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ABSTRACT
Glyphosate was conventionally considered relatively immobile in soils due to strong
complexation with metal oxides, but detection in agricultural effluents and surface waters points
to glyphosate mobilization and transport. Glyphosate adsorption has been well-documented, but
both release from soils and the underlying mechanisms have not been fully elucidated, especially
with respect to quartz-enriched soils. Here we employed theoretical and experimental approaches
to gain new insights on the mobility of glyphosate and two other phosphonate herbicides,
glufosinate and fosamine, on runoff-prone soils. Using an annealing Monte Carlo molecular
modeling approach, we obtained optimized adsorbate complexes of phosphonate herbicides with
quartz and montmorillonite in the presence of Na+ or Ca2+ counterions. With quartz, the
phosphonate compounds complexed with Na+ remained suspended in the diffuse layer away
from the mineral surface, whereas the presence of Ca2+ facilitated inner-sphere complexes with
glyphosate and glufosinate, and an outer sphere complex with fosamine due to Ca-mediated
water-bridged outer-sphere interactions that did not occur with Na+. With montmorillonite in the
presence of Na+, we observed interactions between the terminal amino groups of glufosinate and
fosamine and the negatively-charged montmorillonite surface, whereas the centrally-located
amino group of glyphosate was not involved. Similar to quartz, metal complexation and waterbridging contributed to inner- and outer-sphere complexes of all three phosphonate herbicides on
montmorillonite in the presence of Ca2+. In sum, our theoretical findings highlighted Caenhanced interactions for all three herbicides on quartz and montmorillonite, and more favorable
interactions for glufosinate and fosamine with Na-montmorillonite than glyphosate. Nacomplexed phosphonate herbicides dis not interact strongly with quartz. We conducted
adsorption and desorption experiments using glyphosate and quartz-enriched agricultural soils to
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evaluate the mobility of bound glyphosate. Compared to CaCl2, adsorption conducted in the
presence of NaCl resulted in reduced adsorption and retention of glyphosate, consistent with our
theoretical findings. Our desorption experiments indicated that Ca2+ presence in solution during
the desorption process resulted in enhanced mobility by 15.5-18.6% relative to desorption in the
presence of Na+. Under our experimental conditions, glyphosate release from quartz-enriched
agricultural soils ranged from 29.6% to 89.4% of the initially bound glyphosate, whereby soil
samples of higher field relative wetness were more prone to glyphosate mobilization than soil
samples of lower relative wetness. Glyphosate is known to adsorb strongly on variable-charge
soils; this study emphasizes instead the role of soil relative wetness and salt presence in the field
on the mobility of glyphosate and similar phosphonate herbicides.
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INTRODUCTION
Glyphosate, a broad-spectrum phosphonate herbicide, is the most widely used herbicide in the
United States and globally (Duke, 2017; Benbrook, 2016; Coupe and Capel, 2015). Glyphosate
is structurally similar to phosphoenolpyruvate, a substrate for enzymatic activity in the shikimate
pathway, allowing it to imitate the substrate and shut down plant metabolism (Duke, 2017;
Velini et al., 2009). In addition to glyphosate, glufosinate and fosamine are also broad-spectrum
phosphonate herbicides. Glufosinate inhibits glutamine synthase with fast herbicidal action
triggered by radical oxygen species, while fosamine is a growth regulator which prevents
dormant plant tissues from becoming active again, though the specific mechanism of action is
unknown (Takano and Dayan, 2020). Glyphosate and glufosinate are typically applied to fields
of broadleaf crops, while fosamine is most effective at controlling woody brush and chemical
tree-trimming (Richardson, 1980).

A.

B.

C.

Figure 1. Chemical structure of (A) glyphosate, (B) glufosinate, and (C) fosamine.
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The application of glyphosate-based herbicides worldwide is substantially greater than
that of glufosinate or fosamine, though glufosinate-based herbicides are still very widely used.
The global application rate of glyphosate increased from 56.3 kilotons annually in 1974, to 67.1
kilotons per year by 1996 (Benbrook, 2016). Following the introduction of glyphosate-tolerant
crops in 1996, glyphosate application increased exponentially to 825.8 kilotons per year by 2014
(Benbrook, 2016). Glufosinate-tolerant crops were developed alongside glyphosate-tolerant
crops in the 1990’s which contributes to its functionality as a situational glyphosate alternative
(Blair-Kerth et al., 2001). Global application of glufosinate was projected at roughly 10 kilotons
annually from 2015 to 2025 based on a database of historical glufosinate application rates
(Maggi et al., 2020). No fosamine-tolerant seeds have been developed, and fosamine is typically
not used for broadleaf crops, reducing its agricultural applications. No fosamine application rate
nor market-share data were available.
Spray-application of glyphosate onto plant foliage has become ubiquitous in agriculture,
and in recent years glyphosate has been frequently detected in agricultural runoff, surface water,
groundwater, rain, and agricultural soils following field application (Borggaard and Gimsing,
2008). A 2020 study found glyphosate in 66 of 70 streams tested across the United States, at
concentrations up to 8.1 μg/L, while a sampling campaign of agricultural effluent yielded
glyphosate concentrations as high as 90 μg/L (Medalie et al., 2020). There have been numerous
studies which reported glyphosate presence in all types of water bodies (Battaglin, 2019; Skeff et
al., 2015; Battaglin et al., 2014; Coupe et al., 2011). Glufosinate has been infrequently detected
in soil and water samples from agricultural regions, at lower concentrations relative to those of
glyphosate (Ibáñez et al., 2005). A sampling campaign of rivers in an agricultural region
measured glyphosate and glufosinate at concentrations of 0.17 and 0.10 μg/L, respectively
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(Masiol et al., 2018). There were no accounts of fosamine residue being detected in soil or water
subsequent to herbicide application, though fosamine reportedly experiences rapid degradation in
water or soil (Richardson, 1980). Due to the widespread application of phosphonate herbicides
and the subsequent transport from fields into the environment, it is important to better understand
the mobility and underlying binding mechanisms of glyphosate, glufosinate, and fosamine in
soils.
Field studies of glyphosate mobility measured post-application losses at rates ranging
from less than 1% to greater than 52% of applied glyphosate mass, depending on soil type, time
elapsed from application to rain event, soil wetness profile, and many other site-specific
conditions (Richards et al., 2018; Todorovic et al., 2014; Vereecken, 2005). Glyphosate losses
due to A monitoring study conducted at an agricultural test site with quartz-enriched soils
reported glyphosate in runoff during outflow events, but the controlling factors remained
uncertain (Richards et al., 2018). Understanding the adsorption, desorption, and underlying
mechanisms of glyphosate and other phosphonate herbicides on soil minerals is of particular
interest. Glyphosate mobility has been observed in the Eastern United States, where soils are
abundant in inceptisols and ultisols (Battaglin et al., 2009; Richards et al., 2018; Soil Survey
Staff, 2021a; Soil Survey Staff, 2021b). The inceptisol soil order, comprising 22% of ice-free
land area globally and 9.7% of the US, is characterized by weathered quartzite or siliceous
sandstone, and the accumulation of quartz in the sand and silt fractions (Palmer, 2005). Ultisols,
which make up 8% of ice-free land area globally and 9.2% of the US, are dominated by clays as
a result of long and continuous weathering of a silicate parent material (Deer et al., 1992).
Therefore, quartz and clay minerals are important components of agricultural regions in the
Eastern US. Quartz is the predominant silicate mineral present in the sand fraction, and also
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contributes to the silt fraction along with other silicate minerals (Nahon and Trompette, 1982).
The clay fraction can be composed of several clay minerals such as montmorillonite, kaolinite,
and other aluminosilicates (Wilson et al., 2020).
Numerous studies have highlighted the dependence of glyphosate adsorption on soil
mineral content (Pereira et al., 2019; Maqueda et al., 2017; Ololade et al., 2014; Jariani et al.,
2010). Metal oxides and clays exhibited greater adsorption capacity for phosphonate herbicides
than did quartz, due primarily to the greater cation exchange capacity of metal oxides and clays
(Beltran et al., 1998; Glass, 1987). Glyphosate adsorption on clay minerals was reported to
correlate positively with the availability of metal ions for complexation, mineral surface area,
and cation exchange capacity (Jariani et al., 2010; Cruz et al., 2007; Gimsing and Borggaard,
2007; Morillo et al., 2000). Clays such as kaolinite, montmorillonite, and other smectites which
could facilitate interlayer adsorption had a greater adsorption capacity than those which could
not (Khenifi et al., 2010; Khoury et al., 2010). Glyphosate was reported to adsorb most strongly
on iron- and aluminum-oxides via complexation of the negative phosphonate group with the
positive metal ion (Ololade et al., 2014; Sheals et al., 2002). Complexation with metal ions
reportedly occurred primarily through the phosphonate group, rather than the carboxyl group of
glyphosate (Sheals et al., 2002). Glyphosate and phosphate demonstrated competitive adsorption
resulting from their similar adsorption mechanics with metal oxides (Gimsing and Borggaard,
2002; Sprankle et al., 1975). Desorption of glyphosate was previously evaluated as a function of
pH, phosphate content, and humic acid (Sidoli et al., 2015; Piccolo et al., 1996; Piccolo and
Celano, 1994; McConnell and Hossner, 1985). Glyphosate desorption was reportedly reduced in
the presence of variable charge minerals (Morillo et al., 1997). Glyphosate adsorption on
montmorillonite in the presence of sodium or calcium was described in the literature; Ca2+
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interactions with the phosphonate group contributed to enhanced adsorption, while Na+ presence
resulted in reduced adsorption (Pereira et al., 2020). Desorption of phosphonate herbicides from
quartz-enriched soils as a function of different electrolytes was not reported in the literature.
Soils contain varying concentrations of cations contributed by sources such as mineral
dissolution, transport of soluble salts, land-use methods, climate, cation exchange capacity of soil
minerals, and soil drainage (Adviento-Borbe et al., 2006). Therefore, understanding binding
interactions of phosphonate herbicides on soil in the presence of monovalent and divalent cations
is important to assessing the implications of ionic conditions in the field on herbicide mobility.
The first objective of this study was to elucidate binding mechanisms of phosphonate
herbicides on minerals. The second objective was to quantify the extent of glyphosate adsorption
and subsequent mobilization in a quartz-enriched soil. Molecular modeling simulations were
used to identify adsorption interactions of glyphosate, glufosinate, and fosamine on quartz or
montmorillonite. Adsorption and desorption experiments were conducted using glyphosate and a
quartz-enriched soil retrieved from an agricultural field of the inceptisol soil order. The
combination of experimental and computational findings provides new insights into the factors
that may facilitate transport of phosphonate herbicides in runoff-prone agricultural soils.
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MATERIALS AND METHODS
Molecular modeling of phosphonate herbicide adsorption on Quartz and Montmorillonite.
Molecular modeling platform. Computational modeling was run on BIOVIA Discovery Studio
and Materials Studio software packages. Discovery Studio was used to solvate structures at
specific protonation states for the three phosphonate herbicides: glyphosate, glufosinate, and
fosamine. Materials Studio and the embedded Dreiding forcefield were employed to simulate the
herbicide adsorption on quartz or montmorillonite. Supercomputing services were accessed
through the QUEST program at Northwestern University.
Force-field validation for simulating the phosphonate herbicides. The speciation of
glyphosate, fosamine, and glufosinate at pH 7 and solvation in a cubic cell (three times the
compound size) were prepared in Discovery Studio software. Each solvated herbicide was
imported into Materials Studio to perform molecular simulations with the COMPASS II and
Dreiding force-fields for atomic charge and forcefield type, respectively. To validate
glyphosate’s structure, we compared the simulated bond angles and bond lengths for glyphosate
with those obtained with experimental X-ray crystallography data (Table A-1, A-2); (Knuuttila
and Knuuttila, 1979). Our validation process produced a glyphosate structure consistent with a
glyphosate conformation reported to be abundant at pH 7 (Peixoto et al. 2015). No experimental
structural data were available for fosamine nor for glufosinate. The validation procedure for
glyphosate was used to determine the appropriate forcefield applications for all three herbicides.
Charges were assigned to phosphonate herbicides by using the Compass II forcefield to calculate
charges. Forcefield type was then reassigned to Dreiding, and the herbicides were subjected to
energy minimization.
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Construction of model quartz and montmorillonite surfaces. The model quartz surface
was constructed in Materials Studio starting with a quartz unit cell obtained from the
Crystallography Open Database (9011495). The quartz unit cell is a regular hexahedron: a =
0.4913 nm, b = 0.4913 nm, c = 0.5405 nm; α = β = 90° and γ = 120°. A supercell was built from
the initial quartz unit cell by replicating it in the X,Y, and Z planes by 7x7x5, respectively. The
supercell was then cleaved along the (0 0 1) plane to generate a quartz surface terminated with
hydroxyls (Zhao et al., 2020; Kim et al., 2018). Parameters from the ClayFF force-field were
used to provide partial charges to Si, bridging O, and H atoms in the quartz mineral (Cygan et al.,
2004). To maintain a neutral surface charge, modifications to the partial charges of the surface O
were employed to offset charges on the exposed surface. A vacuum slab of 60 Å was added to
the cell to provide space for water molecules and interlayer spacing.
The model montmorillonite surface stoichiometry is [Al3Mg1][Si8O20](OH)4·nH2O, with
isomorphic substitution of Mg place of every four Al in the octahedral sheet. The
montmorillonite clay surface used in this study was as published by (Pochodylo et al., 2016), but
prepared as an expanded supercell with the lattice parameters of 42.240 Å x 36.560 Å. At these
dimensions, the montmorillonite surface exhibits a total surface charge of -16, which was
subsequently charge-balanced with either Na+ or Ca2+. The surface was charged with 15 Na+ or 7
Ca2+, leaving the cell with a net charge of -1 or -2, respectively, in order to create a potential
binding site for the phosphonate herbicides to interact with the montmorillonite surface. In either
case, the cell has a vacuum slab of 60 Å to provide space for water molecules and interlayer
spacing.
Modeling adsorption on the mineral. Adsorption to the mineral surface was simulated
using BIOVIA Materials Studio and specifically the Adsorption Locator tool. Adsorption was
7

conducted via simulated annealing in cycles containing 15000 steps, at a temperature range of
298-600 K. Ions were positioned at fixed distances from each phosphonate herbicide in order to
charge balance the molecules and to reinforce the likelihood in each ionic background of
observing metal-complexation related interactions. Glyphosate, glufosinate, and fosamine each
had 2 Na+ or 2 Ca2+ ions fixed near them prior to simulated adsorption (Fig. 2). In the sodium
case (Fig. 2A, 2B, 2C), each molecule was left with a total charge of +1; for the neutral quartz
surface, this was offset by including 1 Cl- ion in adsorption locator; for the montmorillonite
surface, the system was charge balanced already due to the exclusion of 1 Na+ from the model
clay surface. In the calcium case (Fig. 2D, 2E, 2F), each molecule was left with a total charge of
+3; for the neutral quartz surface, this was offset by including 3 Cl- ions in adsorption locator; for
the montmorillonite surface, this was offset by including 1 Cl- ion in adsorption locator, since the
surface already had a charge of -2 due to the exclusion of 1 Ca2+ ion. Systems were populated
with water molecules during adsorption. Close contacts within 3.5 Å of metal cations and the
mineral were considered to indicate metal complexation between chelated calcium ions and
oxygen atoms on the mineral. Water molecules coordinated with the cations were determined at
an absolute distance of less than 2.5 Å and were treated as part of the herbicide-metal adsorptive
for hydrogen bond analysis (Accelrys Software Inc., 2013).
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Figure 2. Phosphonate herbicides with counterions (A) Glyphosate-Na (B) Glufosinate-Na, (C)
Fosamine-Na, (D) Glyphosate-Ca, (E) Glufosinate-Ca, (F) Fosamine-Ca. Color code: red (O),
pink (P), blue (N), green (Ca), purple (Na), grey (C), white (H).

Experiments – glyphosate mobility on a quartz-enriched agricultural soil
Materials for adsorption experiments. Glyphosate (analytical grade) was purchased from
MilliporeSigma (Rockville, MD, U.S.A.). As mineral references for the agricultural soil
characterization, we obtained Wyoming Na-montmorillonite (SWy-2) from the Clay Mineral
Society (West Lafayette, Indiana, U.S.A.), Kaolinite from Millipore Sigma (Burlington, MA,
U.S.A.), and silicon dioxide was received from Spectrum Chemical (New Brunswick, NJ
U.S.A.).
Agricultural soil sampling and homogenization. Soil samples were collected in October 2018,
from control plots at an agricultural test site (42°28'14.6"N, 76°25'57.8"W) at depths ranging 015 cm. The site is comprised of wetness-prone marginal silt-loam soils, planted primarily with
switchgrass for bioenergy research at Cornell University, with control plots containing legacy
grasses and mixed forbs. All samples were retrieved from such control plots. Sampling locations
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were selected based on relative soil wetness to represent wet and dry soil conditions (Fig. 3). We
collected aliquots 0.5 kg of soils from 4 plots with high relative wetness (A2, F2, I2, P2), and 4
plots with low relative wetness (A5, F5, I5, P5) (Fig. 3). All sampled subplots are characterized
in Table 1 and described with geological context by historical soil survey (Cline and Bloom,
1965). The soil was transferred into polypropylene bags and air-dried for two weeks. After airdrying, the soil was hand-ground using a ceramic mortar and pestle and sieved to < 2mm particle
size to remove pebbles and debris. The four soil samples from each set were homogenized using
the cone and quartering method (Gerlach et al., 2002; Schumacher et al., 1990). The resulting
composite soils represent a relatively wetter condition in the agricultural field (Soil A) or
relatively drier condition (Soil B).
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Table 1. Soil taxonomy and characteristics by subplot. Subplots colored blue (A2, F2, I2, P2)
belong to Soil A, the wetter condition. Subplots colored yellow (A5, F5, I5, P5) belong to Soil B,
the drier condition.
Subplot

Series

Texture class

Phase

A2

Madalin

Silt loam

-

Slope
(%)
0-2

F2

Madalin

Silt loam

-

0-2

I2

Dalton

Thin mantle

0-3

P2

Dalton

Thin mantle

0-3

A5

Langford

-

3-8

F5

Dalton

Thin mantle

0-3

I5

Caneseraga

Thin mantle

3-8

P5

Dalton

Thin mantle

0-3

Channery silt
loam
Channery silt
loam
Channery silt
loam
Channery silt
loam
Channery silt
loam
Channery silt
loam

Poorly

Restrictive layer
and depth (cm)
Silty clay 40

Poorly

Silty clay 40

Drainage class

Somewhat
well
Somewhat
well
Moderately
well
Somewhat
well
Moderately
well
Somewhat
well

Fragipan 40
Fragipan 40
Fragipan 40-50
Fragipan 40
Fragipan 50
Fragipan 40
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Figure 3. Hydrologic map for soil sampling. Cyan rings represent high relative wetness condition
Soil A), yellow rings represent low relative wetness condition (Soil B).

Table 2. Soil samples by subplot, relative wetness, and wetness quintile.

Soil B Soil A

Subplot Relative Wetness Wetness Quintile
S1A2Q
S1F2Q
S1I2Q
S1P2Q
S1A5Q
S1F5Q
S1I5Q
S1P5Q

1.44
1.01
1.01
0.97
0.92
1.05
0.75
0.78

1
2
2
3
4
2
5
5
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Soil characterization by X-ray diffraction. To analyze minerals crystals in the soil
samples by X-ray diffraction, we first freeze-dried the air-dried samples with a Labconco
Freezone 4.5L freeze dryer. The samples were then ground to a fine powder using an agate
mortar and pestle, before being loaded into a 0.2 mm depth sample holder. We also analyzed
quartz, kaolinite, and montmorillonite as reference minerals. The X-ray diffraction
measurements were conducted on a Bruker D8 Advance powder X-ray diffractometer, operated
at 40 kV, 40 mA, and 25⁰ C was used to record X-ray diffraction profiles. Scanning parameters
were a 0.01⁰ 2 θ step size at 6 seconds per step over a 4-70⁰ 2ϴ range with copper anode.
We performed a swelling test to check for the presence of swelling clays in the soil
samples. In preparation of the X-ray diffraction analysis for swelling behavior, silt and clay
fractions were separated according to a method described by the U.S. Geological Service Coastal
and Marine Geology Program Laboratory Manual for X-Ray powder diffraction (U.S.
Geological Service, 2021). The soils samples were ground and sieved to less than 125 μm
particle size. The resulting fine soil particles (5 mL by volume) were added to 35 mL of
dispersant solution of distilled water with and 0.25 g sodium hexametaphosphate [Na6(PO3)6].
The soil suspensions were agitated and immersed in a sonicator bath for 60 s prior to
centrifugation at 9000 rpm for 10 mins; this process was repeated five times, decanting and
replacing the supernatant each time, until a clear supernatant was achieved. The resulting washed
silt and clay fraction of the soil was freeze-dried and ground to a fine powder before analysis by
X-ray diffraction using a Bruker D8 Advance powder X ray diffractometer at 20%, 50%, 70%,
and 90% relative humidity (RH). In all the scenarios, the diffractometer was operated at 40 kV
and 40 mA with Anton Parr Eurotherm TCU110 temperature control and Anton Paar CHC +
temperature/humidity chamber and Prolumid MHG-32 Modular Humidity Generator. Samples

13

were scanned over 2-12 °2θ, with a 0.01° 2θ step at 1 s to 6 s per step, using a Cu anode
(λ=1.54060 Å), and held at 25° C. The diffractometer used a Göebel Mirror, Stoller 0.2 ° optic,
and a SSD160_2 detector in 0 dimensional mode.
Adsorption experiments with glyphosate on agricultural soil. Adsorption reactions (in
triplicate samples) were performed in 50-mL polystyrene centrifuge tubes, containing 25 g L-1 of
Soil A or Soil B and filled to 40mL volume with background solution. Background solution,
buffered at pH 7 with 4 mM Na-bicarbonate, contained either NaCl or CaCl2 at ionic strength 10
mM. Each sample was spiked with 100 μL of concentrated glyphosate stock solution to obtain
varying initial glyphosate concentrations (25, 50, 75, 100, 125, 150 μM). Samples were shaken at
150 rpm for 24 h in a New Brunswick Innova 44 Series incubator-shaker at 25° C, followed by
10-min centrifugation at 4400 rpm and filtration of the supernatant (0.22 μm nylon syringe
filters) prior to LC-MS analysis.
Desorption experiments with glyphosate on agricultural soil. Soils were loaded with a
solution of 75 μM glyphosate and equilibrated for 24 hours at 25° C. After initial glyphosate
loading, the samples were centrifuged for 10 minutes at 4400 rpm. The loading solution was
decanted and replaced with fresh solution containing NaCl or CaCl2, each at 1 mM ionic
strength. The samples were shaken to resuspend the soil particles and agitated continuously at
150 rpm and 25° C. At set time intervals (6, 12, 24, 48 h), the samples were centrifuged at 4400
rpm and an aliquot of supernatant was filtered using a 0.22 μm nylon syringe filter for LC-MS
analysis. The samples were then resuspended and agitated until the next time point.
LC-MS detection of glyphosate. Direct detection of glyphosate was achieved using a
ThermoFisher Scientific Q Exactive™ Hybrid Quadrupole-Orbitrap™ Liquid chromatographer
with tandem mass spectrometry. Method development for LC-MS measurements of glyphosate
14

in solution was based on the method described in (Marek and Koskinen, 2013). Liquid
chromatography was achieved using a Biorad Micro-Guard Cation H Cartridge (30mm x 4.6mm,
length x diameter) housed in a Biorad Standard Cartridge Holder. The eluent gradient was an
isocratic mobile phase of 20:80 acetonitrile:0.1% formic acid. An injection volume of 50 μL and
flow rate of 0.5 mL/min were used, along with a column oven temperature of 40⁰C. Glyphosate
was detected at a m/z of 167.8. The acquisition time was 9 mins, with glyphosate peaks emerging
at 1.7 mins. Calibration curves were prepared with glyphosate concentrations extending above
and below the experimental sample concentration range (0.25 μM – 1000 μM).
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RESULTS
Molecular modeling of herbicide adsorption on quartz
Cation bridging interactions with quartz. The neutral quartz surface did not mediate any
electrostatic interaction. Accordingly, the optimized adsorbate structures of the Na-quartz
systems were suspended in solution and had no interactions with the quartz surface (Fig. 5).
However, the optimized structures in the Ca-quartz systems were interacting with the quartz
surface (Fig. 6). One Ca2+ ion in glyphosate-Ca-quartz, associated with the phosphonate group of
glyphosate, complexed with the quartz surface (Fig. 6A). Two Ca2+ ions in fosamine-Ca-quartz,
both affixed by the phosphonate group, complexed with oxygen on the quartz surface (Fig. 6C).
No metal complexation directly with the quartz surface was observed for glufosinate-Ca-quartz
(Fig. 6B). In the Na-quartz systems, no metal complexation with quartz was observed (Fig. 5).
Hydrogen bonding interactions with quartz. There were no direct or indirect hydrogen
bonds between the phosphonate herbicide and quartz in the simulated Na-quartz systems (Fig. 5).
However, both direct and indirect hydrogen bonding interactions stabilized the adsorbate
structures in the Ca-quartz systems (Fig. 6). In the glyphosate-Ca-quartz system, glyphosate was
adsorbed through H-bonds between the phosphonate oxygen and the quartz surface, in addition
to bridging H-bonds with the Ca-solvated water molecules (Fig. 6A). In the glufosinate-Caquartz system, there were bridging H-bonds between Ca-solvated water molecules and the
primary amine group of glufosinate and the quartz (Fig. 6B). In the fosamine-Ca-quartz system,
adsorption was facilitated by indirect H-bond interactions through water-bridging with Casolvated water molecules (Fig. 6C).
The Na-quartz optimized adsorbate structures were each involved in the diffuse layer
with no H-bond interactions or metal complexation, further from the quartz than their Ca-quartz
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counterparts (Fig. 4). Glyphosate on quartz with Ca2+ was involved in an inner-sphere complex
facilitated by a direct H-bond from the phosphonate group to quartz (Fig. 6A). The other Caquartz systems (glufosinate and fosamine) demonstrated outer-sphere complexes through waterbridging H-bond interactions with Ca-solvated water molecules (Fig. 6B, 6C).
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Figure 4. Positions and configurations of adsorbate structures (A) Glyphosate-Na-Quartz, (B)
Glufosinate-Na-Quartz, (C) Fosamine-Na-Quartz, (D) Glyphosate-Ca-Quartz, (E) GlufosinateCa-Quartz, (F) Fosamine-Ca-Quartz. Color code: red (O), pink (P), yellow (Si), dark blue (N),
light green (Cl), dark green (Ca), purple (Na) grey (C), white (H), light blue (H2O).
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A

C

B

Figure 5. Close-up adsorbate structures with metal complexation and hydrogen bonding of (A)
Glyphosate-Na-Quartz, (B) Glufosinate-Na-Quartz, (C) Fosamine-Na-Quartz. Color code: red
(O), pink (P), yellow (Si), dark blue (N), light green (Cl), dark green (Ca), grey (C), white (H),
light blue (H2O). Blue dashes indicate a hydrogen bond, pink dashes indicate metal
complexation.

A

B

C

Figure 6. Close-up adsorbate structures with metal complexation and hydrogen bonding of (A)
Glyphosate-Ca-Quartz, (B) Glufosinate-Ca-Quartz, (C) Fosamine-Ca-Quartz. Color code: red
(O), pink (P), yellow (Si), dark blue (N), light green (Cl), purple (Na), grey (C), white (H), light
blue (H2O). Blue dashes indicate a hydrogen bond, pink dashes indicate metal complexation.
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Computational simulation of adsorption on Montmorillonite
Electrostatic and cation bridging interactions with Montmorillonite. The montmorillonite
surface was charge balanced with either Ca2+ or Na+, but one negatively-charged site was left to
serve as a binding site. All the phosphonate compounds in the glyphosate-Ca-montmorillonite
systems were closely adsorbed on the montmorillonite (Fig. 7D, 7E, 7F). The glyphosate
compound in the glyphosate-Na-montmorillonite system was suspended above the surface,
whereas the glufosinate compound in the glufosinate-Na-montmorillonite system and the
fosamine compound in the fosamine-Na-montmorillonite system were closely adsorbed on the
mineral (Fig. 7A, 7B, 7C).
In the Na-montmorillonite systems, glufosinate and fosamine adsorbed in such a way that
the amide group of fosamine and the primary amino group of glufosinate were oriented towards
the negatively charged binding site on the surface (Fig. 8B, 8C). The amino groups of glufosinate
and fosamine were terminally positioned such that they could be oriented toward the mineral
without exposing negative functional groups which could repel the negatively charged
montmorillonite (Fig. 8B, 8C). Glyphosate had a protonated secondary amine located between
two negatively charged groups, phosphonate and carboxyl, which may have inhibited
interactions between the amino group and montmorillonite (Fig. 8A). The amino groups of
fosamine and glufosinate facilitated interaction with montmorillonite while the amino group of
glyphosate did not, and the positive charge of the primary amino group of glufosinate could have
additionally facilitated electrostatic interaction with the negatively charged binding site on
montmorillonite (Fig. 8B).
Hydrogen bonding interactions with Montmorillonite. Direct H-bonds connecting a
hydrogen in the amino functional group to an oxygen on the mineral surface were present both in
the glufosinate-Ca-montmorillonite system and the fosamine-Na-montmorillonite system (Fig.
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8C; Fig. 9B), thereby facilitating inner-sphere complexes of each adsorbed compound (Fig. 8C;
Fig. 9B). These direct H-bonds were not found with either glufosinate-Na-montmorillonite nor
fosamine-Ca-montmorillonite (Fig. 8B; Fig. 9C).
As occurred in the quartz systems, Ca-solvated water molecules in the montmorillonite
systems facilitated water-bridging interactions, stabilizing the adsorbate complexes (Fig. 9). The
systems of glufosinate-Na-montmorillonite, glyphosate-Ca-montmorillonite, and fosamine-Camontmorillonite contained indirect H-bonds through water-bridging interactions within two
hydration shells, and thus the compounds were involved in outer sphere complexes (Fig. 8B; Fig.
9A, 9C). By contrast, the glyphosate-Na-montmorillonite system contained no direct or indirect
H-bond interactions and was involved in the diffuse layer (Fig. 8A).
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Figure 7. Positions and configurations of adsorbate structures (A) Glyphosate-NaMontmorillonite, (B) Glufosinate-Na-Montmorillonite, (C) Fosamine-Na-Montmorillonite, (D)
Glyphosate-Ca-Montmorillonite, (E) Glufosinate-Ca-Montmorillonite, (F) Fosamine-CaMontmorillonite. Color code: red (O), pink (P), yellow (Si), dark blue (N), light green (Cl), dark
green (Ca), purple (Na) grey (C), white (H), light grey (Al), neon green (Mg), light blue (H2O).
____________________________________________________________________________
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Figure 8. Close-up adsorbate structures with metal complexation and hydrogen bonding of (A)
Glyphosate-Na-Montmorillonite, (B) Glufosinate-Na-Montmorillonite, (C) Fosamine-NaMontmorillonite. Color code: red (O), pink (P), yellow (Si), dark blue (N), light green (Cl),
purple (Na), grey (C), white (H), light grey (Al), neon green (Mg), light blue (H2O). Blue dashes
indicate a hydrogen bond, pink dashes indicate metal complexation.
______________________________________________________________________________

GPS on Montmorillonite, with Calcium versus Sodium
A

B

C

Figure 9. Close-up adsorbate structures with metal complexation and hydrogen bonding of (A)
Glyphosate-Ca- Montmorillonite, (B) Glufosinate-Ca-Montmorillonite, (C) Fosamine-CaMontmorillonite. Color code: red (O), pink (P), yellow (Si), dark blue (N), light green (Cl), dark
green (Ca), grey (C), white (H), light grey (Al), neon green (Mg), light blue (H2O). Blue dashes
indicate a hydrogen bond, pink dashes indicate metal complexation.
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Table 3. Characteristics of optimized phosphonate-mineral adsorbate structures via molecular
modeling in the presence of Na+ or Ca2+ on quartz or montmorillonite (MONT).
Herbicide

Mineral

Quartz
Glyphosate
MONT

Quartz
Glufosinate
MONT

Quartz
Fosamine
MONT

Metal interaction

Na+

Complexation
region
Diffuse layer

None

H-bond
interactions
None

Ca2+

Inner sphere

Na+

Diffuse layer

Direct Ca-O complexation,
cation bridging
None

Direct,
indirect
None

Ca2+

Outer sphere

Cation bridging

Indirect only

Na+

Outer sphere

None

None

Ca2+

Outer sphere

Cation bridging

Indirect only

Na+

Outer sphere

None

Indirect only

Ca2+

Outer sphere

Cation bridging

Indirect only

Na+

Diffuse layer

None

None

Ca2+

Inner sphere

Na+

Inner sphere

Direct Ca-O complexation,
coordinated H2O
None

Direct,
indirect
Indirect only

Ca2+

Outer sphere

Cation bridging

Indirect only

Ion

Characterization of the agricultural soils
The X-ray diffraction pattern of Soil A, the soil with greater relative wetness, exhibited good
peak agreement with the quartz mineral reference, with 17 shared peak locations. The XRD
pattern of Soil B was not as good of a match for the quartz reference, but showed strong
agreement with Soil A, matching 5 major peaks and 9 minor peaks (Fig. 10). Both agricultural
soil samples therefore appear to be predominantly quartz, with no notable clay constituents (Fig.
10). However, the XRD pattern of Soil B indicated the presence of amorphous material (Fig.
10B), suggesting the presence of either metal oxides or organic material.
A soil analysis of the site conducted using a modified Morgans extraction was analyzed for clues
as to the composition of amorphous material (Table A-3). Of 26 soil nutrients tested, the only
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one which was present in significantly different amounts between the soils was plant-available
iron (Figure 11;Table A-3). Iron was present in Soil B at significantly higher concentrations,
according to an ANOVA statistical analysis which yielded P-value = .003.
Soil A, which was collected from plots with greater relative wetness, demonstrated high quartz
content with very low amorphous material and relatively low iron content, while Soil B which
was collected from soils with low relative wetness contained higher concentrations of iron, and
produced a more amorphous XRD spectra. X-ray diffraction was also used to check the clay
fraction of the soil for swelling capacity. No swelling occurred in a relative humidity range from
0-90%.
A

B

Figure 10. X-ray diffraction spectra of (A) Soil A, the high relative wetness condition, and (B)
Soil B, the low relative wetness condition, versus a quartz reference spectrum. The agricultural
soil spectra is red in both panels, and the quartz reference is black in both panels.
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Figure 11. Box plot comparison of the plant-available iron concentration measured in Soil A
versus Soil B using a modified Morgans extraction of plant-available nutrients.

Adsorption and Desorption experiments of glyphosate with a quartz-enriched agricultural
soil
Adsorption capacity of a quartz-rich agricultural soil for glyphosate was measured with different
conditions for soil relative wetness and ionic background. Adsorption capacity of glyphosate
onto Soil A (the soil with higher relative wetness) was 0.94 ± 0.168 μmol/g in the presence of
NaCl, and 2.94 ± 1.121 μmol/g in the presence of CaCl2 (Fig. 12; Table 4). Adsorption capacity
of glyphosate onto Soil B (the soil with lower relative wetness) was 1.98 ± 0.460 μmol/g in the
presence of NaCl and 4.67 ± 0.482 μmol/g in the presence of CaCl2 (Fig. 12; Table 4). Therefore,
there was 56-68% greater adsorption with CaCl2 than with NaCl, and 37-52% greater adsorption
on Soil B versus Soil A (Fig 12.; Table 4).
We also monitored the desorption of glyphosate over 48 hours in the presence of NaCl or
CaCl2, after initially adsorbing glyphosate on Soil A or B in the presence of NaCl or CaCl2 (Fig.
12). By taking into account the adsorbed glyphosate for each set of conditions, the soil-adsorbed
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glyphosate remaining, and the percentage of total glyphosate released were estimated and the
results displayed in Figures 14 and 15, respectively. Whereas Figure 13 displayed overlapping
data series for glyphosate release under varying soil and ionic conditions, Figure 14 presents
trends in glyphosate retention with respect to soil type and ionic background, and Figure 15
displays the glyphosate released as a percentage of the total glyphosate initially adsorbed.
Accounting for each combination of soil and salt conditions, estimated glyphosate
mobility ranged from 29.6% to 89.4% of that which was initially adsorbed (Fig. 15). Soil B had
greater initial loading (1.4 μmol/g with Na+, 2.5 μmol/g with Ca2+) than Soil A (0.9 μmol/g with
Na+, 2.0 μmol/g with Ca2+) and retained more glyphosate regardless of ionic loading and
desorption conditions (Fig. 14). Soil B loaded with Na+ retained 0.8 μmol/g after desorption with
NaCl, representing 56% of the initially adsorbed, and 0.5 μmol/g (36%) after desorption with
Ca2+ (Fig. 14; Fig. 15). Soil A loaded with NaCl retained 0.2 μmol/g (24%) after desorption with
NaCl, and just 0.1 μmol/g (14%) after desorption with CaCl2 (Fig. 14; Fig. 15). When loaded
with CaCl2, Soil B retained 1.7 μmol/g (69.5%) after desorption in the presence of Na+, and 1.4
μmol/g (57%) with Ca2+ (Fig. 14; Fig. 15). Soil A in the same conditions retained 1.4 μmol/g
(68.5%) and 1.1 μmol/g (56%) of glyphosate, respectively (Fig. 14; Fig. 15).
Consistently, glyphosate mobilization was promoted during the desorption experiments
with CaCl2, relative to NaCl (Fig. 14; Fig. 15). Soil A, loaded initially with NaCl, lost an
additional 0.1 μmol/g (10% of initially adsorbed glyphosate) when CaCl2 was present in the
supernatant used for desorption instead of NaCl (Fig. 14; Fig. 15). Soil A loaded with CaCl2 lost
0.3 μmol/g (12.6%) more when CaCl2 was present for desorption versus NaCl (Fig. 14; Fig. 15).
When Soil B was loaded with NaCl, an additional 0.3 μmol/g (19.6%) glyphosate was lost if
CaCl2 was present during desorption rather than NaCl (Fig. 14; Fig. 15). Soil B loaded with
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CaCl2 lost 0.3 μmol/g (12.2 %) more glyphosate when release occurred in the presence of CaCl2
instead of NaCl (Fig. 14; Fig. 15). Interestingly, when glyphosate was loaded in the presence of
NaCl, the impact of the soil type on glyphosate mobility appeared to be more pronounced, with
Soil B retaining roughly 30% more glyphosate than Soil A for either ionic condition during
desorption (Fig. 15). In contrast, when glyphosate was loaded in the presence of CaCl2, the
impact of soil type appeared to be less pronounced, with a difference in glyphosate release of
about 5% for either ionic condition during desorption (Fig. 15).
Table 4. Adsorption capacity (qmax) of glyphosate on (blue) Soil A or (yellow) Soil B, in units of
μmol/g. Adsorption capacity values were calculated in the presence of NaCl or CaCl2,
alternately. Standard deviation values are included in the right-hand column.

Soil A - NaCl
Soil A - CaCl2
Soil B - NaCl
Soil B - CaCl2

qmax [μmol/g]

Std Dev

0.94
2.94
1.98
4.67

0.168
1.121
0.460
0.482
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B.)

qe

qe

A.)

Figure 12. Adsorption isotherms of glyphosate onto (blue) Soil A or (yellow) Soil B. Panel (A)
contains the isotherm for glyphosate adsorbed in the presence of NaCl, and panel (B) the
isotherm in the presence of CaCl2. NaCl and CaCl2 each had ionic strength = 10mM.
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Release of Glyphosate, initially
adsorbed with NaCl, into solution
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adsorbed with CaCl2, into solution
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Figure 13. Glyphosate desorption via the introduction of fresh supernatant containing I=1mM
(solid) CaCl2 or (hollow) NaCl, subsequent to an initial loading with I=10mM (A) NaCl or (B)
CaCl2, on agricultural (blue) Soil A or (yellow) Soil B.
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Figure 14. Glyphosate retained on the soil over the course of desorption from (blue) Soil A or
(yellow) Soil B. Glyphosate was initially loaded in the presence of (A) NaCl or (B) CaCl2, and
subsequently desorbed in the presence of (solid) CaCl2 or (hollow) NaCl.
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Figure 15. Mobility of glyphosate was determined by calculating the percentage of initially
adsorbed glyphosate at qmax (Table 3, Fig. 12) which was subsequently released from (blue) Soil
A or (yellow) Soil B during the desorption experiment (Fig. 13).
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DISCUSSION
Glyphosate was considered to be relatively immobile in soils, and its adsorption attributable
primarily to soil mineral content (Maqueda et al., 2017; Ololade et al., 2014; Piccolo et al., 1994;
Roy et al., 1989). Glyphosate was reported to bind strongly in variable charge soils, particularly
soils rich in iron- and aluminum-oxides, relative to uncharged soils (Pessagno et al., 2008; Cruz
et al., 2007; Gimsing and Borggaard, 2007). Specifically, the phosphonate group of glyphosate,
which is characteristic of phosphonate herbicides, was reported to complex with metal ions in
metal oxides and clays (Ololade et al., 2014; Sheals et al., 2002; Sprankle et al., 1975).
Glyphosate adsorption has been studied on many soil minerals, but the adsorption of other
phosphonate herbicides such as glufosinate and fosamine have not been as well documented, and
mechanisms of interaction remain to be elucidated. Glyphosate has been detected ubiquitously in
surface waters, indicating the subsequent loss of glyphosate in runoff (Battaglin, 2019; Skeff et
al., 2015; Battaglin et al., 2014; Coupe et al., 2011). Studies have also been conducted which
detected glyphosate losses post-application (Richards et al., 2018; Vereecken, 2005), pointing to
the need to understand glyphosate mobility on a quartz-enriched soil.
Binding mechanisms of phosphonate herbicide adsorption on quartz have not been
investigated at a molecular level. Glyphosate adsorbed on montmorillonite has previously been
modeled computationally; however, in that study the variable conditions were basal spacing and
pH value, neither of which was implicated in this study (Khoury et al., 2010). No reports were
found of glufosinate nor fosamine undergoing simulated adsorption on montmorillonite. In
Perreira et al., 2020, Fourier Transform Infrared Spectroscopy (FTIR) was used to observe
adsorption interactions of glyphosate on montmorillonite in simulated sea water conditions. The
authors found that glyphosate adsorption on montmorillonite was enhanced in the presence of
33

Ca2+ and that adsorption was reduced in the presence of Na+ (Perreira et al., 2020). Through
FTIR they demonstrated interactions between the glyphosate amino group and the negative
montmorillonite surface and confirmed the complexation of glyphosate with Ca2+ on
montmorillonite (Perreira et al., 2020). Our simulated and experimental results both corroborate
their findings of enhanced glyphosate adsorption on montmorillonite in the presence of Ca2+ as
opposed to Na+ (Fig. 4A; Fig. 7A; Table 4).
Our molecular modeling results did not produce interactions between the glyphosate
amino group and montmorillonite but interactions with the amino groups did occur in the
glufosinate-montmorillonite and fosamine-montmorillonite systems (Fig. 8; Fig. 9). The
thermodynamically optimized adsorbate structures of glufosinate and fosamine revealed a
potential binding mechanism when adsorbed on montmorillonite in the presence of Na+. The
positively charged primary amine group of glufosinate and the amide group of fosamine were
oriented towards the negatively charged binding site on the montmorillonite surface (Fig. 8B,
8C). Glufosinate and fosamine were involved in outer-sphere and inner-sphere complexes,
respectively, while glyphosate was suspended in the diffuse layer (Fig. 8, Table 2). These
findings implied an affinity for interaction between amino groups of phosphonate herbicides and
negatively charged surface binding sites, in agreement with Perreira et al., 2020, although our
study observed these interactions only in glufosinate and fosamine systems. The amino and
amide groups of glufosinate and fosamine are terminally located, whereas the amine group of
glyphosate is located centrally between negatively charged phosphonate and carboxyl groups
(Fig. 2). The negatively charged groups surrounding the amine group in the glyphosate structure
may constrain its interaction by repelling the negatively charged binding site on the
montmorillonite (Fig. 2).
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Our molecular modeling work found that the counterion present in each system had a
notable effect on both metal complexation with the mineral surface and with facilitating
extended hydrogen bonding to mediate adsorption through outer-sphere interaction. Consistent
with cation-bridging as described in the literature (Cheng et al., 2020), the presence of a divalent
cation (Ca2+) versus a monovalent cation (Na+) consistently facilitated outer-sphere cation
bridging via water bridging interactions, which contributed to herbicide-mineral interactions and
stabilized the adsorbate structure. Cheng et al., 2020, observed the adsorption of humic acid onto
MnOx nanoparticles in the presence of monovalent (Na+) or divalent (Mn2+) cations. The authors
reported enhanced adsorption in the presence of divalent cations and discussed the potential
mechanisms responsible (Cheng et al., 2020). The divalent cations may contribute to adsorbate
stabilization through charge-neutralization, but the main mechanism described by Cheng et al.
was the bridging by a divalent cation between the negatively charged MnOx surface and
negatively charged humic acid. Our molecular modeling results demonstrated such cationbridging directly between the compound and surface in glufosinate-Ca-quartz and fosamine-Caquartz, and in all calcium systems there were additional water-bridged interactions facilitated by
Ca-solvated water molecules (Fig. 6; Fig. 9).
Our experimental work with glyphosate mobility on a quartz-enriched agricultural soil
further stressed the importance of counterion valence during both adsorption and release.
Adsorption capacity was greater in the presence of Ca2+ for both soil conditions (Table 4), and
the total glyphosate retained was greater in all trials where glyphosate was initially loaded in the
presence of Ca2+, as previously described (Fig. 14). We infer based on the state of the literature
and on our molecular modeling results that the enhanced adsorption of glyphosate in the
presence of Ca2+ was facilitated by cation-bridging interactions. Skeff et al., 2018, observed
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adsorption behaviors of glyphosate on Baltic Sea sediments with respect to environmental
factors. The study did not distinguish whether monovalent or divalent cations contributed to the
salinity but did report that adsorption capacity was reduced when salts were present, relative to
distilled water. On mud, silt, and sandy sediments Skeff et al., 2018, reported diminished
adsorption capacity when the system had a high ionic strength and attributed this result to
competition for ion-exchangeable sites and the potential formation of complexes with lower
affinity than free compounds for the mineral surface. Our experimental results describe
adsorption in the presence of NaCl versus CaCl2 at equal ionic strength, rather than high salinity
versus low salinity. Our results therefore cannot corroborate the findings of Skeff et al., 2018,
however their descriptions of ion-exchangeable site competition and formation of complexes
with poorer adsorption affinity than free compounds may help explain our desorption results
(Skeff et al., 2018). During the desorption process, 10-20% more glyphosate was released when
CaCl2 was present in solution versus NaCl (Fig. 15). The divalent cations introduced by the
CaCl2 desorption solution could potentially displace ions in the preexisting adsorbate complex
during agitation and incubation of the samples, leading to enhanced glyphosate mobility.
Interestingly, Soil B, the drier soil condition, experienced 37-52% greater glyphosate
adsorption than Soil A, and retained 2.3-31% more initially-bound glyphosate after desorption
(Table 3; Table 4; Fig. 15). Our soil nutrient analysis suggests that Soil B contains more labile
iron than Soil A. Iron oxide is known to strongly adsorb glyphosate, however since the iron
content measured was labile (plant-available), it was not necessarily present in the form of iron
oxide, nor were we able to identify minerals other than quartz in either soil XRD pattern
(Ololade et.al., 2014; Fig. 10). While Ca2+ contributed to enhanced glyphosate adsorption in the
loading condition, its presence in the desorption condition promoted the release of bound
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glyphosate into solution (Fig. 15). Relative to NaCl, 15.5-18.6% more glyphosate was released
when CaCl2 was present in the desorption solution (Fig. 15). Our findings indicate that divalent
cations enhance glyphosate adsorption in a quartz-enriched soil. However, considering the
findings of Skeff et al., 2018, in addition to our experimental desorption findings, the presence of
divalent cations could contribute to enhanced glyphosate mobility in some situations.
The mobility of glyphosate on a quartz-enriched agricultural soil determined by
sequential adsorption and desorption experiments was greater than reported field-loss values in
the literature. Glyphosate mobility was estimated to be between 29.6% and 89.4% of total initial
loading, but post-application losses measured at a weir of the same field from which these soils
were collected were between 0.06 to 1.0% (Richards et al., 2018). This discrepancy may be due
to differences between laboratory and field conditions, such as contact time and soil agitation
throughout the desorption process. Increased contact time reportedly slows the rate of glyphosate
release in a sandy loam soil relative to a sandy soil, suggesting a longer adsorption period for our
silt-loam soil could potentially affect the rate of glyphosate release (De Jonge et al., 2000). The
literature often reports strong glyphosate adsorption on variable-charge minerals including metal
oxides, however it is important to consider the factors affecting glyphosate mobility in runoffprone soils as well (Maqueda et al., 2017; Ololade et al., 2014; Pessagno et al., 2008). This study
highlights the importance of ionic conditions to the binding and release of glyphosate on a
neutral mineral such as quartz, and also suggests improved retention from relatively drier soils
(Fig. 14; Fig. 15). Our data revealed that glyphosate mobility varies with the presence of
monovalent or divalent cations in solution, and further, which counterion is present during each
stage of the adsorption-desorption process.
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FUTURE DIRECTIONS
An important future study would be to extend the experimental section to include glufosinate and
fosamine in an effort to observe adsorption and desorption trends, and to compare them with
anticipated behavior based on computational simulations. Given that there are multiple
phosphonate herbicides with both a similar mode of action as glyphosate and a similar structure,
it would be valuable to investigate each of their behaviors and binding mechanisms in case there
is demand for an alternative. In addition to conducting mobility experiments with fosamine and
glufosinate, further theoretical probing to elucidate the potential nitrogen-moiety based binding
mechanism which appeared to play a role in glufosinate-Na-montmorillonite and fosamine-Namontmorillonite could provide novel insights. Should the suspected mechanism exist, glufosinate
and fosamine could serve as a less-mobile substitute for glyphosate in fields containing
negatively charged minerals and monovalent cations.
Our findings revealed a notable enhancement in adsorption and retention of glyphosate
on the drier soil (B) versus the wetter soil (A). In conjunction with the greater concentration of
iron found in soil B and glyphosate’s affinity for iron oxides, it may be of value to investigate the
relationship between relative wetness and iron content in an agricultural soil.
Originally this study targeted the mobility and binding mechanisms of dicamba in
addition to glyphosate. Dicamba is a well-known herbicide, which has its own line of genetically
engineered resistant crops akin to those of glyphosate. However, due to technical limitations with
quantifying dicamba, experiments with dicamba were not pursued. Given its rising popularity
due in part to glyphosate resistance as well as environmental and health concerns related to
glyphosate contamination, dicamba would be a good subject for another mechanistic mobility
study.
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APPENDIX

I.

Description of Methods

FTIR
Fourier Transform Infrared Spectroscopy was used to observe chemical bonds on the
particle surface, and to seek changing or emerging peaks attributable to the introduction of
glyphosate or dicamba. Reference spectra were captured for each herbicide in its pure form, for
soil from each wetness condition, and for silicon dioxide. Glyphosate, dicamba, and SiO2 were
applied directly to the crystal for analysis, while soil samples were first freeze-dried to minimize
noise associated with water vapor. Samples with adsorbed glyphosate and dicamba were
prepared by immersing 25g/L (1 g) soil in 40 mL of 5 mM glyphosate within a 50mL
polypropylene centrifuge tube. The samples were then shaken at 25 C and 150 rpm in a New
Brunswick Innova 44 Incubator Shaker to allow adsorption to take place. They were then
centrifuged at 9000 rpm for 10 minutes to separate solids from the supernatant, allowing
supernatant to be drained. The solids were then frozen overnight, freeze-dried, and the dried
samples ground to a fine powder using an agate mortar and pestle. Samples were analyzed at a
resolution of 128 scans/sec with the Bruker Vertex 70 FT-IR Spectrometer, equipped with a
ZnSe crystal and HTS-XT Microplate Reader Opus Software.

Solid State Nuclear Magnetic Resonance
Solid state nuclear magnetic resonance was used to track changes in the magnetic
resonance of soil subsequent to loading with either glyphosate or dicamba. Reference spectra
were acquired for glyphosate and dicamba with samples of pure herbicide mixed at a 1:1 ratio
with potassium bromate. Soil alone and soil loaded with herbicide were prepared by preparing a
slurry under the same background salt conditions consistent throughout kinetics and adsorption
experiments, without any herbicide for the reference condition, and with herbicide for the test
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condition. The slurries were equilibrated, centrifuged, and the supernatant was removed. The
resulting pellet of soil was frozen, freeze-dried, and ground to a fine powder before NMR testing.
Analysis was conducted at Northwestern University’s Integrated Molecular Structure Education
and Research Center, using a Bruker Avance III HD 400 MHz. Cross-polarization magic angle
spinning was used with a 400mm probe. Glyphosate samples were tested with paired protonphosphorus NMR and proton-carbon NMR, while dicamba was only analyzed with protoncarbon NMR, given its lack of phosphorus.

LC-MS Detection of Dicamba, DCGA, and DCSA
Detection of dicamba and two of its degradation byproducts is performed using slight
modifications to the method presented by Jandova et al., in a Waters Corporation application
method. The method was adjusted for the available Orbitrap LC-MS discussed in the glyphosate
method above. It utilizes a <2 um Acquity UPLC C-18 column with an anisotropic mobile phase
which eases from 80:20 formic acid (0.02%):methanol to 0:100 over the course of 9 minutes, and
back to 80:20 from 12 to 15 minutes. The injection volume is 50 uL, and flow rate is 0.4
mL/min, with column oven temperature of 40⁰ C and ionization temperature of 300⁰ C. Dicamba
is detected at two m/z values; 175 and 219.

Adsorption Kinetics
Kinetics experiments were prepared in 50mL polypropylene centrifuge tubes. Stock
solutions of concentrated glyphosate and dicamba were prepared by dissolving the solid
chemicals in MilliQ water to produce 10mL of 1mM solution. Each tube contained either 0.008g
of soil or 0.04 g of soil (0.2 g/L or 1 g/L). The stock solution was alternately diluted to produce
calibration curves and used to spike 40mL solutions of background analyte (2mM NaHCO3,
10mM NaCl), resulting in a glyphosate or dicamba concentration of 10uM. Samples were shaken
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for 2, 4, 8, 12, and 24 hours at 25⁰ C and 150 rpm before centrifugation at 9000 rpm for 10
minutes and extraction of supernatant via 0.2 um nylon syringe filter for LC-MS detection.

Modified Morgan Soil Nutrient Extraction. Results for Modified Morgan extraction were
provided by Cornell Nutrient Analysis Laboratory, 804 Bradfield Hall, Ithaca, NY, 14853. Soil
samples were combined with acetic acid at a 1:5 ratio and buffered to pH 4.8 with sodium
acetate. Samples were agitated for 15 minutes prior to Inductively Coupled Plasma determination
of labile soil nutrients in the supernatant.

LC-MS Detection of AMPA
Non-derivatized detection of AMPA was achieved with slight modifications of Marek
and Koskinen’s 2013 method for simplified analysis of glyphosate using triple-quadrupole LCMS/MS. Instead of LC-MS/MS, the method was optimized for the available ThermoFisher
Scientific Q Exactive™ Hybrid Quadrupole-Orbitrap™ LC-MS. Liquid chromatography used a
30 x 4.6 mm Biorad Micro-Guard Cation H Cartridge housed in a Biorad Standard Cartridge
Holder for liquid chromatography and an isocratic mobile phase of 20:80 acetonitrile:0.1%
formic acid. An injection volume of 50 uL and flow rate of 0.5 mL/min was used, along with a
column oven temperature of 40⁰ C. Glyphosate was detected at an m/z of 167.8, and AMPA at
109.9. The AMPA acquisition time is 15 minutes, AMPA emerging at 12 minutes.
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II. Supplementary Materials
Table A-1. Glyphosate validation bond angles. Simulated bond angles demonstrating 100% conformation
at 2.5 standard deviations from experimental X-ray crystallography data (Knuuttila and Knuuttila, 1979).
Experimental Bond Angles
Bond
Length (Å)
O1-P1
1.5760
O2-P1
1.5000
O3-P1
1.5010
P1-C1
1.8230
C1-N1
1.4850
N1-C2
1.4830
C2-C3
1.5140
C3-O4
1.2060
C3-O5
1.3100

Simulated Bond Angles
Bond Avg Length (Å) STD STDx2
O9-P7
1.5205
0.0290 0.0580
O10-P7
1.5210
0.0289 0.0577
O8-P7
1.4354
0.0294 0.0588
C6-P7
1.6681
0.0288 0.0577
C6-N5
1.4955
0.0280 0.0560
C1-N5
1.4888
0.0284 0.0569
C1-C2
1.4790
0.0290 0.0580
C2-O3
1.2499
0.0204 0.0408
C2-O4
1.3444
0.0239 0.0479

STDx2.5
0.0725
0.0722
0.0735
0.0721
0.0700
0.0711
0.0725
0.0510
0.0599

Difference
0.0555
0.0210
0.0656
0.1549
0.0105
0.0058
0.0350
0.0439
0.0344

Table A-2. Glyphosate validation bond lengths. Simulated bond lengths demonstrating 91% conformation
at 2.5 standard deviations from experimental X-ray crystallography data (Knuuttila and Knuuttila, 1979).
Experimental Bonds Lengths
Bond
Angle (˚)
O1-P1-O2
111.70
O1-P1-O3
106.00
O2-P1-O3
118.70
C1-P1-O1
104.00
C1-P1-O2
106.30
C1-P1-O3
109.20
N1-C1-P1
111.50
C2-N1-C1
113.40
C3-C2-N1
111.80
O5-C3-C2
109.60
O4-C3-C2
123.60

Bond
09-P7-O10
O9-P7-O8
O10-P7-O8
C6-P7-O10
C6-P7-O9
C6-P7-O8
N5-C6-P7
C1-N5-C6
C2-C1-N5
O4-C2-C1
O3-C2-C1

Simulated Bond Lengths
Avg Angle (˚)
STD
STDx2
107.6782738 4.968583 9.9372
105.804378 4.756425 9.5129
107.6782738 4.968583 9.9372
112.6570769 4.368129 8.7363
111.8645739 4.350468 8.7009
115.6720574 4.240221 8.4804
113.6759245 3.410502 6.8210
116.4874753 3.163984 6.3280
112.1606698 3.544273 7.0885
121.931803 3.414898 6.8298
122.0982225 3.437691 6.8754

STDx2.5
12.4215
11.8911
12.4215
10.9203
10.8762
10.6006
8.5263
7.9100
8.8607
8.5372
8.5942

Difference
4.0217
0.1956
11.0217
8.6571
5.5646
6.4721
2.1759
3.0875
0.3607
12.3318
1.5018
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Figure A-1. Chemical structure labeled with corresponding bond angles and bond lengths to Table A-1
and Table A-2 (Knuuttila and Knuuttila, 1979).
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Table A-3. Soil labile nutrient analysis. Conducted using Modified Morgan extraction with subsequent reagent assays for colorimetric
determination. (Richards, unpublished data).

