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ABSTRACT

Glyphosate is a milestone product developed and introduced into the herbicidal
industry by John Franz in the 1970s. It has been widely and heavily applied (e.g., ~280
million pounds in the U.S. in 2015) in agriculture and horticulture and drifted residues
are found frequently in soils and other environments. Since the carcinogenicity of
glyphosate has undergone intense debate and regulatory agencies have not yet reached
consensus, studies on the fate of unreacted glyphosate in the environment are not only
necessary but also urgent.

Manganese oxides are of particular importance in abiotic degradation of
glyphosate and some of its intermediate degradation products. In this dissertation
research, birnessite, -MnQO,, and ferrihydrite coated with 3-MnO, were used to
investigate degradation kinetics, preference in degradation pathways, and to identify
source signature of glyphosate and its two products: aminomethylphosphonic acid
(AMPA) and orthophosphate. Advanced instrumentation such as phosphate oxygen
isotope ratios were used to determine the isotope signatures of parent and daughter
products. Similarly, nuclear magnetic resonance (NMR) spectroscopy and high-
performance liquid chromatography (HPLC) were utilized to identify and quantify
degradation products, and density functional theory (DFT) calculations were used to
investigate the bond critical point (BCP) properties of the C—N bond in glyphosate and
Mn(IV)-complexed glyphosate.

The oxygen isotope ratios (5'*Op) of orthophosphate derived from glyphosate

clearly demonstrated that the one external oxygen atom in each released
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orthophosphate was derived from ambient water, not from dissolved oxygen or
minerals, with the other three oxygen atoms inherited from glyphosate.
Orthophosphate derived from all commercial glyphosate studied had unusually light
8'%0p values (3.91-9.30 %o VSMOW), which are distinct from many other sources of
orthophosphates (varying between 16-24 %o) known so far. These results provided a
new and unsurpassed tool to track glyphosate and its degradation products in the
environment by using naturally abundant isotopes in these compounds. Furthermore,
this proxy allows distinguishing glyphosate-generated orthophosphate from other
organophosphorus compounds in the environment.

The abiotic degradation of glyphosate catalyzed by birnessite under aerobic
and neutral pH conditions largely followed the glycine pathway generating glycine,
formaldehyde, and orthophosphate. The other minor pathway was the AMPA
pathway, forming AMPA and glyoxylic acid that ultimately degraded to form CO,,
H,0, NHs, and orthophosphate. Sarcosine, the commonly recognized precursor to
glycine, was not detected in any of the experiments performed despite its reasonably
longer half-life (~13.6 h) than the sampling intervals. Preferential cleavage of the
phosphonate adjacent C—N bond to form glycine directly was also supported by the
BCP analysis, which revealed that this C—N bond was disproportionately affected by
the interaction of glyphosate with Mn(IV). Overall, these results provide supportive
evidence that glyphosate primarily degrades at the C—N bond position favoring the
direct formation of glycine, which is less toxic than the major product of the other
(AMPA) pathway.

In natural soils, Mn-oxides frequently coexist with Fe-oxides with a relative

molar ratio around 0.01. Therefore, Fe;O3/0-MnO, core-shell minerals with various

XX



Mn/Fe molar ratios are ideal candidates to test glyphosate degradation. The Mn/Fe
ratio of 0.01, close to natural abundance, served as an important boundary because
below this ratio glyphosate degradation was essentially absent. Present results
highlighted the synergistic effects of the two oxides that are commonly present in soils
on degradation and sorption of glyphosate and thus reducing the negative impacts of
glyphosate in the environment.

In summary, Mn-oxides with high Mn oxidation states (close to 4) are capable
of efficient degradation of glyphosate with a short half-life. The C—N bond is
preferentially cleaved to generate glycine and orthophosphate as major products.
Stable isotope ratios of orthophosphate derived from glyphosate provide a reliable
method to source track glyphosate. Furthermore, the preferential glycine pathway of
degradation is more environmentally friendly because of the less toxic products than
the AMPA pathway. These results provide useful insights to potential routes to

attenuate negative effects of glyphosate in the environment.
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Chapter 1

INTRODUCTION AND RESEARCH OBJECTIVES

1.1 Occurrence of Glyphosate in The Environment

1.1.1 Glyphosate: A Potent Herbicide

Glyphosate (N-phosphonomethyl glycine) is a phosphonate herbicide that was
synthesized and first introduced into the industry by John E. Franz in the 1970s (Franz
et al., 1997). It is the active ingredient of many commercial herbicide products, for
example Roundup, Accord, and Rodeo. While Monsanto products dominate the
herbicide market, glyphosate is manufactured and marketed worldwide by other
companies including Bayer, Dow AgroSciences, DuPont, Cenex/Land O’Lakes,
Helena, Platte, Riverside/Terra and Zeneca, with different trade names. Glyphosate is
a broad-spectrum, post-emergence, nonselective herbicide and has been widely
applied on perennials, woody plants, and grasses in farmlands and urban areas,
especially after the commercialization of genetically engineered glyphosate-resistant
crops (Franz et al., 1997; Monsanto, 1996). Solid glyphosate is white with a crystalline
structure and a high water solubility (1.157 wt%), and low vapor pressure at room

temperature (Franz et al., 1997; Sprankle et al., 1975).
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Figure 1.1. The molecular structure of glyphosate (a), and AMPA (b).

Glyphosate is a secondary amine and is comprised of three ionizable functional
groups—the amine, carboxyl and phosphonate groups (Figure 1.1a) and four pK,
values: <2, 2.6, 5.6 and 10.6 (Sprankle et al., 1975). These functional groups
contribute to multi-charge property—positively charged on the amine group at highly
acidic pH and negatively charged on the carboxylic and phosphonate groups at neutral
or alkaline pH conditions (Caceres-Jensen et al., 2009; Sprankle et al., 1975).
Therefore, under common soil pH conditions, glyphosate primarily exists as net
negatively charged ions, and thus undergoes effective sorption onto positively charged
mineral surfaces, e.g., goethite and ferrihydrite. The C—P bond in the glyphosate
structure as well as in its major metabolite aminomethylphosphonic acid (AMPA)
(Figure 1.1b) is very stable and resistant to chemical hydrolysis, thermal
decomposition, and photolysis (Freedman and Doak, 1957), thus enabling their long

term persistence and frequent occurrence in various environments.

1.1.2 Functioning Mechanism of Glyphosate

Sorption of glyphosate onto a plant is the prerequisite step for its herbicidal
action. Once sorbed onto foliage or soft stalk tissues of plants, glyphosate rapidly
translocates throughout the plant body via meristematic tissues, thus inhibits plant
growth and eventually kills the intact plant in days (Monsanto, 1996). Therefore,

glyphosate is only effective on live plants and is applied as a post-emergence



herbicide, rather than pre-emergence. The foliar sorption of glyphosate is influenced
by ambient conditions such as pH, types and content of cation, salt species, competing
ions, and mineral components (Bailey et al., 2002; Gimsing and Borggaard, 2007). For
example, divalent and trivalent metal cations, especially Cu2+, Mn2+, AP*" and Fe3+,
can form stable complexations with glyphosate through chelation and inhibit its
efficacy as herbicide (Barrett and McBride, 2005; Bernards et al., 2005). Fe minerals
(e.g., goethite and ferrihydrite) can efficiently sorb and immobilize glyphosate and
limit its uptake by plants (Gimsing and Borggaard, 2007).

The primary functional mechanism of glyphosate is through the inhibition of
the shikimate pathway—present in plants and some microorganisms—a requisite for
the synthesis of aromatic amino acids. These amino acids are required for fundamental
biosynthesis of proteins and other secondary metabolites; for example, growth
promoters, growth inhibitors, and phenolic and lignic acids (Herrmann and Weaver,
1999; Steinrticken and Amrhein, 1980). Glyphosate exclusively targets 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS) in the shikimate pathway,
preventing the production of chorismate—required to biosynthesize vital aromatic
amino acids in plants—and resulting in the accumulation of shikimic acid in plant
tissues (Amrhein et al., 1980; Steinrticken and Amrhein, 1980). The genetically
engineered glyphosate-resistant crops contain genes that encode glyphosate insensitive
EPSPS, and therefore are not affected by glyphosate treatment. The shikimate pathway
is not present in animals or human beings (Bentley and Haslam, 1990; De Roos et al.,
2004; Steinrticken and Amrhein, 1980). Therefore, glyphosate was originally
considered safe to humans and was classified as a category E compound, i.e., non-

carcinogenicity for humans (USEPA, 1993).



1.1.3 Application Rate and Environmental Occurrence of Glyphosate

Glyphosate has been increasingly applied worldwide in agriculture as well as
horticulture ever since its industrialization, and especially after the introduction of
genetically modified glyphosate-resistant crops such as soybean and corn, in more
than 160 countries and on more than 100 types of crops (Franz et al., 1997; Monsanto,
2005). According to the statistics reported by United States Geological Survey
(USGS), the application rate of glyphosate in agricultural lands in the U.S.
skyrocketed significantly from less than 9x10° Kg yr™' in 1992 to 127x10° Kg yr'' in
2015, within which more than 70 % was applied to corn and soybean crops, with very
heavy application in agricultural areas in the mid-east regions of the U.S. (Figure
1.2a,b) (Baker and Stone, 2015; USGS, 2015). The non-agricultural application of
glyphosate in the U.S. increased from 2.27x10° Kg in 1993 to 9.53x10° Kg in 2007
(Aspelin, 1997; Battaglin et al., 2014; Donaldson et al., 2002; Grube et al., 2011;
Kiely et al., 2004).
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Figure 1.2. Estimated application of glyphosate in 2015 (a) and proportions in the
agricultural crops over years (b) (USGS, 2015).



Drifts of glyphosate from urban and agricultural application and transport out
of target applications have contributed to the increasingly frequent occurrence of
glyphosate and its degradation products (e.g., AMPA) in various environments,
including atmosphere, soils and sediments, ditches and drains, and rivers and streams
(Battaglin et al., 2014; Chang et al., 2011; Kolpin et al., 2006; Meyer et al., 2009). For
example, glyphosate was detected at concentrations above 0.1 ug L' (with a
maximum of 9 pg L) in more than 30 % of water samples collected from 51 streams
in nine Midwestern states in the U.S. (Battaglin et al., 2005). Similarly, detectable
glyphosate was found in more than 50 % of sediments, rivers, and streams collected
from 38 states in the U.S. from 2001 to 2010 (Battaglin et al., 2014). In most natural
water and sediment samples, glyphosate was detected along with AMPA, which is
normally present at higher abundance (Battaglin et al., 2005; Battaglin et al., 2014).
The higher environmental occurrence of AMPA than glyphosate is probably ascribed
to its longer residence time, which ultimately depends on the source proximity,
complexation in soils and sediments, and degradation rates (Battaglin et al., 2005;
Battaglin et al., 2014). Moreover, residual glyphosate was also detected in crops and
hence foods, including glyphosate-resistant soybeans, cereals, fruits, and vegetables,
and even in human urine (Acquavella et al., 2003; Anson Moye et al., 1983; Bohn et

al., 2014; Granby et al., 2003).

1.1.4 Environmental and Health Effects of Glyphosate

The United States Environmental Protection Agency (USEPA) had set up a
relatively high maximum contaminant level of glyphosate as 700 pg L™, which is 10
times higher than that of 2,4-D (70 pg L™), more than 300 times higher than alachlor
(2 pg L), and more than 200 times higher than atrazine (3 pg L™) (USEPA, 2009),



among which the latter three are other widely used herbicides in the U.S. (Thelin and
Stone, 2013). The maximum contaminant level of glyphosate in the U.S. is unusually
much higher than that in Canada (65 ug L) and European Union (0.1 pg L) (Kjaer,
2005).

In spite of the high regulatory limit of glyphosate in the U.S., recent studies
have documented negative environmental effects and toxicity of glyphosate and
AMPA even at low concentrations such as in zebrafish and navigational honey bees,
and potential risks to soil nematodes (such as Caenorhabditis elegans), thus putting
the safety of glyphosate and its widespread application under greater scrutiny
(Balbuena et al., 2015; McVey et al., 2016; Roy et al., 2016). Similarly, glyphosate is
suspected to affect the synthesis of DNA in sea urchins (Marc et al., 2004) and
influence estrogenic activities in human beings (Thongprakaisang et al., 2013).
Several glyphosate degradation products are more toxic or persistent than glyphosate
itself. For example, AMPA has been reported to have adverse effects on DNA in fish
and has potential genotoxicity (Guilherme et al., 2014). This compound is more
persistent in the environment, thus poses higher toxicity than glyphosate (Giesy et al.,
2000; Grunewald et al., 2001; Rueppel et al., 1977). Though glyphosate itself has
relatively low toxicity (Durkin, 2011), commercial formulations contain
polyoxyethylene amine, a surfactant used to enhance glyphosate contact on the foliar
surface of plants after spraying (Gaskin and Holloway, 1992), thus inducing greater
toxicity (Navarro and Martinez, 2014; Tsui and Chu, 2003).

Several recent findings listed above have pointed towards the major safety
concern of glyphosate and put the current practice of widespread application under

greater scrutiny (Balbuena et al., 2015; McVey et al., 2016; Roy et al., 2016). Based



on the toxicity data, glyphosate was re-classified as Group 2A ‘probable carcinogenic
to humans’ by the International Agency for Research on Cancer (IARC) of the World
Health Organization in 2015 (IARC, 2015). This classification dramatically raised the
public concern about the safety of the heavily applied glyphosate. Thereafter, the
USEPA initiated a reevaluation of the risks posed to humans from the exposure to
glyphosate. The initial review memorandum in 2017 suggested glyphosate
classification as “not likely to be carcinogenic to humans” (USEPA, 2017). Moreover,
the toxicity statement made by IARC was questionable due to a flawed and incomplete
summary that the initial assessment was based largely on animal studies and several
studies that showed no cancer link were ignored or edited out (Kelland, 2017a,b;
Tarone, 2018). Given this prevailing uncertainty on the toxicity of glyphosate and
widespread application and hence frequent occurrence of glyphosate and its
degradation products in various environments, studies on the fate of glyphosate in the

environment are necessary and urgent.

1.2 Fate of Glyphosate in Soils and Other Environments

1.2.1 Sorption and Desorption of Glyphosate

The mobility and bioavailability of glyphosate in soils are strongly influenced
by its complexation with soil components via sorption and desorption (Sprankle et al.,
1975). Glyphosate can be strongly fixed through sorption to soil minerals, in particular,
Fe-oxides and Al-oxides (Borggaard and Gimsing, 2008; Gimsing et al., 2007).
Sorption of glyphosate is significantly influenced by mineral characteristics (e.g.,
specific surface area and surface charge), pH, and competition with orthophosphate for

sorption sites (Borggaard and Gimsing, 2008; Gimsing and Borggaard, 2007; Gimsing



et al., 2007). Most common Fe-oxides have a point of zero charge above 7, and
therefore are mostly positively charged in common neutral soil pH conditions (Sparks,
2002), enabling their high sorption affinity to negatively charged glyphosate and
orthophosphate. Glyphosate contains three polar functional groups—carboxyl, amine,
and phosphonate groups—among which the phosphonate group is the main linkage
between glyphosate and the mineral surface (Ahmed et al., 2018; Franz et al., 1997;
Sheals et al., 2002). Similar to orthophosphate, glyphosate is readily bound to soil
minerals through ligand exchange with coordinated water molecules or hydroxyl
functional groups on mineral surfaces or via specific sorption predominantly as
monodentate surface complexation and less commonly as bidentate complexation
(McBride and Kung, 1989; Sheals et al., 2002; Tribe et al., 2006; Waiman et al.,
2013). The major sorption complexation of orthophosphate is bidentate and it has
higher affinity than glyphosate (Gimsing et al., 2007). It means orthophosphate over
competes glyphosate during competitive sorption and desorb glyphosate and occupy
active surface sites on mineral surfaces (Gimsing and Borggard, 2001; McBride and
Kung, 1989). Moreover, increased negative charges on mineral surfaces after
orthophosphate sorption may further decrease sorption capability of soils for the
negatively charged glyphosate anion (Gimsing et al., 2007). Therefore,
orthophosphate-saturated soils are not expected to retain excessive unreacted
glyphosate, resulting in leaching of glyphosate to surface water and groundwater and

furthering environmental problems.

1.2.2 Degradation of Glyphosate
Glyphosate can be rapidly degraded by soil microorganisms into AMPA,

glyoxylate, and sarcosine, and these intermediate products are ultimately degraded to



inorganic products including orthophosphate, carbon dioxide, and ammonia (Kishore
and Jacob, 1987; Pipke and Amrhein, 1988; Sviridov et al., 2015). The half-life of
glyphosate normally ranges between 2—142 days, with an average of 32 days in soils
and 7-14 days in forest waters (Goldsborough and Brown, 1993; Newton et al., 1994).
The half-life of AMPA ranges between 76-240 days in soils and 7-14 days in waters
(Giesy et al., 2000; Monsanto, 2014).

The degradation of glyphosate in soils is predominately driven by biotic routes
mediated by autochthonous or introduced bacteria and fungi (Rueppel et al., 1977).
Therefore, biotic degradation has been the main focus of most past studies of
glyphosate degradation (Sviridov et al., 2015). Enzymes involved in the degradation
of glyphosate include C—P lyase and hydrolases, which are capable of breaking the C—
P bonds to generate sarcosine and orthophosphate (Ternan et al., 1998; Wackett et al.,
1987) and oxidoreductase breaking the C—N bonds to form AMPA (Obojska et al.,
2002; Sprankle et al., 1975). However, abiotic degradation may also occur in the
presence of manganese oxides and/or light (photolysis) (Barrett and McBride, 2005;
Lietal., 2016; Sandy et al., 2013). Naturally occurring minerals (Ascolani Yael et al.,
2014; Barrett and McBride, 2005; Paudel et al., 2015), mineral-activated carbon
composite (Cui et al., 2012), UV-photo oxidation (Sandy et al., 2013), and
nanoparticles (Chen et al., 2015) have been found to be capable of degrading
glyphosate. Mn-oxides (among which birnessite is the most abundant) are commonly
present in soils (Post, 1999; Post and Veblen, 1990; Taylor et al., 1964) and are strong
candidates for abiotic glyphosate degradation.

Glyphosate degradation occurs either through the cleavage of a C—N bond to

form AMPA and glyoxylic acid (the AMPA pathway), or through the cleavage of the
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C—P bond to form sarcosine and orthophosphate (the sarcosine pathway) (Franz et al.,
1997; Rueppel et al., 1977; Sviridov et al., 2015). The focus of most past studies on
the biotic degradation of glyphosate has been restricted to these two major degradation
pathways. Biotic degradation of glyphosate in soils has been found to accumulate
AMPA (Bento et al., 2016; Franz et al., 1997; Rueppel et al., 1977). Sarcosine,
however, is less commonly detected as a product. For instance, the apparent formation
of glycine was detected in the absence of sarcosine during biotic degradation of '*C
labeled glyphosate in soils (Rueppel et al., 1977). Glycine formation without sarcosine
was also observed during the incubation of Achromobacter sp. MPS 12 in the presence
of a sarcosine oxidase inhibitor (Sviridov et al., 2012). Similarly, sarcosine was not
detected as a precursor to glycine during abiotic glyphosate degradation catalyzed by
either manganese oxide (Barrett and McBride, 2005) or photo-electrochemically
generated hydroxyl radicals on a TiO; surface under alkaline conditions (Muneer and
Boxall, 2008). These studies generally attributed the absence of sarcosine to its rapid
degradation rate and did not consider the possibility that glycine might also form as a
direct degradation product of glyphosate. However, one study with Pseudomonas sp.
cultures suggested that glycine might form directly (Jacob et al., 1985). These findings
have elevated the fore notion that the sarcosine pathway may be circumvented by an
unrecognized direct glycine pathway. However, direct evidence of the absence of
sarcosine and the existence of the glycine pathway (through direct C-N bond cleavage)
is needed. In fact, glyphosate degradation may proceed through one of the two C—N
bond positions: cleavage of the first C—N bond position results in the formation of
AMPA, which is known to be more persistent in the environment (Bento et al., 2016;

Giesy et al., 2000; Li et al., 2016), while cleavage of the second may result in the
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direct formation of comparatively benign products (e.g., glycine). Therefore, the
existence of this less toxic abiotic glyphosate degradation pathway carries both
scientific and environmental significance.

Research focused on degradation pathways and intermediate products will
allow identification of the specific pathway that generates less toxic and low persistent
products in the environment. It will allow further research on improving or modifying
glyphosate with both high efficiency and environmental safety or otherwise exploit a

particular pathway of degradation for lesser harm to the environment.
1.3 Analytical Techniques for Glyphosate and Its Degradation Products

1.3.1 Phosphate Oxygen Isotope Ratios

Phosphorus (P) only has one stable isotope (*'P); however, P is always
strongly bound to O in the environment, and occurs majorly in one oxidation state
(+5) and primarily as orthophosphate (PO4) under Earth’s surface conditions, thus
enabling utilization of stable isotope ratios of oxygen in orthophosphate (5'*Op) as an
effective stable isotope tracer for P to investigate P sources, track P cycling, and
deduce biogeochemical processes (Blake et al., 1997; Kendall, 1998; McLaughlin et
al., 2006). The oxygen isotopic composition in orthophosphate is calculated using the

following equation:

standard

(180/160)Sam .
5180P = (W— 1|x1000.

The oxygen isotope ratios are measured against reference standard samples and

denoted in the form of conventional delta notation in parts per thousand, relative to the

Vienna Standard Mean Ocean Water (VSMOW).
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There are two major processes that can induce isotope fractionation: ionic
exchange and isotope exchange reactions. lonic exchange is caused by kinetic
exchange among intact orthophosphate ions that carry different §'*Op values; while
isotope exchange is caused by oxygen atom exchange between orthophosphate and
water or other sources, resulting in equilibrium fractionation ( Longinelli et al., 1976;
Kendall, 1998; Jaisi et al., 2010). Oxygen isotope exchange between orthophosphate
and ambient water is insignificant in abiotic conditions at low temperature (<80 °C)
and neutral pH conditions (Blake et al., 1997; Blake et al., 1998; Jaisi et al., 2010;
Lecuyer et al., 1999). Thus, the oxygen isotopes in orthophosphate remain quite inert
and resistant during abiotic processes; it means the original source signature is
preserved during reactions such as sorption, desorption, and precipitation under soil
environments (Blake et al., 2001; Jaisi et al., 2010; Longinelli et al., 1976; Tudge,
1960). Microbial turnover of orthophosphate in living cells results in intensive oxygen
isotope exchange between orthophosphate and water inside the cells during
intracellular enzymatic hydrolysis (Blake et al., 2001; Blake et al., 2005). This process
results in the isotopic equilibrium of orthophosphate with ambient water, which is
temperature dependent and can be expressed by the following equations:

T=111.4-43 x (8"0p - "*0w)

or 1000 x Inoypos-m20) = 14.43(x0.39) x 1000/T-26.54(x1.33) (Chang and
Blake, 2015; Longinelli and Nuti, 1973).

Furthermore, various extracellular phosphoenzymes are capable of hydrolyzing
organophosphorus compounds—a reaction that causes partial incorporation of foreign
oxygen into the released orthophosphate (Blake et al., 1997; Blake et al., 2005; Liang

and Blake, 2009). Analyses of 8'*Op values of released orthophosphate from
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enzymatically hydrolyzed phosphomonoesters and phosphodiesters have shown
incorporation of one (25%) or two (50%) O atoms from water into each
orthophosphate, respectively (Liang and Blake, 2006, 2009). Therefore, 5'*Op values
of orthophosphate are frequently used to investigate specific biogeochemical reactions
and verify the presence and extent of microbial activities (Blake et al., 2001; Blake et
al., 1997; Jaisi et al., 2010; McLaughlin et al., 2006). Glyphosate undergoes both
biotic and abiotic pathways of degradation in natural environments. Therefore, a
distinct trend of 8'*0p value evolution may help approximate relative contributions of
abiotic and biotic reactions.

Isotope labeling and natural abundance studies can be utilized to investigate
glyphosate degradation pathways and to identify isotope signatures of glyphosate as
well as its metabolites generated during degradation. The isotopic compositions of C,
N, and O in the glyphosate molecule depend mainly on (i) the original reagents used
(original isotopic composition) for synthesis and (ii) the synthesis procedures (that
causes bond cleavage/formation reactions). While there are several methods to
synthesize glyphosate (Dill et al., 2010; Zhou et al., 2012), two major methods appear
to be common in the current manufacturing industry: (i) alkyl ester method from
glycine, dimethylphosphite, and paraformaldehyde, and (ii) phosphonomethyl method
where phosphoric acid and formaldehyde form iminodiacetic acid hydrochloride and
then one of the two carboxymethyl groups is cleaved to form glyphosate (Dill et al.,
2010). A broad range of §'°C values, varying from —24 to —34 %o, has been reported
for various commercial glyphosate sources in the literature (Kujawinski et al., 2013).
The 8N values of nitrogen, however, have not been reported in the literature. A

combination of the isotope labeling of triple isotopes 8'"°C, 8'°N, and §'*Op in
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glyphosate and its degradation products will contribute great advantages in tracking
these compounds in the environment and discriminate glyphosate-derived products in

the environment.

1.3.2 Nuclear Magnetic Resonance (NMR) and High-Performance Liquid
Chromatography (HPLC) Techniques

Glyphosate degradation generates various intermediates and final products,
including AMPA, glyoxylic acid, sarcosine, glycine, orthophosphate, carbon dioxide,
and ammonium salts. These products have different half-lives; therefore, their
concentrations vary during progressive degradation of glyphosate. The 2,4,6-
trinitrobenzene sulfonic acid (TNBSA) colorimetric method for quantifying primary
amines is a sensitive and selective method (Brown, 1968; Paudel et al., 2015b).
Glyphosate, as a secondary amine, however, cannot be quantified using this method.
Besides, this colorimetric method is the measure of total primary amines but does not
discriminate different primary amines. Thus, advanced techniques such as NMR and
HPLC become necessary to resolve the identity of each specific individual component
and concentration. The NMR technique provides compound-related information based
on bond structures and atomic interactions and has a relatively straightforward sample
treatment method (Mehrsheikh et al., 2006). Specifically, measurement of the changes
in chemical shifts and peak areas in the NMR spectra allows monitoring the dynamic
changes of the reactant and products during the reaction. The HPLC method allows
better identification of quantitation of glyphosate and its products because it separates
compounds based on distinct molecular weight and polarity. It further has a low limit
of detection (LOD). A major limitation, however, is the requirement for derivatization.

Overall, HPLC allows monitoring of products during progressive degradation, and this
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information can be used to deduce the degradation pathways as well as to calculate

half-lives of products.

1.4 Research Objectives

This dissertation research aimed to investigate the mechanisms and pathways
of glyphosate degradation and explore the persistence of glyphosate and its
degradation products. Major research objectives are listed as follows:
Objective 1. Investigate the integrity of orthophosphate during sorption and
desorption processes on common minerals (Chapter 2)

Major research questions to be addressed under this objective are:

1. Does the P-O bond of orthophosphate break during sorption and
desorption reactions on common Fe- and Mn-oxide minerals?

2. Do sorption and desorption of orthophosphate induce equilibrium isotope
fractionation?

Objective 2. Connect glyphosate sources and degradation products by using stable
oxygen isotopes (8'°Op) and develop a method for source tracking of glyphosate and

its degradation products (Chapter 3)

1. What are the roles of environmentally relevant factors on the kinetics of
glyphosate degradation?

2. What is the isotope fractionation during degradation of glyphosate
catalyzed by Mn-oxides?

3. How distinct are the stable oxygen isotopes (8'*Op) of orthophosphate
derived from commercial glyphosate sources? Are they sufficiently distinct
from other natural sources and allow isotope source tracking of
glyphosate?
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Objective 3. Identify the intermediate products generated during glyphosate
degradation by birnessite and reassess the half-lives of glyphosate and the major

intermediate products (Chapter 4)

1.  What are the major intermediate products generated during the degradation
of glyphosate catalyzed by birnessite? What are the ranges of their half-
lives?

2. What are the dominant mechanisms and pathways of degradation of
glyphosate?

Objective 4. Identify and quantify the intermediate products generated during
glyphosate degradation by 5-MnQO; coated on ferrihydrite and determine the effect of

coating on the rate and the pathways of degradation (Chapter 5)

1. How do the different Mn/Fe molar ratios in core-shell structure affect the
degradability and degradation kinetics of glyphosate?

2. Does the coating of Mn minerals impact the composition of major
intermediate products and pathways of degradation impacted? If so, what
are the environmental implications?

These objectives were sought to be achieved by running a series of controlled
experiments using commercial and stable isotope labeled glyphosate. A combination
of i) stable isotopes [phosphate oxygen (8'*Op)], ii) spectroscopic methods [NMR: 1-
D ('H, "°C, and *'P) and 2-D correlation spectroscopies, and HPLC], and iii) molecular
simulation using density functional theory (DFT) were used to generate the most

accurate data to date on the fate of glyphosate in abiotic degradation.
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2.1 Abstract

Iron and manganese oxides are common minerals in a wide range of soils, and
they largely control the fate of phosphorus. It is often implicitly assumed that
orthophosphate does not exchange oxygen atoms with minerals and water during
adsorption, desorption, and precipitation reactions, but this has not yet been fully
verified. In this study, we applied an 'O stable isotope labeling technique to
individually label oxygen atoms in Fe- and Mn-oxides, water, and orthophosphate, and
tested the exchange of O among them during orthophosphate sorption and desorption
reactions. Physicochemical properties of '*O-labeled goethite, hematite, hausmannite,
and birnessite minerals were characterized using X-ray diffraction, Brunauer—

Emmett—Teller (BET) surface area, particle size distribution, and scanning electron

29



microscopy. All sorption and desorption results showed fast initial kinetics, with
hausmannite having the highest sorption capacity, followed by a relatively slower
sorption—desorption reaction before reaching equilibrium. Oxygen isotope ratios
(8'°0) in Fe- and Mn-oxides, orthophosphate, and water showed no exchange of O
between orthophosphate and mineral or water during either sorption or desorption
reactions. These results attest to the integrity of the P-O bond during these reactions
and thus enable the phosphate oxygen isotope composition to be used as a reliable tool
for tracing orthophosphate sources in soils and other environments.
ABBREVIATIONS: XRD: X-ray diffraction; BET: Brunauer-Emmett—Teller; DLS:
dynamic light scattering; 8'°0: oxygen isotope ratios; 8'*Op: phosphate oxygen
isotope ratios; 8'*Ow: water oxygen isotope ratios; 8'*Opeconmo: 0Xygen isotope ratios
in Fe- or Mn-oxide; PZC: point of zero charge; SEM: scanning electron microscope;

SSA: specific surface area; VSMOW: Vienna standard mean oxygen water.

2.2 Introduction

Iron (Fe) and manganese (Mn) oxides are common minerals in soils. These
minerals influence physicochemical properties of soils and thereby control the
distribution and transport of nutrients (Ulery and Drees, 2008). The fate of phosphorus
(P), an essential and often limiting nutrient for all life forms (Jaisi and Blake, 2010), is
largely controlled by different reactions with minerals such as adsorption, desorption,
and co-precipitation (Emerson, 1978; Paige et al., 1997; Schwertmann and Taylor,
1989). Because of the low stoichiometric biological need for P among other major
nutrients (106C: 16N: 1P) (Redfield, 1958), a small increase in P concentration could

cause severe impacts on water quality. Therefore, partitioning of P as sorbed and
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mobile species has attracted intense research efforts in various disciplines, including
soil fertility and water quality.

It is generally agreed that orthophosphate adsorbs onto Fe-oxides, such as
goethite and hematite, that are positively charged at neutral pH as inner-sphere
bidentate binuclear or monodentate mononuclear complexes (via ligand exchange)
where one or two oxygen atoms of orthophosphate anions are assumed to bind directly
to one or two Fe atoms, forming (FeO),(OH)PO or (FeO)(OH),PO, respectively (Arai
and Sparks, 2007; Elzinga and Sparks, 2007; Tejedor-Tejedor and Anderson, 1990).
On the other hand, Mn-oxides are negatively charged at neutral pH and thus are
effective for metal cations sorption (Li et al., 2015; Post, 1999; Yin et al., 2014) but
have limited capacity to sorb anions such as orthophosphate because of electrostatic
repulsion. However, 6- and f-MnO, and nano-sized hydrous manganese oxides have
been reported to adsorb orthophosphate and probably form both outer-sphere and
inner-sphere complexes (Pan et al., 2014; Yao and Millero, 1996). In these
complexation reactions, one O has to be removed either from mineral or from
orthophosphate to establish a P-O—Fe/Mn bond. It is commonly assumed that O (or
OH) from the mineral, but not from orthophosphate, is removed during this reaction.
The underlying reason for this assumption is that the P—O bond is strong compared
with Fe—O(—OH)/H,0 or Mn—O(—OH)/H,0 bonds (Gibbs et al., 2008; Luo, 2007).
This assumption applies analogously to desorption reactions where O (or OH) from
water is incorporated into the mineral surface following the removal of intact POs,.
While there is a general consensus on the dominance of bond type and nature (mono-,

bi-, or tridentate) of the complexes formed, O atom exchange has been ignored.
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Stable isotope ratios of nutrients such as nitrogen (8"°N), carbon (8"°C) and
oxygen (8'°0) in N and C compounds have been routinely used as a tool to track
nutrient sources and cycling (Bohlke and Denver, 1995; Kendall, 1998; Wang et al.,
1998). Oxygen isotopic compositions of phosphate (8'*Op) can analogously be used to
identify different P sources and to disentangle specific biogeochemical reactions
among different P pools and forms at different interfaces (Blake et al., 1997; Jaisi and
Blake, 2010; McLaughlin et al., 2006). This is because phosphate oxygen isotope
ratios have a reaction-specific isotope effect, in particular: (i) in abiotic reactions such
as sorption, desorption, transport, and mineral transformation, phosphate does not
undergo any significant changes in its O isotopic composition (Jaisi et al., 2010; Jaisi
et al., 2011; O’Neil et al., 2003; Tudge, 1960; Winter et al., 1940); (ii) in biological
reactions, rapid O isotope exchange occurs between dissolved orthophosphate and
water, and this may result in complete isotope exchange and thus produce
temperature-dependent equilibrium O isotope fractionation (Blake et al., 1997; Blake
et al., 2005; Longinelli and Nuti, 1973). Phosphorus undergoes both biotic and abiotic
pathways of cycling in natural environments; however, a distinct trend of §'*Op
evolution may help approximate the relative extent of biotic and abiotic cycling (Jaisi
and Blake, 2010; Jaisi et al., 2011; Joshi et al., 2015).

Several biogeochemical reactions that involve P in soils and other
environments often affect both the concentration and isotopic composition of
orthophosphate. While abiotic interactions, in general, at low temperature do not
impart significant isotope fractionation (see above), more detailed aspects of this
isotope effect, including different minerals and interfaces, in all potential O sources

are still unknown and thus require validation before any generalization can be made.
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In particular, it remains unknown whether there is any O isotopic exchange among
orthophosphate, water, and minerals during abiotic interactions of orthophosphate with
Fe- and Mn-oxides. This is particularly important because inner-sphere complexation
of orthophosphate on mineral surfaces requires O removal (see above). An in-depth
understanding of these reactions will (i) identify the specific bond cleavage site during
orthophosphate sorption and desorption reactions and help better elucidate the
mechanism of sorption—desorption onto Fe- and Mn-oxides, and (ii) further enhance
the use of phosphate oxygen isotopes as a geochemical indicator of reactions
involving P in natural environments. The objectives of this research, therefore, were to
determine any oxygen isotope exchange during orthophosphate adsorption and
desorption reactions on four common Fe- and Mn-oxide minerals—goethite, hematite,
hausmannite, and birnessite—under room temperature (22+1 °C) and neutral pH
(pH=7.00+0.05) conditions, and to identify the O source to be removed during the

sorption and received during the desorption reaction.
2.3 Materials and Methods

2.3.1 Mineral Synthesis

Two Fe minerals (goethite and hematite) and two Mn minerals (hausmannite
and birnessite) were synthesized. The Fe mineral synthesis followed the method of
Schwertmann and Cornell (Schwertmann and Cornell, 1991). Goethite (FEOOH) was
prepared by rapidly adding 180 mL of 5 mol L™ KOH to a stirred 100 mL solution of
1 mol L™ Fe(NO3);-9H,0. The solution was immediately diluted to 2000 mL and was
kept at 70 °C for 60 h. Similarly, hematite (Fe,O3) was prepared by adding 16.6 g of

Fe(NO3);-9H,0 to a vigorously stirred and heated 2000 mL solution of 2 mmol L™
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HCI at 98 °C. The suspension was gently stirred and aged for seven days at the same
temperature to achieve the bright red hematite precipitate.

Hausmannite [(Mn®"Mn®*,)O4] was prepared following the McArdell et al.
(McArdell et al., 1998) method. In brief, 1000 mL of 60 mmol L™ MnSO, solution
was heated to 60 °C followed by adding 20.5 mL of 8.8 mol L' H,0, and 300 mL of
0.2 mol L' NH4OH. The resulting brown suspension was quickly heated to 95 °C, and
maintained at this temperature for 6 h with continuous stirring. Similarly, K-
birnessite [K,(Mn*", Mn*"),0,; where x<1] was prepared by adding 45 mL of 6 mol L’
" HCl at a constant rate to a vigorously boiling solution of 300 mL of 0.667 mol L™
KMnO4 (McKenzie, 1971). The constant rate of HCI addition was maintained by
using an ISMATEC IPC high precision multichannel dispenser pump (Cole Parmer,
IL, USA).

We used three different '®O-labeled waters (with 80w = -5.5, +44, and +88
%0 VSMOW) appropriately diluted from 10% '*O-enriched water (Cambridge Isotope
Laboratories, Tewksbury, MA) in each mineral synthesis so that structural oxygen
atoms in each mineral were correspondingly labeled with distinct '*O values. These
three isotope-labeled minerals are indicated by A, B, and C suffixes (from lighter to
heavier isotopic composition, such as Goe-A, Goe-B, and Goe-C, respectively, for
goethite). During the synthesis reactions, the temperature was frequently monitored
and controlled within £3 °C of the targeted temperature, and triple-folded aluminum
foil tightly covered the top of the reactor to minimize water evaporation. After
completion of the reactions, the synthesized mineral precipitates were washed five

times in deionized water, then freeze-dried, gently ground, and stored until further use.
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2.3.2 Mineral Characterization

X-ray diffraction (XRD) analysis of each synthetic mineral was performed on a
D8 Discover Diffractometer (Bruker, Germany) using Ni-filtered, Cu Ka radiation
(wavelength A = 0.15418 nm). The diffractometer was operated at a voltage of 40 kV
and a current of 40 mA and each XRD measurement included 1.0 s counting time per
0.02° 20 step. Similarly, the micromorphology and crystallinity of the minerals,
including the degree of purity, was probed by a field emission capable scanning
electron microscope (JEOL JSM-7400F, Japan) after coating a thin layer of mineral
powder with a thin gold film.

The specific surface area (SSA) of each mineral was measured using the BET
(Brunauer-Emmett-Teller) method by using a Micromeritics ASAP 2020 Surface Area
and Porosity Analyzer (Georgia, USA). Mineral samples (0.1-0.2 g) were first
degassed for 3 h under vacuum before running N, adsorption—desorption isotherms to
calculate the SSA. Similarly, a Wyatt Mobiu{ Dynamic Light Scattering instrument
(DLS; Santa Barbara, California) was used to determine the particle size distribution

of each synthetic mineral.

2.3.3 Synthesis of '*O Labeled Orthophosphate

The '®O-labeled orthophosphate was synthesized using the method described
by Melby et al. (Melby et al., 2011) and Stout et al. (Stout et al., 2014) by reacting
PCls with '*O-labeled water:

PCls + 4H,0 = H3PO4 + SHCI [1]
Because this reaction is exothermic, the PCls was finely powdered and added to the
'%0-labeled water in small masses (< 1.0 g), waiting until the heat produced in the

reaction was completely dissipated before adding fresh PCls. We were able to
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synthesize highly concentrated (~3 mol L) labeled orthophosphate following this
method due to the high solubility of orthophosphate in water. After synthesis, the pH

of the solution was neutralized (pH 7.0+0.1), and the solution was stored until use.

2.3.4 Orthophosphate Sorption and Desorption Experiments

A series of orthophosphate sorption experiments was performed to determine
the equilibrium orthophosphate distribution as well as O-isotopic fractionation
between aqueous and sorbed orthophosphate (Table 2.1). Suspensions containing 5 g
L' of each of three different '*O-labeled minerals were prepared in 10 mmol L' KCI
ionic strength at pH=7.00 (£0.05). The batch sorption reaction was initiated by adding
'80-labeled orthophosphate. Initial orthophosphate concentrations used in the
experiments were 1200, 500, 800, and 500 umol L' for goethite, hematite,
hausmannite, and birnessite, respectively. Each reaction was performed in triplicate at
room temperature (22+1 °C) and several of these experiments were repeated to test the
reproducibility of the results. A magnetic stirrer was used at a speed of 200 rpm in
each batch experiment to ensure homogeneous mineral mixing of the suspension
during the reaction. The pH was periodically measured and maintained at 7.00 = 0.05,
adjusted by using 1 mol L™ NaOH or 1 mol L' HCI, as needed. Maximum
orthophosphate adsorption by Fe- and Mn-oxides has been reported under acidic
conditions (Shang et al., 1992; Yao and Millero, 1996). However, we chose pH 7.0 in
this experiment to represent common natural soil pH conditions. In each experiment,
50 umol L™ sodium azide (NaN3) was added to suppress microbial activities. At
selected time points (1 min, 5 min, 10 min, 20 min, 30 min, 40 min, 1 h, 2 h, 3 h, 5 h,

8h,12h,1d,2d,3d..>30 d), sample aliquots were removed, and aqueous and
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sorbed orthophosphate were separated by centrifugation (7,000 xg for 0.5 h). Sorption
kinetic data were fitted with a pseudo-second-order sorption model:

_ qut
qc = 1+
qeKt

[2]
where ¢, represents the maximum sorption capacity at equilibrium, ¢, is the sorbed
orthophosphate at any time ¢, and K is the rate coefficient for the pseudo-second-order
sorption reaction.

After the completion of the sorption experiment, minerals with sorbed
orthophosphate were washed with the DI water three times to remove aqueous
orthophosphate. Each mineral suspension was then dispersed in new 10 mmol L™ KCl
at the same original concentration (5 g L") and pH balanced to 7.00 (£0.05). The
desorption experiment was initiated by adding 1 mmol/L Na- or K-citrate. Na-citrate
was used for Mn minerals and K-citrate was used for Fe-oxides for easy quantification
of released structural ions induced by citrate-promoted dissolution. Sample aliquots
were removed at predetermined time intervals and separated into aqueous and sorbed
phases (as above).

To extract sorbed orthophosphate from minerals (both in sorption and
desorption experiments) for isotope analysis, the pelleted mineral-orthophosphate
samples were first freeze-dried and then dissolved in 12 mol L™ HCl or 1 mol L™
hydroxylamine hydrochloride. Goethite, hematite, and hausmannite minerals fully
dissolved in hydrochloric acid but hydroxylamine hydrochloride was additionally
added to birnessite for complete dissolution. Concentrations of aqueous and sorbed
orthophosphate were measured colorimetrically by using a UV/vis spectrophotometer
(Murphy and Riley, 1962) and a P mass balance was calculated to accurately account

for P speciation, particularly to ensure complete removal of sorbed P from minerals.
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Table 2.1. Initial experimental set up with different 3'°0O values (A, B, and C) of the
mineral, orthophosphate, and water.

: 580 (%o)
Oxides Label Mineral Orthophosphate H,O
Goethite A -9.45+0.02 36.29+0.19 -7.10+0.05
FeO(OH) B 32.61+0.00 15.58+0.31 -7.17+0.03
C 69.74+0.03 15.58+0.31 -7.16+0.03
Hematite A -9.00+0.02 36.29+0.19 -7.16+0.05
Fe,Os B 36.56+0.01 15.58+0.31 -7.17+0.07
C 77.31+0.01 15.58+0.31 -7.16+0.03
Hausmannite A -10.55+0.01 36.29+0.19 -7.11£0.04
(Mn>Mn’*)0, B 33.38+0.02 19.50+0.18 -7.14+0.06
C 67.91+0.03 19.50+0.18 -7.20+0.07
Birmessite A -3.69+0.03 36.29+0.19 -7.13+0.05
K. Mn,Os B 55.31+0.02 19.50+0.18 -7.11£0.07
C 94.79+0.02 19.50+0.18 -7.10+0.04

2.3.5 Sample Processing and The Measurement of Oxygen Isotope Ratios in
Orthophosphate, Water, and Minerals

Both aqueous and sorbed orthophosphate samples collected at different times
during the sorption and desorption experiments were processed and ultimately
converted to silver phosphate for O-isotopic measurement. Several steps were taken to
remove reagents and purify orthophosphate. Dissolved orthophosphate was first
precipitated into ammonium phosphomolybdate (APM), then dissolved by ammonium
citrate and then recrystallized as magnesium ammonium phosphate (MAP) following
published methods (Jaisi and Blake, 2010; Jaisi and Blake, 2014; Jaisi et al., 2010).
The MAP was dissolved in nitric acid and further treated with a cation resin to remove
cations. The purified orthophosphate was then precipitated as silver phosphate with

addition of a silver amine reagent. Two phosphate standards with known 8'*Op values
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were processed in parallel with the experimental samples to test the validity of the
sample processing method and isotope results. The silver phosphate precipitate, the
ultimate analyte, was roasted at 110 °C for 24 h to remove any trapped water. Silver
capsules containing 200-250 ug of silver phosphate were prepared in triplicate for O
isotope measurement.

Phosphate O isotope ratios were measured in the stable isotope facility at the
University of Delaware. Silver phosphate was pyrolyzed at 1460 °C by online high-
temperature thermal decomposition using a Thermo Chemolysis/Elemental Analyzer
(TC/EA) coupled with a Delta V continuous-flow isotope ratio monitoring mass
spectrometer (IRMS; Thermo, Bremen, Germany) with a precision of £0.3 %o. All
samples and standards were run at least in triplicate. The 5'*Op values of the silver
phosphate samples were calibrated against two silver phosphate standards (YR1-1
aR02 and YR3-2) with §'*0p values of -5.49 and +33.63 %o, respectively (Vennemann
et al., 2002).

To determine the changes in O isotope ratios of the waters used in the
experiments, 1 mL of solution was extracted at the start and the end of each
experiment. Water samples of 0.3 mL were injected into a 12 mL pressurized
borosilicate Exetainer® (Labco; Buckinghamshire, England) prefilled with 300 ppm
CO; in He. Equilibration between CO; and H,O was allowed for 24 h at 26.2 °C, and
the O isotope ratios in CO; (6180(;02) were measured using a GasBench device
connected to an IRMS. The 8'*Ow values in H,O were then calculated from 8'*Oco»
values based on the fractionation factor following the method of Cohn and Urey (Cohn
and Urey, 1938) as described in Upreti et al. (Upreti et al., 2015). All samples and

standards were run at least in duplicate. Measured 8'*Oy values of the waters were
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calibrated against two USGS water standards (8'*Ow values of -1.97 and -9.15%o). The
standard deviation of isotope measurement was within the range of +0.02 %o.

The O isotope ratios of Fe- and Mn-oxide minerals were determined using
laser fluorination. The minerals were first heated in a BrFs atmosphere in a 30 W CO;
laser fluorination device to liberate structural oxygen from the minerals (Bao et al.,
2000; Peng et al., 2011). Isotope ratios of the molecular oxygen produced were
measured in dual-inlet mode on an MAT253 IRMS at Louisiana State University. For
each mineral, isotope ratios were measured in triplicate. The standard deviation of the
measurement was within the range of 0.05 %o. Please note that the laser fluorination
method has potential limitations for accurate 3'*O measurement for several reasons
including partial O yield for more crystalline minerals and premature removal of
oxygen from specific sites (e.g. removal of surface hydroxyl group) during
prefluorination of amorphous minerals. Potential effects of these issues on measured
isotope values were tested carefully by comparing measured 8'*Ogeonmo and water
8'®Ow values used during the synthesis of the minerals. Given that the results from
replicate sample measurements were similar and within the ranges expected from the
water 8'*Oy values, the impact of these potential sources of errors on the measured
isotope composition were expected to be minimal. All oxygen isotope data (in
orthophosphate, water, and minerals) in this study are reported as 5'°O %o (with
appropriate subscript) relative to Vienna standard mean ocean water (VSMOW) as a

reference standard.
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2.4 Results

2.4.1 Mineral Characterization

The powder XRD patterns of the synthetic minerals are shown in Figure 2.1.
All minerals were mostly single-phase Fe- and Mn-oxides, with no identifiable
ancillary phases that showed peaks in XRD patterns. The K'-birnessite showed more
diffuse ikl peaks, indicating lesser crystalline structure similar to that in a previous
study (Jaisi et al., 2009). SEM analyses of these minerals showed uniform
characteristic morphologies (Figure 2.1). For example, goethite existed as acicular
crystals, while hematite as well as hausmannite showed spherical crystal morphology.
The K'-birnessite had a distinct morphology, with flaky crystals that piled up to three-
dimensional hierarchical microspheres and appeared like sponge- or flower-like
structures. A close inspection of the SEM images showed that the layer or sheet
structure of individual crystallite in birnessite radiated from the center of the crystal to
form a flower-shaped structure. The K -birnessite forms a hexagonal layered structure
and has a low degree of stacking among phyllomanganate sheets (Drits et al., 1997;
Post and Veblen, 1990). No difference in morphology was observed due to changes in

8" Oreommo for a mineral that was synthesized using different 80-labeled waters.
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Figure 2.1. X-ray diffraction (XRD) patterns and scanning electron microscope (SEM)
images of synthesized goethite (Goe), hematite (Hem), hausmannite
(Hau), and birnessite (Bir) minerals. Three SEM images in a row
identified, for example, as Goe-A, Goe-B, and Goe-C, refer to goethite
minerals with different '*O labeling (see Table 2.1 and 2.2).

The specific surface area (SSA) of the synthetic minerals varied from 26.67 to
54.30 m*/g (Table 2.2), with average surface areas of 41.75 (+6.43) m* g”'. This range

of surface areas is within the ranges reported in the literature (Feng et al., 2007; Jaisi
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et al., 2009) for the minerals synthesized using the same methods. Furthermore, the

SSA of a mineral with three different isotopic compositions of its structural oxygen

was essentially the same. Therefore, we do not expect any significant change in

mineral properties due to structural '*O labeling or on orthophosphate sorption and

desorption kinetics and corresponding isotope fractionation. The particle size

distribution of different minerals, as measured by DLS, varied within a narrow range
(Table 2.2). For example, the size range varied between 100 and 150 nm for goethite
and 50 to 70 nm for hematite. Similarly, the size ranges for Mn-oxides were between

140-190 nm and 100-260 nm for birnessite and hausmannite, respectively.

Table 2.2. Characterization of synthesized minerals with different '*O labeling (A, B,
and C) using successively enriched '*O composition in the mineral
structure. NA means not available because the isotope composition was
not measured.

380 (%) DLS Particl
Oxides Label Mineral H,0 used in SSA (mz/g) Si article
. ize (nm)
Structure synthesis
Goethite A -9.45+0.02 NA 44 54+ 0.21 117.83+£0.97
[FeO(OH)] B 32.61£0.00 NA 47.55+0.27 139.1+£5.31
C 69.74+0.03 NA 54.30+ 0.39 133.7+10.46
Hematite A -9.00+£0.02 NA 41.15£0.12 71.63+4.12
(Fe,05) B 36.56+0.01 41.57+0.10 38.23+0.12 49 40+1.28
C 77.31+0.01 84.41+0.08 40.51 +0.15 55.83+0.64
) A -10.55£0.01 -6.44+0.06 43.70 £ 0.16 248.904+29.60
(ﬁ{gg;f;;%?;& B 33.3840.02 38.1120.10 42.95+0.12  201.87+22.30
C 67.91+0.03 84.57+£0.06 43.18 £0.13 136.33+11.49
Birnessite A -3.69+0.03 -5.71+0.08 41.26 £0.29 143.35+4.54
(K, Mn,Os) B 55.31+0.02 67.23+0.10 40.96 +0.25 185.70+7.99
* C 94.79+£0.02  139.59+0.06 26.67 +£0.20 167.77+3.43

SSA represents for Specific Surface Area; DLS represents for Dynamic Light Scattering

method.
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The 8"*Orcommo values of structural oxygen in the '*O labeled synthetic
minerals were within three ranges, -10.55 to -3.69 %o, 32.61 to 55.31 %o, and 67.91 to
94.79 %o, that were determined by the '*O-labeled waters used for synthesis and the
associated fractionation factors (Table 2.2). Triplicate isotope measurements in each
mineral showed a negligible difference in isotope values (+0.05 %o), suggesting
uniform labeling of structural oxygen in all minerals. This also means that the
potential isotope exchange, if any, during sorption—desorption reactions would be

uniform and representative for the particular mineral.

2.4.2 Phosphate Sorption and Desorption Kinetics

The orthophosphate sorption and desorption kinetics of all synthetic minerals
are shown in Figure 2.2. As shown, all sorption reactions initially proceeded by a rapid
sorption (within 1 h) on the mineral surface. It was followed by a slower and gradual
increase of orthophosphate sorption before reaching a stable sorption equilibrium,
consistent with published results (Parfitt and Atkinson, 1976; Torrent et al., 1992). On
the other hand, Fe-oxides showed a fast initial release of sorbed orthophosphate in
desorption reactions, followed by a slower release before reaching equilibrium. Mn-
oxides presented slightly different trends during orthophosphate desorption. For
example, hausmannite minerals initially released >20% of the sorbed orthophosphate
within 2 h. The amount of released orthophosphate then started to decrease gradually
and reached a new equilibrium. In general, after a rapid initial release of
orthophosphate, desorption reached equilibrium for all minerals for all experiments,

albeit at different times.
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Orthophosphate sorption and desorption kinetics on '*O-labeled goethite
(Goe), hematite (Hem), hausmannite (Hau), and birnessite (Bir) minerals.

Arrows pointing down indicate the start of sorption reactions and arrows
pointing up indicate desorption reactions. Experiments were performed
using starting orthophosphate 8'*Op values of 15.58, 19.50 and 36.29 %o
and 8'®Ow values of water about -7 %o at 21 °C, pH=7.00+0.05.

The fitting of the measured data using the pseudo-second-order sorption model

(eq. 2) is shown in Figure 2.3. Based on the fitting results, the decreasing order of

maximum equilibrium sorption (g.) for orthophosphate among all the minerals was as

follows: hausmannite (~130 pmol g') > goethite (~80 pmol g') > hematite (~60 pmol

g") > birnessite (~30 umol g). Comparing these results with the SSA of the minerals,
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the order remained the same: hausmannite (~3 pmol m™) > goethite (~1.7 pmol m™?) >
hematite (~1.5 pmol m™) > birnessite (~0.7 pumol m™). The decreasing order of
desorption by citrate was: hematite (~15%) > goethite (9%) = birnessite (9%) >
hausmannite (2%). This extent of desorption was still low to insignificant, indicating
strong orthophosphate retention on these minerals, consistent with a past study (Zeng
et al., 2004). These results, overall, indicate major roles played by these minerals on

limiting P availability in soil environments.
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Figure 2.3. Fitting of sorption kinetics into Pseudo-second-order model using three
different '*O labelings (A, B, and C) of each mineral. The fitted
parameters are included in Table 2.3.
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Table 2.3. Fitted parameters for orthophosphate sorption on goethite (Goe), hematite
(Hem), hausmannite (Hau), and birnessite (Bir) minerals with three
different '*O labelings (A, B, and C) using a Pseudo-second-order
sorption model.

Parameters
Mineral K Qe Qe Average g Standard o
(gpumol’ h™) (umolg') (umolm™) (umolg™) Deviation

Goe-A 0.03 77.76 1.75 0.94
Goe-B 0.09 81.05 1.70 80.11 2.05 0.99
Goe-C 0.12 81.53 1.50 0.98
Hem-A  0.06 63.00 1.53 0.91
Hem-B  0.82 60.07 1.57 60.29 2.61 0.93
Hem-C  6.52 57.79 1.43 0.97
Hau-A 0.34 130.23 2.98 0.93
Hau-B 0.05 130.56 3.04 134.68 7.42 0.89
Hau-C 0.01 143.24 3.32 0.97
Bir-A 0.02 30.73 0.74 0.92
Bir-B 0.01 28.83 0.70 28.62 2.23 0.92
Bir-C 0.13 26.29 0.99 0.89

g, maximum amount of sorbed orthophosphate at sorption equilibrium status; K, the
equilibrium rate constant for pseudo-second-order sorption reaction.

2.4.3 Changes in Phosphate Oxygen Isotope Ratios during Sorption and
Desorption

The changes in 3'°Op values during sorption and desorption reactions on the
synthetic minerals are shown in Figure 2.4. With less energy required for light
isotopes, lighter phosphate (P'°0, i.e., with lighter 5'*Op values) is more reactive
(Siebert et al., 2003) and is preferentially sorbed onto mineral surfaces first, leaving
aqueous orthophosphate enriched with heavier isotopes (i.e., higher 5'*Op values).
Analogously, P'°0, tended to be preferentially desorbed first from the minerals,
leaving residual orthophosphate on the mineral surfaces enriched with heavier isotopes

(Jaisi et al., 2010). This lighter P'°O, preference in both reactions would cause
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differences in the 5'*Op values and result in isotope fractionation between sorbed and
aqueous orthophosphate. Therefore, small differences in isotopic compositions
observed at the initial stage of reaction in some experiments (e.g., Goe-A and Hem-A)
was due to kinetic fractionation between aqueous and sorbed orthophosphates,
consistent with similar studies on ferrihydrite (Jaisi et al., 2010). Please note that the
maximum fractionation between these two P pools is significant only at the initial
stage of sorption and desorption and is not apparent in some minerals due to dispersed
data points or due to technical limitation of quick sampling in minerals with fast
sorption—desorption kinetics. The 8'°Op values of both pools in sorption and
desorption reactions probably reached isotope equilibrium, as shown by small but
insignificant differences between the two pools at the conclusion of the experiment.
Interestingly, the 8'°Op values of orthophosphate at the end of the experiment were
close to that of the starting orthophosphate, and the equilibrium fractionation between
sorbed and aqueous orthophosphate was small, similar to past studies on ferrihydrite

(Jaisi et al., 2010).
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Figure 2.4. Kinetic fractionation of phosphate 3'*Op values between sorbed and
aqueous orthophosphate species during sorption—desorption reactions on
three different '*O labelings (A, B, and C) of goethite (Goe), hematite
(Hem), hausmannite (Hau), and birnessite (Bir) minerals. Vertical arrows
pointing down indicate the start of the sorption reactions, and arrows
pointing up indicate desorption reactions. The horizontal arrows indicate
the starting phosphate 5'*Op values used in the experiments. Please note
that the sizes of the error bars are mostly within the symbols.
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The initial difference in the 8'°O values of minerals, orthophosphates, and
waters in our experiments was >15 %o (in some cases it was as high as 51%o; Table
2.1). In all cases, the difference in initial isotopic composition was chosen to be
different from equilibrium fractionation of O between mineral and water and that of
orthophosphate and water. For example, this difference in the 5'°O values between
orthophosphate and minerals and between orthophosphate and water was more than 45
and 43 %o, respectively, for Goe-A. Thus, the isotope labeling allowed easy detection
of any O isotope exchange among minerals, orthophosphates, and waters, if it
occurred, due to the large difference in starting 5'*O values among them. Taking Goe-
A as an example, the incorporation of one O from either mineral or water would result
in the formation of new orthophosphate with 5'*Op values of 25%o, thus dramatically
shifting its original 3'*Op value (36.29 %o) by >10 %o. Interestingly, the difference in
the 8'°Op values of all orthophosphate pools (i.e., sorbed, desorbed, and aqueous)
remained within small ranges (usually less than £2.1%o) (Figure 2.4). These results
confirmed that no O atom exchange took place between orthophosphate and water or
between mineral and orthophosphate. This means that the orthophosphate ion
remained as an intact molecule (irrespective of P'°0, or P'*0, or different

combinations of P'®0, and P1804).
2.5 Discussion

2.5.1 Orthophosphate Sorption and Desorption
Orthophosphate sorption kinetics analyzed for four minerals in this study
showed a high sorption capacity, with an initial step of rapid sorption followed by a

slow but continued sorption reaction (Figure 2.2). Desorption also followed a similar
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pattern. The rapid reaction at the first phase is explained as a combination of
nonspecific adsorption and ligand exchange reactions (Bohn et al., 1979; Bohn et al.,
2001), whereas the second stage, the slow reaction, is explained as a result of the
gradual penetration of orthophosphate ions into the mineral aggregates. Ligand
exchange is a rapid exothermic reaction in which a bridging binuclear complex of type
M—-O-P—-O-M (where M represents Fe or Mn) is formed and OH™ is subsequently
released. These changes have been confirmed in the past by monitoring changes in pH
during the sorption reaction (Parfitt and Atkinson, 1976; Wang et al., 2013),
isothermal calorimetry (Penn et al., 2014), or modeling (Arai and Sparks, 2007). The
extent of orthophosphate sorbed is also affected by the surface charge of the minerals
(Bowden et al., 1977). The point of zero charge (PZC) of Fe-oxides is usually >7.0;
however, that of Mn-oxides is normally <7.0, which results in positively charged
surfaces on Fe-oxide minerals and negatively charged surfaces on Mn-oxide minerals
at circumneutral pH. Thus, electrostatic interactions as well as ligand exchange
reactions both contribute to orthophosphate sorption onto Fe-oxides (Bowden et al.,
1977; Feng et al., 2004; Parfitt and Atkinson, 1976), resulting in a higher capacity for
orthophosphate sorption onto Fe-oxides than Mn-oxides. Some synthetic hydrous
manganese oxides with similar PZC (~2.0) values to birnessite have been found to
sorb a negligible amount of orthophosphate at pH 7.0 (Kawashima et al., 1986).
However, hausmannite showed a much higher orthophosphate sorption capacity than
goethite and hematite in our study. This might be due to two major reasons: (i) besides
pure sorption, surface precipitation of sorbed P also results in a higher apparent
sorption capacity. This, however, would require additional testing to confirm the

presence of a precipitation reaction, and (ii) hausmannite has a much higher PZC
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(which is > pH 10 for both natural and synthetic hausmannite) than other Mn-oxides
and even higher than Fe-oxides. Thus, electrostatic and surface complexation reactions
together enhance its sorption capacity (Matocha et al., 2001; Shaughnessy et al.,
2003). The higher orthophosphate sorption capacity of goethite than hematite might be
due to more singly coordinated OH™ groups on the (71/0) crystal faces on goethite and a
smaller proportion of reactive surface sites on hematite (Barron et al., 1988; Torrent
and Schwertmann, 1990).

Citrate was found to have a stronger ability to desorb orthophosphate from
mineral surfaces than other reagents through ligand exchange reactions (Yan et al.,
2014). While KCl and NaF have also been used in desorption studies, our comparative
analyses found that orthophosphate desorption by citrate was much higher than that by
KClI and NaF (results not shown). In desorption reactions, Mn-oxides showed slightly
different desorption kinetics than Fe-oxides. For example, the sharp increase in initial
desorption from Mn-oxides was probably induced from the increase in pH after adding
citrate, which itself decreases the sorption capacity and thus contributes to additional
orthophosphate desorption from mineral surfaces. It is unclear, however, whether pH
changes, adjustment and migration of sorbed orthophosphate, or other factors caused

the small increase in sorption in the later phase of the desorption experiments.

2.5.2 Effect of Partial Mineral Dissolution on Isotope Values

Besides being a strong desorbing agent, citrate can also induce limited mineral
dissolution and thus release more orthophosphate concurrently with ligand exchange
promoted desorption. The extent of dissolution depends on several factors including
mineral crystallinity, ionic strength, redox potential, and pH conditions, with pH being

a more significant factor for ferrihydrite dissolution than for goethite or hematite
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dissolution (Earl et al., 1979; Wang et al., 2013). Mineral dissolution in our study,
calculated based on the amount of released cations (Fe and Mn), was found to be
insignificant (<0.77%; Table 2.3) but variable among minerals. The extent of
dissolution decreased in the following order: hausmannite > goethite~hematite >
birnessite, indicating that citrate could effectively dissolve more hausmannite than
other minerals. The amount of dissolution reported here could, however, be
underestimated because of potential resorption of released cations onto residual
minerals. Nonetheless, our results indicate that the amount of orthophosphate released

through citrate-enhanced dissolution was negligible for the minerals studied.

2.5.3 Isotope Equilibria during Sorption and Desorption

The oxygen isotopic composition of sorbed orthophosphate, aqueous
orthophosphate, and water at different times during the sorption and desorption
reactions remained largely constant, that is, close to the initial 6180p values (Figure
2.4). Due to less energy required for a lighter molecular mass (Siebert et al., 2003),
P'°0, can be more preferably sorbed and released by minerals compared with P'*0,.
Therefore, small differences in isotopic compositions at the initial stage of both
sorption and desorption reactions (e.g. Hem-A) is due to kinetic fractionation between
aqueous and sorbed orthophosphates, consistent with the results of Jaisi et al. (Jaisi et
al., 2010).

Potential O isotope exchange among orthophosphate, minerals, and water can
also be discussed in terms of O isotope fractionation factors. Because of a small
fractionation factor between Fe-oxides and water (i.e. fractionation factor a =1) (Bao
and Koch, 1999; Becker and Clayton, 1976; Yapp, 1990), and rapid isotope exchange

between mineral-O (particularly surface hydroxyl functional groups) and water-O
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(Woutersen and Bakker, 2006), an equilibrium isotope fractionation between these
two pools is always expected to be attained. This means that the 8'*Opconmo values of
oxides are always off by 1 %o from the 8'*Oy values of water because water-O
dominates the system. Please note that the lattice structure of the minerals still retains
its original 8'*Oreomnmo Vvalues (at the time of synthesis) because of limited isotope
exchange between the surface functional groups and the lattice structure due to the
high percentage of structural oxygen in minerals (as evidenced from constant
8" OFeomno values, Table 2.2). While the fractionation factor between orthophosphate-
O and water-O is high (a 21 at 21 °C), none of our data show the 5'*Op values of
sorbed and aqueous orthophosphate approaching equilibrium isotopic composition.
Considering the OH  ion, the O fractionation factor between water and aqueous OH' is
around 30—45 at 15—20 °C (Green and Taube, 1963). Furthermore, isotope exchange
of surface OH™ and water is very fast (Woutersen and Bakker, 2006), enabling easy
detection of any OH—PQy isotope exchange from corresponding changes in the 3'*Op
values. Given the high molar ratio of water/mineral as well as water/hydroxyl in all
experiments, the 8'*Ooy values of hydroxyl groups on mineral surfaces should be
influenced by water 5'*Ow values and become much lighter than that of ambient
water. Accounting for these possibilities in O exchange and corresponding
fractionation factors, and the fact that 8'*Op values of both sorbed and aqueous
orthophosphate in this study are off from the expected isotopic composition, our data
provide strong evidence that isotope exchange did not occur in these reactions.

The role of partial mineral dissolution and the potential effect on isotopes
merits a discussion here. Because the isotopic preference for P'°O4 or P'*04 does not

exist during partial dissolution (Jaisi et al., 2010), the released orthophosphate during
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mineral dissolution should carry the same isotopic signature as that of sorbed
orthophosphate. This mechanism, therefore, helps minimize differences in the 3'*Op
values between sorbed and aqueous orthophosphate. However, due to the low extent
of mineral dissolution in this study (<1% w/w), the contribution of this mechanism to
the measured isotope values is expected to be insignificant. All these lines of evidence
verified that no P—O bond cleavage and hence no O exchange between orthophosphate
and water or orthophosphate and minerals occurred during these reactions at the

mineral-water interface.

Table 2.4. Concentration of dissolved cations (Fe and Mn) and extent of dissolution of
three different '*O labelings (A, B, and C) of goethite (Goe), hematite
(Hem), hausmannite (Hau), and birnessite (Bir) minerals by citrate, the
desorption reagent used in the experiments.

Mineral | Fe Concentration (umol L™) Mineral | Mn Concentration (pmol L™)
Mineral Dissolution in Mineral Dissolution in
bd  30d matrix ~ 30d (%) ld 30d matrix ~ 30d (%)

Goe-A [0.06 0.18  298.07 0.06 Hau-A | 1.62  2.08 32638 0.63
Goe-B [0.23 035 28476 0.12 Hau-B | 1.72  2.63 339.06 0.77
Goe-C (045 036 29993 0.12 Hau-C | 1.81 245  333.00 0.73
Hem-A [ 0.11 0.12  356.72 0.03 Bir-A | 0.12  0.00 25479 0.00
Hem-B [ 0.20 0.57  345.13 0.16 Bir-B 0.08  0.01 264.07  0.00
Hem-C [0.25 0.38 34587 0.11 Bir-C 0.06  0.00 246.30 0.00

2.5.4 Discrimination of Isotope Effect between Biotic and Abiotic Reactions
Two major reactions that can change the isotope compositions of

orthophosphate are: (i) ionic exchange and (ii) isotope exchange. Ion exchange is

caused by the selectivity of PO, ions (i.e., preference of '*O or '°O or the different

combinations of '*O and '°0 in PO,) in sorption or desorption reactions (as indicated
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by our data in the early phase of sorption and desorption reactions in Goe-A and Hem-
A, Figure 2.4), but the PO, ions remain intact. Over time, this isotope difference
decreases because of efficient ion exchange between two pools and could become
insignificant compared with differences between different O sources (>10 %o) (Jaisi et
al., 2010). On the other hand, isotope exchange is caused by O atom exchange
between orthophosphate and water, in which P—O bonds are broken and reformed
such as in enzyme-catalyzed hydrolysis—condensation reactions (Blake et al., 1997,
Jaisi et al., 2011; Winter et al., 1940), and may achieve isotopic equilibrium
determined by the water 5'*0w values and the ambient temperature (Blake et al., 1997;
Longinelli and Nuti, 1973). It is well recognized that O-isotopic exchange, which
results from the difference in the 3'*0 values between orthophosphate and water and
P—O bond cleavage, only takes place in biological (enzyme-catalyzed) systems, rather
than in abiotic reactions at low temperature (<80 °C) and neutral pH (Blake et al.,
1997; Blake et al., 1998; Jaisi and Blake, 2010). In the case of organic P hydrolysis, a
disequilibrium isotope effect was observed (Blake et al., 2005). The P-O—C or P-C
bond breakage in organic P compounds always incorporates external O sources. For
example, analyses of the 8'°Op values of released orthophosphate from enzymatically
hydrolyzed phosphomonoesters and diesters have been found to include one (25%) or
two (50%) O atoms from water, respectively (Liang and Blake, 2006; Liang and
Blake, 2009), and thus shift the 8'*Op values of the released orthophosphate towards
the value of the ambient water.

The P-O bond in the orthophosphate molecule remains quite resistant to
cleavage in abiotic reactions at most surface temperatures (<80 °C) and pressures on

Earth (Blake et al., 2001; Blake et al., 1997; Longinelli et al., 1976; Tudge, 1960).
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Therefore, the observed variability in the O isotopic composition of orthophosphate in
abiotic reactions such as sorption and desorption should be induced solely by an ionic
exchange reaction between aqueous and sorbed orthophosphate pools. No isotopic
exchange between O atoms from orthophosphate and water was detected during
sorption and desorption reactions on ferrihydrite, which meant no P—O bond cleavage
occurred, and orthophosphate sorbed or desorbed intact on mineral surfaces under
conditions with temperature <80 °C (Jaisi et al., 2010). Isotope fractionation due to ion
exchange observed in the early stages of sorption and desorption reactions gradually
decreased and became insignificant compared with differences between different O
sources. Based on the changes in isotope values of two P pools, we have developed a
conceptual model of O atom exchange between orthophosphate and minerals (Figure
2.5). As shown, intact PO, ions sorb and desorb. Without P-O bond cleavage at
mineral-water interfaces, the 8'*Op values of both aqueous and sorbed orthophosphate
remain close to that of the starting orthophosphate at equilibrium for the sorption—
desorption reactions without any shift of the SISOP values towards either that of water
or minerals or that expected from fractionation factors (Figure 2.4). The variation of
ambient pH conditions would change the amount of variable surface charge on the
minerals and thus influence the initial uptake capacity of the minerals for lighter
orthophosphate and isotopic fractionation at initial stages, whereas sufficient time for
efficient ion exchange between preferentially sorbed lighter orthophosphate and
relatively heavier orthophosphate in solution would result in an insignificant
difference in the isotope composition of these two P pools (i.e., becomes close to that

of the original orthophosphate).
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Figure 2.5. Schematic representation of the behavior of O during orthophosphate
sorption and desorption reactions. The symbol Me represents an Fe or
Mn atom in the mineral structure.

2.6 Conclusions and Implications

A series of orthophosphate sorption and desorption experiments was performed
on four minerals (goethite, hematite, hausmannite, and K'-birnessite) at room
temperature and neutral pH conditions. This research revealed the bond cleavage Fe—
O(OH) [not P-O(OH)] during orthophosphate sorption and desorption reactions,
which was not previously validated. Our results consistently showed similar

equilibrium isotopic composition of sorbed and aqueous orthophosphate to the starting
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orthophosphate, after small changes in isotope values at the early stage of reactions
due to kinetic isotope exchange (efficient ionic exchange between aqueous and sorbed
orthophosphate). These minerals have a strong sorption capacity for orthophosphate
but desorb a limited amount of orthophosphate in the presence of strong desorption
reagents. Therefore, the 8180p values of orthophosphate in soils could be preserved as
sorbed onto minerals, thus enabling tracing of original orthophosphate sources. This
means that isotope evolution may occur with time due to the interaction with different
orthophosphate sources or other biological reactions. Reaction-specific isotopic
composition increases the possibility of tracing original sources or decoupling
different sources or biogeochemical processes that change the original isotopic

composition.
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3.1 Abstract

Glyphosate (N-phosphonomethyl glycine), an active ingredient of the herbicide
Roundup, and its main metabolite, aminomethylphosphonic acid (AMPA), have been
frequently reported to be present in soils and other environments, and thus have
heightened public concerns on their potential adverse effects. Understanding the fate
of these compounds and differentiating them from other naturally occurring
compounds require a toolbox of methods that can go beyond conventional methods.
Here, we applied an individual isotope labeling technique whereby each compound or
mineral involved in the glyphosate and AMPA degradation reaction was either
synthesized or chosen to have distinct '*0/'°0 ratios so that the source of incorporated
oxygen in the generated orthophosphate and corresponding isotope effect during the

C—P bond cleavage could be identified. Furthermore, we measured original isotope
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signatures of a few commercial glyphosate sources to identify their source-specific
isotope signatures. Our degradation kinetics results showed that the rate of glyphosate
degradation was higher than that of AMPA in all experimental conditions, and both
the rate and extent of degradation of glyphosate were lowest under anoxic conditions.
Oxygen isotope ratios (5'°Op) of orthophosphate generated from glyphosate and
AMPA degradation suggested that one external oxygen atom from ambient water, not
from dissolved oxygen or mineral, was incorporated into orthophosphate with the
other three oxygen atoms inherited from the parent molecule. Interestingly, the 8'*Op
values of all commercial glyphosate products studied here were found to be the
lightest among all orthophosphates known so far. Furthermore, isotope composition
was found to be unaffected due to variable degradation kinetics, light/dark, and
oxic/anoxic conditions. These results highlight the importance of phosphate oxygen
isotope ratios as a nonconventional tool to potentially distinguish glyphosate sources
and products from other organophosphorus compounds and orthophosphate in the
environment.

KEYWORDS: glyphosate, aminomethylphosphonic acid, isotope source tracking,

orthophosphate

3.2 Introduction

Glyphosate (N-phosphonomethyl glycine) is one of the most common
synthetic phosphonate compounds and is used as an active ingredient of Roundup
herbicide in agricultural and urban applications (Franz et al., 1997; Sikorski and
Gruys, 1997). Widespread adoption of glyphosate-resistant technology for weed
control has brought significant economic advantages in agriculture production. An

effective increase in agricultural productivity, however, relies on the application of
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new technologies that are sound and safe and at the same time ensure sustainability of
the ecosystem. The primary functioning mechanism of glyphosate is through blockage
of the shikimate pathway—present in plants and some fungi and bacteria, but not in
animals and human beings—which inhibits the synthesis of aromatic amino acids
(Steinrticken and Amrhein, 1980). Thus, glyphosate was originally considered to be
safe for humans and was classified as a category E compound (i.e., noncarcinogenicity
for humans) by the U.S. Environmental Protection Agency (United States
Environmental Protection Agency, 1993). Several follow-up studies, however, have
reported negative environmental impacts and toxicity of glyphosate and its
metabolites. For example, glyphosate may affect DNA synthesis in sea urchins (Marc
et al., 2004) and influence estrogenic activity in humans (Thongprakaisang et al.,
2013). Some glyphosate degradation products are more toxic or persistent than
glyphosate itself. For example, aminomethylphosphonic acid (AMPA) has been
reported to have adverse effects on DNA in fish and have potential genotoxicity
(Guilherme et al., 2014), and is more persistent in the environment than glyphosate
(Grunewald et al., 2001). Although the toxicity results are much disputed, increasing
urban and agricultural applications of glyphosate have resulted in the widespread
presence of glyphosate and AMPA in soils, streams, and other environments
(Battaglin et al., 2014; Meyer et al., 2009). Thus, the common occurrence of
glyphosate coupled with elevated public concern over potential toxicity highlights the
importance as well as the urgency of scientific investigation on the fate and
persistence of glyphosate and its degradation products in soils and other environments.
The presence of glyphosate in agricultural watersheds where other more

bioavailable forms of phosphorus (P) are often in excess above biological P demand
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implies that abiotic degradation could be an important degradation pathway. In fact,
glyphosate interacts strongly with soil components and forms chelation complexes
with minerals; thus, its mobility is restricted in soils (Franz et al., 1997). The
degradation of glyphosate involves either cleavage of a C—N bond that produces
AMPA first, or the cleavage of a C—P bond that produces sarcosine first (Barrett and
McBride, 2005; Franz et al., 1997, Paudel et al., 2015). Both of these intermediate
products degrade further and eventually generate inorganic compounds (PO4, NH3,
H,0, and COs). Naturally occurring minerals (Barrett and McBride, 2005; Paudel et
al., 2015), mineral-activated carbon composite (Cui et al., 2012), and UV—photo-
oxidation (Sandy et al., 2013) have been found to be capable of degrading glyphosate.
Because Mn-oxide minerals (among which birnessite is the most abundant) are
commonly present in soils (Post, 1999; Taylor et al., 1964) where glyphosate
ultimately deposits after application for weed control, it is important and logical to
better understand the degradation of glyphosate catalyzed by Mn-oxides. In fact,
birnessite often plays an important role in redox and ion exchange reactions in soils
due to its various valence states and characteristic structural vacancies (Post, 1999).
These properties enable birnessite to adsorb and degrade organic contaminants
(Remucal and Ginder-Vogel) including glyphosate and its metabolites such as AMPA.
However, orthophosphate outcompetes phosphonates on mineral sorption sites,
probably because of the differences in sorption affinity affected by size and
composition of phosphonate (Nowack and Stone, 2006).

Bond cleavage and atom transfer induce isotope exchange (Marcus, 1957).
Oxygen isotope ratios of orthophosphate (8'*Op) have been increasingly used to

unravel biogeochemical reactions at interfaces and to identify various sources and
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pathways of P cycling (Blake et al., 1997; Jaisi and Blake, 2014; Joshi et al., 2015).
The ester bond (P-O—C or P—C bonds) cleavage in organophosphorus compounds
always incorporates foreign oxygen (O) sources. For example, enzymatic hydrolysis
of selected phosphomonoesters and diesters has been found to incorporate one (25%,
i.e., one out of four oxygens in orthophosphate) and two (50%) O atoms from water,
respectively (Liang and Blake, 2006b; Liang and Blake, 2009). The cleavage of the
C—P bond in glyphosate is expected to incorporate one O atom from external O
sources into the generated orthophosphate and three O atoms inherited from
glyphosate itself. Thus, the oxygen isotope ratios in orthophosphate generated from
glyphosate degradation could be an important proxy for tracing the source of
glyphosate by discriminating inherited oxygen or for understanding the bond cleavage
mechanism and corresponding isotope effect. In this research, we aimed to identify the
roles of environmentally relevant factors on the degradation kinetics of glyphosate and
AMPA catalyzed by birnessite and to develop phosphate oxygen isotope ratios as a
proxy to identify sources of commercial glyphosate and its degradation products.
Understanding glyphosate degradation and linking source and product/s through a
particular isotope effect could provide a framework to initiate research on source

tracking of glyphosate and other organophosphorus compounds in the environment.
3.3 Materials and Methods

3.3.1 Mineral Synthesis
To understand glyphosate degradation catalyzed by manganese oxide,
birnessite mineral [Ky(Mn*", Mn’"),04; where x<1] was synthesized following the

McKenzie method by dropwise addition of 45 mL of 6 mol L™ HCI to a boiling
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solution of 300 mL of 0.667 mol L' KMnO, (Foster et al., 2003; McKenzie, 1971).
An ISMATEC IPC high-precision multichannel dispenser pump (Cole Parmer,
Vernon Hills, IL, USA) was used to maintain the constant flow of HCI reagent. Three
'80-labeled water solutions with different isotopic compositions (8'*Ow = -5.7, 67.2,
139.6 %o relative to Vienna standard mean ocean water, VSMOW), prepared by
diluting 10% '*0-enriched water (Cambridge Isotope Laboratories, Tewksbury, MA,
USA) using deionized (DI) water, were used to label structural oxygen atoms of
corresponding birnessite minerals so that the same mineral but with distinct '*O values
would be produced. These three isotope-labeled minerals are identified as MnO,-A,
MnO»-B, and MnO»-C with lighter to heavier oxygen isotope ratios (8'*Onmo2 = -
3.69+0.03, 55.31+0.02, 94.79+0.02 %o), respectively. All synthetic birnessite mineral
precipitates were washed five times with DI water, freeze-dried and homogenized by

grinding before characterization and use in degradation experiments.

3.3.2 Mineral Characterization

To determine the purity and uniformity of '*O-labeled minerals, X-ray
diffraction (XRD) analysis was carried out on a Bruker D8 Discover Diffractometer
(Germany) using Ni-filtered, Cu Ka radiation (A = 0.15418 nm). The diffractometer
was operated under voltage of 40 kV and current of 40 mA with 1.0 s counting time
per 0.02° 20 step. Analogously, field emission scanning electron microscope (FE-
SEM; JEOL JSM-7400F microscope, Japan) was used to probe micromorphology,
crystallinity, and purity of minerals. To minimize surface charging during high voltage
emission in SEM, each mineral was coated with a thin gold film. The specific surface
area (SSA) of synthetic minerals was measured using a Micromeritics ASAP 2020

Surface Area and Porosity Analyzer (Micromeritics Instrument Corporation, Norcross,
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GA, USA). Mineral precipitates (0.1-0.2 g) were degassed in a vacuum atmosphere at
373 K for 3 h, and surface area was measured by using the BET (Brunauer-Emmett-
Teller) method. Furthermore, M6biul Dynamic Light Scattering (DLS) (Wyatt
Technology, Santa Barbara, CA, USA) was used to determine the particle size

distribution.

3.3.3 Glyphosate and AMPA Degradation Experiments

A series of glyphosate and AMPA (Sigma Aldrich, St Louis, MO, USA)
degradation experiments was carried out to investigate the roles of environmentally
relevant factors on degradation kinetics. Homogenous suspensions of 5 g L™ '*O-
labeled birnessite were prepared in 10 mM MOPS (4-morpholinepropane sulfonic
acid) buffer at pH=7.00+0.05 and room temperature (22+1 °C). The degradation
experiment was initiated by adding glyphosate (or AMPA) stock (to achieve final
concentration of 3000 umol L) to the birnessite suspension. Control experiments
included glyphosate or AMPA under the same experimental conditions but without the
presence of birnessite mineral. Each experiment was conducted in triplicate, and each
reactor was continually stirred to maintain uniform distribution of reactants. At
selected time points, a sample aliquot was removed from the reactor into 15 mL
centrifuge tubes that contained a predetermined concentration of CuSOy so that the
molar ratio of Cu®"to glyphosate was at ~1.1:1 for complete glyphosate complexation.
We used Cu®" to inhibit further glyphosate degradation after sampling because Cu*"
complexes strongly with glyphosate and limits coordination of glyphosate onto
reactive surface sites on minerals (Barrett and McBride, 2005) but the Cu**
concentration was not high enough to interfere with the phosphomolybdate blue

method for orthophosphate quantitation (Galhardo and Masini, 2000). Aqueous and
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solid phases were separated by centrifugation (7150 xg for 0.5 h) and filtration (0.22
um nylon filter). The orthophosphate concentration in the solution was measured
colorimetrically by using a UV/vis spectrophotometer following the
phosphomolybdate blue method (Murphy and Riley, 1962).

The first set of glyphosate and AMPA degradation experiments was carried out
to investigate the degradation kinetics and influence of air (oxygen) and light. Three
conditions were included: (i) ambient laboratory conditions (aerobic and under light);
(i1) anaerobic and under light; and (iii) aerobic and dark conditions. The illumination
intensity of fluorescent lamps in laboratory light conditions was ~ 812.7 Ix (~81.3 1
E m™” sec’) measured by using Quantum/radiometer/photometer (model LI-185B)
from LI-COR corporation (Lincoln, NE, USA) (Ge et al., 2010). To generate oxygen-
free media, de-ionized (DI) water was first boiled and then degassed with Ar gas twice
prior to transferring to a glovebox. The oxygen-free DI water was kept inside the
glovebox filled with nitrogen and hydrogen gas for over 24 h before running the
experiment. The dissolved O, in the DI water was determined using a CHEMets
colorimetric kit R-7540 (2.5 ppb sensitivity). All experimental solutions including
glyphosate and AMPA stocks were prepared using the oxygen-free DI water, and all
anoxic experiments were run in triplicate inside the glovebox under an N, atmosphere.
Dark condition experiments were conducted on the benchtop by using thick aluminum
foil wrapped around each reactor. The dark condition was maintained during sampling
until the reaction was quenched in CuSQOj4 solution (as above).

The second set of experiments was conducted in a series of '*O-labeled oxygen
sources. Three potential oxygen sources (water, dissolved oxygen, and mineral) were

included to identify external O sources incorporated into orthophosphate. The 8'*Ow
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values of labeled water used in the experiments increased from -7.41(+0.09) to
138.57(x0.57) %o. Similarly, the 8'*00, values of labeled dissolved oxygen varied
from 110.15(+0.92) to 2082.41(+2.37) %o (diluted from 98% '*O-enriched air, ICON
Isotopes, Summit, NJ, USA). The 8" Ommo2 values of birnessite minerals synthesized
by using different '*O-labeled water were -3.69(+0.03), 55.31(£0.02), and
94.79(£0.02) %eo.

The third set of experiments was designed to identify isotope signatures of
different commercial glyphosate sources and to investigate the potential impact of
inactive ingredients in commercial formulations during degradation and processing for
isotope measurements. Commercial grade glyphosate is formulated with different
concentrations of inactive and active ingredients for specified applications. Five
different commercial glyphosate products collected from various sources were used,
and the degradation experiments were conducted similarly to the first set of
experiments (see above). Aqueous and solid phases were separated by centrifugation
(7150 xg for 0.5 h) and filtration (0.22 um filters). The experiments were conducted in
duplicate using DI water (-7.34 %o). Non-ionic, macro-porous DAX 8 Superlite resin
was used to trap organic compounds present in the formulation on the resin column.
The samples were further purified and processed to measure the 5'°O values (see

below).

3.3.4 Sample Processing and Oxygen Isotope Ratios Measurement in
Orthophosphate, Water, and Mineral

The oxygen isotope ratios of released orthophosphate during glyphosate and
AMPA degradation, water used in experiments, and synthetic birnessite were

measured after processing samples to remove contaminants. For orthophosphate
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samples, the silver phosphate precipitation method described in Jaisi and Blake (Jaisi
and Blake, 2010; Jaisi and Blake, 2014) was followed. Independent tests confirmed
that glyphosate and AMPA used in this research did not hydrolyze in reagent-
promoted acidic conditions; therefore, pretreatment to remove residual
glyphosate/AMPA was not necessary. However, their presence hindered the
precipitation of ammonium phosphomolybdate (APM). In brief, orthophosphate was
first precipitated as APM at acidic pH, dissolved, and then precipitated as magnesium
ammonium phosphate (MAP) at high pH. The MAP precipitate was then dissolved
and treated with cation resin (AG50W-X8, Bio-Rad, Hercules, CS, USA) to remove
cations, primarily Mg®" and NH,". The purified solution was evaporated to concentrate
orthophosphate and ultimately precipitated as silver phosphate. Although this method
has been routinely used for isotope processing, a separate orthophosphate sample with
known isotopic composition was processed along with actual samples to verify the
validity of the sample processing procedure. Silver phosphate precipitates were then
heated at 110 °C for 24 h to remove remaining and physically trapped/sorbed water.
All O isotopic compositions of orthophosphate were measured in the stable
isotope facility at the University of Delaware. Silver capsules containing 200—300 ug
of silver phosphate (in triplicate) were pyrolyzed at 1460 °C in a Thermo
Chemolysis/Elemental Analyzer (TC/EA). Oxygen isotope ratios were measured in a
Delta V continuous flow isotope ratio mass spectrometer (IRMS; Thermo-Finnigan,
Bremen, Germany). Measured 8'*Op values of orthophosphate were calibrated against
two silver phosphate standards (YR1-1aR02 and YR3-2) with §'*Op values of -5.49

and +33.63 %o, respectively.
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To measure the O isotopic compositions of waters used in the experiments, 0.3
mL water samples were injected into a 12 mL borosilicate Exetainer® (Labco,
Buckinghamshire, UK) pressurized with 300 ppm of CO; in He. After equilibration
between CO; and H,O for 24 h at 26.2 °C, the O isotopic composition in CO; was
measured using a GasBench peripherally connected to an IRMS (Thermo-Finnigan,
Bremen, Germany) at the University of Delaware. Given that the fractionation factor
between CO, and H,O is well established, the §'*Ow values of H,O were then
calculated using the 8'*Ocoz values of CO; following the method by Cohn and Urey
(Cohn and Urey, 1938). All standards and samples were measured at least in duplicate.
Measured 5'*Oy values of waters were calibrated against two U.S. Geological Survey
water standards (8'*Ow values of -9.25 and -1.25 %o). Standard deviation of water
samples was within the range of +0.02 %o.

The O isotopic composition of structural oxygen in '*O-labeled birnessite
minerals was measured using a laser fluorination method at the isotope facility at
Louisiana State University. Minerals were heated in a BrFs atmosphere in the 30 W
COylaser fluorination equipment for liberating structural oxygen atoms. The §'°0
values of liberated molecular oxygen were then measured in dual-inlet mode on an
MAT253 (Bao et al., 2000; Peng et al., 2011). While the standard deviation of samples
measured was found to be low (within the range of £0.05 %o), the uncertainty of
measuring the 5'*0 values by using laser fluorination on synthetic and less crystalline
minerals (in contrast to geological materials) could be high because of potential
removal of surface hydroxyl groups during the pre-fluorination step. Similarly,
potential partial yield during fluorination may induce unpredictable shifts in the §'°0

values.
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3.4 Results and Discussion

3.4.1 Mineral Characterization

The powder XRD patterns of synthetic birnessite indicate single-phase
birnessite with no identifiable contaminant minerals (Figure 3.1a). The peak position
and intensity of XRD patterns are comparable to those of turbostratic birnessite (Drits
et al., 1997). In SEM, synthetic birnessite shows uniform flower-like morphologies
(Figure 3.1b—d). Birnessite normally forms a hexagonal layered structure (Post, 1999)
that under further aggregation forms three-dimensional hierarchical microspheres. No
significant difference was observed among birnessite minerals synthesized using
different '®O-labeled waters. Specific surface areas (SSA) of synthetic minerals with
varying '*O-labeling were ~40 m* g, with MnO,-C being an exception (SSA of 26.67
m’® g™). This difference might be due to different grain size distribution or the presence
of denser aggregates of hexagonal layers. The SSA values are comparable to the
reported ranges in previous studies (Jaisi et al., 2009; Yin et al., 2014), in which
birnessite minerals were synthesized following similar methods. Particle size
distribution of different '*O-labeled birnessite minerals varied within a narrow range
between 143 and 186 nm. All of these similar physical properties of minerals suggest
that the role of '*O-labeling is insignificant in glyphosate degradation kinetics and

corresponding isotope effect.

78



—— MnO,-A_

a) —— MnO,-B
—— MnO,-C
o A - A
J ..A_ . o, .

Intensity (a.u.)

Figure 3.1. X-ray diffraction (XRD) patterns (a) and scanning electron microscope
(SEM) images (b,c,d) of synthesized birnessite (MnO,) minerals. MnO,-
A, MnO,-B, and MnO,-C refer to birnessite minerals with different
8" Omno2 values (8'*Onmoz = -3.69+0.03, 55.31+0.02, 94.79+0.02 %o) in
their structural oxygen atoms. The scale bar in SEM images represents
100 nm.

The 8"®*Onmo2 values of structural oxygen in three synthetic birnessite (MnO5)
minerals were -3.69 (£0.03), 55.31(£0.02), and 94.79 (£0.02) %o, respectively.
Triplicate measurements of each sample showed little fluctuation of oxygen isotope
ratios (standard deviation <0.05 %o), indicating homogeneous isotope labeling of

oxygen atoms in birnessite samples and reproducibility of isotope measurement using
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laser fluorination method. Therefore, the isotope effects induced by atom exchange
with other oxyanions should be representative of distinctly labeled oxygen in the

mineral.

3.4.2 Glyphosate and AMPA Degradation Kinetics

Degradation kinetics of glyphosate and AMPA (Figure 3.2) followed typical
biphasic kinetics similar to the degradation of organic compounds (Remucal and
Ginder-Vogel), with a rapid initial rate followed by a gradual slower rate before
approaching maximum degradation. No effects of different '*O-labeled minerals or
waters, however, were found regarding degradation kinetics. Both the rate and extent
of degradation of AMPA were lower than that of glyphosate, which were calculated
on the basis of the comparison of orthophosphate released to moles of P in parent
compounds. For example, glyphosate reached ~70 % degradation in 24 h, but AMPA
required 7 days for that extent of degradation. When comparing reaction rates at the
same glyphosate/ AMPA :birnessite ratio, the initial rate of glyphosate degradation
(567.6 pmol L™ h™") was ~4.5 times higher than that of AMPA (122.5 umol L™ h'™").
The faster initial rate and higher percentage of glyphosate degradation compared to
AMPA degradation, consistent with previous studies (Barrett and McBride, 2005),
may result from their different sorption affinities to the surface functional groups of
birnessite. The weaker coordination of AMPA onto birnessite may be attributed to the
absence of a carboxyl functional group in AMPA. Sustained increase in AMPA
degradation after 100 h may result from (i) further degradation that gradually reaches
maximum degradation capacity of minerals, due to weaker coordination of AMPA to
birnessite and (ii) gradual release of adsorbed orthophosphate from the mineral

surface.
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Figure 3.2. Degradation kinetics of glyphosate (a) and AMPA (b) catalyzed by
birnessite (MnO;) mineral (please note the longer degradation time for
AMPA than that for glyphosate). Experiments were performed using a
starting glyphosate/AMPA concentration of 3000 pmol L™ at 22+1 °C
and pH=7.00£0.05. Controls represent experiments without birnessite
minerals.

The amount of orthophosphate produced was negligible in control experiments
containing glyphosate or AMPA but without birnessite, indicating their stability in the
media. This result alternatively indicated the absence of microbial degradation of these
compounds within the time range of experiments that is important for interpretation of
isotope results (see below). After 48 h of reaction, the pH value increased slightly to
~7.5, which could result from the consumption of H' during degradation (Barrett and
McBride, 2005) and the release of hydroxyl groups from mineral surfaces due to
ligand exchange with orthophosphate. During glyphosate degradation, Mn(IV) is
reduced to Mn*" and released into the media. However, inductively coupled plasma

(ICP) measurement of Mn®" in the solution showed no significant increase in Mn
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concentration. The negligible concentration of Mn in the solution indicates rapid
resorption of reduced Mn”" onto mineral surfaces at layer vacancies or edge sites
which may undergo further oxidation to Mn®" (see discussion below). This re-
oxidization could be induced either by Mn*" in birnessite (Lefkowitz et al., 2013;
Perez-Benito, 2002), or by dissolved oxygen (Nowack and Stone, 2000). Even without
Mn(IV), Mn>" has been found to be capable of catalyzing degradation of other
phosphonates such as nitrilotris(methylene)phosphonic acid (NTMP), with O,
involved in the oxidative degradation reaction (Nowack and Stone, 2000).

The rate of glyphosate degradation in the dark condition was slightly lower
than that in the light condition (Figure 3.3a). Photochemical reactions are known to
accelerate the degradation of organic compounds (Liang and Blake, 2006b) such as
through the generation of reactive radicals and thus affect the reaction rate. Although
we did not validate reasons for this potential difference, the difference in degradation
in dark and light conditions might affect glyphosate degradation in soils and subsoils
once it spreads or percolates into soils. The extent of degradation, however, was not

affected by the presence or absence of light.
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Figure 3.3. Degradation kinetics of glyphosate catalyzed by birnessite mineral in
light/dark (a) and oxic/anoxic (b) conditions. Experiments were
performed using a starting glyphosate concentration of 3000 umol L™ at
22+1 °C, pH=7.00£0.05. Control represents the experiments without
birnessite minerals.

The rate of glyphosate degradation slightly decreased when the experiments
were performed in the anaerobic conditions (Figure 3.3b). After ~5 h, however, the
extent of degradation became close to that of the aerobic conditions. The higher
degradation rate under aerobic conditions might mean that O, could have played a role
in accelerating the reaction by potentially re-oxidizing reduced Mn** to a new Mn-
oxide or Mn-glyphosate/AMPA complex that participates in the reaction. On the other
hand, electron transfer between sorbed Mn®" and structural Mn*" can generate Mn®"
and then induce partial conversion of birnessite into feitknechtite (3-MnOOH) that can
further transform into manganite (y-MnOOH), as has been reported in anoxic

conditions and circumneutral pH similar to those used in our experiments (Lefkowitz
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et al., 2013). The reductive transformation of birnessite into manganite may also be
possible. In general, manganite has a lower degradation rate than birnessite due to the
lower valence state of Mn. The highest oxidizing capacity of Mn-oxides, however,
was reported to be that containing Mn**, and, in particular, those containing Mn®* and
Mn*" (Weaver et al., 2002). The speciation of Mn including valance state was not
measured in this study as it was out of the scope of this research. Nonetheless, the
overall rate of degradation was found to be affected by the absence of oxygen.
Surface catalysis of a mineral depends on the presence of reactive surface in
the mineral and the formation of reactive complexes. Given that sorption is an
essential step in glyphosate degradation (Barrett and McBride, 2005; Paudel et al.,
2015), formation of a new mineral and the influence of new surface on the rate and
extent of degradation depend on whether the existing surface is saturated or poisoned
by degradation products. According to studies on birnessite synthesized using similar
methods and with comparable SSA, the approximate greatest surface active site
density at edges, which are the primary reactive positions for sorption or degradation
reactions, can be calculated on the basis of the height of each phyllomanganate layer
(0.19 nm) and the Mn—Mn distance (0.287 nm) (Villalobos et al., 2005; Villalobos et
al., 2014). According to the above calculation, the edge site density becomes close to 1
site/(0.19 nm x 0.287 nm)=18.3 sites nm™. If we arbitrarily assume that 60 % of
measured SSA belongs to the edge surface, then the reactive surface site density
should be 18.3 sites nm™ x 0.6 x 40 x 10"® nm* g x5 g L™ =22 x 10** sites L. The
amount of initial glyphosate molecules used in this study is equal to 3 x 10~ mol L™ x
6.02 x 10 molecules mol” = 18.06 x 10** molecules L™'. This means that >80 % of

reactive surface sites of birnessite were initially saturated by glyphosate/ AMPA. If the
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reactive surface area decreased to 30%, which is more realistic for 2x4x1 geometry of
birnessite with the unit cell parameters of 5.3, 3.05 and 7.79 A (Cygan et al.),
glyphosate clearly oversaturates the reactive surface. Therefore, the re-oxidation of
Mn*" into higher valence minerals to form new reactive surfaces or the formation of
reactive complexes is required to enhance the extent of degradation in aerobic
conditions. Even though the reactive surface sites and Mn"*" centers are sufficient for
glyphosate coordination and degradation, with a low glyphosate:birnessite ratio (600
uM g™, enhanced degradation in the aerobic conditions indicates an important role for
molecular oxygen in oxidation of Mn*" and accelerating redox reactions. In addition,
Mn** could also form complexes with glyphosate/AMPA, which can be rapidly
oxidized into Mn*'—complexes by superoxide ions generated from O, as has been
interpreted in other phosphonates (Nowack and Stone, 2000; Nowack and Stone,
2002). These Mn®" complexes also contribute to oxidative degradation without
interaction or electron transport between mineral structural Mn*" and
glyphosate/AMPA, and thus could indicate a different degradation pathway in the
presence of oxygen from that in the absence of oxygen. Overall, light and O, could be
important rate-limiting factors in glyphosate degradation reactions.

Sorption of degradation products onto catalytic surface sites in the mineral
decreases both the rate and extent of the reaction. Glyphosate and generated
orthophosphate can both adsorb onto reactive surface sites of birnessite through
complexation or ligand exchange reactions (Barrett and McBride, 2005), with
orthophosphate outcompeting glyphosate (Cui et al., 2012). Therefore, orthophosphate
speciation during degradation reactions can provide additional insights into the

temporal change in reactivity. Interestingly, speciation of the generated
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orthophosphate was found to be literally independent (Figure 3.4) during the progress
of the degradation reaction. For example, the concentration of adsorbed
orthophosphate rapidly increased within 15 h, then decreased and reached an
equilibrium at ~40 pmol g'. The adsorbed orthophosphate accounts for ~11 % of total

P as orthophosphate, demonstrating that almost 80 % degradation was achieved.
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Figure 3.4. Orthophosphate partitioning between aqueous and sorbed phases as a
function of time during glyphosate degradation. The starting glyphosate
concentration was 3000 pumol L™

3.4.3 Sources of Oxygen Incorporated into Orthophosphate
Given that the phosphorus atom is covalently bonded with carbon (i.e., the
C—P sigma bond) in glyphosate and AMPA, cleavage at the C—P bonds in both

compounds requires at least one oxygen atom from external sources to be incorporated
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into the released orthophosphate. Glyphosate and AMPA degradation experiments
performed under a series of 8'*Ow values (-7.41 to 138.57 %o) of the ambient water
showed that the 3'®Op values of generated orthophosphate increased correspondingly
with the increase in the 5'*Oy values (Figure 3.5a,b). This corresponding increase
means that an oxygen atom from ambient water is incorporated into generated
orthophosphate. The changes in the 5'*Oy values between waters before and after
experiments were found to be within the detection limit of the equipment (0.02 %eo).
The constant 5'*Oy values are expected due to the higher concentration of oxygen
atoms in water than that of oxygen atoms in orthophosphate (in the order of molar to
micromolar concentrations, respectively). The slope between the 5'*Op values of
generated orthophosphate and the §'*Oy values of ambient water in hydrolysis
reactions of different phosphomonoester and phophodiester compounds has been used
to identify sources and number of water O atoms incorporated into the released
orthophosphate (Liang and Blake, 2006a; Liang and Blake, 2006b; Liang and Blake,
2009). The slope of the fitting curve varies within 95% confidence intervals (0.20,
0.22) and (0.20, 0.21) for glyphosate and AMPA, respectively. For both glyphosate
and AMPA in this study, the slope was found to be ~0.21, representing the
incorporation of less than one oxygen atom (out of four oxygen atoms) from ambient

water.
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Figure 3.5. Plot of the 8'*Op values of released orthophosphate (P;) in labeled O
experiments in water, dissolved oxygen, and minerals: (a,b) the 8'*Ow
values of the '*O-labeled water in glyphosate and AMPA degradation; (c)
the 8'*00, values of '*O-labeled dissolved O, in glyphosate degradation;
(d) the 5"*Onmoz values of '*O-labeled birnessite minerals in glyphosate
degradation.

Fractional incorporation of O (i.e., 0.21 instead of 0.25) in the released
orthophosphate demands exploration of other O sources that may potentially be
involved in donating an O atom, because orthophosphate impurities that may impact

slope in glyphosate and AMPA stocks and birnessite minerals were very low (at
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0.57+0.12 umol L™ and 0.540.19 umol L™, respectively). Other potential sources of
O are either dissolved oxygen or structural oxygen in the catalytic minerals. In fact,
incorporation of dissolved O; into generated orthophosphate has been found during
abiotic degradation of some organophosphorus compounds (Liang and Blake, 2006a;
Liang and Blake, 2006b; Sandy et al., 2013). Glyphosate degradation experiments
performed under various 5", values of '*O-labeled dissolved oxygen showed
almost zero slope (-0.0009) (Figure 3.5¢). This slope proved that no oxygen atoms
from dissolved oxygen were incorporated into the released orthophosphate from
glyphosate. Even though the measured data show up to ~4 %o fluctuations in the 8'*Op
values, this difference was negligible compared with the ~2000 %o difference in the
8% 00, values of dissolved oxygen used in these experiments. Another set of
experiments performed using '*O-labeled structural O in birnessite also showed an
insignificant slope (-0.0080) (Figure 3.5d). This slope means that no oxygen was
incorporated into released orthophosphate from the mineral that adsorbs and catalyzes
glyphosate degradation. In addition, due to small fractionation of the 'O values
between metal-oxide and ambient water, along with rapid isotope exchange between
mineral-O and water—O under normal temperature conditions (Bao and Koch, 1999;
Green and Taube, 1963), it is more likely that the §'*0 values of hydroxyl functional
groups on the mineral surface could be fully equilibrated with ambient water. In
summary, multi-oxygen isotope labeling allowed ruling out the possibility of oxygen
atoms in the birnessite mineral structure or dissolved oxygen contributing to oxygen
incorporated into the released orthophosphate.

The fractional incorporation of O can be discussed from interface isotope

selectivity of orthophosphate. At the mineral-water interface, the P'°0, is
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preferentially sorbed onto mineral surfaces first, leaving aqueous orthophosphate
enriched with heavier isotopes (Jaisi et al., 2010; Li, 2015). Accounting for the amount
of sorbed orthophosphate (Figure 3.4) and assuming ~2.5% fractionation of sorbed
and aqueous orthophosphate and the fact that the isotopic composition of aqueous
orthophosphate was measured in this study, this would bias the calculation towards a
smaller slope (i.e., <0.25). This interpretation is supported by the data shown in Figure
3.6, where the 5'*Op values of released aqueous orthophosphate over time show
negative slopes for the first 5-7 h of reaction in three experiments performed in
different labeled waters. This negative slope is mostly likely because maximum
fractionation between these two P pools is significant only at the initial stage of
sorption and, over time, efficient ion exchange between sorbed and aqueous
orthophosphate erases the kinetic isotope fractionation. Therefore, the measured
orthophosphate becomes relatively lighter to some extent before becoming constant at
the later phase of the experiment, consistent with past studies (Jaisi et al., 2010; Li,
2015). Assuming 2.5%o fractionation at the early stage of the experiment and noting
that this difference is almost erased in > 7 h, it results in the slope difference of 0.02.
These possibilities together suggest the slope between the §'°0 values of
orthophosphate and water might be close to 0.25, representing one out of four oxygen

atoms of orthophosphate derived from ambient water and not from other sources.
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Figure 3.6. Oxygen isotopic compositions (8'*Op) of released orthophosphate during
glyphosate degradation in three different '*O-labeled waters as a function
of time.

The Y-intercept of the regression line is related to the inherited oxygen atoms
from the parent substrates. Because three out of four O atoms in released
orthophosphate are inherited from parental glyphosate and AMPA molecules, the
similar intercepts for these two substrates (Figure 3.5) demonstrate a similar origin of
phosphate oxygen sources (Jaisi et al., 2014). This similarity in the intercepts raises an
interesting speculation on the origin of these synthetic phosphonate compounds. The
isotopic composition of O and other elements in the glyphosate and AMPA molecules
depends mainly on (i) the starting/original isotopic composition of the raw material
used and (ii) the industrial production process that affects bond formation/cleavage

reactions. Although there are several methods to synthesize glyphosate (Dill, 2010;
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Zhou et al.), two major methods include (i) alkyl ester formation from glycine,
dimethylphosphite, and paraformaldehyde and (ii) phosphonomethyl method, where
phosphoric acid and formaldehyde form iminodiacetic acid hydrochloride (IDAAM-
HCI), and then one of the two carboxymethyl groups in IDAAM-HCI is cleaved to
form glyphosate (Dill, 2010). These results also indicate that the C—P bond cleavage
in both molecules is not affected by any potential secondary isotope effect (Jaisi et al.,
2014) consistent with the lowest secondary isotope effect expected for monoesters
compared with that of diesters and triesters (Lassila et al., 2011). Overall, our results
suggest similar sources of both glyphosate and AMPA (see below for additional

insights on sources).

3.4.4 Fractionation of Oxygen between Bulk and Incorporated Water into
Orthophosphate

The fractionation factor (F) of oxygen between that incorporated into
orthophosphate and bulk water can be calculated following the established equation
(Liang and Blake, 2006b) as:

F = (60, — 0.75%680,,) / 0.21 — 5§80y, (1)

As mentioned above (Figure 3.5), the slope of the regression is 0.21 for water
O source. This slope means that 0.21 should be used in the calculation instead of 0.25
(one out of four Os) to calculate the fractionation factor. It is also necessary to know
the isotopic signature of the ‘intact’ —PO3 moiety (i.e., the 5'*Opo value) in glyphosate
and AMPA before degradation. Because of the existence of a carboxyl group, another
O containing functional group in glyphosate, measurement of the original O isotope
signature of glyphosate requires pretreatment to remove this group or replace it using

other non-oxygen-containing functional groups. However, measurement of the 8'*Opo
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values of AMPA is more straightforward, similar to phytate (Wu, 2015). After direct
pyrolysis in TC/EA, the 8'*Opo values of AMPA were found to be 16.43(£0.10) %o.
On the basis of the 5'*Opo values, the 8'*Op values of generated orthophosphate, and
the 8'*Ow values of ambient water used in the experiments, O fractionation factors
were calculated (Table 3.1). As shown, fractionation factors varied highly for the
ranges of the 8'*Ow values used in the experiment with an average of -11.81 (+4.14)
%o. Negative F means that '°O was preferentially incorporated into the released
orthophosphate during AMPA degradation. This fractionation factor is different from
those of other substrates and catalytic reagents for bond cleavage studied because the
substrate-specific isotope effect is induced from structural differences among

substrates and nature of enzymes (Jaisi et al., 2014; Liang and Blake, 2009).
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Table 3.1. Isotope fractionation (F) of oxygen between water and incorporated into
orthophosphate. The 8'*Ow and 8'*Op values refer to oxygen isotopic
composition of water and orthophosphate, respectively. The average

fractionation factor (F) for all data is -11.81 & 4.14 %e..

Organic P

compound 8"* 0w (%o) 8"0p (%0)  8'00p (%0)  F(%0)  Average F (%o)
8.16 +0.17 -12.15
9.68 + 1.10 -5.03
7.41+0.09  10.02+0.45 -3.41 -7.58 +4.79
9.91 +0.30 -3.93
7.90 +0.27 -13.38
15.74 + 0.09 -12.87
15.71 £ 0.31 -13.02
2893£0.04 O a1y 1372+094
AMPA 1532+0.17 1643+0.10 -14.85
22.96 + 0.08 -13.86
22.92 +0.28 -14.08
63.83+0.08 271 o 30y 1401+081
22.71 +0.10 -15.04
37.24+0.21 -17.16
37.68 +0.22 -15.12
13426011 00 s o4 -12.97 + 4.05
38.41 +0.62 -11.67

3.4.5 Isotope Signatures of Commercial Glyphosate Products

Although Monsanto products dominate the herbicide market, glyphosate is

manufactured and marketed worldwide under different trade names by other

companies including Bayer, Dow AgroSciences, DuPont, Cenex/Land O’Lakes,

Helena, Platte, Riverside/Terra and Zeneca. The 8'*Op values of orthophosphate

released by birnessite-catalyzed degradation of five different commercial glyphosate

products (Gly-1 to Gly-5) are shown in Table 3.2. Interestingly, we found unusually

light 8'0p values and distinctly different isotope signatures from each commercial
g y pe sig

glyphosate source. Although the sample size is small and these products include two
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different manufacturers and three different industrial formulations for targeted
applications, this range of isotopic compositions is the smallest known so far for all
organophosphorus compounds studied (the 5'*Op values are usually = 14%.) (Liang
and Blake, 2006b; Liang and Blake, 2009; von Sperber et al., 2014), irrespective of
enzymatic or non-enzymatic pathways or mechanisms of degradation. Furthermore,
the 8'°Op values of individual glyphosate products are distinctly different and are
isotopically separable. While more data on isotope distribution of additional
glyphosate sources are needed before any generalization, our results open the new
possibility of applying the 5'*Op values as a proxy for differentiating glyphosate from
other organophosphorus compounds as well as tracking different glyphosate sources in
the environment. Another implication appears to be that the §'°0 values could be used
to track the portion of orthophosphate in the environment derived from glyphosate

degradation.

Table 3.2. Isotopic composition of released orthophosphate during birnessite-catalyzed
degradation of different commercial glyphosate products. Five different
glyphosate products (Gly-1 to Gly-5) were used in the experiment.

Commercial Glyphosate 8'"°0p (%o)
Products
Gly-1 3.92+0.35
Gly-2 8.77+0.36
8.35+0.42
Gly-3 6.09+0.13
5.75+0.20
Gly-4 6.97 +0.37
9.30+0.20
Gly-5 3.91+0.36
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3.4.6 Implications of Tracking Glyphosate and Its Degradation Products in the
Environment

Isotopic methods have long been used in biochemistry for mechanistic
elucidation of organic molecule degradation. However, the application of isotopes to
track sources and degradation pathways of organic contaminants in the environment is
not common. There are significant challenges in method development, but compound-
specific oxygen isotope composition is one of the most advanced methods to
differentiate various sources and understand the role of different organic P forms in
the environment (Jaisi et al., 2014). Recently, carbon isotopes (Kujawinski et al.,
2013) and phosphate oxygen isotopes (Sandy et al., 2013) in glyphosate have been
applied to identify reaction mechanisms. These isotope-tracking methods have raised
the potential of providing source information of parent and daughter compounds.

In this study, one oxygen atom was verified to be incorporated from water into
generated orthophosphate with three inherited from the original compound. The
isotope effect induced by the C—P bond cleavage and corresponding isotope exchange
of oxygen atoms in reagent grade glyphosate is essentially the same as that of
commercial herbicides with various glyphosate compositions. Glyphosate carries a
much lighter isotopic composition than most common orthophosphates studied so far
(the 8'°0p values vary between 16~24 % VSMOW). This result might be also
applicable to other mineral catalyzed redox degradations. Given that phosphate O-
isotope signatures of glyphosate remain intact unless the molecule is degraded, and the
isotope effect during abiotic degradation is independent of oxic/anoxic and light/dark
conditions of degradation, phosphate oxygen isotope ratios offer a promising indicator
for source tracking of glyphosate and its metabolites in soils and other environments.

The presence of the lightest 8'*Op values of inorganic P produced in glyphosate
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degradation compared with all organic P compounds and inorganic P in the
environment studied so far indicates that the 8'*Op values could be used as a reliable
tracer to track glyphosate as well as its degradation products, i.e. orthophosphate. If
successfully field validated, this tool could have a profound impact on environmental

forensics of glyphosate.
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DEGRADATION OF GLYPHOSATE BY MN-OXIDE MAY BYPASS
SARCOSINE AND FORM GLYCINE DIRECTLY AFTER THE C-N BOND
CLEAVAGE
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4.1 Abstract

Glyphosate is the active ingredient of the common herbicide Roundup®. The
increasing presence of glyphosate and its byproducts has raised concerns about its
potential impact on the environment and human health. In this research, we
investigated abiotic pathways of glyphosate degradation as catalyzed by birnessite
under aerobic and neutral pH conditions to determine whether certain pathways have
the potential to generate less harmful intermediate products. Nuclear magnetic
resonance spectroscopy (NMR) and high-performance liquid chromatography (HPLC)
were utilized to identify and quantify reaction products, and density functional theory
(DFT) calculations were used to investigate the bond critical point (BCP) properties of

the C—N bond in glyphosate and Mn(IV)-complexed glyphosate. We found that
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sarcosine, the commonly recognized precursor to glycine, was not present at
detectable levels in any of our experiments despite the fact that its half-life (~13.6 h)
was greater than our sampling intervals. Abiotic degradation of glyphosate largely
followed the glycine pathway rather than the AMPA (aminomethylphosphonic acid)
pathway. Preferential cleavage of the phosphonate adjacent C—N bond to form glycine
directly was also supported by our BCP analysis, which revealed that this C—-N bond
was disproportionately affected by the interaction of glyphosate with Mn(IV). Overall,
these results provide useful insights into the potential pathways through which

glyphosate may degrade via relatively benign intermediates.

4.2 Introduction

Glyphosate (N-phosphonomethyl glycine) was first introduced into the
herbicidal industry by John Franz of Monsanto in the 1970s to kill broadleaf plants
and grasses (Franz et al., 1997). The agricultural innovation of genetically engineered
glyphosate-tolerant crops that followed dramatically enhanced the applicability of
glyphosate as a non-selective, post-emergence herbicide on agricultural fields. As a
result, the application rate of glyphosate skyrocketed from less than 9x10° Kg yr'' in
the U.S. in 1992 to 127x10° Kg yr'' in 2015 with more than 70 % applied to corn and
soybean crops (United States Geological Survey, 2015). The widespread usage of
glyphosate in agriculture resulted in increased environmental contamination by
glyphosate and its intermediate products [e.g., aminomethylphosphonic acid (AMPA)]
in soils, sediments, surface water, and ground water (Battaglin et al., 2014; Kolpin et
al., 2006). This alarmed the public and prompted the need for studies on the
environmental and health impacts of glyphosate. Glyphosate kills plants by blocking

the shikimic acid pathway, which is necessary for the synthesis of vital aromatic
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amino acids in plants and some microorganisms (Haslam, 1974). Several toxicity
studies suggested that the risk of adverse health effects due to glyphosate exposure
were negligible in animals and humans (Kwiatkowska et al., 2016; Williams et al.,
2000); however, recent studies have identified negative health effects in zebrafish,
navigational honey bees (influencing navigational capabilities), and potential risks to
soil nematodes (such as Caenorhabditis elegans), thus putting the safety of glyphosate
and its widespread application under greater scrutiny (Balbuena et al., 2015; McVey et
al., 2016; Roy et al., 2016). The United States Environmental Protection Agency is
evaluating the potential carcinogenicity of glyphosate but has not yet reached a
conclusion regarding its toxicity (Environmental Protection Agency's Office of
Pesticide Programs, 2016).

The degradation of glyphosate in soils is driven by primarily biotic pathways
mediated by bacteria and fungi (Rueppel et al., 1977; Sviridov et al., 2015). However,
abiotic degradation may also occur in the presence of manganese oxides and/or light
(photolysis) (Barrett and McBride, 2005; Li et al., 2016; Sandy et al., 2013). In each
instance, glyphosate degradation occurs either through the cleavage of a C—N bond,
forming AMPA and glyoxylic acid as a consequence (the AMPA pathway), or through
the cleavage of a C—P bond, forming sarcosine and then glycine (the sarcosine
pathway) (Franz et al., 1997; Rueppel et al., 1977; Sviridov et al., 2015). The focus of
most past studies on the biotic degradation of glyphosate has been restricted to the two
major degradation pathways. Biotic degradation of glyphosate in soils has been found
to accumulate AMPA (Bento et al., 2016; Franz et al., 1997; Rueppel et al., 1977).
Sarcosine, however, is less commonly detected as a product of biotic glyphosate

degradation. For instance, the apparent formation of glycine was detected in the

106



absence of sarcosine during biotic degradation of '*C-labeled glyphosate in soils
(Rueppel et al., 1977). Glycine formation without sarcosine was also observed during
the incubation of Achromobacter sp. MPS 12 in the presence of a sarcosine oxidase
inhibitor (Sviridov et al., 2012). Similarly, sarcosine was not detected as a precursor to
glycine in abiotic glyphosate degradation experiments catalyzed by either manganese
oxide (Barrett and McBride, 2005), or photo-electrochemically generated hydroxyl
radicals on a TiO, surface under alkaline conditions (Muneer and Boxall, 2008). These
studies generally attributed the absence of sarcosine to its rapid degradation rate and
did not consider the possibility that glycine might also form as a direct degradation
product of glyphosate. However, one solid-state NMR study of Pseudomonas sp.
cultures suggested that glycine might form directly (Jacob et al., 1985). These findings
have elevated to the fore the notion that the sarcosine pathway may be circumvented
by a seldom recognized direct glycine pathway. However, due to the focus of most
studies on biotic pathways (using soil bacteria or microorganisms with suppressed
gene expression) and the lack of unequivocal evidence substantiating the absence of
sarcosine in the reaction mixture, more direct evidence of the absence of sarcosine and
the presence of the glycine pathway (through direct C—N bond cleavage) is needed. In
fact, glyphosate degradation may proceed through one of the two C—N bond positions;
cleavage of the first C—N bond position results in the formation of AMPA, which is
known to be more persistent and more toxic than glyphosate (Bento et al., 2016; Giesy
et al., 2000; Li et al., 2016), while cleavage of the second may result in the direct
formation of comparatively benign reaction products (e.g. glycine). Therefore, the
existence of this less toxic abiotic glyphosate degradation pathway carries both

scientific and environmental significance.
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In our previous studies, kinetics of glyphosate degradation, two major
degradation pathways (via AMPA and sarcosine intermediates), oxygen isotope effect
during degradation, and the relationship of sources and products were analyzed and
mechanisms during abiotic degradation had been proposed (Jaisi et al., 2016; Li et al.,
2016; Paudel et al., 2015). In this chapter, my primary objective is to identify and
quantify degradation products, with a special focus on sarcosine, glycine, and AMPA,
that form during the degradation of glyphosate in the presence of synthetic birnessite.
One- and two-dimensional (1-D and 2-D) nuclear magnetic resonance (NMR)
spectroscopy, high-performance liquid chromatography (HPLC) and density
functional theory (DFT) calculations were utilized in conjunction with colorimetric
methods to identify and quantify products. Our results allow us to comment on the
relative significance of specific degradation pathways, and the potential for further
investigation into the factors that govern the preferential selection of pathways that

introduce less toxic products into the environment.
4.3 Materials and Methods

4.3.1 Synthesis and Characterization of Birnessite

K "-birnessite [K (Mn*", Mn®"),04; where x<1] was prepared by adding 45 mL
of 6 mol L' HCl at a constant rate using an ISMATEC HPLC pump to a vigorously
boiling solution of 300 mL of 0.667 mol L KMnO, (Li and Jaisi, 2015; McKenzie,
1971). Synthesized mineral precipitates were washed with DI water, then freeze-dried
and gently ground. Detailed characterization methods used to determine the identity,
purity, specific surface area, birnessite morphology, and Mn average oxidation state

(AOS) are included in the supporting information in the appendix A.
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4.3.2 Glyphosate Degradation Experiments

A series of glyphosate [unlabeled glyphosate and carbon-isotope labeled (3-"°C
counting from carboxyl group: HOOC—CH,~NH-""CH,-PO;H,) glyphosate] (Sigma
Aldrich, St Louis, MS) degradation experiments were carried out to identify the
composition of intermediate products and to investigate degradation pathways.
Degradation experiments were initiated by adding glyphosate stock (unlabeled
glyphosate or carbon-isotope labeled glyphosate) to birnessite suspension in 10 mmol
L' NaCl ionic strength (Table 4.1). Homogeneous suspensions of synthetic birnessite
were kept at pH 7.00+0.05 before and after glyphosate addition, and were
continuously adjusted using 1 mol L' NaOH/HNOs. Control experiments included
glyphosate under the same experimental conditions but without birnessite. Each
experiment was conducted in triplicate and each reactor was continually stirred to
maintain a uniform distribution of reactants at room temperature (22+1 °C). To
determine the half-lives of common glyphosate-derived intermediate products,
degradation experiments of AMPA, sarcosine, glycine, methylamine, and glyoxylic
acid were conducted separately under similar conditions to that of glyphosate. Sample
aliquots were removed from the reactor and placed into centrifuge tubes at selected
time points. Aqueous and solid phases were separated by filtration [0.10 um
hydrophilic polyethersulfone (PES) filter] immediately after sampling. The solid phase
was dissolved in 1 mol L™ HNO; and 1 mol L™ hydroxylamine hydrochloride to
quantify adsorbed compounds. Concentrations of orthophosphate, primary amines
(AMPA, glycine, and methylamine), and formaldehyde were measured using a
UV/Vis spectrophotometer following the colorimetric phosphomolybdate blue method
(Murphy and Riley, 1962), 2,4,6-trinitrobenzene sulfonic acid (TNBSA) method
(Brown, 1968), and Nash assay (Nash, 1953), respectively.
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Table 4.1. Experimental set up for glyphosate degradation by birnessite. All
experiments were performed under pH 7.00+0.05 and 10 mmol L™ NaCl.

Experiments label Substrate (umol L") Birnessite (g L")
Glyphosate

GB3000 3000 5

GB300 300 0.5

GB150 150 0.5
AMPA

AB3000 3000 5
Sarcosine

SB3000 3000 5
Glycine

GCB150 150 0.5
Methylphosphonic Acid

MB3000 3000 5
Glyoxylic Acid

GAB300 300 0.5
Methylamine

MAB300 300 0.5

4.3.3 Analysis of Intermediate Products Using 1-D and 2-D NMR
Spectroscopies

Both solution 1-D and 2-D NMR spectroscopies were utilized to identify the
composition of intermediate products during birnessite-mediated degradation of
glyphosate. Before analysis, aqueous subsamples collected at different time points
during degradation were freeze-dried, and then re-dissolved in D,O and mixed
thoroughly. The pH was adjusted to 7.0+1.0 using 1 mol L' NaOH/HNOs. Three
resonance active nuclei (H, C, P) present in glyphosate and many of its products were
analyzed by conventional 1-D NMR spectroscopy (‘H, "°C, and *'P NMR) in an AVIII

600 MHz Bruker spectrometer at 25 °C. The acquisition parameters were: (i) for 'H
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NMR 16 scans, 2 dummy scans, 10 s relaxation delay, 2.66 s acquisition time, zero-
filled to the final size of 65536 points and apodized with 0.3 Hz line broadening,
center frequency of 6.18 ppm, and at 600.32 MHz; (ii) for °C NMR spectra 2048
scans, 4 dummy scans, 1.1 s relaxation delay, 0.94 s acquisition time, zero-filled to
final size of 65536 points and apodized with 1 Hz line broadening, center frequency of
100.0 ppm, and at 150.96 MHz; (iii) for °*'P NMR spectra 512 scans, 4 dummy scans,
2 s relaxation delay, 0.34 s acquisition time, zero-filled to final size of 65536 points
and apodized with 1 Hz line broadening, center frequency of 0 ppm, and at 243.01
MHz. Recorded 'H and "°C, and *'P NMR spectra were referenced to
tetramethylsilane (TMS) and phosphoric acid at 0 ppm, respectively. Reference
spectra of pure compounds (glyphosate, AMPA, sarcosine, glycine, methanol, methyl
phosphonic acid, glyoxylic acid, methylamine, and formaldehyde) were analyzed as
external standards for peak assignments of intermediate products generated during
glyphosate degradation.

Two-dimensional (2-D) NMR spectroscopic analysis was performed for the
assignments of unresolved peaks due to overlapping peak regions of potential
compounds as well as to cross check the composition of compounds identified from 1-
D NMR spectra. Heteronuclear single quantum correlation (HSQC) analysis allowed
detection of correlation between 'H and single bond connected heteronuclear °C, thus
to provide additional confirmation on the identity of specific compounds. The HSQC
spectra were collected in an AVIII 600 MHz Bruker spectrometer with the following
parameters: 32768 points and 1024 points (in the 'H and °C dimensions,

respectively), 25 °C, 4 scans, 1.88 s relaxation delay, and acquisition time of 0.26 s.
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Data were processed using MestReNova version 11. NMR peaks were assigned based

on chemical shifts, peak splitting, and relative intensity.

4.3.4 Quantitation of Glyphosate and Degradation Products Using High-
Performance Liquid Chromatography (HPLC)

High-performance liquid chromatography was used to quantify glyphosate and
its major degradation products, including glycine and AMPA. Samples collected at
selected time points were derivatized prior to the analysis, following published
procedures (Ibafiez et al., 2005). Briefly, 1 mL of aqueous sample was adjusted to pH
9.0 by adding 0.12 mL of 5% borate buffer, followed by the addition of 0.12 mL of
12000 mg L™ 9-fluorenylmethylchloroformate (FMOC) in acetonitrile (ACN).
Derivatization was carried out at 22+1 °C for about 16 h. The reaction was then
stopped by adding 0.015 mL of 6 mol L™ HCI, resulting in a pH of 1.5. After 1 h,
derivatized samples were filtered through 0.45 um syringe filters. The separation and
detection of products were performed on a Dionex ICS-5000 single pump, AS-AP
sampler, and ICS-5000 detector/chromatography module (Thermo Scientific) using an
Acclaim™ 120, C18 column (2.1x250 mm) under a gradient eluent mode. The
gradient used was 5 mmol L' HA¢/NH4Ac(pH 4.8)-acetonitrile, in which the
percentage of acetonitrile changed with time as follows: 5-75% in 0—42 min, 100% in
42.1-45 min, and 5% in 45.1-55 min. The chromatographic separations were
completed in 55 min for each sample. The separated components were detected at 210
nm by Dionex photodiode array (PDA) detector. Pure glyphosate, AMPA, glycine,
and sarcosine were also derivatized and analyzed following the same methods,

described above, as standards.

112



The linearity of the method used was evaluated by analyzing the standards in
duplicate. The correlation coefficients (r*) for the standards including glyphosate,
AMPA, and glycine for the range of concentration from 5 to 1000 wmol L™ were
>0.99, except for sarcosine (1> 0.97). The precision of the method used, expressed as
relative standard deviation, was within 12%. The limits of detection for glyphosate,
AMPA, glycine, and sarcosine in this method were 10, 5, 5 and 5 wmol L

respectively.

4.3.5 Density Functional Theory (DFT) Electronic Structure Calculations

Electronic structure calculations were performed to quantify the influence of
Mn(IV) complexation on the bond critical point (BCP) properties of the C—N bonds in
glyphosate. All geometry optimizations and electron density distributions were
performed or obtained with the Gaussian 09 suite of programs (Frisch et al., 2009)
using the B3LYP hybrid exchange-correlation functional (Becke, 1993; Lee et al.,
1988) and a standard 6-31G(d) all-electron Gaussian basis set (Ditchfield et al., 1971;
Hehre et al., 1972; Rassolov et al., 1998). Given the size and composition of the
theoretical system employed in this study, the B3LYP/6-31G(d) method represents a
reasonable compromise between accuracy and performance. While some previous
studies have utilized larger basis sets (Caetano et al., 2012; Purgel et al., 2009), a more
compact basis set is warranted in the present study due to the high level of explicitly
represented solvent molecules (>100 solvent atoms) included in the computations. The
B3LYP functional was chosen following a survey of the literature, which showed this
approach to be the main method utilized by previous computational studies of
glyphosate (Ali et al., 2005; Caetano et al., 2012; Peixoto et al., 2015; Purgel et al.,
2009).
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The C-N bond critical point properties were obtained by analyzing the electron
density distributions generated from Gaussian 09 within the theory of Atoms in
Molecules (AIM) (Bader, 1985; Bader, 1991) as implemented in the AIMAIl software
suite (Keith, 2017). Two configurations of glyphosate were investigated in the absence
of manganese; both exhibited a total charge of -2 and differed only by the placement
of a proton in association with either the phosphonate or amine moieties. In a third
configuration containing Mn(IV), the total system charge was +2, and because of the
association of manganese with the amine, the aforementioned proton was placed on
the phosphonate group. To determine the optimal spin state of Mn(IV), several
preliminary geometry optimizations were performed on Mn(IV)(6H,O) in various
electronic configurations. The lowest energy solution was taken as the optimal spin
state and used in all calculations involving Mn(IV) [i.e. high spin Mn(IV) with three

unpaired electrons (spin multiplicity = 4)].
4.4 Results and Discussion

4.4.1 Degradation Kinetics of Glyphosate

The XRD pattern and SEM image (Figure A.4.1) of the synthetic mineral
revealed a single-phase hexagonal birnessite, composed of sheets of edge-sharing
MnOg octahedra (Post and Veblen, 1990), with uniform flower-like morphologies, in
concert with turbostratic birnessite (Yin et al., 2014). The specific surface area (SSA)
of synthetic birnessite was 41.3+0.3 m* g”'. The particle size distribution of birnessite
varied within a narrow range (143.4+4.5 nm), thus the separation of aqueous media
from the solid mineral phase using 0.10 um filters was considered appropriate.

Additional information about the characterization of this synthetic birnessite (i.e. the
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phase identity, purity, SSA, and morphology) was presented in our previous
publication (Li and Jaisi, 2015).

Glyphosate degradation was initially rapid but decreased gradually (Figure
4.1). A potential reason for this decreased rate could be the passivation of the
birnessite surface, which may be attributed to the sorption of glyphosate and its
degradation products (e.g. AMPA and orthophosphate) at reactive surface sites
passivating the reaction. In the experiment with 3000 pmol L™ glyphosate in 5 g L™
birnessite (GB3000, Table 4.1), more than 80% of glyphosate degraded to form
primary amines (the sum of AMPA and glycine), which were released into the
aqueous solution (Figures 4.1 and 4.2) with sorbed primary amines limited to 3%. The
solution chemistry results showed that ~70% of original P was transformed into
orthophosphate within 24 h and the fraction of orthophosphate retained in residual
solid-phase minerals was very small and limited to 7% at the conclusion of the
experiments. When the concentrations of glyphosate and birnessite changed (GB300
and GB150, Table 4.1), the degradation kinetics were similar overall (Figure A.4.2)
with glycine as a dominant product (Figure A.4.3). Control experiments verified that
glyphosate was stable under the experimental conditions. These results indicated that
the degradation of glyphosate by birnessite was highly efficient. The higher rate and
extent of primary amines (sum of glycine, AMPA and methylamine) compared to that
of orthophosphate production indicated either faster formation and/or slower
breakdown of primary amines than orthophosphate. The higher rate of glycine
production compared to AMPA (Figures 4.1 and 4.2) indicated that the glycine
pathway is more dominant than the AMPA pathway. This is particularly noteworthy

because the longer half-life of AMPA, ~50 h under our experimental conditions (Li et
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al., 2016) and about 24 times higher than that of glyphosate (i.e., 2.1 h), should have

allowed its continued accumulation over time.
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Figure 4.1. Kinetics of glyphosate (3000 umol L") degradation by birnessite (5 g L™).
No measurable sorbed glyphosate or sarcosine were detected on the solid
phase.
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Figure 4.2. High-performance liquid chromatography (HPLC) results of aqueous
degradation products of glyphosate, with glyphosate:birnessite ratio of
3000 umol L™":5 g L™, Peaks are FMOC derivatized glyphosate (1),
AMPA (2), and glycine (3). The fourth peak is for unreacted FMOC, the
derivatization reagent. STD represents for mixture of standards. No
sarcosine was detected in either aqueous or solid phases.

4.4.2 Identification of Glyphosate Degradation Products by Using NMR
Spectroscopy

The 'H, "C, and *'P NMR spectra of sub-samples collected at selected time
points in the GB3000 experiment demonstrated the temporal changes in compositions
and concentrations of degradation products (Figure 4.3). Pure glyphosate and its
common intermediate products were measured separately as reference standards under
identical conditions to facilitate accurate peak assignments and product identifications.
Detailed chemical shifts for these standards are provided in Table A.4.1. After 12 h of
reaction, negligible glyphosate was detected in 'H, "°C, and *'P NMR spectra

indicating almost complete degradation of glyphosate. This result was also consistent
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with the kinetics of glyphosate degradation (Figure 4.1). The 'H and *C NMR spectra
indicated that glycine, with characteristic peaks at ~3.4 (singlet) and ~41.0 (singlet)
ppm, respectively, was the major product of glyphosate degradation (Figure 4.3a, b).
The presence of AMPA, one of the common degradation products during biotic
degradation (Franz et al., 1997; Rueppel et al., 1977), was identified by 'H and *'P
NMR spectra with chemical shifts at ~2.8 (doublet) and ~9.0 (singlet) ppm,
respectively (Figure 4.3a, ¢). The amount of AMPA, however, was much less than
glycine based on 'H and "°C relative peak intensity, which was consistent with
quantitation results from HPLC (Figure 4.1, 4.2). Formaldehyde (hydrated to form
methylene glycol) was detected as a major product together with its oxidation product,
formic acid (Figure 4.3a, b). The hydration of formaldehyde (HCHO): [HCHO + H,O
= HOCH,OH] in liquid media leaves a very low concentration of the unhydrated
species (Winkelman et al., 2002; Zavitsas et al., 1970). However, the chemical shifts
of the hydrated formaldehyde are distinct from other products, which still validates the
formation of formaldehyde. Please note that the polymerization of HCHO
["HOCH,OH = HO(CH,0),H + (n-1)H,0] is only significant above 1 mol L™, much
higher than the range of concentrations (umol L") in this study (Zavitsas et al., 1970).
Therefore, the effect of HCHO polymerization during NMR analysis is not
anticipated. A persistent NMR peak of hydrated formaldehyde at and after 3 h of
experimentation further suggested the continued formation of formaldehyde during the

mid—and-late stages of glyphosate degradation.
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Figure 4.3. Nuclear magnetic resonance (NMR) spectra of degradation products of
glyphosate: (a) 'H, (b) "°C, and (c) *'P spectra, with glyphosate (3000
umol L™):birnessite (5 g L) at pH 7.00+0.05. Peak labels correspond to
glyphosate (a), AMPA (b), glycine (c), formaldehyde (hydrated) (d),
formic acid (e), and orthophosphate (f).

The composition of the degradation products generated under different
concentrations of glyphosate or birnessite (GB300 and GB150) was generally similar,
with glycine, AMPA, formic acid, and formaldehyde as major products (Figure A.4.3a,
b). At the later stages of the experiment, as well as for those experiments with low
initial glyphosate concentrations (GB300 and GB150), the intensity of representative
doublet peaks of AMPA appeared in the 'H NMR spectra, however, was too low for
its presence to be confirmed reliably. Thus a positional *C-labeled glyphosate, on the
third C atom counting from the carboxyl moiety in the molecule, was utilized in order
to enhance the "C NMR peak intensity. The °C NMR spectra showed enhanced

characteristic doublet peaks representing the third C (3-C) in glyphosate and AMPA
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due to isotope labeling, thus confirming the generation of AMPA during glyphosate
degradation. However, the amount of generated AMPA was still low in all cases.

To further validate the presence of other less commonly reported products such
as formaldehyde, the 2-D NMR spectra for samples at the conclusion of experiments
(GB3000) were collected and shown in Figure 4.4. The singlet peak at 4.71 ppm in 'H
NMR coupled with another singlet peak at 81.74 ppm in °C NMR indicated a direct
single-bond connection between H and C. Similarly, the singlet peak at 4.86 ppm in
'"H NMR coupled with another singlet peak at 81.74 ppm in ?°C NMR in the GB300
experiment (Figure A.4.7). These results further confirmed the presence of hydrated
formaldehyde in both experiments. In addition to these NMR spectra, the presence of
formaldehyde was further validated using the Nash assay method. Since formaldehyde
readily oxidizes into carbon dioxide in the presence of air, sunlight, or microorganisms,
and should have oxidized in our aerobic experimental setup, its conspicuous
persistence throughout our experiments was intriguing and most likely caused by the

continuous formation of formaldehyde during the experiment.
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Figure 4.4. Heteronuclear single quantum correlation (HSQC) spectroscopy of
degradation products of glyphosate, with glyphosate (3000 wmol L~
":birnessite (5 g L), at 12 h. Two axes in fl and f2 represent 'H and °C
nuclei, respectively. Peak labels correspond to glycine (c) and
formaldehyde (d).

Summarizing the NMR results from the series of degradation experiments
performed, major degradation products identified included glycine, AMPA, formic
acid, formaldehyde, and orthophosphate (~2.7 ppm in Figure 4.3¢); these findings are
consistent with a number of other studies (Barrett and McBride, 2005; Franz et al.,
1997; Paudel et al., 2015; Rueppel et al., 1977; Sviridov et al., 2012). However, some
other common degradation products often reported in the literature such as sarcosine,
glyoxylic acid, and acetic acid were not detected. It is unclear whether these
undetected products formed at levels below the detection limits or if they were

otherwise rapidly oxidized after formation. Nonetheless, given that the amount of
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generated AMPA was low, the formation of glyoxylic acid, a byproduct of AMPA,

was also expected to be low.

4.4.3 Half-Lives of Major Intermediate Products of Glyphosate

Results from separate experiments performed to investigate the half-lives of
AMPA, sarcosine, glycine, methylamine, and glyoxylic acid, major potential
intermediate products of glyphosate, showed their facile degradation. For example,
NMR spectral analyses demonstrated that sarcosine degraded to form glycine as the
major degradation product and formic acid and methylamine as minor products
(Figure A.4.6). The apparently conspicuous peak intensity of sarcosine in NMR
spectra confirmed that a certain amount of sarcosine remained after 24 h of reaction,
which was further validated quantitatively by HPLC results (Figures A.4.4, A.4.5).
The calculated half-life of sarcosine was ~13.6 h (Figure A.4.4). Similarly, glyoxylic
acid was readily degraded by birnessite (half-life < 1 h) to generate formic acid
(Figure A.4.8c). AMPA has a much longer (~50 h) half-life (Li et al., 2016). The other
two important primary amines, glycine and methylamine, were not degraded by

birnessite within 24 h (Figure A.4.8a, b).

4.4.4 Sarcosine Is Not A Necessary Intermediate Product

Sarcosine was previously recognized as an intermediate product of glyphosate
degradation; it forms as a consequence of the C—P bond dissociation, and subsequently
acts as a precursor to glycine (Barrett and McBride, 2005; Sviridov et al., 2015).
Intriguingly, this compound was not detected in any of the NMR spectra or HPLC
chromatograms obtained from the suite of experiments performed in this study. Please

note also that the presence of sarcosine was reported to be at or below detection in a
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number of previous studies (Barrett and McBride, 2005; Jacob et al., 1985; Muneer
and Boxall, 2008; Rueppel et al., 1977; Sviridov et al., 2012). More often, the absence
of sarcosine was attributed to its presumably rapid degradation rate (Barrett and
McBride, 2005). To ensure that the absence of sarcosine in our experiments is not due
to its rapid oxidation, we chose to further examine the kinetics of sarcosine
degradation. We found that the half-life of sarcosine under the present experimental
conditions was 13.6 h (Figure A.4.4). This time is much longer than the sampling
intervals employed in our experimental protocols. Consequently, if we assume that
glycine is the sole degradation product of sarcosine, the amount of sarcosine in our
experiments should have been much higher than that of glycine, which is inconsistent
with our observations. Therefore, the absence of sarcosine in our experiments does not
appear to be due to its rapid degradation rate.

In light of results discussed above, we have pursued alternative explanations
for the absence of sarcosine in our experiments. One of the reasons could be the
adsorption of sarcosine onto the birnessite surface, causing no or low (below detection
limits) sarcosine concentrations in solution. The pKa values of sarcosine and glycine,
analogous in molecular structures, are similar: 2.3 and 10.1 for sarcosine and 2.4 and
9.7 for glycine (Leussing and Hanna, 1966). Thus, at our experimental pH (7.00+0.05),
both molecules should have a zwitterionic character with a positive charge on the -NH
functional group and a negative charge on the -COOH moiety. Therefore, the
adsorption behavior of these two compounds on birnessite is expected to be
reasonably similar. Our separate sarcosine degradation experiment showed sarcosine
remained almost entirely in the solution. Given that a high amount of glycine was

released into the solution and hence was detected in NMR spectra, sarcosine, if formed,

124



should also have been present in the solution. Additional quantitation analyses using
HPLC did not find any sorbed or aqueous phase sarcosine during glyphosate
degradation (Figures 4.1 and 4.2).

On the basis of the series of supporting and refuting evidence listed above, it is
reasonable to conclude that sarcosine did not form during the abiotic degradation of
glyphosate by birnessite. This implies that the first step of glyphosate degradation does
not have to involve the C—P bond cleavage or sarcosine formation. Furthermore, the
preferential cleavage of the C—N bond towards the N-C—P structure and the direct
formation of glycine is also supported by DFT results (see below). These lines of
evidence provide a reasonable explanation for a switch-circuited sarcosine degradation
pathway among the two common pathways addressed in our previous study (Jaisi et

al., 2016).

4.4.5 Potential for Preferred C—N Bond Cleavage: DFT Results

At circumneutral pH, the glyphosate zwitterion oscillates between two primary
states in which a proton either resides on the phosphonate group as -PO,OH" or on the
amine as -NH," (Figure 4.5). Therefore, we first evaluated the influence of the proton
position on the BCP properties of the C—N bonds. As shown in Table 4.2, the position
of the proton affected each of these bonds differently. When the proton transferred to
the amine, both C—N bond lengths increased, with the phosphonate-associated bond
being the most perturbed. Correspondingly, the concentration of the electron density
also decreased at the bond critical points, as did the value of the Laplacian of the
electron density, which indicated that the charge in the BCP region was locally

depleted in the -NH," state relative to the -PO,OH state. As with the bond length, the
P
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density and Laplacian values were most affected in the C—N bond adjacent to the

phosphonate group.
PO,OH" NH,* Mn(1V)-NH
/"~ _i \ ) - &
- y 8 £ < "J} p

Figure 4.5. Minimum energy structures of glyphosate in two of its zwitterionic states
(i.e. PO,OH and NH,") and in the presence of manganese (Mn(IV)-NH)
as predicted by DFT. An analysis of the bond critical point properties of
the C—N bonds (see Table 4.2) indicates that these bonds are similarly
perturbed by the transfer of a proton from the phosphonate to the amine
as by Mn(IV) complexation. In both cases the phosphonate adjacent C—-N
bond is the most affected. Although the effects are similar, the
zwitterionic NH, " state is presumably much shorter lived than the
manganese complex.

To assess the influence of Mn(IV) on these bonds, a Mn(IV) atom was added
adjacent to the amine group in the -PO,OH state, resulting in the formation of a
Mn(IV)-NH bonded interaction. During the structural relaxation, the proton
transferred from the phosphonate group into solution, forming an H;O" ion. The
influence of the bound manganese on the C—N bonds was analogous to the effect
observed with the proton that was transferred from the —~PO,OH state to form -NH, .

That is, the C—N bond lengths increased and the electron density and Laplacian values
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at the BCP decreased, all to a greater degree on the phosphonate side of the molecule

(Table 4.2).

Table 4.2. Calculated bond critical point (CBP) properties and equilibrium C—N bond
distances for the configurations shown in Figure 4.5. The symbols C—N
(P) and C—N (C) indicate that the bond is proximal to the phosphonate
and carbonate moieties in glyphosate, respectively.

PO, OH

p (elai’) V2(p) (elag)  ren(A)
C-N(P) 0.264 -0.721 1.466
C-N(C) 0.266 -0.744 1.465
NH,"

p (elai’) V2(p) (elag)  ren(A)
C-N(P) 0.234 -0.549 1.500
C-N(C) 0.248 -0.658 1.490
Mn(IV)-NH

p (elag’) V2(p) (elas’)  rex (A)
C-N((P) 0.238 -0.579 1.499
C-N(C) 0.250 -0.664 1.486

Calculations used above did not directly probe the C—N bond breaking events
that would lead to the formation of glycine or AMPA. But the BCP analysis did allow
us to assess which regions of the molecule were most influenced by manganese
complexation. These results indicated that the C—N bond adjacent to the phosphonate
group was most affected, which in light of the experimental results presented above,
suggests that the presence of Mn(I'V) may facilitate glycine formation directly from
glyphosate. Given that the observed changes in the critical point properties of the —
NH," and Mn(IV)-NH states were similar relative to the -PO,OH state it could be
assumed that the phosphonate adjacent C-N bond was equally susceptible to

dissociation in either case; however, given that the lifetime of the doubly protonated
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state is likely to be very short because of its zwitterionic character compared to the
lifetime of a glyphosate molecule adsorbed on a manganese oxide, the potential for
Mn complexation to bias the decomposition pathway towards glycine would

presumably be much greater.

4.4.6 The Glycine Pathway of Glyphosate Degradation by Birnessite

The two commonly recognized degradation pathways of glyphosate are the
sarcosine and AMPA pathways, which are initiated via the C—-N and C-P bond
cleavage, respectively (Franz et al., 1997; Szekacs and Darvas, 2012). The proportions
of orthophosphate, primary amines, and other products generated in the two major
pathways are distinct; however, the explicit contribution of each pathway is obscured
by the various rates of formation and degradation of intermediate products. Based on
the HPLC and NMR results in this study, we observed glycine as the most significant
product in contrast to past studies in which AMPA was the dominant product (Barrett
and McBride, 2005; Franz et al., 1997; Sviridov et al., 2015; Szekacs and Darvas,
2012). The relative ratio of glycine:AMPA, based on the peak area representing the —
CH, moieties of glycine and AMPA in 'H NMR spectra (Figure 4.3a) and
concentrations in HPLC chromatograms (Figures 4.1 and 4.2), was about 3:1. The
limited amount of AMPA generated in this study could be explained as a result of the
suppression of the AMPA pathway of degradation. Once formed, however, AMPA
could not undergo rapid degradation because of its long half-life (~50 h) under
experimental conditions (Li et al., 2016). This means that the concentrations of
orthophosphate derived from AMPA degradation should also be low. These lines of
reasoning suggested that the majority of orthophosphate should be derived from the

glycine pathway. In the glycine pathway, the C—N bond cleavage at the N-C—P
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position in the glyphosate molecule also released a P containing compound, which
could further be degraded to orthophosphate. The identification of this compound in
our experimental data has remained elusive [see below on possible product,
methylphosphonic acid (CHs—PO3;H;)], however, the direct release of orthophosphate
following the C—P bond cleavage at the N—-C—P position seems unlikely, as sarcosine
and orthophosphate would both be observed as products, contrary to our experimental
observations.

The formation and preference of intermediate products can be discussed from
the redox properties of Mn-oxide. Birnessite consists of multi-valence Mn, varying
from +2 to +4 but dominantly as +4. The measured average oxidation state of the
synthetic birnessite used in this study was 3.8, suggesting its strong oxidizing
capability. The C—N bond of glyphosate becomes more vulnerable, after forming a
Mn-N bond (see DFT results above), due to the changes in the electron density
distribution (Jaisi et al., 2016). A similar mechanism was proposed in studies on the
oxidation of nitrilotrismethylene-phosphonic acid, in which the C—N bond cleavage
took place at the N-centered radical, after electron transferred from N to Mn, followed
by the C—P bond cleavage at the C-centered radical (Nowack and Stone, 2003).
However, separate tests (MB3000, Table 4.1) performed to test the degradation of
methylphosphonic acid (CH3—PO3Hs), a potential product formed after the C—N bond
cleavage (Muneer and Boxall, 2008) by birnessite, confirmed negative results from
both colorimetric and NMR analyses (Figure A.4.9). In contrast, AMPA with one
more amine moiety than methylphosphonic acid, was degraded by birnessite (Li et al.,
2016). AMPA is positively charged at neutral pH conditions on its NH>— moiety,

which might play a key role in binding to the negatively charged reactive surface sites
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of birnessite, and thus facilitates electron transfer and bond cleavage. The lack of
methylphosphonic acid degradation and high rate of orthophosphate generation
conclusively suggest facile C—P bond cleavage of the unknown intermediate product.
Further study on the relative dominance of this pathway in other abiotic degradation

conditions is required.

4.47 Environmental Implications of Multi-pathway of Glyphosate Degradation

In this study, birnessite catalyzed glyphosate degradation was studied to
unravel degradation pathways and their relative contributions by identifying and
quantifying intermediate products using NMR spectroscopy, HPLC, and DFT
calculations. The results suggested that the dominant abiotic degradation pathway
initiates from the C—N bond cleavage and generates glycine, formaldehyde, and
orthophosphate, bypassing the formation of sarcosine. A subordinate pathway was the
C—N bond cleavage forming AMPA and glyoxylic acid that ultimately degraded to
form CO,, H,O, NH3, and orthophosphate. Overall, our results identified a less
commonly recognized degradation pathway of glyphosate. As discussed above, the
direct glycine formation was observed in one study on biotic degradation but rarely in
abiotic cases; however, the glycine pathway has not been recognized.

The relative ratio of glyphosate to birnessite had a minor influence on the
selection of degradation pathways. Overall, this research provided supportive evidence
that glyphosate primarily degrades at the C—N bond position favoring the direct
formation of glycine, which is less toxic than the major product of the other pathway.
The natural abundance of Mn in soils varies within the range of 20-3000 mg Kg™'. The
Mn content in soil depends largely on the nature of parent materials, cycling

processes, and supplemental Mn applied to crop plants and uptake by plants
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(Reisenauer, 1988). Though the natural abundance of Mn is low, our results can be a
reference for the fate of glyphosate sorbed to negatively charged clay minerals which
are abundant in soils across the U.S. Corn Belt and for further investigations on
partitioning glyphosate degradation pathways for environmentally friendly products.
Potential avenues include applying Mn(IV)-oxides as supplemental Mn, an essential

micronutrient to crops, as well as to degrade residual glyphosate.
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Chapter 5

GLYPHOSATE DEGRADATION BY DELTA-MANGANESE OXIDE
COATED ON FERRIHYDRITE: COMPETITION OF SORPTION AND
DEGRADATION REACTIONS

5.1 Abstract

Ever since its introduction into the herbicidal industry in the 1970s, glyphosate
has been a very efficient weed control herbicide and its application has steadily
increased, but at the same time its toxicity has been increasingly questioned. In the
present research, 0-MnO; coated ferrihydrite minerals were synthesized at different
Mn/Fe molar ratios and competition of sorption and degradation of glyphosate was
analyzed using colorimetric, nuclear magnetic resonance (NMR), and high-
performance liquid chromatography (HPLC) methods. Our results showed that the
degradation of glyphosate was accomplished exclusively by 6-MnO,, while both
ferrihydrite and 8-MnO, played important roles in the sorption processes. The
difference, however, is that glyphosate sorbed onto 8-MnQO; undergoes rapid
degradation. Competition between sorption vs. degradation was controlled by the
molar ratio of Mn and Fe. For example, at low Mn/Fe ratios (<0.01), the dominant
mechanism of glyphosate removal from the aqueous solution was sorption by
ferrihydrite, although the extent of removal was low. When the Mn/Fe ratio was
higher than 0.01, the degradation reaction dominated in removing glyphosate from
solution. Direct C—P bond cleavage to generate glycine was the major degradation

pathway and the AMPA (aminomethylphosphonic acid) pathway was minor. Changes
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in the Mn/Fe ratios incurred no detectable influence on the preference for either of the
two degradation pathways. Present results highlighted the synergistic effects of the
two oxides that are commonly present in soils on degradation and sorption of

glyphosate and thus reducing the negative impacts of glyphosate in the environment.

5.2 Introduction

Glyphosate (N-phosphonomethyl glycine) was a milestone product developed
and introduced into the herbicidal industry by John Franz in the 1970s and has
attracted recognition as an effective weed control herbicide (Franz et al., 1997). As a
key ingredient in top-selling weed-killer RoundUp®, glyphosate is very effective
against a variety of weeds and is commercially produced and consumed in large
quantities (~280 million pounds applied in the U.S. in 2015) in agriculture and
horticulture (USGS, 2015). The high application rate and hence increasingly frequent
occurrence of unreacted glyphosate in soils and water bodies, have led to questions
over its safety (Battaglin et al., 2014; Kolpin et al., 2006). In that regard, the
International Agency for Research on Cancer (IARC) initially classified glyphosate as
“probably carcinogenic to humans (Group 2A)” in 2015 (IARC, 2015). This further
raised public concerns about the safety of glyphosate. Thereafter, the U.S.
Environmental Protection Agency (USEPA) initiated a reevaluation of the risks posed
to humans from exposure to glyphosate. The initial review memorandum in 2017
suggested glyphosate classification as “not likely to be carcinogenic to humans”
(USEPA, 2017). Moreover, the toxicity statement made by IARC was questionable
due to a flawed and incomplete summary that the initial assessment was majorly on
the basis of animal studies and several studies showing no cancer link were ignored or

edited out (Kelland, 2017a,b; Tarone, 2018). Given this prevailing uncertainty on the
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toxicity of glyphosate and steadily increasing application, studies on the fate of
glyphosate are necessary and urgent.

Glyphosate can be strongly immobilized by soil minerals, in particular, Fe- and
Al-oxides (Borggaard and Gimsing, 2008; Gimsing et al., 2007). Glyphosate contains
three polar functional groups—carboxyl, amino, and phosphonate groups—and the
phosphonate group provides the main linkage between glyphosate and the mineral
surface (Ahmed et al., 2018; Franz et al., 1997; Sheals et al., 2002). Sorption of
glyphosate is significantly influenced by the physicochemical properties of minerals
(e.g., specific surface area and surface charge), pH, and competition with
orthophosphate for active sorption sites (Barja and Dos Santos Afonso, 2005;
Borggaard and Gimsing, 2008; Gimsing et al., 2007). Sorption of glyphosate occurs
through ligand exchange or specific sorption, predominantly forming monodentate
surface complexation with subordinate bidentate complexation (Sheals et al., 2002;
Tribe et al., 2006). Since the major sorption mechanism of orthophosphate is bidentate
inner-sphere complexation, orthophosphate should have stronger sorption than
glyphosate onto soil minerals (Gimsing et al., 2007). It means glyphosate cannot
outcompete orthophosphate during sorption onto mineral surfaces.

Degradation of glyphosate is predominantly accomplished by microorganisms
in the environment; however, abiotic degradation by soil minerals (e.g., Mn-oxides) is
expected to contribute to some extent (Jaisi et al., 2016; Li et al., 2016; Li et al., 2018;
Rueppel et al., 1977; Sviridov et al., 2015). Manganese oxides are the most frequently
studied minerals for the degradation of glyphosate (Barrett and McBride, 2005; Li et
al., 2018). Manganese (Mn) is an essential micronutrient and one of the seventeen

essential elements needed for plant growth and reproduction. The natural abundance
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of Mn in soils, however, is low and varies between 0.02 to 3 g Kg™', among which
only a small fraction is plant available, and hence resulting in Mn deficiency in plant
growth (IPNI, 2018; Reisenauer, 1988; Shambhavi et al., 2016). Manganese frequently
co-exists with iron (Fe), a more abundant element than Mn in many soils (on average
by ~100 times higher), with a range of concentration from 20 to 40 g Kg™' (Cornell
and Schwertmann, 2003). Among various forms of primary and secondary Fe
minerals, poorly ordered Fe minerals (ferrihydrite) is one of the most predominant
minerals in soils because (near) neutral pH conditions in soils favor its precipitation
(Colombo et al., 2014). With the positive surface charge, ferrihydrite is an ideal
candidate to attract negatively charged anions (e.g., orthophosphate) and manganese
oxides through electrostatic attraction (Sparks, 2002). Furthermore, Mn supplements
(commonly as manganese sulfate) are added in commercial fertilizers to address Mn
deficiency in plants, with an annual application rate of 1500—2500 kg Mn Km™ (IPNI,
2018). The applied Mn ions may sorb onto soil minerals or precipitate into secondary
minerals; in the latter case, coating onto existing minerals is anticipated.

Coatings on rocks and minerals are ubiquitously present in various
environments during rock weathering and soil forming processes and could be driven
or catalyzed by anthropogenic activities (Krinsley et al., 2017; Mantha et al., 2012).
The first field validation of coatings was reported by Alexander von Humboldt in 1814
when describing the dark coverings by Mn-rich accretion on rocks in the Orinoco
River (von Humboldt and Bonpland, 1814). Recently, research interest in organic and
inorganic coatings on rocks and minerals, especially at the critical zone—the
interfacial system for matter and energy exchange among the pedosphere, atmosphere,

lithosphere, and hydrosphere—has increased to decipher biogeochemical processes in
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the past and the present (Chorover et al., 2007). Although the mass of coating
material, compared with the bulk (core) material is low, the high surface area and
exposed surface of the coatings can dramatically change interfacial biogeochemical
properties and thereby affect the fate and transport of nutrients and contaminants
(Bertsch and Seaman, 1999; Chorover et al., 2007; D'Amore et al., 2004).

In the present research, -MnO, coated onto ferrihydrite was synthesized at
various Fe/Mn molar ratios—relevant to their relative natural abundance. The
objectives are to investigate the structural and morphological characteristics of the d-
MnO, coated ferrihydrite and to determine the competitive sorption vs. degradation of

glyphosate at various Fe/Mn ratios and degradation pathways.
5.3 Materials and Methods

5.3.1 Synthesis of 8-MnQO; Coated Ferrihydrite (Fe;O03/d-MnQ,)

Ferrihydrite was synthesized by adding about 200 mL of 1 mol L' NaOH
dropwise to 500 mL of 0.1 mol L™ Fe(NO3)3-9H,0 solution at pH 7-8 under constant
stirring (Cornell and Schwertmann, 2003). The precipitates were washed via repeated
centrifugation and using deionized (DI) water to remove residual ions, at least five
times. The resulting ferrihydrite precipitates were then suspended in NaOH and
KMn""0, solution. The 8-MnO, coatings were prepared by dropwise addition of a
selected amount of a Mn"(NO3),-4H,0 solution to the ferrihydrite suspension. The
Mn":Mn"":OH ratio was kept constant at 3:2:4 (Morgan and Stumm, 1964). The
initial molar ratio of Mn(NOs),:Fe in ferrihydrite was varied at 0.001, 0.005, 0.01,
0.05, 0.1, and 1. Pure 8-MnO; mineral was synthesized in parallel for comparison.

Following the synthesis, minerals were washed with DI water five times to remove
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unreacted reagents and then freeze-dried and gently ground and stored in dark until

further experimentation.

5.3.2 Characterization of Fe,03/0-MnO, Minerals

The mineralogy and crystallinity of synthetic Fe,03/6-MnO; minerals were
characterized using the X-ray diffraction (XRD) technique on a Bruker D8 Discover
Diffractometer. BET (Brunauer-Emmett-Teller) specific surface area (SSA) and
Barrett-Joyner-Halenda (BJH) pore size distribution derived from the N, adsorption—
desorption isotherms on a Micromeritics ASAP 2020 Surface Area and Porosity
Analyzer (Georgia, USA). The micromorphology and elemental composition on the
surface or ion-beam-cut surface of the synthetic minerals were examined using an
Auriga 60 High Resolution Focused Ion Beam-Scanning Electron Microscope (FIB-
SEM) equipped with Energy Dispersive Spectroscope (EDS) (Zeiss, Germany). The
accelerating voltage of electron high tension (EHT) was set up to 12 kV to determine
elemental compositions using the EDS technique. Each mineral was scanned at least at
five different points and the average elemental composition was calculated. The
average oxidation state (AOS) of Mn in 6-MnO, was determined using an oxalic acid-

permanganate back-titration method (Lingane and Karplus, 1946).

5.3.3 Synthesis of Cobalt Oxyhydroxide

Cobalt oxyhydroxide [CoO(OH)], a strong oxidant, was synthesized following
the published method (Yang et al., 2010) to examine its capability to degrade
glyphosate. CoO(OH) was selected as a candidate to degrade glyphosate due to its
similar standard redox potential (1.48 eV) to Mn-oxides (Sparks, 2002). In brief,

Co(OH), was first synthesized by dropwise addition of 50 mL of 0.1 mol L™' NaOH to
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80 mL of 0.05 mol L' Co(NO3) in a 45 °C water bath. The synthetic Co(OH), was
washed five times using DI water, and then suspended in 40 mL DI water followed by
addition of 10 mL of 8 mol L' NaOH along with 4 mL of 30% H,0, dropwise at 45
°C with continuous stirring to form CoO(OH). After 18 h, the precipitates were
washed with DI water five times and dried at 65 °C for 3 d, and were then gently
ground. The purity and mineralogy of the synthetic cobalt oxyhydroxide were

confirmed through XRD analysis.

5.3.4 Degradation Experiments of Glyphosate

A series of glyphosate (Sigma Aldrich, St Louis, MS) degradation experiments
were conducted under pH=7.0040.05 and at room temperature (22+1 °C) to identify
and quantify the intermediate products. Each reaction was performed in 250 mL glass
bottle with 1 g L' of homogeneous mineral suspension (Fe,03/8-MnO; or pure §-
MnO, mineral) equilibrated in 10 mmol L™ NaCl under continuous stirring.
Glyphosate stock was then added to achieve an initial concentration of 2 mmol L™,
The pH of the reaction was maintained at 7.00 (£0.05) by periodic adjustment using 1
mol L' NaOH or HNO; before and after glyphosate addition. Two sets of control
experiments, under the same experimental conditions, were carried out to verify
glyphosate stability. One included glyphosate without minerals and the other included
glyphosate in ferrihydrite suspension. Each set of experiments was carried out in
duplicate and suspension was mixed thoroughly during the experimental time.
Subsamples were collected at selected time points based on the results from pilot
experiments and past research experience (Li et al., 2016, 2018). Aqueous and solid
phases in each aliquot were separated by filtration using 0.10 um hydrophilic

polyethersulfone (PES) filters immediately after sampling. The sorbed compounds on
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the solid phase were extracted using 0.5 mol L™ NaOH and adjusted to pH 7 before
quantitation.

For the comparative analyses of the role of redox potential on degradation
kinetics, additional metal oxides with similar or higher standard redox potential than
that of MnO, (1.23 eV at 25 °C) were used to degrade glyphosate. These minerals
included nickel peroxide (1.70 eV; Sigma Aldrich) and cobalt oxyhydroxide (1.48 eV)
(Sparks, 2002). The experimental conditions were the same as that with Mn-oxides: 3
mmol L™ of glyphosate in the presence of 5 g L™ of homogeneous mineral
suspensions in 10 mmol L' NaCl ionic strength under continuous stirring at pH of
7.00 (£0.05).

A UV/Vis spectrophotometer was used to measure the concentration of
orthophosphate following the phosphomolybdate blue method (Murphy and Riley,
1962). High-performance liquid chromatography (HPLC) was used to quantify
glyphosate and its major degradation products including glycine and AMPA. Before
HPLC analysis, derivatization was done according to published procedures (Ibafiez et
al., 2005). In brief, 1 mL of aqueous or solid extracts were derivatized by adding 0.12
mL of 12000 mg L™ 9-fluorenylmethyl chloroformate (dissolved in acetonitrile) at pH
9.0 buffered (using 0.12 mL of 5% borate). After 16 h, the derivatization was stopped
by adding 0.015 mL of 6 mol L' HCI and then the solution was filtered through 0.22
um filters. The separation and detection of products were then carried out on a Dionex
Ion Chromatograph (Thermo Fisher Scientific) under a gradient eluent mode. Further,
nuclear magnetic resonance (NMR) spectroscopy was also utilized to identify the
composition of degradation products. In brief, sub-samples were freeze-dried and then

dissolved in pure D,O. The pH was maintained at 7.0 (£1.0) by adding 1 mol L™
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NaOH or HNOs. The 'H, "°C, and *'P NMR spectroscopies were obtained in an AVIII
600 MHz Bruker spectrometer at 25°C and data were analyzed using MestReNova
software. Details on sample treatment, measurement processes, and acquisition

parameters of HPLC and NMR were included in our past publication (Li et al., 2018).

5.4 Results and Discussion

5.4.1 Characterization of 6-MnQO; Coated Ferrihydrite (Fe,03/6-MnO)

The XRD results of synthetic ferrihydrite, -MnO,, and Fe,03/0-MnO,
minerals are shown in Figure 5.1. Ferrihydrite and 8-MnO; minerals were pure, single-
phase and poorly crystalline, similar to previous publications (Lafferty et al., 2010;
Wang et al., 2013). No visible phase change in the crystal structure of ferrihydrite was

incurred by the increasing ratios of -MnQO, as the amorphous coating.
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Figure 5.1. The XRD patterns of ferrihydrite, 6-MnO,, and Fe;O03/d-MnOs,.

The SEM image of synthetic minerals (Figure 5.2a) exhibited the morphology
of the minerals, revealing poorly crystalline ferrihydrite particles and the coverage of
flowerlike 8-MnO; precipitates increased as the Mn/Fe ratio increased. When the
Mn/Fe ratio was increased to 1:1, a thick layer of -MnO, covered the surface of
ferrihydrite particles and thereby limited the scope to the underlying structure. Given
that one of the objectives of this study was to identify the role of the 8-MnO; shell to
modify the morphology of the ferrihydrite core, FIB-SEM was utilized to sputter a
chunk of aggregate and to reveal the section of the core-shell morphology. Based on

the results from the EDS analysis (Figure 5.2b), the synthetic minerals, in general,

146



consisted of ferrihydrite core and 6-MnO, shell (Fe,O3/8-MnQO,). However, the 8-
MnO; coatings were not homogeneous on the ferrihydrite surface. Therefore,
measurements at various particle grains were used to identify the average elemental
distribution of Fe and Mn. The average Mn/Fe molar ratios calculated from elemental
mapping in SEM analysis for the ranges of experiments run from 0.001 to 1 (Table
5.1) were close to the intended values set in the initial synthesis. Since the initial
Mn/Fe was set as the ratio of Mn in Mn(NOs),:Fe in ferrihydrite, reduction of KMnOj4

as a reactant could add up the Mn proportion and result in higher ratios after synthesis.

Figure 5.2. Representative SEM-EDS images of (a) Fe,03/8-MnO; (1:1) minerals and
(b) elemental mapping after FIB sputtering. The green and red dots
represent Fe and Mn elements, respectively. Figure (b) is the sectional
view (after FIB sputtering) at the cross section.

The measured specific surface areas (SSA) of synthetic ferrihydrite and d-
MnO, were 92.8 and 99.3 m” g”', respectively (Table 5.1). The variable coating of d-
MnO, did not significantly influence SSA of ferrihydrite because SSA values varied
within a small range (92.6 to 106.6 m* g™'). According to the pore size distribution

results, the synthetic Fe,O3/0-MnO; minerals exhibited a mesoporous structure with
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the pore diameter ranging between 2.5 and 4.5 nm. Overall, the large surface area and
mesoporous structure of Fe;03/0-MnO; minerals turn them into promising candidates

for the sorption and subsequent degradation of glyphosate.

Table 5.1. Characterization of synthetic ferrihydrite, Fe,03/60-MnO, and 6-MnO,

minerals.

Mineral ID Experimental BET SSA  BJH Pore Mn/Fe from
Mn/Fe (m”g") Diameter (nm) SEM Results

Fe,03 92.83 2.54

Fe;03/0-MnO, (0.001)  0.001 96.69 2.53 0.0009+0.00

Fe,03/0-MnO, (0.005)  0.005 92.67 2.63 0.0072+0.02

Fe,03/60-MnO; (0.01) 0.01 95.96 2.62 0.0043+0.01

Fe,03/60-MnO; (0.05) 0.05 96.04 2.79 0.0252+0.01

Fe,03/0-MnO; (0.1) 0.1 98.22 2.92 0.1950+0.12

Fe,03/0-MnO; (1) 1 106.54 4.45 0.6572+0.30

d-MnO, 99.33 6.06

5.4.2 Glyphosate Degradation by 6-MnO, and Fe;03/d-MnQO, Minerals

The degradation of glyphosate (3 mmol L™) by 8-MnO, (5 g L") was quite
rapid with a very short half-life (< 10 min), much shorter than that catalyzed by
birnessite (Li et al., 2018). The higher rate of glyphosate degradation by 6-MnO; than
that by birnessite may be ascribed to a much larger SSA of 8-MnO; that facilitated
rapid sorption of glyphosate onto active surface sites, which is the requisite reaction
for degradation. The kinetics of the degradation reaction mainly depend on three
successive and essential steps: (i) transport of glyphosate to the mineral surface; (ii)
the adsorption /desorption reactions at the active surface sites (Sparks, 2002); and (iii)
the electron transfer to glyphosate or hydrolysis and hence the bond cleavage. Due to

the same experimental setup chosen for both experiments involving birnessite and d-
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MnO,, for example, the same mineral/glyphosate ratio and stirring speed, the diffusion
of glyphosate in the homogeneous suspension and the transport of glyphosate to the
mineral surfaces and leaving of the degradation products away from them are
anticipated to be similar. Therefore, the rate of degradation kinetics was independent
of the transport process, and most likely was surface-controlled, means dependent on
the active surface sites of the minerals. Different crystal faces of a mineral contain
different bonding properties, which is dominated by the layer edge surface sites and
vacancies of birnessite and §-MnQO, (Drits et al., 1997; Yin et al., 2012). If 60% of
SSA (~100 m* g") is arbitrarily assumed to pertain to the edge surface, similar to the
assumption made on birnessite (Li et al., 2016), given the height of each
phyllomanganate layer (~0.19 nm) and Mn—Mn distance (~0.287 nm) (Villalobos et al.,
2005; Villalobos et al., 2014), we can roughly estimate the approximate active surface
site density of §-MnO, equals to (100x10'® nm? g'x5 g L"x0.6)/(0.19 nmx0.287
nm)=55x10%" sites L', which is 2.5 times of that of birnessite. The initial addition of
glyphosate introduced 3x10™ mol L'x6.02x10** molecules mol'=18x10*’ molecules
L' of glyphosate competing and thus occupying only 33% of the total active surface
sites on 0-MnO,. Contrary to the oversaturation of glyphosate on birnessite (>80%)
under the same experimental conditions (Li et al., 2016), 6-MnO, provided sufficient
active surface sites for the sorption of glyphosate. Thus, as per the above-mentioned
line of reasoning, excess available active surface sites on 8-MnO, accelerated the
degradation.

When the concentration of the §-MnO; in the suspension decreased to 1 g L™,
the degradation rate was still high. The evolution of glyphosate degradation products

as a function of time is presented in Figure 5.3. Due to decreased mass of the mineral,
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the degradation rate was slowed. However, glyphosate still had a very short half-life (1
h) and almost 70% of glyphosate degraded in ~24 h reaction. Glycine was the major
degradation product with its concentration ~2.5 times higher than AMPA in the
solution at the completion of the glyphosate degradation reaction. The §-MnO,
mineral had a strong ability to sorb degradation products, especially AMPA and
orthophosphate. For example, more than 200 wumol L™ (~25%) of generated
orthophosphate sorbed onto 8-MnO, minerals. Similarly, more than 200 umol L™ of
AMPA was immobilized, which is equivalent to ~35% of total formed. Glycine
remained primarily in the aqueous solution, with only 7% of 900 umol L™ of total
glycine sorbed onto the 8-MnO; surface. The higher sorption tendency of AMPA than
glycine might be attributed to the presence of the phosphonate group, a dominant
functional group for glyphosate and AMPA, that facilitated sorption onto mineral
surfaces via ligand exchange or specific sorption (Barrett and McBride, 2005; Sheals

et al., 2002; Tribe et al., 2006).
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Figure 5.3. Kinetics of glyphosate (2000 umol L") degradation by 8-MnO, (1 g L.
No measurable glyphosate was detected on the solid phase. Total P was
the sum of glyphosate, AMPA, and orthophosphate both in aqueous
solution and sorbed onto mineral surface.

Separate control experiments run with glyphosate in pure ferrihydrite, goethite,
and hematite mineral suspensions confirmed the inability of these common Fe-oxides
to degrade glyphosate within the experimental time. This means that the degradation
capacity of Fe;,03/0-MnO, minerals depended entirely on the content of 6-MnOs,.
Present as a coating shell, -MnQO, in Fe,03/8-MnQO; minerals was proportionally low.
When the Mn/Fe molar ratio was decreased from 1.0 to 0.01, the degradation of
glyphosate decreased from 65% to 5% (Figure 5.4). At still lower molar ratios (< 0.01),
glyphosate degradation was negligible. However, as mentioned above, the Mn/Fe

molar ratio under their natural abundance is approximately 0.01 (Cornell and
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Schwertmann, 2003; Reisenauer, 1988). Thus, the results of this study point towards
the possibility of limited abiotic degradation by minerals in the environment and hence
corroborate some of the assumptions made in the past literature (Franz et al., 1997;
Rueppel et al., 1977). The change in the Mn/Fe molar ratio did not influence the
composition and relative abundance of major degradation products. In all cases, the
product included about 60% glycine and 40% AMPA out of total primary amines
(accounting both solution and solid phases), confirming the preferential cleavage of
the C—N bond adjacent to the phosphonate group. It means that the glycine pathway is
the major pathway of degradation, which is consistent with the degradation of

glyphosate by birnessite (Li et al., 2018).
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Figure 5.4. Relative roles of sorption to degradation at various Mn/Fe ratios. For the
degradation reaction, sorption is the prerequisite process.
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5.4.3 Identification of Glyphosate Degradation Products Using Nuclear
Magnetic Resonance Method

The 'H and >C NMR spectra (Figure B.5.1) demonstrated the same
composition of intermediate products during glyphosate degradation by 8-MnO,,
Fe,03/8-MnO; minerals, and birnessite that included glycine, AMPA, formic acid, and
formaldehyde as major products (Li et al., 2018). The *'P NMR spectra were recorded
with decoupled proton signals in order to obtain sharp singlet peaks per unique P
nucleus. However, >'P NMR spectra with coupled proton signals provided detailed
information on the adjacent proton-coupling environment around the P nucleus. The
coupling of the P signals to the protons in the products of glyphosate (3000 wumol L™)
degraded by 8-MnO, (5g L) is presented in Figure 5.5. The triplet peak at the
chemical shift of 9 ppm resulted from the coupling of two H nuclei around the P
nucleus and hence validating the structure of glyphosate (HOOC—CH,-HN—-CH,—
PO;H>»). Similarly, the triplet peak at 12 ppm centered to a P signal is due to coupling
to two H nuclei, consistent with the formula of AMPA (H,N—CH,—POsH,). The 3p.
NMR spectroscopy is highly pH-dependent, which means that a small change in pH
could result in more than 1.0 ppm shifts in the P NMR spectrum (Yoza et al., 1994).
Thus, the about 2 ppm chemical shifts of the P peaks in this study, compared with our
previous publication (Li et al., 2018), could be probably attributed to the difference in

solution pH.
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Figure 5.5. The *>'P NMR spectra of degradation products of glyphosate (3000 umol L~
") mediated by 8-MnO, mineral (5 g L™). Peak labels correspond to
glyphosate (a), AMPA (b), and orthophosphate (f).

Formation of glycine after the C—N bond cleavage requires coproduction of
another P-containing compound unless the simultaneous cleavage at both C—N and C—
P bonds in glyphosate molecule. The absence of peaks for P species other than AMPA
and orthophosphate in >'P NMR spectra and colorimetric results of a high rate of
orthophosphate generation conclusively suggested a facile C—P bond cleavage.
However, the identity of an intermediate P bearing organic compound before its
eventual breakdown into orthophosphate has remained elusive. In light of the
molecular structure of glyphosate and glycine, we speculated the possible formula of

the unknown intermediate product could be X—CH>—PO3;H; (X represents H or OH). In
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order to confirm rapid degradation as a possible reason and as a way to identify this
elusive product, potential candidates including methylphosphonic acid (CH3;—PO3H,)
and hydroxymethylphosphonic acid (HOCH,—POsH;) were tested for potential
degradation by birnessite and 6-MnO,. Both colorimetric and NMR results confirmed
the inability of both Mn-oxides to break down methylphosphonic acid (Li et al., 2018).
In contrast, hydroxymethylphosphonic acid was readily degraded by birnessite and 8-
MnQO,, with a half-life of degradation of 17 h and 2 h, respectively (Figure 5.6). The
half-life time was not short enough to fully consume the replenished
hydroxymethylphosphonic acid because 60% of initial glyphosate broke down via the
glycine pathway, and glycine and hydroxymethylphosphonic acid should have the
same molar concentrations. However, the initial sorption of glyphosate through the
phosphonate group could facilitate its rapid degradation by eliminating the initial
sorption reaction before degradation. Moreover, the instability of the intermediate
product due to electron transfer and unbalanced electron density distribution after the
C—N bond cleavage could also assist its faster degradation (Nowack and Stone, 2003).
In conclusion, hydroxymethylphosphonic acid could be the possible intermediate

product besides glycine and might be rapidly degraded to generate orthophosphate.
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Figure 5.6. Kinetics of hydroxymethylphosphonic acid (3000 umol L") degradation
by 8-MnO; and birnessite (each at 5 g L) measured as the released
orthophosphate in aqueous solution.

5.4.4 Significance of Ferrihydrite Immobilizing Glyphosate

In the Fe;03/0-MnO;, mineral suspension, glyphosate could be removed from
the aqueous solution through both degradation and sorption reactions. The higher the
Mn/Fe molar ratio, the higher was the removal of glyphosate, dominantly though
degradation (Figure 5.4). Thus, the contribution of ferrihydrite in enhancing the
glyphosate removal could be overlooked. Though ferrihydrite was not able to degrade
glyphosate (see above), it could still play a subordinate role in removing glyphosate
from solution through sorption. When the Mn/Fe molar ratio gradually decreased, the

contribution of ferrihydrite to remove glyphosate from solution became more and
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more salient. For example, when the Mn/Fe molar ratio was below 0.01, more than 17%
(~340 umol L) of initial glyphosate was removed via sorption. This result is within
the same order of magnitude with the fitted maximum glyphosate sorption capacity of
ferrihydrite (1.85 wmol m™) using the Langmuir model (Gimsing and Borggaard,
2007).

At experimental neutral pH conditions in this study, glyphosate,
orthophosphate, and Mn-oxides are negatively charged; therefore, electrostatic
interaction is not favored and thus ligand exchange should dominate. On the contrary,
a variety of Fe-oxides are positively charged at circumneutral pH conditions, thus both
electrostatic interaction and ligand exchange can synergistically contribute to the
sorption of glyphosate to Fe-oxides (Franz et al., 1997; Sparks, 2002). Ferrihydrite,
goethite, and hematite are the most common Fe minerals in soils and are important
candidates for glyphosate and orthophosphate sorption. The nature and density of
surface functional groups—especially hydroxyl group—on Fe minerals control the
sorption reactions and the sorption capacity. The Langmuir model fitted sorption
capacity of glyphosate has been found to increase in the order: goethite (1.75 umol m™)
<ferrihydrite (1.85 umol m™) <hematite (2.61 umol m™) (Gimsing and Borggaard,
2001, 2007). Thus, with larger SSA, ferrihydrate plays a dominant role in the sorption
of glyphosate in soils. These Fe minerals contain different numbers of common
(competitive) relative to specific (selective) active surface sites with the order as
hematite <ferrihydrite <<goethite, suggesting goethite with dominant common sites
for orthophosphate sorption while prevailing specific sites on hematite for glyphosate
or orthophosphate coordination (Gimsing and Borggaard, 2007). Therefore,

glyphosate could bind on the specific sites and compete for the common sites on
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ferrihydrite surfaces, resulting in sorption capacity of about 185 umol L™ of
glyphosate under certain experimental conditions (Gimsing and Borggaard, 2007).
The nature of glyphosate sorption is relevant for studying its sorption and
further degradation by the minerals. Goethite has been frequently studied as a typical
soil mineral for glyphosate sorption to understand the nature of sorption complexation
on mineral surfaces. As mentioned above, orthophosphate has stronger sorption ability
than glyphosate on common soil minerals (Gimsing et al., 2007). Once degraded,
glyphosate competes with its degradation products (AMPA and orthophosphate) for
sorption sites on ferrihydrite or 6-MnO,. However, the sorption of orthophosphate
outcompeted glyphosate and this might result in the desorption of some glyphosate

restricting further degradation (Gimsing and Borggaard, 2007).

5.4.5 Role of Redox Potential of The Minerals on The Degradation of
Glyphosate

Results form series of separate control experiments show that common Fe-
oxides such as ferrihydrite, goethite, and hematite are unable to degrade glyphosate.
On the contrary, Mn-oxides such as birnessite and 0-MnO; are highly efficient in
degrading glyphosate. The measured average oxidation state (AOS) of Mn in
birnessite and 6-MnO; minerals was close to 4 (>3.8), enabling their strong oxidizing
capability (Li et al., 2018) compared to the AOS of Fe in common Fe-oxides which
was 3.0. Upon degradation of glyphosate, Mn in §-MnO, was reduced to Mn”". On the
other hand, some C in glyphosate was oxidized to generate glycine, and formic acid as
intermediate products. Meanwhile, some C in glyphosate was reduced to form AMPA

and methylamine.
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The rate and extent of electron transfer processes on the mineral-water
interfaces depend on the band gap of the metals. Most common Mn- and Fe-oxides are
semiconductors with <5 eV band gaps (and thus have potential for excitation); for
example, 2.1, and 2.2 eV for birnessite and 6-MnO,, and hematite, respectively (Shuey,
1975; Pinaud et al., 2011; Gilbert et al., 2009). A smaller band gap would facilitate the
electron transfer from Mn/Fe to glyphosate. Compared with birnessite, -MnO,
degraded glyphosate with a shorter half-life and relatively higher degradation capacity,
likely due to a larger SSA. On the other hand, relatively higher redox potential of Mn-
oxides benefited their essential oxidizing ability in redox reactions. The standard
oxidation/reduction potential of Mn(IV)-oxides is 1.23 eV at 25 °C, much higher than
common Fe-oxides, for example, 0.67 and 0.66 eV for goethite and hematite,
respectively (Sparks, 2002), enabling strong oxidative capability of Mn-oxides.

In order to confirm the role of higher redox potential as the major factor
controlling the ability to degrade glyphosate, some other metal oxides with similar or
higher standard redox potential than MnO, were used to degrade glyphosate, including
nickel peroxide (1.70 eV; Sigma Aldrich) and cobalt oxyhydroxide (1.48 eV,
synthesized in the laboratory) (Sparks, 2002). Nickel peroxide is a strong oxidizer for
numerous organic compounds through a free-radical pathway (George and
Balachandran, 1975). Both minerals (5 g L") were capable of degrading glyphosate
(Figure 5.7), however with a much lower degradation rate than that of Mn-oxides. At
24 h of degradation reactions, only 5% of initial glyphosate was degraded by cobalt
oxyhydroxide. Nickel peroxide yielded slightly higher degradation (>16%).
Unexpectedly, both rates are much lower than that by birnessite and 6-MnO, with

almost complete degradation of glyphosate under the same time and experimental
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conditions. The rate of the degradation reaction is controlled by several other factors,
including the transport of glyphosate to the mineral surface, the sorption/desorption or
complexation at the mineral surface, and density of active surface sites (as explained
above) (Sparks, 2002). One plausible reason for this incommensurate degradation
ability of nickel peroxide could be its lack of hydroxyl functional groups on the
surface. The prerequisite step of degradation—glyphosate sorption occurring via
ligand exchange with hydroxyl groups on the mineral surface, forming strong metal—
O-P bonds (Borggaard and Gimsing, 2008)—is essentially limited in this mineral. On
the other hand, with a number of hydroxyl groups present on the surfaces (Post, 1999),
Mn-oxides provided many active surface sites for sorption of glyphosate and therefore
facilitated its further degradation. Another possible reason for the difference in
degradation capacity between nickel dioxide and Mn-oxides might be ascribed to their
different degradation mechanisms. Nickel peroxide is a strong oxidizer for organic
compounds through a free-radical pathway (George and Balachandran, 1975). While
Mn-oxides cleave the C—N bonds after sorption of glyphosate on mineral surface and

electron transfer between glyphosate and minerals.
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Figure 5.7. Kinetics of glyphosate (3000 umol L) degradation by NiO, and CoOOH
(5 g L") measured as the concentration of primary amines generated.

5.5 Conclusions and Implications

As the major ingredient of the most widely applied herbicides in agricultural,
silvicultural and urban areas, glyphosate has attracted special research interest on its
toxicity to humans and its fate in the environment. In the present research, a series of
Fe,03/8-MnO; core-shell minerals, composed of various Mn/Fe molar ratios, were
synthesized to study the glyphosate removal processes. With properties inherited from
both ferrihydrite and 6-MnQO,, the synthetic minerals were capable of removing
glyphosate from aqueous solutions through both degradation and sorption. The Mn/Fe

molar ratio was an important factor controlling sorption vs. degradation of glyphosate
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and the switchover was found at 0.01, which is the ratio at their average environmental
abundance. Degradation of glyphosate could only be detected when the Mn/Fe ratio
exceeds 0.01, it means d-MnQO, drives the reaction. It further means in natural soils,
negligible abiotic degradation is expected to occur if the results could be extrapolated
to the natural environment. The glycine pathway, in which the C—P bond is directly
cleaved and bypass sarcosine formation, is the major pathway of degradation. Though
no degradation occurred when the Mn/Fe ratio was less than 0.01, minerals sorbed a
limited amount of glyphosate. As a common soil mineral, ferrihydrite is an important
candidate for glyphosate sorption through electrostatic sorption or ligand exchange,
thus stabilizing residual glyphosate and preventing it from leaching to adjacent water
bodies. Overall, present results highlighted the synergistic effects of degradation and

sorption by ferrihydrite and 8-MnO, coating on ferrihydrite surface.
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Chapter 6

CONCLUSIONS

6.1 Summary

Glyphosate is the reactive component in Roundup® and other herbicides and
has wide application in more than 160 countries and for more than 100 crops
(Monsanto, 1996). As a consequence, glyphosate and its main metabolite, AMPA,
have been frequently reported to be present in soils and other environments (Battaglin
et al., 2014; Kolpin et al., 2006). The degradation of glyphosate by soil
microorganisms and minerals has received increasing interest proportional to the
increase in public concerns on the potential carcinogenicity of glyphosate. In this
dissertation research, two common Mn-oxide minerals—birnessite and -MnO,—
were studied for their ability to degrade glyphosate. Both minerals rapidly degraded
glyphosate with short half-lives, which are ascribed to their high standard redox
potential (1.23 eV) due to high Mn average oxidation states (~4). However, the natural
abundance of Mn in soils is low, varying within 203000 mg Kg' (Reisenauer, 1988),
hence the possibility of Mn-oxides playing a significant role in glyphosate degradation
in the environment is very slim. On the other hand, ferrihydrite and other common Fe-
(hydro)oxides (e.g., goethite and hematite) were not able to degrade glyphosate. Since
Mn-oxides normally coexist with Fe-oxides as coatings, the role of -MnO, coated
ferrihydrite on degradation was further studied. Interestingly, the average Mn/Fe
molar ratio in soils (~0.01) (Cornell and Schwertmann, 2003; Reisenauer, 1988) was

found to be an important boundary where the switchover of two important reactions
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removing glyphosate from solution occurs: at the ratios less than 0.01, negligible
glyphosate degradation occurred, but ferrihydrite removed glyphosate from aqueous
solution through sorption. When Mn/Fe was greater than 0.01, -MnO, degraded
glyphosate. These results point towards the possibility of limited abiotic degradation
of glyphosate by minerals in the environment and hence corroborate some of the
speculation made in the literature (Franz et al., 1997; Rueppel et al., 1977). Overall,
synergistic effects of Fe- and Mn-oxides that are commonly present in soils are
anticipated to play some limited roles in the degradation and sorption of glyphosate.
Both processes reduce the amount of dissolved glyphosate and thereby reduce the
potential loss to open waters. But the sorption reaction restricts the degradation and
increases the half-life of glyphosate causing local increase in the adverse impact.
The biotic degradation of glyphosate mediated by soil microorganisms has
been subject to many studies, little is known about the abiotic degradation pathways of
glyphosate. In this study, degradation pathways were identified by analyzing the
degradation products. In the majority of cases, glyphosate degradation occurred
through the glycine pathway, generating glycine, formaldehyde, and orthophosphate.
To a minor extent, glyphosate also degraded through the AMPA pathway forming
AMPA and glyoxylic acid. These intermediate products ultimately degraded to form
CO,, H,0, NH3, and orthophosphate. Interestingly, sarcosine, the commonly
recognized precursor to glycine, was not detected in any of the experiments. This
result was surprising considering the fact that its half-life (~13.6 h) was greater than
the sampling intervals. Moreover, the existence of preferential cleavage of the C-N
bond adjacent to the phosphonate group to form glycine directly was also supported by

the BCP analysis that this C—N bond was disproportionately affected by the interaction
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of glyphosate with Mn(IV). However, AMPA is frequently detected together with
glyphosate in the environment (Battaglin et al., 2014), which could mean the AMPA
pathway is significant during biotic degradation in soils. In that case, the negative
effects of glyphosate are aggravated because AMPA is more toxic and persistent than
glyphosate. The outcome of this research suggested that the glycine pathway is the
major pathway during abiotic degradation, generating relatively less toxic products
and thus being more environmentally friendly. Moreover, Mn-oxides are also capable
of efficiently degrading intermediate degradation products (e.g., AMPA, sarcosine,
and glyoxylic acid) into inorganic products, further reducing the negative effects of
glyphosate. Thus, if the role of Mn-oxides in glyphosate degradation could be
enhanced in the natural environment, these findings suggested a potential shift towards
more environmentally friendly products.

Developing proxies for source tracking glyphosate and phosphonate
compounds requires an accurate understanding of how isotope fractionation is affected
by sorption—desorption processes. The results of such studies on four common Fe- and
Mn-oxides including goethite, hematite, hausmannite, and birnessite revealed the bond
cleavage occurs at the Fe—~O(OH) or Mn—O(OH), not at the P-O(OH) bond during
sorption and desorption reactions, consistent with past findings on ferrihydrite (Jaisi et
al., 2010). This means that the oxygen isotope ratios (5'*Op) of orthophosphate are
preserved by these reactions on soil minerals, enabling the tracking of original
phosphorus sources. When glyphosate or AMPA molecules are degraded, however,
the regenerated orthophosphate incorporates one external oxygen atom from ambient
water and the other three oxygen atoms are inherited from the parent molecules. The

8'%0p values of orthophosphate derived from all commercial glyphosate products
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analyzed were found to be lighter (3.91-9.30 % VSMOW) than most other known
sources of orthophosphate (16-24 % VSMOW). Moreover, the isotope fractionation
factor, which is essential to connect sources and products, is similar for glyphosate and
AMPA. These findings provide a new and unsurpassed tool to track glyphosate and its
degradation products in the environment by using naturally abundant isotopes in these

compounds.

6.2 Future Research

6.2.1 Isotope Fractionation during Biotic Degradation of Glyphosate

Glyphosate is degraded predominantly by soil microorganisms (Rueppel et al.,
1977). A number of bacterial species that have been studied such as Pseudomonas sp.,
Sinorhizobium meliloti, Ochrobactrum anthropi, and Agrobacterium radiobacter are
found to utilize glyphosate as a source of phosphorus, indicating that they possess C—P
lyase to break the C—P bond (Hove-Jensen et al., 2014; Kishore and Jacob, 1987;
Parker et al., 1999; Shinabarger and Braymer, 1986; Wackett et al., 1987). However,
several attempts at in vitro studies of C—P lyase were unsuccessful due to irreversible
inactivation after cell disintegration. Only recently, successful in vitro activation of C—
P lyase was accomplished (Kamat et al., 2011; Zhang and van der Donk, 2012).
Therefore, the future research on the mechanism of glyphosate degradation via the C—
P bond cleavage pathway is needed to determine degradation products, pathways and
more importantly, the isotope fractionation of this enzyme.

The C-P bond cleavage during biotic degradation also requires an external O
to be incorporated into each orthophosphate. However, the source of this O atom

during biotic degradation and isotope fractionation is not known. In the limited studies
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of abiotic reactions, the oxygen isotope fractionation factor is around -11.81(x4.14)
%0. Given recent successful in vitro activation of C—P lyase, future studies on isotope
fractionation during enzymatic degradation are promising. Research on fractionation
during degradation reactions mediated by various enzymes provides a major piece of
information. In the event that glyphosate degradation under biotic vs. abiotic routes
shows distinct trends of 8'°0p evolution or fractionation factors, this would be useful
for approximating the relative extent as well as contribution of biotic and abiotic
cycling.
6.2.2 Development of Multi-Isotope Tool to Track Glyphosate and Its

Degradation Products in The Environment

Stable isotope ratios of nutrients, including nitrogen (8'°N), carbon (8'°C) and
oxygen (8'°0) in N, C and P compounds have been routinely used as a means to track
nutrient sources and cycling (Bohlke and Denver, 1995; Kendall, 1998; Wang et al.,
1998). In this present study, uncommonly light 8'*Op values (3.91-9.30 %o) found in
orthophosphate generated from several commercial glyphosate products indicate that
8'®0p values can serve as a powerful proxy to distinguish glyphosate-derived
orthophosphates from other organophosphorus compounds. A broad range of §'°C
values, varying from -24 to -34%o, has been reported for several commercial
glyphosate sources (Kujawinski et al., 2013). The 8"°N values of nitrogen, however,
have not been reported in the literature. Accurate measurement of isotopic
compositions of each product will require the development of methods on separation
and purification of products using HPLC or other methods, which may introduce other
challenges. Future studies obtaining a combination of the natural abundance of triple

isotopes 5"°C, 8"°N, and 8'°Op in glyphosate and its degradation products will allow
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further scrutiny of the variation within glyphosate (commercial) sources and
discriminate glyphosate-derived products, in the case that the single isotope method is

insufficient or analytically challenging.

6.2.3 Site-Specific ?C Analysis of Glyphosate and Intermediate Products Using
Isotopic *C NMR Spectrometry

The compound-specific *C isotope measurement analyzes the bulk isotopic
composition of the whole molecule (if separation of the compound is possible);
however, the °C distribution in glyphosate and its degradation products may not be
uniform (Diomande et al., 2015). Therefore, site-specific isotope analysis could be a
highly innovative method to investigate the substrate-product relationships by directly
measuring the isotope values of target C of specific molecules without the need for
prior separation. Site-specific isotopic fractionation studies have been carried out in
protons (by analyzing *H) but less commonly on "°C due to the narrow range of ">C
natural isotopic variation, which is about 100 %o (Martin et al., 2006). Thus, the site-
specific analysis on °C requires signal-to-noise ratio higher than 500 in order to
obtain sufficient analytical precision for quantitative measurement (Diomande et al.,
2015). With improved analytical precision of a new generation of instruments,
positional isotope analyses of some compounds such as xanthines, caffeine, aspirin,
and paracetamol, and the alkaloids nicotine and tropine, have been feasible using "*C
NMR methods (Diomande et al., 2015; Romek et al., 2016; Silvestre et al., 2009).
This suggests that the site-specific °C isotope on glyphosate is quite feasible. If
successful, this method could provide another powerful proxy to identify and source

track glyphosate and its products in the environment.
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Appendix A

ADDITIONAL TABLES AND FIGURES OF CHAPTER 4

A.1 Materials and Methods

A.1.1 Characterization of Birnessite

The mineralogy, crystallinity and micromorphology, BET (Brunauer-Emmett-
Teller) specific surface area (SSA), and particle size distribution of synthesized
birnessite were characterized using X-ray diffraction (XRD), field emission capable
scanning electron microscope (JSM-7400F, JEOL Japan), Micromeritics ASAP 2020
Surface Area and Porosity Analyzer (Georgia, USA), and Wyatt Mobius Dynamic
Light Scattering (DLS; Santa Barbara, California), respectively. The SSA of birnessite
was determined by the physical adsorption of nitrogen gas on the surface of birnessite
at cryogenic (liquid nitrogen) temperature. With information on birnessite mass and
density, and the amount of adsorbed nitrogen gas measured, SSA was calculated based
on the assumption that a monomolecular layer of nitrogen adsorption formed on
birnessite. For measuring particle size distribution, birnessite suspension of 1 mg L™
in DI water was prepared and transformed in a quartz cuvette immediately after
sonication for 10 min. The particle size distribution was calculated with results of 10
measurements. The Mn average oxidation state (AOS) was determined using the

potentiometric titration method (Lingane and Karplus, 1946).
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Table A.1. The 'H and °C NMR chemical shifts of glyphosate and its major potential
degradation products obtained from pure chemicals (pH was maintained

at 7.0£1.0).
Chemical shifts
'H NMR (ppm) C NMR (ppm)
Glyphosate 3.76 (singlet); 171.43 (singlet); 50.75 (singlet);
3.12, 3.15 (doublet) 46.08, 45.23 (doublet)
AMPA 2.95, 2.99 (doublet) 37.75, 36.89 (doublet)
Glyoxylic Acid 5.06 (singlet) 87.35 (singlet); 179.50 (singlet)
Sarcosine 3.44 (singlet); 171.43 (singlet); 50.75 (singlet);
2.57 (singlet) 32.49 (singlet)
Glycine 3.44 (singlet) 172.30 (singlet); 41.33 (singlet)

Formaldehyde (hydrated)
Formic Acid
Methylamine
Methylphosphonic Acid
Methanol

4.83 (singlet)
8.41 (singlet)
2.25 (singlet)
1.39, 1.42 (doublet)
3.33 (singlet)

81.73 (singlet)

166.31 (singlet)

26.68 (singlet)

12.30, 11.43 (doublet)
48.73 (singlet)
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Figure A.1. X-ray diffraction patterns (a) and scanning electron microscope (SEM)
images (b) of synthetic birnessite.
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Figure A.2. Degradation kinetics of glyphosate. Open squares and circles represent
concentrations of orthophosphate and primary amines, respectively.
GB3000, GB300, and GB150 represent experiments performed at
glyphosate:birnessite ratio of 3000 umol L™:5 g L', 300 umol L™:0.5 g
L, and 150 umol L™:0.5 g L™, respectively.
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Figure A.3. NMR spectra of degradation products of glyphosate: a) 'H and b) °C
NMR spectra for experiments performed with glyphosate (300 or 150
umol L):birnessite (0.5 g L™"). Glyphosate was "°C labeled on 3-"°C
counting form carboxyl group (HOOC—CH,~NH-">CH,-PO;H,), labeled

as 3C in the spectra. Peak labels correspond to glyphosate (a), AMPA (b),
glycine (c), formaldehyde (hydrated) (d), and formic acid (e).
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Figure A.4. Kinetics of sarcosine (3000 umol L) degradation by birnessite (5 g L™).
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Figure A.5. Representative HPLC chromatograms of aqueous degradation products of
sarcosine, in the experiment performed at sarcosine:birnessite ratio of
3000 umol L™:5 g L. Peaks: 3) glycine; 4) FMOC; 5) sarcosine. STD
represents for mixture of standards.
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Figure A.6. NMR spectra of degradation products of sarcosine: a) 'H and b) >C NMR
spectra, with sarcosine (3000 umol L™"):birnessite(5 g L") in pH range of
720.05 and 10 mmol L' NaCl as ionic medium. Peak labels correspond
to glycine (c), formic acid (e), sarcosine (g), and methylamine (h).
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Figure A.7. Heteronuclear single quantum correlation (HSQC) spectroscopy of
glyphosate degradation products, with glyphosate (300 umol L
":birnessite (0.5 g L") at 24 h. Two axes include f1 and f2 represent 'H

nuclei and "C nuclei, respectively. Peak labels correspond to
formaldehyde (hydrated) (d).
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Figure A.8. The "H NMR spectra of degradation products of: a) glycine; b)
methylamine; c) glyoxylic acid. Peak labels correspond to glycine (c),
formic acid (e), methylamine (h), glyoxylic acid (i). Concentrations of
glycine and methylamine were measured using the 2,4,6-trinitrobenzene
sulfonic acid colorimetric method.
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Figure A.9. The 'H (a), °C (b), and *'P (c) NMR spectra of degradation products of
methylphosphonic acid, in the experiment with methylphosphonic acid
(3000 umol L™):birnessite (5 g L™"). Peak label corresponds to
methylphosphonic acid ().
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Figure B.1. Nuclear magnetic resonance (NMR) spectra of degradation products of
glyphosate in aqueous solutions: (a) 'H and (b) "°C spectra with
glyphosate (3000 umol L™): 8-MnO, (5 g L") at pH 7.00+0.05.
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writing prepared by the User or its principals, employees, agents or affiliates and purporting
to govern or otherwise relate to the licensing transaction described in the Order
Confirmation, which terms are in any way inconsistent with any terms set forth in the Order
Confirmation and/or in these terms and conditions or CCC's standard operating procedures,
whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a
separate instrument.

8.5 The licensing transaction described in the Order Confirmation document shall be
governed by and construed under the law of the State of New York, USA, without regard to
the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding
arising out of, in connection with, or related to such licensing transaction shall be brought, at
CCC's sole discretion, in any federal or state court located in the County of New York, State
of New York, USA, or in any federal or state court whose geographical jurisdiction covers
the location of the Rightsholder set forth in the Order Confirmation. The parties expressly
submit to the personal jurisdiction and venue of each such federal or state court.If you have
any comments or questions about the Service or Copyright Clearance Center, please contact
us at 978-750-8400 or send an e-mail to info@copyright.com.

vil

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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