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a b s t r a c t 

The widespread use of pesticides has resulted in detectable residues throughout the envi- 

ronment, sometimes at concentrations well above regulatory limits. Therefore, the develop- 

ment of safe, effective, field-practical, and economically feasible strategies to mitigate the 

effects of pesticides is warranted. Glyphosate is an organophosphorus herbicide that is de- 

graded to aminomethylphosphonic acid (AMPA), a toxic and persistent metabolite that can 

accumulate in soil and sediment and translocate to plants. In this study, we investigated the 

binding efficacy of activated carbon (AC) and calcium montmorillonite (CM) clay to decrease 

AMPA bioavailability from soil and AMPA translocation to plants. Adsorption isotherms and 

thermodynamic studies on AC and CM were conducted and showed tight binding (enthalpy 

values > -20 kJ/mol) for AMPA with high capacities (0.25 mol/kg and 0.38 mol/kg, respec- 

tively), based on derivations from the Langmuir model. A hydra assay was utilized to indi- 

cate toxicity of AMPA and the inclusion of 1% AC and CM both resulted in 90% protection 

of the hydra ( ∗∗p ≤ 0.01). Further studies in glyphosate-contaminated soil showed that AC 

and CM significantly reduced AMPA bioavailability by 53% and 44%, respectively. Results in 

genetically modified (GM) corn showed a conversion of glyphosate to AMPA in roots and 

sprouts over a 10-day exposure duration. Inclusion of AC and CM reduced AMPA residues 

in roots and sprouts by 47%–61%. These studies collectively indicate that AC and CM are 

effective sorbents for AMPA and could be used to reduce AMPA bioavailability from soil and 

AMPA residues in GM corn plants. 
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Introduction 

Pesticides have been instrumental in the success of large- 
scale agricultural practices and in keeping commercial and 

residential areas free of annual and perennial weeds. An esti- 
mated 3 billion tons of pesticides are applied each year, world- 
wide ( Pimentel, 2009 ). Pesticide use has been so widespread 

that pesticide residues have been detected throughout the 
environment, sometimes in concentrations well above reg- 
ulatory limits. For example, a study in India measured 

organochlorine pesticides (OCPs) in drinking water and found 

37% of samples exceeded the total pesticide level of 500 ng/L 
limit set by a European Economic Community Directive (EECD) 
for drinking water ( Kaushik et al., 2012 ). Another study ana- 
lyzed European agricultural soils for 76 pesticides, including 
legacy pesticides that have been banned, and found that 83% 

of samples contained 1 or more pesticide residues, and 58% 

contained mixtures of pesticides ( Silva et al., 2019 ). This envi- 
ronmental contamination is of concern especially in cases of 
natural or anthropogenic disasters such as floods and chem- 
ical spills during which chemicals can be mobilized and re- 
distributed to affect water, soil, and sediment. Exposure to 
these chemicals can occur through direct contact with con- 
taminated soil and water or consumption of contaminated 

water and food products. 
Glyphosate (phosphonomethylgycine; PMG) is one such 

chemical that has been applied in large quantities for agri- 
cultural and commercial purposes. It is an organophosphorus 
compound and the active ingredient of many broad-spectrum 

herbicides such as Roundup 

TM . In agricultural applications, 
PMG is used as a non-specific, systemic herbicide before plant- 
ing and during pre- and post-emergence phases of plant 
growth. In the US alone, 1.6 billion kg of PMG have been ap- 
plied since its development in 1974, two-thirds of which has 
been in the last 10 years. One factor contributing to the dom- 
inant and increasing use of PMG is the availability of geneti- 
cally modified (GM), PMG-resistant crops, which makes up 56% 

of global PMG application ( Benbrook, 2016 ). 
PMG is broken down by microorganisms in soil and 

metabolized in plant tissue to form its major metabolite 
aminomethylphosphonic acid (AMPA), a more toxic and more 
persistent molecule than PMG. PMG half-life and degrada- 
tion to AMPA are affected by pH and temperature and de- 
pend largely on soil type and content, ranging from 3.5 days 
in loess topsoil to 110 days in clay topsoil under oxic condi- 
tions ( Bergstrom et al., 2011 ; Yang et al., 2015 ). Studies suggest 
that 48%-70% of PMG is broken down to AMPA in soil, primar- 
ily through C-N cleavage ( Bai and Ogbourne, 2016 ; Sun et al., 
2019 ). A study in agricultural topsoils found 21% and 42% of 
samples contained PMG and AMPA, respectively, and mea- 
sured maximum concentrations of 2 mg/kg for both com- 
pounds ( Silva et al., 2018 ). PMG and AMPA toxicity are top- 
ics of debate among various regulatory and scientific enti- 
ties. The International Agency for Research on Cancer (IARC) 
reclassified PMG as “probably carcinogenic to humans” in 

2015, while the US Environmental Protection Agency (USEPA) 
concluded that PMG is not likely to be carcinogenic to hu- 
mans ( Guyton et al., 2015 ; USEPA, 2020 ). These agencies have 

not made a determination on the carcinogenicity of AMPA, 
but IARC considered studies that provide evidence of AMPA’s 
potential to cause genotoxic effects and oxidative stress 
( Benbrook, 2019 ). Early studies suggest the acute toxicities 
of both compounds are relatively low. However, more recent 
work shows the potential for chronic health effects for hu- 
mans and animals ( Bai and Ogbourne, 2016 ; Mesnage et al., 
2015 ; Séralini et al., 2014 ). 

Bioavailable fractions of PMG and AMPA in soil and water 
can translocate to plants such as vegetable crops, resulting 
in potential exposures for humans and animals. AMPA has 
been detected in GM crops as well as non-target plants. Re- 
ductions in photosynthetic rates have been observed in wil- 
low plants and tea plants exposed to AMPA ( Gomes et al., 
2016 ; Tong et al., 2017 ). A study in Argentina measured PMG 

and AMPA in stems, leaves, and grains of GM soybean crops 
and found PMG concentrations up to 5.2 mg/kg and 1.8 mg/kg 
in stems/leaves and grains, respectively, and AMPA concen- 
trations up to 5.7 mg/kg and 1.7 mg/kg in stems/leaves and 

grains, respectively ( Arregui et al., 2004 ). Moreover, AMPA 

has phytotoxic effects and can significantly reduce shoot dry 
weights in GM soybeans ( Ding et al., 2011 ; Reddy et al., 2004 ). 

In addition to AMPA’s negative effects on plant growth, 
chronic exposure to AMPA residues through consumption of 
contaminated plant products could be harmful to human 

health. Microbial degradation and adsorption to soil particles 
are used as primary remediation strategies for PMG, but these 
processes result in the production of AMPA and contribute to 
the persistence of PMG in soil ( Sidoli et al., 2016 ; Zhan et al., 
2018 ). Effective, field-practical, and economically feasible sor- 
bent strategies could be used to reduce AMPA bioavailabil- 
ity from soil and potential exposures through direct contact 
with contaminated soil or consumption of contaminated food 

products. 
Materials such as activated carbon (AC) and clay-based sor- 

bents have been used to bind various contaminants in the 
environment to reduce their bioavailability. Studies from our 
laboratory have shown that montmorillonite-based clays are 
highly effective sorbents for mycotoxins, pesticides, PAHs, and 

PCBs ( Hearon et al., 2020 ; Phillips et al., 2019 ; Wang et al., 
2019 a, Wang et al., 2019 b; Wang et al., 2020 ). We have re- 
cently shown that calcium montmorillonite (CM) clay can 

tightly bind PMG to active surfaces based on adsorption stud- 
ies and computational modeling ( Wang et al., 2019 c). Stud- 
ies have investigated the use of biochars derived from birch 

wood, eucalyptus, and pecan, cherry, and apple wood chips as 
potential soil amendments to reduce PMG leaching from soil 
( Hagner et al., 2015 ; Hall et al., 2018 ; Junqueira et al., 2019 ). 
PMG sorption onto surfaces of montmorillonite clays has also 
been studied ( Khoury et al., 2010 ; Morillo et al., 1997 ). However, 
there is minimal data reporting the use of sorbents that can 

effectively bind AMPA to reduce its bioavailability in soil and 

reduce plant uptake from soil. Therefore, this study charac- 
terized the adsorption efficacy of AC and CM for AMPA using 
in vitro isothermal analyses, thermodynamic studies, and the 
safety and efficacy of these materials using a living organism 

(Hydra vulgaris). Plant studies were also used to evaluate the 
efficacy of sorbents to mitigate uptake of AMPA residues in 

genetically modified (GM) corn roots and sprouts. 
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1. Materials and methods 

1.1. Reagents 

High pressure liquid chromatography (HPLC) grade acetoni- 
trile and pH buffers (4.0, 7.0 and 10.0) were purchased from 

VWR (Atlanta, GA). Aminomethylphosphonic acid (AMPA) an- 
alytical standard was purchased from Acros Organics (Geel, 
Belgium). Glyphosate (PMG) analytical standards, ethylene- 
diaminetetraacetic acid disodium salt dihydrate (EDTA) and 

acetic acid were purchased from Sigma-Aldrich (Saint Louis, 
MO). HPLC grade acetone and water + 0.1% formic acid were 
purchased from Fisher Scientific (Hampton, NH). Activated 

carbon (AC) derived from coconut shell (mesh size: 100 –
325; iodine number: 1100 mg/g; bulk density: 30 – 33 lbs/ft. 3 ) 
was obtained from the General Carbon Corporation (Pater- 
son, NJ). Calcium montmorillonite (CM) was obtained from 

Engelhard Corp. (Cleveland, OH). CM has an average total 
surface area of 850 m 

2 /g, an external surface area of ap- 
proximately 70 m 

2 /g, and a cation exchange capacity of 97 
cmol/kg ( Grant and Phillips, 1998 ). CM has a general formula 
of (Ca) 0.3 (Al,Mg) 2 Si 4 O 10 (OH) 2 • nH 2 O ( Marroquin-Cardona et al., 
2011 ). Deionized water (18.2 M �) was generated in the labora- 
tory using an Elga TM automated filtration system (Woodridge, 
IL) and was used in all experiments. 

1.2. In vitro studies: isothermal adsorption analyses 

The AMPA stock solution was prepared by dissolving pure 
powder in deionized water to yield 1000 μg/mL. AC, CM, and 

collapsed-CM were used as sorbents for adsorption isotherms. 
Collapsed-CM was used to evaluate potential binding mecha- 
nisms and the importance of CM interlayer surfaces in bind- 
ing AMPA and was prepared by heating the clay at 200 °C for 
30 min, then 800 °C for 1 hr ( Grant and Phillips, 1998 ). Sor- 
bents were added at 0.0005% W/V to AMPA solutions with an 

increasing concentration gradient. To achieve the 0.0005% in- 
clusion level, 10 μL of 0.5 mg/mL clay suspension in water was 
added to each sample. Sorbent suspensions were mixed vig- 
orously during transfer to ensure equal distribution of clay 
to each sample. The concentration gradients of AMPA solu- 
tions were achieved by adding a calculated amount of AMPA 

stock solution to a complementary volume of mobile phase in 

1.5 mL centrifuge tubes to a total volume of 1 mL. Addition- 
ally, 3 controls were tested (mobile phase, AMPA solution, and 

0.0005% sorbent solution). All samples were agitated at 1000 
rpm for 2 hr at ambient temperature (25 °C) and high temper- 
ature (37 °C) to investigate the thermodynamics of the reac- 
tion. Samples were then centrifuged at 2000 × g for 20 min 

to separate sorbent/AMPA complexes from the solution. The 
supernatants were collected for analysis. 

PMG and AMPA were analyzed using a Waters Acquity®
Ultra Performance Liquid Chromatography (UPLC)-Mass Spec- 
trometry (MS)/MS (LC-MS/MS) equipped with a BEH C18 
column (50 × 2.1 mm) following a method described by 
Pereira (2006) . Separation was obtained using a mobile phase 
of water with 0.1% formic acid (eluate A) and acetonitrile with 

0.1% formic acid (eluate B) (5%–100% of eluate B in 10 min) 
at 0.3 mL/min with a 40 μL injection volume and a negative 

electrospray ionization mode at 4.5 kV spray voltage. Nitro- 
gen gas was used as the collision gas and curtain gas, and ar- 
gon gas was used as the nebulizer gas and heater gas. The 
source temperature was kept at 225 °C for PMG and 450 °C for 
AMPA. The MS was operated under multiple reaction moni- 
toring (MRM) mode and the monitored precursor and prod- 
uct ions were 168 and 63/81 (PMG) and 110 and 63/79 (AMPA). 
The unit mass resolution was used for the ion mass analyzer. 
Empower analyst software was used to control the LC-MS/MS 
system and acquire the data. To ensure consistency of the 
detection methods and linearity of peak concentrations for 
PMG and AMPA, standard solutions of the analytes were pre- 
pared in distilled water at concentrations between 10 μg/mL 
and 0.05 μg/mL to measure standard curves for each set of 
samples. The standard curves for PMG and AMPA were lin- 
ear ( r 2 > 0.99). The limit of detection for both analytes was 
0.05 μg/mL. 

1.3. Data calculations and curve fitting 

AMPA was detected by LC-MS/MS and quantified using stan- 
dard calibration curves. AMPA concentrations in solution were 
calculated from peak area at the retention time. The amount 
adsorbed for each data point was calculated from the con- 
centration difference between test and control groups. The 
resulting data was input into a Microsoft Excel program de- 
veloped in our laboratory and plotted using Table-Curve 2D to 
derive values for each parameter. The best fit for the data was 
the Langmuir model, which was then used to plot equilibrium 

isotherms for each analysis. The isotherm equation was en- 
tered as a user-defined function, 

Langmuir model ( LM ) q = Q max 

(
K d C w 

1 + K d C w 

)

where q (mol/kg) is toxin adsorbed, Q max (mol/kg) is the max- 
imum capacity, K d is distribution constant, and C w 

is toxin 

equilibrium concentration. Estimates for the Q max and K d were 
derived from a double logarithmic plot of the data. The plot 
will normally display a break in the curve, where the value of 
the X-axis is an estimate of K d , and the value of the Y -axis is an 

estimate of Q max . The K d value is derived from the Langmuir 
equation by solving for K d : 

K d = 

q 
( Q max − q ) C w 

The enthalpy ( �H ) is a parameter of the thermodynamics 
of the binding reaction, indicating total heat released or ab- 
sorbed. It is calculated by the Van’t Hoff equation, comparing 
individual K d values at two temperatures (25 °C and 37 °C): 

�H = 

−R ln 

(
K d2 
K d1 

)
(

1 
T 2 

)
−

(
1 
T 1 

)

where R (ideal gas constant) = 8.314 J/(mol K), and T (absolute 
temperature) = 273 + t ( °C). 
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1.4. In vivo studies: hydra assay 

Hydra vulgaris were obtained from Environment Canada 
(Montreal, QC) and maintained at 18 °C. Using a hydra classifi- 
cation method, morphology of the hydra was rated over time 
as an indicator of solution toxicity. The morphological scoring 
of hydra in this assay is objective and repeatable ( Brown et al., 
2014 ). A score of 0 to 10 was assigned individually to hydra 
in each experimental group. Scores of 7 to 9 indicated mi- 
nor toxicity, 4 to 6 indicated moderate toxicity, and 0 to 3 
indicated severe toxicity. The assay included monitoring at 
shorter time intervals during the first two days (0, 4, 20, and 

28 hr) and 24-hr intervals during the last three days (44, 68, 
92 hr). Control groups included hydra media (18.2 M � wa- 
ter, 4 mg/L EDTA, 115 mg/L N-tris[hydroxymethyl]methyl-2- 
aminoethanesulfonic acid (TES), and 147 mg/L CaCl 2 adjusted 

to pH 6.9– 7.0). Chemical exposure groups included 20 μg/mL 
AMPA solution in hydra media based on the minimum effec- 
tive dose (MED) that caused 100% mortality of the hydra in 

92 hr. Sorbent treatment groups consisted of 20 μg/mL AMPA 

plus 1.0% W/V sorbent inclusion. The sorbent inclusion level 
was based on a preliminary dosimetry study that evaluated 

sorbent inclusion levels between 0.25% and 2% and deter- 
mined that 1% was the optimal dose. Each group contained 

3 adult hydra in 4 mL of test solution and were kept at 18 °C. 
Solutions were not changed during the testing period. All test 
groups in disposable culture tubes were capped and agitated 

at 1000 r/min for 2 hr followed by centrifugation at 2000 × g for 
20 min. Groups of hydra were then exposed to each solution 

and the hydra morphological responses for each group were 
scored and recorded at each time point. The average score for 
each group was used to determine the toxicity rating at each 

time point. 

1.5. Soil studies 

Garden soil (with a composition including compost, pro- 
cessed forest products, sphagnum peat moss, a wetting agent, 
and fertilizer containing 0.09% total nitrogen, 0.05% available 
phosphate, and 0.07% soluble potash) was obtained from The 
Scotts Miracle-Gro Company (Marysville, OH). Soil was air- 
dried and sieved through a 1 mm screen before use. Each 1 g 
soil sample in a disposable culture tube was spiked with 2 mL 
of 1.0 μg/mL PMG/acetone solution and thoroughly mixed to 
ensure even distribution of PMG. Samples were left uncapped 

in a fume hood for 7 days allowing the metabolism of PMG 

and evaporation of the acetone ( Giesy et al., 2000 ). Sorbents 
were added at 1% W/W to soil samples and thoroughly mixed. 
The sorbent inclusion level was based on a preliminary study 
that evaluated doses of 0.5%, 1%, 2%, and 5% and determined 

that 1% was the optimal dose. Samples were hydrated by 
adding 4 mL of distilled water and then slowly agitating at 
200 r/min for 24 hr. A soil extraction method ( Chamkasem and 

Harmon, 2016 ) with modification was used to extract AMPA 

from soil samples. Briefly, 4 mL of 50 mmol/L acetic acid 

/10 mmol/L Na 2 -EDTA (572 μL acetic acid and 0.74 g Na 2 -EDTA 

in 200 mL water) was added to each sample before agitating at 
1000 r/min for 1 hr. Samples were centrifuged at 2000 × g for 
20 min and the supernatants were transferred to new culture 
tubes. The supernatants were then passed through Strata C18- 

E (55 μm, 70A) columns preconditioned with 2 mL methanol 
and 2 mL water. Extracts were analyzed for AMPA using LC- 
MS/MS. Calibration curves were conducted for each group of 
extracts to ensure linearity of peak concentrations and con- 
sistency of the extraction method. Controls for each group of 
extracts included blank soil, soil spiked with PMG, and soil 
with sorbent. Peak areas of AMPA from samples that included 

sorbents were compared to the AMPA control samples to de- 
termine the percent reduction in AMPA bioavailability from 

soil. 

1.6. Plant uptake studies 

Compost (with a composition including aged forest products, 
sphagnum peat moss, perlite, sandy loam, and fertilizer con- 
taining 0.30% total nitrogen, 0.45% available phosphate, and 

0.05% soluble potash, and 1.00% calcium derived from fish 

emulsion, crab meal, shrimp meal, earthworm castings, bat 
guano, kelp meal and oyster shell) was obtained from Fox- 
farm Soil & Fertilizer Company (Humboldt County, Califor- 
nia). Hybrid Seed Corn (217-76STX) was obtained from Chan- 
nel Bio, LLC (St. Louis, MO). Compost was air-dried and sieved 

through a 1 mm screen before use. These studies were con- 
ducted using compost and garden soil to evaluate any differ- 
ences between the two media. For each study, six experimen- 
tal groups including: soil or compost control; chemical con- 
trol with 2 μg/mL PMG; two sorbent controls at 1% in base 
media; and two treatment groups of 1% sorbent and 2 μg/mL 
PMG were set up with six planters in each group. The dose of 
1% sorbent in these studies was determined from the hydra 
and soil bioavailability studies. Each planter contained 10 g 
of soil/compost hydrated with 20 mL water. GM corn seeds 
were planted with at least 2 seeds per planter to ensure an 

adequate number of viable sprouts. Planters were monitored 

and watered throughout the study to ensure adequate hydra- 
tion. Seeds were allowed to germinate and sprout for 7 days 
before planters were moved to hydroponic systems contain- 
ing 1.5 L nutrient solution (potassium nitrate, calcium nitrate, 
monopotassium phosphate, potash, magnesium sulfate, and 

trace elements at 2.9–3.2 EC and 6.1 pH) on day 7 ( Fig. 1 ). Hy- 
droponic systems were used to simulate flood scenarios dur- 
ing which roots might be exposed to higher levels of water and 

potentially higher levels of contaminants such as pesticides. 
GM corn roots had significantly grown into the nutrient so- 
lutions after 3 days. Experimental groups were administered 

500 mL of nutrient solution containing 5 μg/mL for chemical 
controls, 1% sorbent for sorbent controls and 5 μg/mL plus 1% 

sorbent for treatment groups. After exposure periods rang- 
ing from 1 day to 10 days, planters were removed from hy- 
droponic systems. Roots and sprouts were separated, washed 

thoroughly and carefully with deionized water, and air-dried 

before weights were measured. Samples were then ground to 
a powder-like texture. 

Extraction methods described by Chamkasem and Har- 
mon (2016) were followed with modification. Briefly, 5 mL of 
50 mmol/L acetic acid/10 mmol/L Na 2 -EDTA was added to each 

sample in disposable culture tubes. Samples were homoge- 
nized for 5 min using a 150 Homogenizer and 7 mm Generator 
Probe (Fisher Scientific, Waltham, MA). The tubes were capped 

and agitated at 1000 rpm for 20 min and then centrifuged at 
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Fig. 1 – Plant uptake experimental design. These studies were used to determine sorbent ability to reduce plant uptake of 
chemicals from soil. Our hydroponic system simulates a flood scenario, during which plant roots would be exposed to high 

levels of chemical contaminants in floodwaters. 

Fig. 2 – (a) Langmuir plots of AMPA on AC at 25 °C indicating 
binding of AMPA. (b) Langmuir plots of AMPA binding to 

CM and collapsed CM at 25 °C. Q max value was significantly 

decreased with collapsed CM clay, indicating interlayer 
surfaces are important in AMPA binding to CM clay. 

2000 × g for 20 min. The supernatants were passed through 

Strata C18-E (55 um, 70A) columns preconditioned with 2 mL 
methanol and 2 mL water. 2 mL of the extracts were added to 
autosampler vials and analyzed using LC-MS/MS. 

1.7. Molecular model 

The molecular model of CM clay and AMPA was constructed 

following a method described by Wang et al. (2017) . Briefly, 
the molecular model for CM clay was drawn in ISIS Draw 2.0 
and then imported into HyperChem 8.0. The model was con- 
structed using the unit cell coordinates of muscovite, which 

were then converted to orthogonal coordinates in an Excel 
spreadsheet (constructed from a public domain C program). 
The unit cells were replicated in three-dimensional space by 
applying the symmetry operations for a C2/c space group. Fi- 
nally, the d 001 spacing of the model was set to the correspond- 
ing dimensions of the exchanged montmorillonite (21 Å). The 
AMPA structure was energy-minimized using the semiempir- 
ical quantum mechanical AM1 method. AMPA was inserted 

into the interlayer and on the external surface to illustrate the 
proposed sites of AMPA adsorption to CM. 

1.8. Statistical analysis 

A one-tailed t -test was used to determine statistical signifi- 
cance. Each experiment was conducted in triplicate to derive 
means and standard deviations for the following: (1) Q max and 

K d values from isothermal analyses, (2) toxicity scores from 

the hydra assay, (3) concentrations of AMPA in soils and plants, 
and (4) root weight and sprout length and weight. These were 
compared using a Tukey test. T -values and degrees of freedom 

were used to determine the p -value. Results were considered 

significant at p ≤ 0.05. 
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Fig. 3 – Langmuir plots of AMPA on CM and AC at 37 °C (CM: K d = 3.10E + 05; AC: K d = 2.70E + 05). K d values for these plots 
were compared to those conducted at 25 °C to determine the enthalpy ( �H ) of the binding reactions. �H values for CM and 

AC were -48.2 and -26.6 kJ/mol , respectively. 

2. Results 

Adsorption isotherms were plotted using a Microsoft Excel 
program developed in our laboratory and generated with 

TableCurve 2D software to derive sorbent-chemical binding 
parameters. The Langmuir equation was used to determine 
Q max (capacity) and K d (affinity) values for AMPA binding to AC 

and CM. All plots fit the Langmuir model with r 2 above 0.95. 
The Q max and K d values along with the curved shape of the 
Langmuir plot indicated saturable binding of AMPA by AC and 

CM ( Fig. 2 a and b), and saturable binding of AMPA on active 
sorbent surfaces. The isothermal plot for collapsed-CM clay 
had a Q max value of 0.116 mol/kg ( Fig. 2 b). Compared to the 
Q max value of 0.246 mol/kg for CM, collapsed CM clay showed 

53% less binding than the intact CM clay. 
Thermodynamic studies were used to determine the heat 

of sorption (enthalpy) of the binding reactions. Isotherms for 
AC and CM were conducted at two temperatures (37 °C and 

25 °C) to calculate the enthalpy ( �H ) of the binding reaction 

of AMPA with sorbents ( Fig. 3 ). The K d values for AC and 

CM isotherms conducted at 25 °C were compared to K d val- 
ues from isotherms conducted at 37 °C using the Van’t Hoff 
equation. �H values for AC and CM were -26.6 kJ/mol and - 
48.2 kJ/mol, respectively. 

The hydra assay in Fig. 4 a shows the efficacy of AC, CM, and 

a 50:50 mixture of AC:CM in protecting the hydra from AMPA 

toxicity. Groups of hydra were exposed to 20 μg/mL AMPA 

based on the minimum effective dose (MED) that caused 100% 

mortality of the hydra in 92 hr. The control group in hydra me- 
dia (without sorbent or AMPA inclusion) and sorbent controls 
had scores of 10 throughout the exposure period. Treatment 

groups received 1% sorbent inclusion, which resulted in 90% 

protection of the hydra with all 3 tested sorbents ( p ≤ 0.01), 
indicating significant protection of hydra from AMPA toxicity 
with addition of AC, CM, and 50:50 AC:CM. The hydra assay in 

Fig. 4 b shows toxicity of 20 μg/mL PMG over the 92 hr exposure 
period. 

Soil studies were conducted to determine the potential 
of AC, CM, and 50:50 AC:CM to reduce the bioavailability 
of AMPA from soil. Soil samples (1.0 g) were spiked with 

2 mL of 1.0 μg/mL AMPA solution in acetone. Recovery of 
AMPA from soil samples was 75%, which is consistent with 

% recoveries reported in the literature ( Druart et al., 2011 ; 
Laitinen et al., 2009 ). AMPA recovery from soil samples in Fig. 5 
shows that 1% W/W AC, CM, and 50:50 AC:CM significantly re- 
duced AMPA bioavailability by 52.7%, 43.5%, and 56.6% respec- 
tively ( p ≤ 0.01). 

A time course study was conducted to investigate PMG and 

AMPA uptake by GM corn sprouts and metabolism of PMG 

to AMPA over a 10-day exposure period ( Fig. 6 ). All experi- 
mental groups were exposed to 2 μg/mL PMG in the soil and 

were flooded with 5 μg/mL PMG solution. The 6 groups were 
removed from hydroponic systems on days 1, 2, 4, 6, 8, and 

10 after exposure. Throughout the 10-day exposure period, 
average growth rates of root dry weight, sprout dry weight 
and sprout length were 1.5 mg/day ( Fig. 6 a), 45.6 mg/day 
( Fig. 6 b), and 29 mm/day ( Fig. 6 c). These measurements for 
treatment groups were not significantly different than the 
control groups. Over the 10-day exposure period, PMG concen- 
trations decreased from 9.3 to 5.6 μg/g in roots and from 20.5 
to 5.4 μg/g in sprouts ( Fig. 6 d and e). AMPA concentrations in- 
creased from 1.9 to 3.4 μg/g in roots and from 9.1 to 11.3 μg/g 
in sprouts ( Fig. 6 f and g). 
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Fig. 4 – (a) Hydra assay showing AMPA toxicity at 20 μg/mL and the protection of hydra with inclusion of 1.0% W/V AC, CM, 
and 50:50 AC:CM. Control groups with no AMPA (hydra media and sorbent controls) are included for comparison and show 

scores of 10 throughout the test period. Sorbent inclusion at 1.0% was able to significantly protect hydra from AMPA toxicity 

(90% protection). ( ∗∗p ≤ 0.01). (b) Toxicity of 20 μg/mL PMG resulting in moderate toxicity to the hydra. 

Plant studies were conducted using both compost and gar- 
den soil to evaluate potential differences in GM corn uptake of 
PMG and AMPA from media with varying compositions ( Fig. 7 ). 
No significant differences were seen between root/sprout dry 
weights or sprout length measurements for control groups 
(blank soil, AC control, CM control) and treatment groups (PMG 

control, PMG + AC, and PMG + CM). Plant growth was favored 

and less adversely affected by PMG in compost in terms of root 
and sprout dry weight ( ∗p ≤ 0.05) ( Fig. 7 a and c). In corn roots, 
uptake of AMPA in the PMG control group was 80% higher in 

the compost group than in the soil group ( ∗∗p ≤ 0.01) ( Fig. 7 e). 
AMPA was non-detectable in the soil treatment groups. Based 

on the limit of detection of 0.05 μg/g, uptake of AMPA in the 
PMG + 1% AC and PMG + 1% CM treatment groups was at least 
80% and 78% higher in the compost study than the soil study 
( ∗∗p ≤ 0.01). In corn sprouts, uptake of AMPA in PMG control, 

PMG + 1% AC treatment, and PMG + 1% CM treatment groups 
was 48%, 54%, and 61% higher, respectively, in the compost 
study than in the soil study ( ∗∗p ≤ 0.01) ( Fig. 7 d). In terms of 
reduction of AMPA uptake with sorbent inclusion in the com- 
post study, 1% AC resulted in 55% and 56% reduction, and 1% 

CM resulted in 58% and 47% reduction in AMPA residues mea- 
sured in corn roots and sprouts, respectively. In the soil study, 
1% AC and 1% CM resulted in 61% and 60% reduction in AMPA 

residues measured in corn sprouts, respectively. In corn roots, 
0.11 μg/g of AMPA was measured in the PMG control group, 
and was non-detectable in the AC and CM treatment groups. 
Based on the limit of detection of 0.05 μg/g, 1% AC and CM 

inclusion significantly reduced AMPA residues in sprouts (at 
least 55%). The results of these studies suggest AC and CM are 
able to significantly reduce AMPA uptake in GM corn roots and 

sprouts. 
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Fig. 5 – Soil studies showing significant reduction of AMPA bioavailability with inclusion of 1% AC, CM, and 50:50 AC:CM at 
52.7%, 43.5%, and 56.6%, respectively. ( ∗∗p ≤ 0.01) 

Fig. 6 – Time course plant study showing uptake of PMG and conversion to the metabolite AMPA. Root dry weight (a), sprout 
dry weight (b) and total sprout length (c) were measured over the duration of the 10-day exposure period. PMG and AMPA 

concentrations were measured in both the roots (d, f) and sprouts (e, g). 

3. Discussion 

AMPA (following the breakdown of PMG) can accumulate in 

soil and sediment. PMG and AMPA have log P values of -3.40 
and -4.70, respectively, confirming that they are soluble in 

water and can be easily mobilized and redistributed, espe- 
cially in cases of floods or storms. PMG and AMPA can be 
mobilized from soil and sediment by rainfall, redistributed 

via runoff, and affect surface water and groundwater sources 
( Battaglin et al., 2014 ; Daouk et al., 2013 ; Scribner et al., 
2007 ). Additionally, phosphate fertilization of soils has been 

shown to contribute to PMG remobilization due to competi- 
tion between PMG and phosphate for adsorption sites in soil 
( Bott et al., 2011 ). Many studies have evaluated PMG bioavail- 
ability and strategies to reduce exposures, but few have fo- 
cused on its major metabolite AMPA. There is a lack of in- 
formation on safe and economical methods to reduce AMPA 
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Fig. 7 – Plant uptake study showing AMPA residues in corn roots and sprouts for sprouts grown in both compost and soil. 
No significant differences were seen between groups for root dry weight (a), sprout dry weight (b), and total sprout length (c). 
1% AC and CM were both able to significantly reduce AMPA residues in corn roots (d) and sprouts (e) in both the compost 
and soil studies ( ∗∗p ≤ 0.01) 

residues in the environment. The use of activated carbon and 

clay sorbents to mitigate unintended exposures to AMPA in 

soil and plant products could be a promising strategy. We char- 
acterized AMPA sorption onto AC and CM to develop safe and 

effective soil amendments that can be used to reduce the 
bioavailability of AMPA in soil and plants. 

Isothermal analyses were conducted to derive insight into 

AMPA binding to sorbent surfaces. Both isotherms fit Lang- 
muir trends with high Q max and K d values, indicating effi- 
cient binding of AMPA onto saturable binding sites. Q max val- 
ues (0.376 and 0.247 mol/kg for AC and CM, respectively) indi- 
cated high capacities of both sorbents for AMPA, and K d values 
(4.09E + 05 and 6.05E + 05 for AC and CM, respectively) indicated 

high affinities of the sorbents for AMPA ( Table 1 ). 
CM clay has negatively charged interlayer surfaces, which 

are often important binding sites for various chemicals 
( Grant and Phillips, 1998 ; Wang et al., 2019 c). To investigate 
the importance of these sites in AMPA binding to CM, the clay 
was heated to collapse interlayer surfaces. This heating pro- 
cess has been shown to significantly dehydroxylate the CM 

clay structure and collapse interlayer surfaces to decrease po- 
tential binding sites. There was a 53% decrease in Q max of the 
collapsed CM compared to the intact CM (under the experi- 
mental conditions in this study), suggesting that the interlayer 
accounts for a large portion of AMPA binding to CM. Other 

Table 1 – Summary of Q max and K d values for all AC 

and CM adsorption isotherms. ∗PMG Q max and K d values 
are from isotherms conducted with 10 μg/mL PMG and 

0.002% W/V sorbent inclusion ( Wang et al., 2019 a). 

Q max K d 

AMPA CM @ 25 °C 0.247 6.58E + 05 
CM @ 37 °C 0.276 3.10E + 05 
Collapsed-CM @ 

25 °C 

0.116 6.18E + 05 

AC @ 25 °C 0.376 4.09E + 05 
AC @ 37 °C 0.390 2.70E + 05 

PMG 

∗ CM 0.340 2.00E + 05 
AC 0.550 5.64E + 05 

binding interactions may involve reactions at edge sites and 

on the basal surfaces ( Fig. 8 ). 
Thermodynamic studies were used to evaluate the bind- 

ing reactions of AMPA onto sorbent active surfaces. The nega- 
tive �H values for CM and AC (-48.2 and -26.6 kJ/mol, respec- 
tively) indicated that AMPA binding to sorbent surfaces in- 
volved exothermic reactions. The high negative value for CM 

indicated that AMPA binding to clay surfaces was tight and in- 
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Fig. 8 – Molecular model of geometrically optimized CM clay 

layers and AMPA molecules showing predicted binding of 
AMPA onto CM surfaces. Binding sites may include 
interlayer surfaces, basal surfaces, and edge sites. 

volved chemisorption mechanisms. This result agrees with a 
previous study where AMPA predominantly bound to CM via 
covalent interlayer surface complexes through the phospho- 
nate moiety ( Renning et al., 2008 ). The lower negative value for 
AC indicated that AMPA binding to carbon surfaces might in- 
clude weaker bonds such as hydrogen bonds, dipole-dipole in- 
teractions, and Van der Waals attractions (i.e., physisorption). 

In the hydra assay, all 3 sorbents including AC, CM, and 

50:50 AC:CM were not toxic to the hydra with inclusion levels 
as high as 1.0% W/V . All sorbents significantly protected the 
hydra from AMPA toxicity. Inclusion of 1.0% sorbent reduced 

severe toxicity (score of 0) of 20 μg/mL AMPA to minor toxicity 
(score of 9). These results agree with the high efficacy shown in 

isothermal and thermodynamic analyses, further indicating 
that AC and CM are effective sorbents of AMPA. Additionally, 
the hydra assay in Fig. 4 b shows that 20 μg/mL PMG resulted 

in moderate toxicity (score of 5) to the hydra, suggesting that 
PMG may be less toxic to the hydra than AMPA. 

All 3 sorbents tested at 1% inclusion were able to signifi- 
cantly reduce AMPA bioavailability from soil with 52.7%, 43.5%, 
and 56.6% reduction for AC, CM, and 50:50 AC:CM, respec- 
tively. The 50:50 AC:CM combination resulted in the highest 
reduction in AMPA bioavailability. This could be attributed to 
the contribution of diverse binding sites for AC and CM, re- 
sulting in an additive effect. The efficacy of sorbent treat- 
ment in soils is consistent with previous reports where clay- 
based soils showed reduced bioavailability of PMG and AMPA, 
whereas, sandy soils had more bioavailable PMG and AMPA 

( Bergstrom et al., 2011 ; Giesy et al., 2000 ). We expect that at 
exposure levels of PMG that are commonly detected in the 
environment, there will be a significant reduction in AMPA 

bioavailability. Since previous thermodynamic studies sug- 
gested that AMPA-sorbent complexes would be stable in a soil 
environment and carbon and clays are natural components of 
many soil types, inclusion of these materials as soil amend- 
ments should have limited adverse environmental effects ( Ito 
et al., 2017 ). 

To further investigate the sorbent treatment for plants, a 
time course study was conducted to evaluate PMG and AMPA 

levels in GM corn roots and sprouts over a 10-day exposure pe- 
riod. Measurements for root and sprout dry weight and sprout 
length were not significantly different between the control 
group (data not shown) and PMG exposure groups, indicating 
PMG did not have significant adverse effects on growth based 

on these measurements. On day 1, 1.93 and 9.11 μg/g of AMPA 

were measured in GM corn roots and sprouts, respectively. 
This indicates that PMG and AMPA could be taken up from soil 
and metabolism of PMG to AMPA could occur in plant tissues 
during the growth phase as well as the exposure phase. PMG 

levels steadily decreased in both roots and sprouts over the 
10-day exposure period, and AMPA levels steadily increased 

in roots and remained relatively constant in sprouts. With a 
longer exposure period, further decreases in PMG residues and 

possible increases in AMPA residues are expected. By the end 

of the exposure period, 36.5% and 55.4% of the PMG measured 

in roots and sprouts on day 1 had metabolized to AMPA. These 
results are consistent with previous studies that showed up to 
70% metabolism of PMG to AMPA ( Sun et al., 2019 ). 

Plant studies using GM corn were conducted to investi- 
gate effects of compost versus soil during plant growth and 

toxin uptake. No significant differences were seen in sprout 
length between compost and soil studies. Root dry weight was 
significantly higher in the compost study than the soil study 
for PMG control and PMG + AC treatment groups. Sprout dry 
weight was significantly greater in the compost study than the 
soil study for all three test groups. These differences could be 
attributed to higher nutrient content that is associated with 

compost. Importantly, AC and CM treatment did not have any 
negative effects on plant growth based on root and sprout dry 
weights and sprout length. AMPA residues were significantly 
higher in all compost groups than soil groups. This could be 
due to greater PMG sorption to soil particles than to compost 
particles, resulting in greater PMG available for metabolism 

and translocation to corn in the compost groups. Additionally, 
physical properties including hydraulic conductivity, moisture 
content, and microbial respiration could contribute to variable 
uptake of AMPA from compost and soil ( Erban et al., 2018 ). Im- 
portantly, both sorbents administered in the hydroponic sys- 
tem at 1% significantly reduced AMPA residues in GM corn 

roots and sprouts grown in both garden soil and compost by 
47% - 61%. Studies have investigated the use of biochars in 

soil at levels up to 5% W/W ( Graber et al., 2010 ; Spokas et al., 
2009 ). It is possible that sorbents at higher inclusion will re- 
sult in more significant reduction based on previous dosime- 
try studies ( Maki et al., 2016 ; Mitchell et al., 2014 ; Phillips et al., 
2008 ). These results indicate that AC and CM could be used as 
soil amendments to reduce AMPA residues in GM corn roots 
and sprouts. Further studies with longer exposure periods (2-3 
months) are needed to investigate PMG/AMPA uptake into GM 

corn kernels. It is important to note that plant studies were 
carried out under laboratory conditions that do not necessar- 
ily represent typical environmental conditions. These stud- 
ies were meant to simulate uptake of PMG and AMPA from 

soil and water and to demonstrate sorbent ability to reduce 
translocation of these chemicals to GM corn roots and sprouts. 
Additionally, the hydroponic system allowed us to simulate 
a “flood” scenario during which plant roots may be exposed 
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to higher volumes of water. In this experimental setup, roots 
were directly exposed to nutrient solutions containing PMG. 
Previous plant studies conducted in our laboratory evaluated 

the effect of adding 5% compost (100 g) to the nutrient solu- 
tion and found that it did not have any significant effects on 

levels of AMPA residues measured in roots/sprouts or the ef- 
ficacy of the sorbents in reducing chemical translocation to 
plants. Further studies are needed to evaluate the efficacy of 
sorbents in field applications. 

4. Conclusion 

Results in this study indicate that activated carbon derived 

from coconut shell and calcium montmorillonite clay are ef- 
fective sorbents of AMPA. The efficacy of this treatment is 
supported by isothermal, thermodynamic, and hydra results, 
showing that both sorbents can tightly bind AMPA with high 

capacity, affinity and enthalpy and can protect a living or- 
ganism from AMPA toxicity. Soil and plant studies further 
showed that the sorbents at 1% inclusion can significantly 
reduce AMPA bioavailability from soil and uptake by plants 
and might be important in protecting plants from AMPA tox- 
icity. The main novelty of this work is the use of AC and/or 
montmorillonite clay to sorb AMPA (an important metabolite 
of glyphosate) and reduce its translocation into genetically 
modified plants. The costs of AC and CM clays produced for 
environmental applications (AC) or animal feed (CM) are sim- 
ilar to the costs of commonly-used biochar products. Thus, AC 

and CM would be economically feasible for use as soil amend- 
ments. Future studies including ACs from different sources, 
CM, and a mixture of carbonaceous and clay-based sorbents 
will investigate the effects of optimal sorbents on nutrient 
utilization in plants and the mitigation of other environmen- 
tally relevant chemicals in lawns and gardens following natu- 
ral disasters, chemical spills, and emergencies. 
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