 0.0004 <0.0001
0.0276
<0.0001
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001
<0.0001
0.0588
0.276
0.0917
0.780
0.2303
0.3374

Cleaner
Volume
Rinse
Cleaner x
Volume
Cleaner x Rinse 0.2881
0.490
0.6469
0.518
0.3758
0.0116
Volume x Rinse 0.0140 <0.0001 <0.0001 <0.0001
0.0101
<0.0001
Cleaner x
0.7105
0.401
0.5277
0.821
0.3789
0.0071
Volume x Rinse
a
Values less than 0.05 are significant according to Fisher’s Protected LSD test at the
α=0.05 significance level.
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Table 4.3

Tank
Volume
--%-10
20
40
60
No-cleanout
P-value

Main effect interaction between volume and rinse, and main effect of
cleaner on visual injury 14 days after treatment from experiments
comparing increased rinse volume for dicamba residue removal from
contaminated sprayers across two locations in 2017 and 2018 in
Mississippi.
Visual Injurya
Rinse 1
Rinse 2
Rinse 3
Glyphosate
----------------------------------%---------------------------------49 a
27 a
14 a
12 b
46 b
22 b
9 ab
8c
41 c
15 c
10 b
8c
40 c
14 c
9b
8c
45 a
<0.0001
<0.0001
0.0256
<0.0001

Cleaner
----------------------------------%---------------------------------No-cleanout
45 a
Water
21 b
Wipeout
21 b
a
Means within columns followed by a common letter are not different according to
Fisher’s Protected LSD test (α = 0.05).
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Table 4.4

Tank
Volume
--%-10
20
40
60
No-cleanout
P-value

Main effect interaction between volume and rinse, and main effect of
cleaner on plant height reductions 14 days after treatment from experiments
comparing increased rinse volume for dicamba residue removal from
contaminated sprayers across two locations in 2017 and 2018 in
Mississippia.
Plant Heightbc
Rinse 1
Rinse 2
Rinse 3
Glyphosate
----------------------% Reduction from NTC---------------------25 a
4
4
0b
19 a
3
3
0b
4b
3
2
0b
3b
3
3
0b
10 a
NSD
NSD
<0.0001
0.606
0.28
0.0174

Cleaner
----------------------% Reduction from NTC---------------------No-cleanout
10
Water
6
Wipeout
4
NSD
a
Abbreviations: NSD, non-significantly different; NTC, non-treated check.
b
Mean soybean plant height of nontreated check was 60 cm.
c
Means within columns followed by a common letter are not different according to
Fisher’s Protected LSD test (α = 0.05).
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Table 4.5

Tank
Volume
--%-10
20
40
60
No-cleanout
P-value

Main effect interaction between volume and rinse, and main effect of
cleaner on visual injury 28 days after treatment from experiments
comparing increased rinse volume for dicamba residue removal from
contaminated sprayers across two locations in 2017 and 2018 in
Mississippi.
Visual Injurya
Rinse 1
Rinse 2
Rinse 3
Glyphosate
----------------------------------%---------------------------------54 a
26 a
13 a
12 b
48 b
25 a
7b
5c
45 b
13 b
8b
5c
40 c
10 b
7b
4c
53 a
<0.0001
0.0002
0.0013
<0.0001

Cleaner
----------------------------------%---------------------------------No-cleanout
53 a
Water
20 b
Wipeout
20 b
a
Means within columns followed by a common letter are not different according to
Fisher’s Protected LSD test (α = 0.05).
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Table 4.6

Tank
Volume
--%-10
20
40
60
No-cleanout
P-value

Main effect interaction between volume and rinse, and main effect of
cleaner on plant height reductions 28 days after treatment from experiments
comparing increased rinse volume for dicamba residue removal from
contaminated sprayers across two locations in 2017 and 2018 in
Mississippi.
Plant Heighta b
Rinse 1
Rinse 2
Rinse 3
Glyphosate
----------------------% Reduction from NTC---------------------31 a
4
2
1b
20 b
1
1
1b
7c
3
1
1b
5c
1
0
1b
29 a
NSD
NSD
<0.0001
0.689
0.374
<0.0001

Cleaner
----------------------% Reduction from NTC---------------------No-cleanout
29 a
Water
5b
Wipeout
5b
a
Mean soybean plant height of nontreated check was 86 cm.
b
Means within columns followed by a common letter are not different according to
Fisher’s Protected LSD test (α = 0.05).
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Table 4.7

Tank
Volume
--%-10
20
40
60
No-cleanout
P-value

Main effect interaction between volume and rinse, and main effect of
cleaner on soybean yield reductions from experiments comparing increased
rinse volume for dicamba residue removal from contaminated sprayers
across two locations in 2017 and 2018 in Mississippi a.
Soybean Yieldbc
Rinse 1
Rinse 2
Rinse 3
Glyphosate
----------------------% Reduction from NTC---------------------29 a
8
7
6b
24 a
7
7
6b
12 b
12
5
5b
16 b
5
4
2b
26 a
NSD
NSD
<0.0001
0.0724
0.688
0.0004

Cleaner
----------------------% Reduction from NTC---------------------No-cleanout
26 a
Water
10 b
Wipeout
10 b
a
Abbreviations: NSD, non-significantly different; NTC, non-treated check.
b
Mean soybean grain yield of nontreated check was 3694 kg ha -1.
c
Means within columns followed by a common letter are not different according to
Fisher’s Protected LSD test (α = 0.05).
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Table 4.8

Cleaner
Water
Wipeout
No-cleanout
P-value

Interaction between main effects volume, cleaner, and rinse on dicamba
concentration from contaminated sprayers across two locations in 2017 and
2018 in Mississippi. Data are pooled across site years a.
Dicamba Concentrationbc
Rinse 1
Rinse 2
Rinse 3
Glyphosate
----------------------------PPB---------------------------27,385
503
137
186 b
26,704
709
221
36 b
46,716 a
NSD
NSD
NSD
0.954
0.024
0.0787
<0.01

Tank Volume
--%-----------------------------PPB---------------------------10
53,833 a
1,691 a
510 a
325 b
20
27,517 b
477 b
55 b
22 b
40
18,629 c
112 c
84 b
37 b
60
8,145 d
146 c
65 b
59 b
No-cleanout
46,716 a
P-Value
<0.0001
<0.0001
0.0003
<0.0001
a
Abbreviations: NSD, non-significantly different; PPB, parts per billion.
b
Mean concentration of initial dicamba solution was 3,586,000 PPB.
c
Means within each interaction within a column followed by a common letter are not
different according to Fisher’s Protected LSD test (α = 0.05).
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Figure 4.1

Small scale sprayer system designed to conduct sprayer cleanout
experiments.
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CHAPTER V
EVALUATING WATER AND TANK CLEANER RINSE SEQUENCES FOR
DICAMBA REMOVAL FROM CONTAMINATED SPRAYER SYSTEMS
Abstract
Field experiments were conducted in 2017 and 2018 in Brooksville and Starkville,
Mississippi to evaluate effectiveness of all sequence permutations of water and Wipeout
tank cleaner triple rinses to remove dicamba residue from a sprayer. Samples collected in
each rinse step were applied to field grown soybean and analyzed by high performance
liquid chromatography (HPLC) to quantify dicamba concentration. Statistical analysis of
data revealed no differences in visual injury, plant heights, yield, or laboratory dicamba
concentrations among rinse sequences. Differences were detected in soybean visual
injury, plant height, yield, and analytical quantification of dicamba residues by rinse as
well as in the subsequent glyphosate mix after the triple rinse. Visual injury of 54% was
observed from dicamba residue in the initial water rinse 14 days after treatment (DAT)
that increased to 63% by 28 DAT. Injury observed with subsequent rinses decreased to
31% and 14% with rinses two and three at 14 DAT. These levels of injury were also
present 28 DAT. Glyphosate mixed after the triple rinse resulted in 11% visual injury 14
DAT, which decreased to 7% by 28 DAT. Plant height reductions were less dramatic than
visual injury, with plant height reduced 26% and 36% by dicamba residue in the initial
water rinse 14 DAT and 28 DAT, respectively. Plant height reductions were less with
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rinses two and three. Dicamba residue in the glyphosate mix after triple rinse caused
only 1% soybean height reduction at 14 and 28 DAT. Yield was reduced 33% by
dicamba residue in the initial water rinse, 10% by residue in the second rinse and only
6% by residue in the final rinse, which was not different from the sequential glyphosate
mixture. No differences were detected in dicamba residues among tank rinse sequences
by laboratory analyses. Laboratory analysis reveal a reduction in dicamba residue after
each rinse, with no differences among sequences detected, although 80 parts dicamba per
billion (ppb) were detected in the glyphosate mixture. Laboratory results also indicate
addition of a commercial tank cleaner in the rinse sequence did not improve dicamba
residue removal over that of water alone.
Nomenclature: Dicamba; glyphosate; soybean, Glycine max L. [Merr.]
Key words: Ammonia, auxin herbicides, pesticide removal, spray tank contamination
sprayer hygiene.
Introduction
Sprayer hygiene concerns have increased with the release of the Roundup Ready
Plus 2 Xtend® System by Bayer CropScience, which allows soybean (Glycine max (L.))
and cotton (Gossypium hirsutum) to tolerate dicamba. Auxin herbicides are widely in
rights-of-way, turf, forages, and grain crop weed control; however, this technology has
broadened auxin herbicide use patterns into soybean and cotton (Mortensen et al. 2012).
Xtend® technology aids in the control of glyphosate resistant weeds; however, it has led
to increased off-target injury to sensitive vegetation (EPA 2017). Off-target dicamba
injury may occur through spray drift, volatility, and sprayer contamination (Behrens and
Lueschen 1979; Cundiff 2017; Egan and Mortensen 2012; Grover et al. 1972; Johnson et
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al. 2012, Soltani et al. 2016; Steckel et al. 2010; Strachan et al. 2013). Off-target injury
resulted in 4% of the 35 million hectares of soybean in the United States being injured
from dicamba (Bradley 2017).
Soybean is extremely sensitive to dicamba, as Kelley and Riechers (2003)
reported 0.028 g ae ha-1 dicamba caused injury. Injury symptoms range from cosmetic to
plant death dependent on soybean growth stage and dicamba exposure rate (Andersen et
al. 2004; Kelley et al. 2005; Scholtes et al. 2019; Robinson et al. 2013; Wax et al. 1969).
At low rates upward cupped leaves occur, with higher concentrations twisted swollen
petioles, shortened plants, split stems, dead apical meristem, and malformed pods.
Soybean is susceptible to dicamba in vegetative and reproductive growth stages (AlKhatib and Peterson 1999; Anderson et al. 2004; Griffin et al. 2013; Robinson et al.
2013; Scholtes et al. 2019; Soltani et al. 2016; Wax et al. 1969); however, early
vegetative or late reproductive growth stage exposure results in minimal yield loss or
height reduction (Scholtes et al. 2019; Weidenhamer et al. 1989). Andersen et al. (2004)
measured 40% visual injury after exposure to 5.6 g ae ha-1 dicamba at V3 growth stage
and yield reduced 14%. Furthermore, exposure in vegetative growth stages increased
branching and lateral growth. Conversely, exposure in reproductive growth stimulates
early, deformed pod production (Robinson et al. 2013). Multiple studies have reported
soybean injury and yield reduction is greatest when dicamba exposure occurs in early
reproductive growth stages (Griffin et al. 2013; Scholtes et al. 2019; Wax et al. 1969).
Wax et al. (1969) measured 23% yield reductions after 4.4 g ae ha -1dicamba exposure at
R1 to R2 growth stage, but a 75% yield reduction after 35 g ae ha -1 dicamba exposure
(Wax et al. 1969). Likewise, Scholtes et al. (2019) reported greatest visual injury
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between emergence and R2 growth stage from 8.8 g ae ha -1 dicamba exposure and
greatest yield reduction, 61% of the non-treated control, due to exposure between V4 and
R2.
Boerboom (2004) reported 0.63% of the original dicamba concentration exited the
sprayer in a subsequent application after a cleanout of water and ammonia. Steckel et al.
(2010) reported auxin herbicides, unlike glyphosate, require more effort to ensure they
are completely removed from the sprayer. While sprayer cleanout guidelines vary by
pesticide, the general recommendation is triple rinse the sprayer (Bode 1987) with rinse
volumes equivalent to 10% of the tank’s capacity per rinse (Davis et al. 2018; Whitford et
al. 2015). These recommendations also include the use of a tank cleaner or ammonia in
the second rinse step. Few studies have thoroughly evaluated sprayer cleanout
methodology. Bode (1987) suggested either ammonia or trisodium phosphate as a
pesticide residue cleaner. Johnson et al. (1999), Pringnitz (1997), and Steckel et al.
(2010) suggest the addition of 2.5 mL ammonia per liter of rinse water. These guidelines
state that the solution should be sprayed through the boom for one minute, left to soak for
several hours, preferably overnight, drained, repeated without a soak, and rinsed with
clean water (Johnson et al. 1999; Pringnitz 1997; Steckel et al. 2010). Rinsate generated
should be sprayed over non-susceptible crops in accordance with the label of the product
cleaned from the system (Johnson et al. 1999; Pringnitz 1997). Conversely, Engeina®
(BASF, Research Triangle Park, NC), Xtendimax™ (Bayer Cropscience, Research
Triangle Park, NC) and Fexapan® (Corteva Agriscience, Indianapolis, IN), state that the
sprayer should be drained immediately after applications, with no solution in the sprayer
an extended period. Flush the sprayer with clean water, drain, rinse with a commercial
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tank cleaner 15 minutes, and rinse again with water alone. These labels also state that all
rinsate should be disposed in accordance with local, state, and federal labels (Engenia
2018; Fexapan 2018; Xtendimax 2018). The label for Banvel (dicamba) is similar;
however, after the soak period, flush the system with two full tanks of water (Banvel
2009). Envoke’s (trifloxysulfuron) label recommends a quadruple rinse cleanout with
tank cleaner added to rinses two and three (Envoke 2013). Conversely, Roundup
Powermax (glyphosate) recommends washouts with water only (Roundup Powermax
2018). Fierce (flumioxazin + pyroxasulfone) label recommends to drain the sprayer, fill
with water and ammonia or Valent Tank Cleaner, circulate 5 minutes, spray through the
boom for 15 minutes, soak eight hours, spray 15 minutes, drain, and rinse a second time
(Fierce 2016). While these guidelines are similar, use of a tank cleaner in one rinse as
well as a soak period differs from those of Johnson et al. (1999), Pringnitz (1997) and
Steckel et al. (2010). Jacobs and Harrell (1983) recommended nozzles should be
removed, the sprayer drained, flushed with water, filled with soapy water, flushed
through the system then drained, refilled with an ammonia solution, sprayed through the
boom, then soaked overnight, drained and rinsed with clean water. Most tank cleaners
contain ammonia or sodium hydroxide along with detergents and surfactants which
penetrate to remove dried-on residues and emulsify oils (Whitford et al. 2015), while
others increase rinsate pH, which increases residue solubility, including weak acid
herbicides (Johnson et al. 1999).
Due to the sensitivity of broadleaf crops to low concentrations of dicamba, the
lack of confirmation of cleanout method efficiency, and potential for off-target
complaints that may be due to dicamba residues, experiments were conducted to measure
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soybean response and laboratory analyses of residues of tank cleaner addition sequence
of a triple rinse cleanout.
Materials and Methods
Site and Materials
Field experiments were conducted in 2017 and 2018 in Brooksville, Mississippi,
at the Black Belt Experiment Station and in Starkville, Mississippi, at the R.R. Foil Plant
Science Research Center. An eight by four factorial arrangement of treatments with three
replicates along with a non-treated control (NTC) and a dicamba control were arranged in
a randomized complete block for each experiment. Experimental units consisted of three
76 cm soybean rows 12.2 m long. Glyphosate tolerant soybean were seeded at a rate of
328,510 seeds ha-1 and 2.5 cm deep.

Planting dates, crop variety, and soil information

can be found in Table 5.1. Plots were managed weed and pest free in accordance with
Mississippi State University Extension Service suggestions.
Experimental factors consisted of cleaner sequence (eight levels) and rinse (four
levels). Sequences included every possible permutation of Wipeout at 2.5 ml L -1(Helena
Agri-Enterprises, Collierville, TN) cleaner (C) and water (W) rinses in a three-rinse
cleanout: C-C-C, C-C-W, C-W-C, C-W-W, W-C-C, W-W-C, W-C-W, W-W-W.

The

rinse factor consisted of rinse one, rinse two, and rinse three. A solution of water and 867
g ae ha-1 glyphosate (Roundup Powermax, Bayer Cropscience, Research Triangle Park,
NC) with an application volume of 140 L ha-1 was added following rinse three to simulate
a sequential application.
The sprayer used for this experiment (Figure 5.1) contained 227 L cone-bottom
tanks (Norwesco, St. Bonifacius, MN) equipped with a Banjo bolted tank flange (Banjo
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Corporation, Crawfordsville, IN) which ensured that the tank could be drained. The tank
was plumbed to a Shurflo 2088-394-144 diaphragm pump equipped with Viton seals
(Pentair, Minneapolis, MN) using an 89 cm long polyethylene rubber blend reinforced
hose (Kuri Tec, Brantford ON). The pump was operated at 276 kpa with an output of
11.4 L per minute. The pump was connected to a VisaGage II Flow Monitor (CDS John
Blue Co., Huntsville, AL) via a 102 cm long polyethylene rubber blend reinforced hose.
At the flow monitor the solution was evenly divided into four 2.44 m long spray lines,
which were terminated into the top of the tank using a TTI 11004 nozzle TeeJet
Technologies, Springfield, IL). The system was controlled by a multifunction timer
(AutomationDirect.com, Cumming, GA 30040) programmed to run the pump 15 minutes.
All connections were made with Banjo polypropylene fittings equipped with Viton
rubber seals (Banjo Corporation, Crawfordsville, IN). Each tank was first filled with
approximately 189 L of water plus 560 g ae ha-1 dicamba (Xtendimax™, Bayer
CropScience, Research Triangle Park, NC) with an application volume of 140 L ha-1.
The solution was circulated through the system 15 minutes, then pumped into a holding
tank for subsequent treatments, triple rinsed, and filled with a glyphosate solution. Each
rinse solution was circulated for 15 minutes. Each rinse solution was sprayed through the
TTI nozzle inside the tank. After the second rinse, spray nozzles and screens were
removed and cleaned in a solution of 7.6 L water plus 2.5 ml L -1 tank cleaner. After the
third rinse, the tank was filled with water plus 867 g ae ha-1 glyphosate at an application
volume of 140 L ha-1 (Roundup Powermax, Bayer CropScience, Research Triangle Park,
NC). A 500 ml sample was collected from each rinse for field and laboratory analysis of
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dicamba residues. The no-cleanout treatment was not triple rinsed, but filled with water
and glyphosate immediately after the dicamba solution was drained.
Treatment Application
Field dicamba residue applications were made with a CO2-pressurized backpack
sprayer equipped with TTI 110015 nozzles (TeeJet Technologies, Springfield, IL)
calibrated to deliver 141 L ha-1 at 276 kPa and 4.8 km h-1 to soybean at the R1 growth
stage (Fehr and Caviness 1997). Applications were made to rows one and two of each
plot, with row three serving as a spray buffer.
Analytical Analysis
Analytical analysis was performed at the Mississippi State Chemical Laboratory.
Dicamba residue was analyzed with an Agilent 1290 Infinity high performance liquid
chromatograph (HPLC) equipped with an Agilent ZORBAX Eclipse plus C18 (4.6 x 100
mm) 1.8 µm analytical column coupled to an Agilent 6460 Triple Quadrupole Mass
Spectrometer (Agilent Technologies, Santa Clara, CA). Data from the liquid
chromatograph-mass spectrometer (LC-MS/MS) was assessed with MassHunter B.04
software. Samples were prepared for analysis through extraction and dilution. Waters
Oasis MAX solid phase extraction cartridges (Waters Corporation, Milford, MA 01757)
were conditioned with 10 ml methylene chloride, 10 ml ethyl acetate, and 10 ml HPLC
grade water to ensure that the cartridge did not go dry. One mL of sample per minute
was added to the conditioned cartridge, then washed with 5 ml HPLC grade water
followed by a complete vacuum for 5-10 minutes by a Sulpelco manifold (SigmaAldrich, St. Louis, MO) to dry the cartridge. The sample was eluted off the cartridge
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with 10 ml MeOH and 2% formic acid, then concentrated with nitrogen to a final volume
of 1 ml with a TurboVap Evaporator (Biotage LLC, Charlotte, NC) which flows nitrogen
over the samples in a heated bath to reduce solvent volume. Samples were diluted with
HPLC grade water. Rinse one was diluted 1000x, rinse two diluted 100x and rinses three
and the glyphosate mixture diluted 10x. After dilution samples were analyzed by LCMS/MS in a ZORBAX Eclipse Plus C18 (4.6 x 100 mm) 1.8 µm analytical column
(Agilent Technologies, Santa Clara, CA) at 40 °C with solvent A 99% water + 1% formic
acid and solvent B 99% acetonitrile + 1% formic acid. The binary pump flow rate was
0.3 ml min-1 with the following solvent gradient: from 0 to 5 minutes solvent B was held
at 10%, increasing at the 5-minute mark to 90%. A 3-minute post time allowed the
instrument to re-equilibrate for the next injection. A dicamba standard was analyzed
every ten samples to verify consistency of the MS detector over time. Mass spectrometer
was operated at the parameters: sheath gas temperature 350 °C; drying gas 150 °C; sheath
gas flow 11 L/min; nebulizer pressure 45 psi; and capillary voltage 3000 volts.
MassHunter Optimizer software gained fragmentation voltage and collision energies
along with optimal precursor and product ions. MassHunter Optimizer automatically
optimizes parameters used to monitor multiple-reactions for the MS/MS and stores those
conditions for data acquisition. Optimal dicamba detection is obtained at parameters:
precurser ion 219; product ion 175; fragmenter 65; collision energy 5; and negative
polarity. The samples were analyzed with positive electrospray ionization (ESI). A
dicamba standard was analyzed every ten samples to verify consistency of the MS
detector over time. The conservative lower limit of detection was two ppb.
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Data Collection and Analysis
Visual estimates of crop injury were collected 14 and 28 days after treatment
(DAT) on a 0 to 100% scale, with 0 being no visible injury and 100 being total plant
death (Behrens and Luechens 1979). Chlorosis, necrosis, height reductions and regrowth
were visually evaluated to estimate injury. Plant height relative to the non-treated check
was calculated 14 and 28 DAT and presented as percent reduction. Soybean plots were
harvested at end of the growing season with a two-row plot combine, yields converted to
13% moisture content, and reductions from the NTC calculated.
Studentized residual values were calculated for each data point prior to analysis of
variance (ANOVA), and values in excess of 2.5 standard deviations from the mean were
removed as outliers. Data were subjected to ANOVA to test significance of main effects
and interactions by the “stats” and “agricolae” package in R (version 0.98.1091, RStudio
Inc, Boston, MA). A true NTC and a dicamba treatment were included in the experiment
for comparison purposes, but were not included in the analyses to minimize meansquared error, and to allow greater mean separation. Cleaner, volume, and rinse were
analyzed as main effects. Data were pooled across site years as experimental replication
was considered a random variable. All HPLC data were log-transformed to meet
assumptions for ANOVA and were back calculated for discussion. P-values from
ANOVA tests of fixed effects are reported in table 5.2.
Results and Discussion
Field Experiments
The main effect of sequence was not significant for any parameter evaluated;
however, the main effect of rinse was significant for all parameters. Furthermore, no
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interaction existed between main effects. Visual estimates of soybean injury reveal
similar trends 14 and 28 DAT. Injury was reduced with each subsequent rinse. At 14
DAT, dicamba residue in the initial rinse resulted in 54% visual injury, but decreased to
31 and 14% with secondary and tertiary rinses, respectively, and 11% visual injury from
dicamba residue in the glyphosate mixture (Table 5.3). By 28 DAT, rinse one contained
enough dicamba residue to cause 63% visual injury, but injury decreased to 31% in the
second rinse, 12% by the final rinse, and only 7% visual injury when glyphosate was
mixed after the tank was cleaned (Table 5.3). Averaged across rinses, all sequences
resulted in similar injury levels, from 25 to 30% 14 DAT and 27 to 29% 28 DAT (Table
5.3).
Plant height reductions were greater 28 DAT than 14 DAT, but rinse sequence
was not significant at either evaluation interval (Table 5.4). At 14 DAT, height
reductions varied from 5% to 10% (Table 5.4). By 28 DAT, height reductions from the
NTC varied from 9% to 14% reductions (Table 5.4). Across all sequences, dicamba
residues in the first rinse resulted in 26% height reductions, which decreased to 2 and 1%
by the second and final rinse, respectively, which was similar to injury caused by
dicamba residue in the subsequent glyphosate mixture (Table 5.4). Greater soybean
height reductions were measured at 28 DAT (Table 5.4) Plant heights were reduced 36%
by dicamba residue in rinse one, which decreased to 4% by rinse two (Table 5.4) and 2%
height reductions observed with the final rinse. Glyphosate mixed after the tank was
cleaned contained enough dicamba to cause a 1% height reduction (Table 5.4).
Yield reductions were more similar to plant height reductions 28 DAT than visual
estimates of injury. Averaged across all rinse sequences, dicamba residue in the initial
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rinse resulted 33% yield reduction, which and decreased to 10% from residues in rinse
two (Table 5.5), but only 6% loss from dicamba residue in the final rinse. Glyphosate
mixed after the tank was cleaned contained enough dicamba to produce a 5% yield
reduction, which was similar to that of rinse three (Table 5.5). Averaged across all
rinses, all sequences were similar, with yield reductions that varied from 12% to 17%
(Table 5.5).
Analytical Evaluation
The main effect of rinse number was significant for HPLC analytical data;
however, the main effect of rinse sequence was not significant. Dicamba residue
concentrations were exponentially lowered with each subsequent rinse; however,
detectable concentrations existed in all samples (Table 5.6). The dicamba concentration
of the initial mixture in the sprayer was 3,004,000 ppb. Averaged across sequences, rinse
one contained 60,716 ppb dicamba residues, but decreased to 4,460 and 563 ppb with the
second and final rinse, respectively.

Glyphosate mixed after the tank had been triple

rinsed contained only 80 ppb detectable dicamba (Table 5.6). Dicamba concentrations of
sequences, averaged across rinses, were similar, and varied from 13,485 ppb to 20,113
ppb (Table 5.6).
Conclusion
Addition of a tank cleaner, at any sequence in the triple rinse process did not
significantly impact removal of dicamba residues. These results are similar to those of
Cundiff et al. (2017) who reported that auxin herbicide removal from various sprayer
hose types was similar for cleanouts that used only water and cleanouts of water and
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ammonia. Similarly, Fishel et al. (1999) found that the addition neither ammonia nor
bleach improved pesticide residue removal from contaminated clothing. These data also
indicate estimates of soybean visual injury are not a good indicator of potential yield
reduction. However, plant height reductions after dicamba exposure are a good indicator
of potential soybean yield reductions, as trends in plant height reduction 28 DAT and
yield reductions were similar. This supports previous research by Wax et al. (1969) who
reported soybean yields do not always occur after exposure to dicamba; however,
reduced plant heights generally result in yield reductions. Furthermore, results from
these experiments reveal that, averaged across sequence, only 0.003% of the original
dicamba solution exited the sprayer in the subsequent application. These values are much
lower than those by Boerboom (2004), who reported that after a triple rinse cleanout of
water and ammonia, 0.63% of the original dicamba concentration exited the sprayer
system in the subsequent application.
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Table 5.1

Year, location, seed variety, soil type, and soil taxonomic class for
experiments investigating the sequence of water and tank cleaner rinses on
dicamba removal from contaminated sprayer systems.

Soil Typeb
Soil Taxonomic Classc
Okolona Silty
Fine, smectitic, thermic Oxyaquic
Clay
Hapluderts
2017 Starkville
P49T09
Marietta Fine
Fine-loamy, siliceous, active,
Sandy Loam
thermic Fluvaquentic Eutrudepts
2018 Brooksville AG 4632 Okolona Silty
Fine, smectitic, thermic Oxyaquic
Clay
Hapluderts
2018 Starkville AG 4632 Marietta Fine
Fine-loamy, siliceous, active,
Sandy Loam
thermic Fluvaquentic Eutrudepts
a
AG 5335, AG 4632, Asgrow, Bayer Cropscience, Research Triangle Park, NC; P49T09,
Pioneer, Corteva Agriscience, Indianapolis, IN
b
Source: U.S. Department of Agriculture, Natural Resources Conservation Service
(2019) http://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx
c
Source: U.S. Department of Agriculture, Natural Resources Conservation Service
(2019) https://soilseries.sc.egov.usda.gov/osdname.aspx
Year
Location
2017 Brooksville

Table 5.2

Varietya
AG 5335

P-values from ANOVA test of fixed effects measuring dicamba residue
removal.
Visual Injurya

Fixed Effects

Height Reduction

Yield
Dicamba
Reduction Concentration

Days After Treatment
28
14
28
-----P-value----0.227
0.739
0.754
0.499
0.324
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001
0.538
0.125
0.807
0.975
0.784
14

Sequence
0.600
Rinse
<0.0001
Sequence x
0.825
Rinse
a
Values less than 0.05 are significant according to Fisher’s Protected LSD test at the
α=0.05 significance level.
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Table 5.3

Main effect of sequence and rinse on visual injury 14 and 28 days after
treatment comparing water and tank cleaner rinse sequence on dicamba
residue removal from sprayers across two locations in 2017 and 2018 in
Mississippia.
Days after treatmentb

Sequence

14

28
-----% Visual Injury-----

Cleaner-Cleaner-Cleaner
Cleaner-Cleaner-Water
Cleaner-Water-Cleaner
Cleaner-Water-Water
Water-Cleaner-Cleaner
Water-Cleaner-Water
Water-Water-Cleaner
Water-Water-Water

27
27
27
29
30
27
25
29
NSD

28
27
28
29
28
28
28
29
NSD

Rinse
-----% Visual Injury----Rinse 1
54 a
63 a
Rinse 2
31 b
31 b
Rinse 3
14 c
12 c
Glyphosate
11 d
7d
a
Abbreviations: NSD, non-significantly different.
b
Means within columns of main effects followed by a common letter are not different
according to Fisher’s Protected LSD test (α = 0.05).
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Table 5.4

Main effect of sequence and rinse on soybean plant height reduction 14 and
28 days after treatment comparing water and tank cleaner rinse sequence on
dicamba residue removal from sprayers across two locations in 2017 and
2018 in Mississippia.
Days after treatment bcd

Sequence
Cleaner-Cleaner-Cleaner
Cleaner-Cleaner-Water
Cleaner-Water-Cleaner
Cleaner-Water-Water
Water-Cleaner-Cleaner
Water-Cleaner-Water
Water-Water-Cleaner
Water-Water-Water

14
28
-----% Height Reduction from NTC----8
11
8
13
10
11
9
11
9
11
6
12
5
9
10
14
NSD
NSD

Rinse
-----% Height Reduction from NTC----Rinse 1
26 a
36 a
Rinse 2
2b
4b
Rinse 3
1b
2 bc
Glyphosate
1b
1c
a
Abbreviations: DAT, day after treatment; NSD, non-significantly different; NTC, nontreated check.
b
Mean soybean height 14 DAT of nontreated check and dicamba solution were 55 and 0
cm, respectively.
c
Mean soybean height 28 DAT of nontreated check and dicamba solution were 80 and 0
cm, respectively.
d
Means within columns of main effect followed by a common letter are not different
according to Fisher’s Protected LSD test (α = 0.05).
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Table 5.5

Main effect of sequence and rinse on soybean yield reduction comparing
water and tank cleaner rinse sequence on dicamba residue removal from
sprayers across two locations in 2017 and 2018 in Mississippi a.
Soybean Yield bc
-----% Reduction from NTC----12
15
16
17
14
12
12
13
NSD

Sequence
Cleaner-Cleaner-Cleaner
Cleaner-Cleaner-Water
Cleaner-Water-Cleaner
Cleaner-Water-Water
Water-Cleaner-Cleaner
Water-Cleaner-Water
Water-Water-Cleaner
Water-Water-Water

Rinse
-----% Reduction from NTC----Rinse 1
33 a
Rinse 2
10 b
Rinse 3
6c
Glyphosate
5c
a
Abbreviations: NSD, non-significantly different; NTC, non-treated check.
b
Mean soybean grain yield of nontreated check and dicamba solution were 3949 and 195
kg ha-1, respectively.
c
Means within each main effect followed by a common letter are not different according
to Fisher’s Protected LSD test (α = 0.05).
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Table 5.6

Main effect of sequence and rinse on dicamba residue removal from
sprayers across two locations in 2017 and 2018 in Mississippi a.
Dicamba Concentration bc
-------PPB-----13,485
14,203
13,994
14,647
15,520
17,411
18,263
20,113
NSD

Sequence
Cleaner-Cleaner-Cleaner
Cleaner-Cleaner-Water
Cleaner-Water-Cleaner
Cleaner-Water-Water
Water-Cleaner-Cleaner
Water-Cleaner-Water
Water-Water-Cleaner
Water-Water-Water

Rinse
-------PPB-----Rinse 1
60,716 a
Rinse 2
4,460 b
Rinse 3
563 c
Glyphosate
80 d
a
Abbreviations: NSD, non-significantly different; PPB parts per billion.
b
Mean concentration of initial dicamba solution was 3,004,000 PPB.
c
Means within each main effect followed by a common letter are not different according
to Fisher’s Protected LSD test (α = 0.05).
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Figure 5.1

Small scale sprayer designed to conduct cleanout experiments.
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CHAPTER VI
ASSESSING DICAMBA REMOVAL FROM SPRAYERS FOLLOWING IDLE
PERIODS FROM CONTAMINATION TO CLEANOUT
Abstract
Field experiments were conducted in Brooksville and Starkville, Mississippi to
evaluate dicamba residue removal from a sprayer with a 10% tank capacity triple rinse
cleanout after idle storage with water alone or water plus tank cleaner. After, each
complete triple rinse cleanout a glyphosate solution was added to the sprayer to simulate
a sequential application. All solutions were circulated through the system 15 minutes.
Samples were collected and applied to R1 soybean for visual phototoxicity, plant height
reduction, yield reduction, and laboratory analysis of dicamba residue. At 28 DAT,
visual injury decreased from 65% in the first rinse to less than 17% with the glyphosate
mixture. Plant heights were reduced 34% averaged across idle periods. Less than 2%
height reductions were measured with rinses two, three, or the glyphosate mixture.
Soybean yields losses were similar to plant height reductions. Yield reductions were not
different among idle periods, with no reductions measured after the initial rinse.
Addition of a tank cleaner did not positively influence dicamba residue removal with
regard to soybean yield. Laboratory analysis of dicamba residues found concentration
decreased with each rinse. These data suggest that idle period does not impact dicamba
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removal; however, it is still recommended that sprayer cleanouts be done immediately
after applications are made.
Nomenclature: Dicamba; glyphosate; soybean, Glycine max L. [Merr.]
Key words: Ammonia, auxin herbicides, pesticide removal, spray tank contamination
sprayer hygiene.
Introduction
Soybean (Glycine max L.) is susceptible to injury and yield reductions following
exposure to dicamba at vegetative and reproductive growth stages (Al-Khatib and
Peterson 1999; Anderson et al. 2004; Griffin et al. 2013; Robinson et al. 2013; Scholtes et
al. 2019; Soltani et al. 2016; Wax et al. 1969). Injury ranges from slight cosmetic to
plant death dependent upon dicamba exposure rate and soybean growth stage (Andersen
et al. 2004; Kelley et al. 2005; Scholtes et al. 2019; Robinson et al. 2013; Wax et al.
1969). Dicamba exposure in early vegetative or late reproductive growth stages results in
minimal yield loss or height reduction (Scholtes et al. 2019; Weidenhamer et al. 1989).
Conversely, exposure in reproductive growth stages results in early pod production and
deformation of pods (Robinson et al. 2013). Exposure to 5.6 g ae ha -1 dicamba at V3
growth stage resulted in 40% visual injury and reduced yield 14% (Andersen et al. 2004).
Soybean injury and yield reductions are greatest when dicamba exposure occurs in early
reproductive growth stages (Griffin et al. 2013; Scholtes et al. 2019; Wax et al. 1969).
Visual injury symptoms were highest when exposure to 8.8 g ae ha -1 dicamba occurred
between emergence and R2 growth stage. Furthermore, yield reductions were greatest,
61% of the non-treated control, when dicamba exposure occurred between the V4 and R2
growth (Scholtes et al. 2019). Wax et al. (1969) reported soybean yield reduced 23%
104

when exposed to 4.4 g ae ha-1 dicamba at R1 to R2 growth stage, and 75% yield
reductions were measured following 35 g ae ha-1 dicamba (Wax et al. 1969). Kelley and
Riechers (2003) found that 0.028 g ae ha -1 dicamba caused injury symptoms in soybean.
Exposure to dicamba produces characteristic upward curling of soybean leaves in
dicamba at low rates. Plant height Reduced plant heights, apical meristem death,
epinasty of petioles and pods, and swollen petioles are common soybean injury
symptoms of dicamba exposure.
The release of the Roundup Ready Plus 2 Xtend® System by Bayer CropScience
has broadened use of synthetic auxin herbicides into cotton and soybean (Mortensen et al.
2012). Xtend® technology provides tolerance to dicamba in soybean and cotton
(Gossypium hirsutum). Release of this technology has led to increased off-target injury
to susceptible soybean (EPA 2017); which occurs through spray particle drift, volatility,
and sprayer contamination (Behrens and Lueschen 1979; Cundiff 2017; Egan and
Mortensen 2012; Grover et al. 1972; Johnson et al. 2012, Soltani et al. 2016; Steckel et
al. 2010; Strachan et al. 2013). In 2017, 566,801 hectares of the 35 million hectares of
soybean planted in the United States were injured from off-target dicamba injury
(Bradley 2017).
Auxin herbicide residues require more effort in order to remove from sprayer
systems than glyphosate (Steckel et al. 2010), with the Roundup Powermax label
recommending only water rinses for removal following applications (Roundup 2018).
Boerboom (2004) found that 0.63% of the original dicamba concentration exited the
sprayer during a subsequent application following a cleanout using ammonia and water.
Sprayer cleanout guidelines vary by pesticide; however, the general recommendation is a
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three-rinse cleanout, utilizing rinse volumes equal to 10% of the sprayers tank volume
(Bode 1987; Davis et al. 2018; Jacobs and Harrell 1983; Whitford et al. 2015). During
the second rinse the addition of a tank cleaner or ammonia is recommended. Product
labels from Engeina (BASF, Research Triangle Park, NC), Xtendimax™ (Bayer
Cropscience, Research Triangle Park, NC) and Fexapan® (Corteva Agriscience,
Indianapolis, IN), caution against spray solution residues remaining in sprayers for
extended durations or overnight. After applications the entire sprayer should be drained,
then flushed with clean water. A commercial tank cleaner should be added to the tank at
the manufacturer’s recommended rate and all parts of the tank thoroughly cleaned, with
the solution agitated and circulated a minimum of 15 minutes, then flushed through the
boom at least one minute. All nozzles, screens, and strainers should be removed and
cleaned in a separate cleaning solution while the system is drained. A third rinse with
clean water should be done and the sprayer exterior cleaned. All rinsate should be
disposed of in accordance with local, state, and federal labels (Engenia 2018; Fexapan
2018; Xtendimax 2018). The product label for Banvel (dicamba) is similar; however,
following the soak period two full tanks of water are flushed through the boom (Banvel
2009). Envoke’s (trifloxysulfuron) label recommends a quadruple rinse cleanout with the
addition of a tank cleaner during rinses two and three (Envoke 2013). Conversely,
Roundup Powermax only recommends washouts with water alone, with no mention of
number of rinses (Roundup 2018). Fierce’s (flumioxazin + pyroxasulfone) label
recommends the sprayer be drained, filled with water and ammonia or Valent Tank
Cleaner, circulated 5 minutes, sprayed through the boom 15 minutes, soak for 8 hours,
sprayed 15 minutes, drained, and rinsed a second time (Fierce 2016).
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Safety data sheets for tank cleaners commonly list ammonia, anionic, ionic, or
nonionic surfactants, sodium or potassium hydroxide, trisodium phosphate, or
“proprietary” ingredients for chemical composition. Detergents penetrate and solubilize
water soluble pesticide residues, while surfactants emulsify oil residues in the sprayer
system (Whitford et al. 2015). Some tank cleaners may raise rinsate pH, increasing
pesticide solubility (Johnson et al. 1999). Household ammonia penetrates and loosens
dried residues, but does not decompose pesticides (Pringnitz 1997). Classified as
adjuvants by the U.S. Environmental Protection Agency (EPA) tank cleaners have no
pesticide properties; consequently, they are neither regulated nor registered by EPA
(Hock et al. 2015).
Few studies have evaluated cleanout methodology, and none have investigated the
impact of allowing the spray solution to remain in the sprayer system prior to cleaning.
Johnson et al. (1999), Pringnitz (1997), and Steckel et al. (2010) recommend 2.5 mL
ammonia per liter of rinsate for the removal of auxin herbicides from sprayers. The
ammonia solution should be circulated and sprayed through the boom for one minute,
allowed to soak for several hours, preferable overnight, drained, repeated without
soaking, and flushed with clean water (Johnson et al. 1999; Pringnitz 1997; Steckel et al.
2010). Jacobs and Harrell (1983) reported that following pesticide applications nozzles
should be removed, and the sprayer drained, flushed with water, filled with soapy water,
flushed from the system and drained, refilled with an ammonia solution, sprayed through
the boom before soaking overnight, and rinsed with clean water. All rinsate generated
during the cleanout procedure should be sprayed over non-susceptible crops in
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accordance with the label of the product being cleaned from the system (Johnson et al.
1999; Pringnitz 1997).
Considering the extreme sensitivity of soybean to dicamba, proper sprayer
cleanout practices must be performed by producers in order minimize the risk of offtarget movement. Failure to do so will result in injury to susceptible crops (Johnson et al.
2012). While product labels including Roundup Weathermax ®, Engania® and
Xtendimax™ state that cleanouts should be performed immediately after application, no
studies have investigated the consequences of dicamba mixed in a spray tank that has
been idle prior to cleanout. Therefore, the objective of this study is to evaluate dicamba
residue removal with a triple rinse cleanout of 10% tank capacity with and without a tank
cleaner, after various idle periods.
Materials and Methods
Site and Materials
Field experiments were conducted in 2018 in Brooksville, Mississippi, at the
Black Belt Experiment Station and in Starkville, Mississippi, at the R.R. Foil Plant
Science Research Center. Experimental units consisted of three 76 cm rows of soybean
12.2 m in length. Soybean experiments were seeded with at a rate of 328,510 seeds ha -1
at a 2.5 cm depth. Glyphosate tolerant varieties were used in all experiments. Planting
dates, crop variety, and soil information can be found in table 3.1. Plots were managed
weed and pest free in accordance with Mississippi State University Extension Service
suggestions.
Experimental factors consisted of idle interval (0, 24, 48, 72 hours, and 1 week),
tank cleaner (water and Wipeout at 2.5 ml L -1 in second rinse [Helena Agri-Enterprises,
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Collierville, TN] ), and rinse (1, 2, and 3 followed by sequential mix of 867 g ae ha -1
glyphosate).
The sprayer used for this experiment (Figure 6.1) contained 227 L cone-bottom
tanks (Norwesco, St. Bonifacius, MN) equipped with a Banjo bolted tank flange (Banjo
Corporation, Crawfordsville, IN) which ensured that the tank could be drained. The tank
was plumbed to a Shurflo 2088-394-144 diaphragm pump equipped with Viton seals
(Pentair, Minneapolis, MN) using an 89 cm long polyethylene rubber blend reinforced
hose (Kuri Tec, Brantford ON). The pump was operated at 276 kpa with an output of
11.4 L per minute. The pump was connected to a VisaGage II Flow Monitor (CDS John
Blue Co., Huntsville, AL) via a 102 cm long polyethylene rubber blend reinforced hose.
At the flow monitor the solution was evenly divided into four 2.44 m long spray lines,
which were terminated into the top of the tank using a TTI 11004 nozzle TeeJet
Technologies, Springfield, IL). The system was controlled by a multifunction timer
(AutomationDirect.com, Cumming, GA 30040) programmed to run the pump 15 minutes.
All connections were made with Banjo polypropylene fittings equipped with Viton
rubber seals (Banjo Corporation, Crawfordsville, IN). Each tank was first filled with
approximately 189 L of water plus 560 g ae ha-1 dicamba (Xtendimax™, Bayer
CropScience, Research Triangle Park, NC) with an application volume of 140 L ha-1.
The solution was circulated through the system 15 minutes, then pumped into a holding
tank for subsequent treatments. Following the idle period, the sprayer was triple rinsed,
and filled with a glyphosate solution. Each rinse solution was circulated for 15 minutes.
Each rinse solution was sprayed through the TTI nozzle inside the tank. After the second
rinse, spray nozzles and screens were removed and cleaned in a solution of 7.6 L water
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plus 2.5 ml L-1 tank cleaner. After the third rinse, the tank was filled with water plus 867
g ae ha-1 glyphosate at an application volume of 140 L ha-1 (Roundup Powermax, Bayer
CropScience, Research Triangle Park, NC). A 500 ml sample was collected from each
rinse for field and laboratory analysis of dicamba residues. The no-cleanout treatment
was not triple rinsed, but filled with water and glyphosate immediately after the dicamba
solution was drained.
Treatment Application
Field dicamba residue applications were made with a CO2-pressurized backpack
sprayer equipped with TTI 110015 nozzles (TeeJet Technologies, Springfield, IL)
calibrated to deliver 141 L ha-1 at 276 kPa and 4.8 km h-1 to soybean at the R1 growth
stage (Fehr and Caviness 1997). Applications were made to rows one and two of each
plot, with row three serving as a spray buffer.
Analytical Analysis
Analytical analysis was performed at the Mississippi State Chemical Laboratory.
Dicamba residue was analyzed with an Agilent 1290 Infinity high performance liquid
chromatograph (HPLC) equipped with an Agilent ZORBAX Eclipse plus C18 (4.6 x 100
mm) 1.8 µm analytical column coupled to an Agilent 6460 Triple Quadrupole Mass
Spectrometer (Agilent Technologies, Santa Clara, CA). Data from the liquid
chromatograph-mass spectrometer (LC-MS/MS) was assessed with MassHunter B.04
software. Samples were prepared for analysis through extraction and dilution. Waters
Oasis MAX solid phase extraction cartridges (Waters Corporation, Milford, MA 01757)
were conditioned with 10 ml methylene chloride, 10 ml ethyl acetate, and 10 ml HPLC
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grade water to ensure that the cartridge did not go dry. One mL of sample per minute
was added to the conditioned cartridge, then washed with 5 ml HPLC grade water
followed by a complete vacuum for 5-10 minutes by a Sulpelco manifold (SigmaAldrich, St. Louis, MO) to dry the cartridge. The sample was eluted off the cartridge
with 10 ml MeOH and 2% formic acid, then concentrated with nitrogen to a final volume
of 1 ml with a TurboVap Evaporator (Biotage LLC, Charlotte, NC) which flows nitrogen
over the samples in a heated bath to reduce solvent volume. Samples were diluted with
HPLC grade water. Rinse one was diluted 1000x, rinse two diluted 100x and rinses three
and the glyphosate mixture diluted 10x. After dilution samples were analyzed by LCMS/MS in a ZORBAX Eclipse Plus C18 (4.6 x 100 mm) 1.8 µm analytical column
(Agilent Technologies, Santa Clara, CA) at 40 °C with solvent A 99% water + 1% formic
acid and solvent B 99% acetonitrile + 1% formic acid. The binary pump flow rate was
0.3 ml min-1 with the following solvent gradient: from 0 to 5 minutes solvent B was held
at 10%, increasing at the 5-minute mark to 90%. A 3-minute post time allowed the
instrument to re-equilibrate for the next injection. A dicamba standard was analyzed
every ten samples to verify consistency of the MS detector over time. Mass spectrometer
was operated at the parameters: sheath gas temperature 350 °C; drying gas 150 °C; sheath
gas flow 11 L/min; nebulizer pressure 45 psi; and capillary voltage 3000 volts.
MassHunter Optimizer software gained fragmentation voltage and collision energies
along with optimal precursor and product ions. MassHunter Optimizer automatically
optimizes parameters used to monitor multiple-reactions for the MS/MS and stores those
conditions for data acquisition. Optimal dicamba detection is obtained at parameters:
precurser ion 219; product ion 175; fragmenter 65; collision energy 5; and negative
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polarity. The samples were analyzed with positive electrospray ionization (ESI). A
dicamba standard was analyzed every ten samples to verify consistency of the MS
detector over time. The conservative lower limit of detection was two ppb.
Data Collection and Analysis
Visual estimates of crop injury were collected 14 and 28 days after treatment
(DAT) on a 0 to 100% scale, with 0 being no visible injury and 100 being total plant
death (Behrens and Luechens 1979). Chlorosis, necrosis, height reductions and regrowth
were visually evaluated to estimate injury. Plant height relative to the non-treated check
was calculated 14 and 28 DAT and presented as percent reduction. Soybean plots were
harvested at end of the growing season with a two-row plot combine, yields converted to
13% moisture content, and reductions from the NTC calculated.
Studentized residual values were calculated for each data point prior to analysis of
variance (ANOVA), and values in excess of 2.5 standard deviations from the mean were
removed as outliers. Data were subjected to ANOVA to test significance of main effects
and interactions by the “stats” and “agricolae” package in R (version 0.98.1091, RStudio
Inc, Boston, MA). A true NTC and a dicamba treatment were included in the experiment
for comparison purposes, but were not included in the analyses to minimize meansquared error, and to allow greater mean separation. Cleaner, volume, and rinse were
analyzed as main effects. Data were pooled across site years as experimental replication
was considered a random variable. All HPLC data were log-transformed to meet
assumptions for ANOVA and were back calculated for discussion. P-values from
ANOVA tests of main effects are listed in Table 6.2.
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Results and Discussion
Field Experiments
An interaction between the main effect of rinse and cleaner was detected in the 14
DAT visual injury evaluation. Conversely, the main effect of idle time was nonsignificant. Visual injury decreased at each rinse step. In the first rinse, dicamba
residues were similar at 55% visual injury (Table 6.3). Wipeout added to the second
rinse removed more dicamba residues which resulted in greater injury than cleanouts of
water alone, 36 and 30%, respectively (Table 6.3). In the final rinse as well as the
glyphosate mixture, no difference was detected between Wipeout and water (Table 6.3).
Without a triple rinse tank cleanout, dicamba residues in the sequential glyphosate
mixture resulted in 57% visual injury (Table 6.3). Averaged over rinse and cleaner,
dicamba residues in all idle intervals cause similar injury which ranged from 29% to 32%
(Table 6.3). At 28 DAT, no differences in visual injury were detected from dicamba
residues in the initial rinse which caused 65% visual injury (Table 6.4) However, in the
second rinse greater visual injury was observed when Wipeout was utilized, 36%,
compared to water alone, 31% (Table 6.4). No differences were detected in rinse three
nor when glyphosate was mixed as a sequential treatment (Table 6.4). No idle period and
72-hour idle period resulted in greater visual injury, 67 and 66%, than 48-hour idle
period, 62%, in the initial rinse (Table 6.4). With the secondary rinse, the greatest visual
injury, 38%, occurred from dicamba residue removed when the tank was cleaned
immediately after it was drained, but injury was not different than that caused by residue
when the tank was cleaned 24 hours after the drain. Injury caused by dicamba residue
was not different whether the second rinse was 24, 48, or 72 hours after the initial tank
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drain. Soybean injury was least pronounced in plots that received the secondary rinse
when dicamba sat idle in the tank one week prior to cleanout. By the third and final
rinse, dicamba residue that sat idle in the tank 72 hours or one week before triple rinse
caused the greatest injury at 21 and 17%, respectively. Dicamba residue that
contaminated the glyphosate mixed in the tank after triple rinses was greatest after the
one-week idle interval, which was greater than other idle intervals (Table 6.4). No
differences were observed among idle periods when no-cleanout occurred (Table 6.4).
Height reductions 14 DAT reveal significance of the main effects of idle period
and rinse. The main effect of triple rinse was significant compared to no cleanout;
however, no differences were detected between rinses that utilized water or Wipeout.
Therefore, data were pooled across water and Wipeout and compared to triple rinse or
no-cleanout. Averaged across idle times and rinse, water and Wipeout were similar, with
heights reduced 8 and 10%, respectively compared to 36% height reductions if no triple
rinse was done (Table 6.5). In the first rinse, dicamba residues cause similar height
reduction of 24 to 35% regardless of immediate tank rinse or any idle interval (Table
6.5). However, dicamba residue in the second rinse when the mix sat idle in the tank one
week before cleanout, plant height reductions were greatest at 9% and different from all
other idle intervals (Table 6.5). No differences existed among idle periods for the third
rinse, nor the sequential glyphosate mixture (Table 6.5). At 28 DAT, the main effect
main effect of idle time was not significant for plant height reduction (Table 6.6). for
soybean height reduction (Table 6.6); however, the main effect of cleaner and rinse were
both significant, although no interactions among main effects were detected. No
differences existed among idle times, with plant height reductions varying between 12 to
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14% (Table 6.6). Within the main effect of cleaner, soybean height was reduced greatest
by dicamba residue when the tank was not triple rinsed, 40%, compared to triple rinse of
either water or Wipeout, which were similar at 9 and 10% shorter plants.

Dicamba

residue in the initial rinse one resulted in 34% height reduction, which was significantly
greater than height reduction of residue in the second or third rinse at 1 to 2% or that in
the sequential glyphosate mixture at 1% (Table 6.6).
Yield data follow similar trends to plant height reduction data 28 DAT (Table
6.7). Idle periods were not different, varying between 8 and 11% yield reductions (Table
6.7) No differences existed between the use of Wipeout and water alone, but these
differed from no cleanout. Dicamba residue in the initial rinse resulted in 29% yield
reductions which was similar to no cleanout (Table 6.7). By the second and third rinse
yield reductions were 2 and 1%, respectively, which was similar to that caused by
dicamba residue in the sequential glyphosate solution (Table 6.7).
Analytical Evaluation
HPLC data reveal no differences exist among dicamba residue detected in
cleaners in rinse one, three, or the glyphosate mixture. In rinse two water contained
higher levels of dicamba residue, 1,344 ppb, than Wipeout, 1,008 ppb (Table 6.8). Nocleanout treatment contained 60,583 to 30,517 ppb, similar to dicamba residue levels in
rinse one. Dicamba residue concentrations decreased with each rinse step; however, no
differences were detected at any rinse among idle time (Table 6.7). In the glyphosate
mixture dicamba residue levels ranged from 124 to 6 ppb.
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Conclusion
Differences among dicamba residue concentration are not observed in plant height
evaluations or yield reductions, which suggests the use of a tank cleaner does not
improve dicamba residue removal. Cundiff et al. (2017) reported similar results, with
cleanouts of water alone the same as cleanouts conducted with water and ammonia for
dicamba removal from various sprayer hose types. Likewise, Fishel et al. (1999) reported
ammonia or bleach did not improve pesticide residue removal from contaminated
clothing compared to water alone. Because differences in dicamba concentration did not
manifest in yield data, it can be concluded that idle time the dicamba mixture remains in
the tank will not impact removal. Regardless, growers should be encouraged to clean the
sprayer immediately after dicamba applications. Additional research could focus on
other tank cleaners not evaluated in this work as well as pressure washer value for residue
removal. allowing sprayers to sit prior to cleanout is not a recommended practice and
future research should be conducted to confirm these results in a large-scale sprayer.
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Table 6.1

Year, location, seed variety, soil type, and soil taxonomic class for
experiments investigating the sequence of water and tank cleaner rinses on
dicamba removal from contaminated sprayer systems.

Soil Typec
Soil Taxonomic Classd
Okolona Silty Fine, smectitic, thermic Oxyaquic
Clay
Hapluderts
2018
Starkville
AG 4632 Marietta Fine
Fine-loamy, siliceous, active,
Sandy Loam
thermic Fluvaquentic Eutrudepts
a
Cleanouts were conducted in 2017 and 2018, two field experiments were established per
location in 2018 providing four site years of data.
b
AG 5335, AG 4632, Asgrow, Bayer Cropscience, Research Triangle Park, NC; P49T09,
Pioneer, Corteva Agriscience, Indianapolis, IN
c
Source: U.S. Department of Agriculture, Natural Resources Conservation Service
(2019) http://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx
d
Source: U.S. Department of Agriculture, Natural Resources Conservation Service
(2019) https://soilseries.sc.egov.usda.gov/osdname.aspx
Year
2018

Locationa
Brooksville

Table 6.2

Varietyb
AG 4632

P-valuesa from ANOVA test of fixed effects measuring dicamba residue
removal.
Visual Injury

Main Effects

14

Height Reduction

Yield
Dicamba
Reduction Concentration

Days After Treatment
28
14
28
-----P-value----0.0001
0.955
0.543
0.620
<0.0001 <0.0001 <0.0001 <0.0001
<0.0001 <0.0001 <0.0001 <0.0001
0.0104
0.206
0.585
0.461
<0.0001
0.024
0.345
0.518
0.0001
0.100
0.084
0.460

Time
0.0799
0.0004
Cleaner
<0.0001
<0.0001
Rinse
<0.0001
<0.0001
Time x Cleaner 0.2887
0.0009
Time x Rinse
0.0848
0.0002
Cleaner x
0.0004
0.0001
Rinse
Time x Cleaner 0.0936
0.0005
0.153
0.076
0.338
<0.0001
x Rinse
a
Values less than 0.05 are significant according to Fisher’s Protected LSD test at the
α=0.05 significance level.
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Table 6.3

Cleaner
Wipeout
Water
No-cleanout
P-value

Main effect interaction between idle period and rinse, and main effect of
cleaner on soybean plant height reduction 14 days after treatment
comparing various periods from sprayer contamination with dicamba until
cleanout conducted across two locations in 2017 and 2018 in Mississippi a.
Visual Injuryb
Rinse 1
Rinse 2
Rinse 3
Glyphosate
----------------------------------%---------------------------------55
36 a
14
7b
55
30 b
12
9b
57 a
NSD
NSD
0.634
0.0002
0.0614
<0.0001

Idle Period
----------------------------------%---------------------------------0 Hours
32
24 Hours
31
48 Hours
29
72 Hours
32
1 Week
31
NSD
a
Abbreviations: NSD, non-significantly different.
b
Means within a column followed by a common letter are not different according to
Fisher’s Protected LSD test (α = 0.05).
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Table 6.4

Cleaner
Water
Wipeout
No-cleanout
P-Value

Interaction between main effects idle period, cleaner, and rinse on soybean
injury 28 days after treatment comparing various periods from sprayer
contamination with dicamba until cleanout conducted across two locations
in 2017 and 2018 in Mississippia.
Visual Injuryb
Rinse 1 Rinse 2 Rinse 3
Glyphosate
No-cleanout
------------------------------------%-----------------------------------65
31 a
15
10 b
65
36 b
18
8b
65 a
NSD
NSD
0.804
0.0009
0.0905
<0.0001
-

Idle Period
------------------------------------%-----------------------------------67 a
38 a
16 bc
7b
64
0 Hours
65
abc
34
ab
14
bc
8
b
64
24 Hours
48 Hours
62 c
32 bc
12 c
7b
64
66 ab
33 b
21 a
9b
65
72 Hours
64
bc
28
c
17
ab
14
a
66
1 Week
NSD
0.011
0.0062
0.0006
<0.0001
0.607
P-value
a
Abbreviations: NSD, non-significantly different.
b
Means within each interaction within a column followed by a common letter are not
different according to Fisher’s Protected LSD test (α = 0.05).
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Table 6.5

Idle Period
0 Hours
24 Hours
48 Hours
72 Hours
1 Week
P-value

Main effect interaction between idle period and rinse, and main effect of
cleaner on soybean plant height reduction 14 days after treatment
comparing various periods from sprayer contamination with dicamba until
cleanout conducted across two locations in 2017 and 2018 in Mississippi a.
Rinse 1
35
32
30
33
24
NSD
0.101

Plant Height bc
Rinse 2
Rinse 3
Glyphosate No-cleanout
-----% Reduction from NTC----3b
1
0
37
0b
1
0
34
2b
3
2
36
1b
0
3
35
9a
2
1
39
NSD
NSD
NSD
0.0099
0.846
0.65
0.668

Cleaner
-----% Reduction from NTC----Water
8b
Wipeout
10 b
No-cleanout
36 a
a
Abbreviations: NSD, non-significantly different; NTC, non-treated check.
b
Mean soybean height 14 DAT of nontreated check was 52 cm.
c
Means within a column followed by a common letter are not different according to
Fisher’s Protected LSD test (α = 0.05).
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Table 6.6

Idle Period
0 Hours
24 Hours
48 Hours
72 Hours
1 Week

Main effect of idle period, cleaner, and rinse on soybean plant height
reduction 28 days after treatment comparing various periods from sprayer
contamination with dicamba until cleanout conducted across two locations
in 2017 and 2018 in Mississippia.
Plant Height bc
-----% Reduction from NTC----13
12
12
14
13
NSD

Cleaner
Water
Wipeout
No-cleanout

-----% Reduction from NTC----9b
10 b
40 a

Rinse
-----% Reduction from NTC----Rinse 1
34 b
Rinse 2
1c
Rinse 3
2c
Glyphosate
1c
No-cleanout
40 a
a
Abbreviations: NSD, non-significantly different; NTC, non-treated check.
b
Mean soybean height 14 DAT of nontreated check was 81 cm.
c
Means within each main effect followed by a common letter are not different according
to Fisher’s Protected LSD test (α = 0.05).
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Table 6.7

Idle Period
0 Hours
24 Hours
48 Hours
72 Hours
1 Week

Main effect of idle period, cleaner, and rinse on soybean plant yield
reduction comparing various periods from sprayer contamination with
dicamba until cleanouta.
Soybean Yield bc
-----% Reduction from NTC----10
8
11
11
11
NSD

Cleaner
Water
Wipeout
No-cleanout

-----% Reduction from NTC----7b
8b
30 a

Rinse
-----% Reduction from NTC----Rinse 1
29 a
Rinse 2
2b
Rinse 3
1b
Glyphosate
1b
No-cleanout
30 a
a
Abbreviations: NSD, non-significantly different; NTC, non-treated check.
b
Mean soybean grain yield of nontreated check was 3219 kg ha -1.
c
Means within each main effect followed by a common letter are not different according
to Fisher’s Protected LSD test (α = 0.05).
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Table 6.8

Cleaner
Water
Wipeout
No-cleanout
P-Value

Dicamba concentration as influenced by applications of rinsate from
experiments comparing increased idle periods from contamination until
cleanout for removal of dicamba from contaminated sprayer systems a.
Dicamba Concentration bc
Rinse 1 Rinse 2 Rinse 3
Glyphosate
No-cleanout
--------------------------------- PPB --------------------------------43,213
1,344 a
108
59 b
46,483
1,008 b
144
8b
43,766 a
NSD
NSD
0.411
0.0037
0.111
<0.0001
-

Idle Period
--------------------------------- PPB --------------------------------45,383
1748
163
22
44,917
0 Hours
44,566
803
108
6
37,167
24 Hours
48 Hours
47,249
787
73
8
30,517
46,375
1905
90
8
60,583
72 Hours
40,666
637
197
124
45,650
1 Week
NSD
NSD
NSD
NSD
NSD
0.933
0.7069
0.0951
0.142
0.607
P-value
a
Abbreviations: NSD, non-significantly different; PPB, parts per billion.
b
Means concentration of dicamba solution was 3,211,000 PPB.
c
Means within column followed by a common letter are not different according to
Fisher’s Protected LSD test (α = 0.05).
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Figure 6.1

Small scale sprayer system designed to conduct cleanout experiments
investigating dicamba residue removal.
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