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Abstract

The retention of glyphosate is strongly governed by adsorption and desorption processes at
environmental interfaces. In particular, glyphosate can react with organo-mineral associations
(OMAss) in soils, sediments, and aquatic environments. Here, we use in-situ time-resolved
attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy to provide a
mechanistic understanding of glyphosate’s adsorption and desorption processes at an organo-
mineral interface. Pectin-goethite complexes prepared with a range of pectin concentrations
(0.25 — 4.0 mg mL") were used as model OMAs with varying organic surface loading.
Adsorption and desorption kinetic studies were conducted by sequentially introducing a 4.0 mM
glyphosate solution and a 10 mM KCl solution, respectively, over pectin-goethite films until
equilibrium was reached. All experiments were conducted at pH = 5.0. ATR-FTIR spectra reveal
adsorbed-pectin significantly alters the rate, quantity and binding mechanisms of glyphosate in
pectin-goethite compared to goethite films. Our results illustrate, for the first time, that multiple
hydrogen bonds between oxygen- and nitrogen- containing residues of adsorbed-pectin and
glyphosate enhanced the relative retention of glyphosate at pectin-goethite interfaces and
decreased desorption. It is also observed that glyphosate’s phosphonate moiety preferentially
forms inner-sphere mononuclear complexes with goethite in pectin-goethite films whereas
binuclear configurations are more favorable in goethite films. Since the proportion of organo-
mineral to mineral interfaces decreases with soil depth, this work provides insights as to the
extent, kinetics and mechanisms that might be involved during glyphosate downward transport in
soils. Overall, our findings have valuable implications for characterizing and predicting the fate

and behavior of glyphosate at heterogeneous interfaces present in natural systems.
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Introduction

When surface-applied to agricultural land, side roads, and individuals’ home gardens and
lawns, glyphosate (N-(phosphonomethyl)glycine) interacts with mineral and organic-coated
mineral surfaces potentially affecting its mobility and efficiency as an herbicide. Since the
mobility and distribution of herbicides in soil is generally mediated by water transport,
adsorption-desorption processes at these interfaces are deemed important. Glyphosate is the
world’s most heavily applied herbicide' and its use has raised concerns about its effects on the
environment’ and on human health. >*

Glyphosate is a polar organic molecule and a zwitterion at relevant environmental conditions,
with a tridentate character due to its amino, carboxylic, and phosphonic functional groups.>® A
large number of studies show that glyphosate can strongly interact with metal ions in solution

and at water-mineral interfaces,* > 7-1°

particularly with iron (hydr)oxides through its phosphonic
group.” "1 The role of organic-coated mineral surfaces (i.e., organo-mineral associations,
OMAs) on the mobility and distribution of glyphosate in soils is far less studied and understood.
A few studies have shown that OMAs may inhibit, retard or enhance the mobility of glyphosate
in the environment.'? '® For example, humic acid-goethite associations have been shown to
increase glyphosate mobility, presumably a result of electrostatic repulsion due to the negative
charge conferred by sorbed humic acid and by a reduction in the availability of active mineral
surface sites.'> Conversely, a more recent study /* demonstrated that a humic acid-kaolinite
association can adsorb higher amounts of glyphosate than kaolinite alone. In the latter study, the
authors suggested a ternary adsorption system in which glyphosate binds to the interfacial

hydroxyl groups in humic acid-kaolinite associations via hydrogen bonds involving carboxyl,

amino, and phosphonyl moieties of glyphosate. It is clear we are unable to conceptualize or
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predict the effect OMAs might have on glyphosate retention. In addition, previous studies have
failed to consider desorption dynamics when assessing glyphosate behavior at these
heterogeneous organo-mineral interfaces.

Here, we present a series of molecular-scale, time-resolved, and surface-sensitive sorption-
desorption studies using goethite and pectin-goethite associations as model interfaces. Goethite,
an iron (hydr)oxide (a-FeOOH), is used as a model mineral in experiments since it is commonly
present in soils and frequently used in glyphosate sorption studies.” 1% 141720 We chose pectin, a
naturally occurring macromolecule present in plant cell walls, as a model organic molecule
present in OMAs. Pectin is ubiquitously present in soils and potentially acts as a binding agent in
the soil matrix.?!*?? The structure of pectin is well-known: a linear polysaccharide composed of
a-1,4-linked galacturonic acid units. The polymer is methyl esterified to various degrees and it
contains amide functional groups.?*?*

In this study, we determine the kinetics and mechanisms of interaction of glyphosate at the
goethite and pectin-goethite interfaces and aim to investigate the effect increasing pectin surface
loading might have on these interactions. Experimentally, we use in-situ time-resolved ATR-
FTIR spectroscopy to obtain adsorption-desorption kinetic parameters and to decipher its
mechanisms of interaction. The capabilities of ATR-FTIR to obtain kinetic information of
environmentally relevant systems has been demonstrated in several studies.! 2> 26 Furthermore,
ATR-FTIR analyses permit the identification of glyphosate’s interfacial species in different
bonding environments and the functional groups involved in such interactions. We focus on
deciphering the contribution of each functional group of the glyphosate molecule (amino,
carboxylate, phosphonate) to its interaction with goethite and pectin-goethite associations during

adsorption and desorption processes. To our knowledge, this is the first study highlighting
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glyphosate’s adsorption-desorption dynamics at organo-mineral interfaces at the molecular-scale,
in solution and in real time. These studies provide new molecular-scale knowledge that further
our understanding of glyphosate’s sorption-desorption dynamics at heterogeneous organo-

mineral interfaces.

Materials and Methods

Materials

Glyphosate (96 % purity) was purchased from Sigma-Aldrich (Milwaukee, USA). Pectin from
citrus fruit (Sigma-Aldrich, Prod. No. P9436) was used in experiments as received without
further purification. This product has a MW of = 71.1 kDa,?”"* and a pKacoony= 3.3 — 4.5.3° All
solutions and suspensions were made with deionized water (18.2 MQ resistance), boiled and
purged with N> gas to remove dissolved CO». In all experiments, a 10 mM KCI background
electrolyte was used to approximate the low ionic strength of soil solutions.

Goethite used in experiments was synthesized by the method of Schwertmann and Cornell.*!
Details of mineral synthesis can be found in the Supplementary Information (SI, S1). Identity
and purity of the synthesized goethite was verified with FTIR (Figure S1). The surface area and
particle size were determined to be 44.2 = 2.9 m? g'! and 32.0 + 2.1 by N» adsorption with an
ASAP2460 instrument (Micromeritics Instrument Corp.) respectively. pH at the point of zero

charge (pHyzc) value of the synthesized goethite obtained by salt titration approach®* 3 was 7.3 +

0.2 (Figure S2).

FTIR Instrument Parameters



This is a preprint submitted to EarthArXiv and has not been peer reviewed.

ATR-FTIR (attenuated total reflectance Fourier-transform infrared) spectra were collected on a
Vertex 70™ FTIR spectrometer (Bruker Corp., Billerica, MA) equipped with a deuterated L-
alanine-doped triglycine sulfate detector. A Pike GladiATR™ accessory with a single-bounce
diamond internal reflection element (IRE) and flow cell (Pike Technologies Madison, WI) was
used for sampling. Atmospheric stability of the instrument and sample compartments was
attained by continuous purging with dry air. Spectra representing an average of 200 scans were
collected from 4500 to 150 cm™ with a spectral resolution of 4 cm™. After collection, spectra
received an atmospheric compensation, a nine-point Savitsky-Golay smoothing and baseline
correction to remove instrumental drift. All post-hoc manipulations were performed using OPUS

v.7.2 software (Bruker Corp., Billerica, MA).

In-situ time-resolved ATR-FTIR Experiments

The workflow of in-situ ATR-FTIR experiments (Figure S3) and methodological details are
reported in the SI (S2). Goethite films used in experiments were produced by drop casting 4.8 pL
of a 1.68 g L™! suspension of goethite over the diamond IRE and drying under N> flow. Upon
deposition, 10 mM KCI background solution was passed over the goethite film at a rate of 0.9 +
0.05 mL min™! to remove any loosely bound material and allow for rehydration of the film. Film
stabilization was conducted until no detectable changes to the FTIR spectrum were observed (=
120 min). At this point, a background spectrum was collected. Formation of pectin-goethite
organo-mineral associations (OMAs) was initiated by exchanging the background solution with a
pectin solution. A range of surface loadings were obtained by passing different initial
concentrations of pectin ([Pt] = 0, 0.25, 0.50, 1.00, 2.00, 3.00, and 4.00 mg mL™") over goethite

films for a fixed time (= 180 min). Adsorbed pectin was stabilized by passing the same
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background electrolyte (10 mM KCI) at a rate of 0.85 + 0.05 mL min™! to remove any loosely
bound pectin. Stability of pectin-goethite OMAs was considered to be attained when no changes
were observed in interfacial spectra collected during background solution flow (= 60 min). At
this point, a new background spectrum was collected, and adsorption of glyphosate was initiated
by exchanging the background solution with a fixed 4 mM glyphosate solution at a rate of 0.85 +
0.05 mL min™' until equilibrium (= 86 min). Glyphosate adsorption was followed by a desorption
step using the same background solution and rate, until equilibrium (= 72 min). Solutions with a
pH of 5.0 were used for all experiments, which represent environmentally relevant conditions.
The pH was maintained within 0.05 pH units throughout experiments by regulated additions of
0.005 M HCI or KOH with a pH controller. To determine the uncertainty in our measurements,
experiments were repeated 4 times on freshly prepared films under identical conditions. All
ATR-FTIR experiments were conducted under ambient atmosphere. Solution spectra of
glyphosate and pectin were collected at concentrations of 0.10 M and 8.00 mg mL"!,
respectively, in a 10 mM KCI background solution at pH = 5.0. All spectra were collected by
subtracting the spectrum of the background electrolyte from the spectrum of each sample. In this
way, the difference spectrum contains only the absorption bands of interfacial species, including

inner- and outer- sphere species and bands of “free” or uncomplexed species in the bulk solution.

ATR-FTIR Data Processing

Two regions of the ATR spectra, namely, the phosphonate frequency region (1100 — 950 cm™)
and the carboxylate-amine frequency region (1700 — 1500 cm™') were cut and further processed.
The integral of the baseline-corrected IR peaks of the phosphonate region was used to probe total

glyphosate adsorption and desorption kinetics and P-O band coordination to Fe(III). The spectral
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features in the 1700-1500 cm™ range were deconvoluted in order to determine potential
hydrogen bonding and the contribution of carboxylate (v4s(COQO")) and amine (6(NH:2")) moieties
in interfacial complex formation and subsequent dynamicity of adsorbed glyphosate. After
cutting and baseline correction, peak fitting of the spectra was carried out using a second
derivative deconvolution algorithm and subsequent Gaussian curve fitting to identify and
quantify spectral features corresponding to v(COO") and (NH, ") vibrational modes. The
second derivative of spectra was calculated with minima aligning with component peak maxima
positions. Identified peak maxima position values were used as input parameters and fixed for
fitting. Gaussian peak full width at half-maximum and peak height were allowed to float
throughout fitting. The Levenberg-Marquardt algorithm was used to optimize the fitting of
Gaussian curves to experimental data. Calculation of second derivative spectra and curve fitting

were performed using Peakfit v.4.12 software (Systat Software Inc., San Jose, CA).

Adsorption-desorption Kinetic Models

Integral of FTIR bands (A4(V:)) of glyphosate during adsorption and desorption steps were fitted
with two commonly used kinetic models, the Lagergren’s pseudo-second-order (PSO) and
pseudo-first-order (PFO) models, respectively. The PSO model for adsorption processes can be

described by the following equation:**

~ k a SA(ﬁl )j a St
Ay, ,, == (Eq. 1)
1+ kz’adsA(vl.)

e,ads t

where A(Vi),qds 1 the integral absorption intensity of the glyphosate band(s) (a.u.) at adsorption
time ¢ (min), k2,45 is the PSO rate constant (min™! a.u.), and A(9:)e.qas is the integral absorption

intensity of the glyphosate band(s) at equilibrium (a.u.).
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Desorption of glyphosate was described by a modified PFO model represented by the

following equation:®

A, = (@ - AG), e ' +a (Eq. 2)

where A(Vi),qes 1S the integral absorption intensity of the glyphosate bands (a.u.) at desorption
time ¢ (min), k74es is the PFO rate constant (min '), A(¥;)edes is the integral absorption intensity of
the glyphosate bands at desorption equilibrium (a.u.), and a is a dimensionless constant that
locates the desorption curve that follows just after the adsorption curve at equilibrium.
Empirically, In(a) is directly proportional to 4(V;)e«4s and to the adsorption-desorption process.
The PFO model was also applied to describe pectin’s adsorption and desorption kinetics at the
goethite interface during formation and stabilization of pectin-goethite OMAs (SI). All fitting

was completed with the nonlinear curve fitting GraphPad Prism v.6.02 software.

Results and Discussion
Pectin and Goethite Form Organo-mineral Associations.

A series of pectin-goethite OMAs were prepared with varying pectin surface loading for our
study. Figure 1A shows a representative set of in-situ time-resolved ATR-FTIR spectra collected
during pectin’s coating (i.e., adsorption) and stabilization (i.e., desorption) over a goethite film.
Corresponding peak assignments are shown in Table S1. Interfacial spectra indicate the
progression of pectin adsorption through increasing signals of skeletal bands of the pyranose
rings (e.g., (CC)(CO)ying) and a-1,4 glycosidic bonds (e.g., vas(COC),) from 1200 — 950 cm™! .3
37 Intense peaks within the 1780 — 1200 cm™! range are also observed and are assigned to

different band types of residual groups in the galacturonic acid rings.?* 3% 372 In a recent work,



This is a preprint submitted to EarthArXiv and has not been peer reviewed.

we tentatively relate these bands to different interfacial interactions that govern pectin adsorption
at the goethite surface, including electrostatic attraction with the goethite surface and multiple
hydrogen-bonding interactions within adsorbed pectin chains.** In addition, adsorption of pectin

onto goethite appears to be coupled to dehydration at the surface.*
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Figure 1. Representative baseline corrected ATR-FTIR spectra in the 1780 — 940 cm™ range. (A)
Spectra highlight the formation (coating) and stabilization of pectin-goethite OMAs (2.0 mg mL"
! pectin on goethite). Glyphosate’s (4 mM) adsorption-desorption dynamics at the (B) pectin-

goethite and (C) goethite interface. Red and blue lines in (B) and (C) indicate the evolution of
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interfacial spectra collected every = 8 minutes during glyphosate adsorption-desorption
experiments, respectively. (D) ATR-FTIR spectrum for glyphosate (0.10 M) in 10 mM KClI
supporting electrolyte solution at pH 5.0. Gray lines show deconvoluted ATR-FTIR components
of glyphosate using the second derivative method. Note spectra in (B), (C) and (D) are truncated
to highlight the carboxylate-amine (v(CAc), 1700 — 1500 cm™) and phosphonate (V(PO), 1250 —

950 cm™!) regions of the spectra.

Kinetic data (Figure 2A), monitored using the v(CO)(CC),ing peak height backbone vibration of
pectin centered at 1106 cm™ (Figure 1A, Table S1), indicates stable OMAs formed between
pectin and goethite with only a small fraction of adsorbed pectin removed from the surface at the
end of the stabilization phase (4.8 — 9.6%, Table S2). The kinetics of pectin coating formation
(i.e., adsorption or phase 1) and stabilization (i.e., desorption or phase 2) are well described by a
PFO model (Figure 2A, Table S2). Estimated k;,qas and k;,qes values indicate pectin coating
formation and stabilization become faster with increasing pectin concentration. Pectin coating
formation and stabilization on goethite is well described by the Langmuir isotherm (Figure 2B,
Table S3), yielding equilibrium binding constants, Kz, of 6.38 and 7.52 x 10° M™! (respectively),
while surface saturation is approached at [Pt] > 1.00 mg mL™! (Figure 2B). These K. values are
similar to those reported for protein adsorption on montmorillonite (K, = 8.7 — 5.97 x 10° M™)*
but much lower than those reported for DNA adsorption on goethite (K = 3.2 x 108 M1)* using
the same approach (/n-situ ATR-FTIR). Pectin surface saturation (4.) was reduced by 12.5 %
upon the introduction of glyphosate in adsorption-desorption experiments at the stabilized

pectin-goethite interface (Figure 2B, Table S3). The observed decrease in pectin’s surface

saturation is accompanied by a decrease in the equilibrium binding constant (K, = 4.8 x 10° M),

11
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suggesting that glyphosate, and potentially other low molecular weight organics, might have a

destabilizing effect on OMAs present in soils.* 4
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Figure 2. Formation and stability of pectin-goethite OMAs. (A) Evolution of v(CO)(CC)ying
vibrations (1106 cm™) in kinetic experiments during coating (phase 1) and stabilization (phase 2)
of pectin-goethite OMAs. Also shown is the evolution of v(CO)(CC),ine vibrations during
glyphosate (4.0 mM) adsorption (phase 3) and desorption (phase 4) steps, where 79, u4s = time of
initial glyphosate addition to stable pectin-goethite OMASs, f.,4s = time for glyphosate adsorption
equilibrium and 7., s = time for glyphosate desorption equilibrium. Black lines represent PFO
kinetic fits. (B) Sorption isotherms for pectin on goethite at experimental phases 1-4. Black lines
indicate Langmuir isotherm models. Error bars represent standard deviation values from

replicates (n = 4).

Glyphosate Retention at the Goethite and Pectin-goethite Interface

With reported acid dissociation constants of pKa.» = 2.3 (carboxylic), pKa3 = 5.5 (phosphonic)
and pKas = 11.0 (amine),'® *%4° the predominant species of glyphosate at pH 5.0 and /= 10 mM

is the monoanion [[OOCCH:N "H2CH»-HPO37] (69.78 %), with lesser contributions from its

12
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dianion [[OOCCH>N"H,CH,-PO5*7] (30.09 %) and trianion [[OOCCH>NHCH,-PO3*] (0.13 %)
species. Based on the deconvoluted ATR-FTIR spectrum of a glyphosate solution (Figure 1D)
and associated peak assignments (Table S4), the characteristic vibrational modes of the
carboxylate group, including v4(COO") and vi(COO") are observed at 1618 and 1403 cm™ (not
shown), respectively,’”” while an additional weak vibration is present at 1660 cm™. The identified
bands at 1581 and 1542 cm™ are tentatively attributed to deformation modes of the amine group,
which occur within the same vibrational envelope as the v4(COO") vibrational modes.”” The
prominent peaks at 1181 and 1080 are assigned to v4s(PO2) and v¢(PO>) in R-HPO3’,
respectively,* 7> % whereas the peak at 978 cm™ is attributed to v(POs) in R-PO3>.5% 3! The
extent and nature of the interactions between glyphosate and goethite and between glyphosate
and pectin-goethite OMAs were analyzed based on the magnitude and induced shifts in ATR-
FTIR frequencies during adsorption-desorption experiments.

Representative ATR-FTIR spectra of glyphosate’s retention dynamics at the pectin-goethite
and goethite interface highlight the progression of glyphosate adsorption and desorption through
increases and decreases in intensity of the phosphonate, carboxylate, and amine bands of the
spectra (Figure 1B-C). Phosphonate (v(PO), 1050 — 950 cm™!) and carboxylate-amine (v(CAc),
1700 — 1500 cm™) integrated band areas are a measure of glyphosate’s surface-associated
species.® 12 Vibrational modes within the v(PO) band area include inner-sphere (IS) (e.g., P-(O-
Fe)2.n) and outer-sphere (OS) species (e.g., (PO3)os or (PO2)os) (Table S4).% %1214 1t is clear
from Figure 1B-C that the proportion and type of inner- and outer-sphere phosphonate-associated
species in pectin-goethite differ from that in goethite. The involvement of glyphosate’s
carboxylate and amine functional groups in binding is also apparent in spectra (Figure 1B-C).

The carboxylate-amine v(CAc) integrated band area, which includes surface-associated v(COQO")

13
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and §(NH,") vibrational modes (Table S4),”®2° is diminished in intensity upon glyphosate
interaction with pectin-goethite compared to goethite (Figure 3B). Furthermore, S(NH>")
contributions to the overall v(CAc) band area seem to increase in pectin-goethite. Although
negative FTIR peaks in humic acid-goethite OMAs have been attributed to decreases in

glyphosate retention,'? 1% 32

we attribute the negative progressive peaks in pectin-goethite ATR-
FTIR spectra (at least partially) to desorption of pectin from OMASs upon glyphosate adsorption
(Figure 2B). Overall, however, spectra indicate sorbed pectin reduced glyphosate retention
(Figures 1B-C and 3A-B). As discussed below, pectin-goethite OMAs also had a profound

impact on the kinetics and mechanisms of interaction of glyphosate at these heterogeneous

interfaces.

Influence of Pectin on Glyphosate Retention: Adsorption-desorption Kinetics and

Contribution of Phosphonate, Carboxylate and Amine Functionalities.

Increased pectin loading in pectin-goethite OMAs impacts glyphosate’s adsorption-desorption
kinetics and the contribution of observed surface-associated bands (Figure 3, Table S5, Figure
S4). We found adsorption of glyphosate was impeded as the pectin loading increased in pectin-
goethite associations (Figures 3A-B and S4A). This is in good agreement with Arroyave et al.'?,
where glyphosate adsorption to humic acid-goethite associations was hindered, but it is contrary
to the results of Guo et al.'® where higher amounts of glyphosate were adsorbed onto humic acid-
kaolinite associations. Variability in the results might be linked to the stability of the organo-
mineral association, where humic acid and pectin bind strongly onto goethite whereas weak
interactions dominate in humic acid-kaolinite associations. Adsorption-desorption kinetics for

v(PO) were described by the PSO and PFO kinetic models, respectively (Table S5). The v(PO)-

14
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associated adsorption rate constants (k2 rojuas) decreased in the presence of 0.25 mg mL™! pectin
(Figures 3A and S4B, Table S5) although higher pectin loadings did not seem to have an effect.
These results suggest access of the phosphonate group of glyphosate for the active sites on
goethite was diminished by the primary layer of pectin and further accumulation of pectin was
less effective in reducing phosphonate interactions at the goethite surface. The steady decrease
observed in the desorption rate constants (ks pojdes) and integral absorption intensity (4e,Pojdes) Of
V(PO), that stabilizes at [Pt] > 2 mg mL!, suggest the presumed thicker pectin layers slow down
desorption of v(PO)’s outer-sphere (OS) species. Similar adsorption behavior has been reported
in humic acid-goethite systems, however, these studies did not include a desorption phase.'?

As demonstrated in Figure 3B, the intensity of v(CAc)-associated bands was substantially
diminished at the lowest pectin surface loading ([Pt] = 0.25 mg mL™). Like for v(PO), v(CAc)
adsorption-desorption kinetics were described by the PSO and PFO kinetic models, respectively.
Estimated adsorption rate constants of v(CAc) (k2,(c4c)ads) in Table S5 and Figure S4B indicate the
addition of v(CAc) bands becomes slower with increasing pectin surface loading on pectin-
goethite. The lowest rates were obtained at [Pt] > 2.0 mg mL'. Estimated values of k2, p0jads and
k2,(c4c)ads Indicate carboxylate-amine moieties of glyphosate interact with faster kinetics compared
to phosphonate moieties at [Pt] < 2.0 mg mL™'. The fact that different IR bands of the same
compound (i.e., glyphosate) evolve at different rates indicates the presence of more than one
adsorbed species.> This non-alignment in adsorption kinetic behavior of v(PO) and v(CAc) may
be related to distinct contributions of IS and OS interactions of surface-associated glyphosate
molecules at the goethite and pectin-goethite interfaces. Still, desorption rate constants (k7,pojdes
and ki(c4cpdes) show similar kinetic trends with the carboxylate-amine moiety presenting

appreciably slower desorption rates (Figure S4).
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Figure 3. Glyphosate adsorption-desorption kinetics of observed integrated (A) phosphonate

(V(PO), 1100 — 950 cm™) and (B) carboxylate-amine (v(CAc), 1700 — 1500 cm™) bands with

increased pectin surface loading. (C) shows the removed fraction (Y (vijes) of v(CAc) and v(PO) at

desorption equilibrium. D-1 to D-4 indicate deconvoluted components of v(CAc) at pectin

concentrations of 0, 0.25, 1.0, and 4.0 mg mL™!. Red and blue symbols in D represent integrated

vas(COO") and S(NH> ") bands, respectively. Also shown in D-1 to D-4 are the integrated v(CAc)

band areas with color of symbols corresponding with those in (B). Black lines represent PSO and

PFO kinetic fits for adsorption-desorption series, respectively. Dashed vertical lines split

glyphosate’s adsorption and desorption phases.

Moreover, the relative fraction of v(CAc) removed from the surface at desorption equilibrium

(Y(c4cydes), and its corresponding desorption rates, were higher at the lowest (0.25 and 0.50 mg
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mL™") pectin surface loadings (Figures 3C and S4B, Table S5). Although no clear trend is
observed for Y(royaes, the rate of removal was faster for v(PO) across all pectin surface loadings
compared to that of v(CAc) (Figure S4B). These results may partly support previous findings that
the carboxylate and amine moieties of glyphosate predominantly participate in OS complexes
compared to v(PO) that mainly form IS-associated species.® 1 1* Since increasing pectin
surface loading results in less v(CAc) removed from the surface at a slower rate, we suggest that
glyphosate’s retention at pectin-goethite interfaces is likely more favorable. Pectin-goethite
associations may also hinder desorption of v(PO) species at higher organic surface loadings
(Table S5). These observations are consistent with the formation of intermolecular organo-
organic interactions between glyphosate and pectin functional groups.'® 31345

The most striking results were found when the v(CAc) bands were deconvoluted across all
experiments (Figures 3D-1 to D-4 and S5, S5-2). The stretching and deformation vibrational
modes of carboxylate (COO") and amine (NH2") groups, respectively, overlap in the 1700 — 1500

cm! range ® % 4. The carboxylate-amine coupling (v(CAc)) can be deconvoluted into four

tentative vibrational modes, including two COO' stretching and two NH>" deformation vibrations

8.

v(CAe) = (v, (COO7), +v,,(CO07), +3(NH, ), +5(NH, ) ;) (Eq. 3)
Further analysis of deconvoluted spectra was carried out using the summation of vibrational
modes of S(NH2") (d(NH2"); + d(NH2 )1 ) and vas(COOY) (vas(COO )i + vas(COO ) 11). We found
glyphosate’s S(NH>") band contribution during the adsorption phase (X(6(NH2")qgs, S5-1)
increased as a function of pectin surface loading, from 28 % on goethite to 45 % on 4 mg mL"!
pectin-goethite (Figure 3D-1 to D4, Table S6). Conversely, glyphosate v,,(COQO") band

contribution (X(v(COO")aas) diminished with increasing pectin surface loading, from 72 % on
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goethite to 55 % on 4 mg mL™! pectin-goethite. The latter may be a result of electrostatic
repulsion between surface-associated carboxylates of glyphosate and pectin residues, which is
expected to increase with pectin loading at the goethite interface. During desorption, the
contribution of S(NH2") to w(CAc) bands of retained glyphosate on goethite and on 0.25 mg mL"!
pectin-goethite was smaller than during adsorption. However, with increasing surface loading
([Pt] > 0.5 mg mL1), and likely due to the removal of “free” or loosely surface-associated
glyphosate species, X(6(NH>") increased from 18 % on goethite to 58 % on 4 mg mL™! pectin-
goethite during desorption. On the contrary, desorption diminished X(v(COO)4es contributions,
from 82 % on goethite to 42 % on 4 mg mL™! pectin-goethite. Decreased X(v(COO")es
contributions to v(CAc) bands may relate to the disruption of OS glyphosate-pectin complexes
from pectin-goethite OMAs. Furthermore, estimated adsorption rate constants (Table S6)
indicate surface-associated J(NH,") bands of glyphosate evolved faster than corresponding
vas(COO") bands at higher pectin surface loadings ([Pt] > 2.0 mg mL"). This can be explained by
the interfacial electrostatic potential, which is expected to increase for a positive functional group
with increasing pectin surface loading due to the increased number of carboxylate functionalities
available (pectin used in experiments had an estimated ~ 37% carboxylate content; see S3-1).
Interactions between glyphosate-N-H>" and pectin-COO™ functionalities are therefore deemed

favorable through hydrogen bonding. '¢-37-36:%7

Influence of Pectin on Glyphosate Retention: Mechanisms of Interaction

ATR-FTIR spectra show glyphosate interacts with goethite and pectin-goethite interfaces
forming distinct surface-associated species during adsorption and desorption experiments (Figure

1B-C, Table S4).* 7912, 14.19.20.50 The phosphonate functional group of glyphosate (1100 — 950
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cm’!) forms inner-sphere (IS) complexes at the goethite interface both in the absence (i.e.,
goethite only) and in the presence of pectin (i.e., pectin-goethite OMAs). Under slightly acidic
conditions, the phosphonate group can form IS complexes with goethite, more favorably,
binuclear bidentate without proton (B) and mononuclear monodentate with proton (M-H) through
ligand-exchange mechanisms.® % '* A mononuclear monodentate without proton () IS complex
most likely forms due to the contribution of glyphosate’s dianion species.® * In this study,
surface-associated phosphonate IR bands were centered at approximately 1176 — 1187
(vas(PO2)0s), 1140 — 1142 (v(P=0)), 1078 — 1082 (v(PO2)os+ v(P-O-Fe)u.x), 1059 — 1061 (v(P-
O-Fe)a.nr), 1013 — 1020 (vas(P-O-Fe)s) and 980 — 987 (v(PO3)os + vs(P-O-Fe)s) cm™! in goethite
adsorption-desorption spectra (Figure 1C, Table S4). In experiments with pectin-goethite
(Figure 1B), surface-associated phosphonate IR bands were centered at approximately 1184 —
1186 (vas(P-O)os), 1160 — 1164 cm™" (W(PO2)pr.0s), 1132 — 1136 (v(P=0)), 1080 — 1091 (W(PO2)os
+ V(P-O-Fe)u.n), 1061 — 1065 (v(P-O-Fe)rrn), 1007 — 1003 (vas(P-O-Fe)u) and 977 — 987
(V(PO3)os + vs(P-O-Fe)u) cm™!. The peak at 977 — 987 cm™! is a common symmetrical stretching
vibration mode between M and B complexes.® In contrast, their corresponding asymmetrical
stretching vibration mode at 1005 (M complexes) and 1020 (B complexes) cm™ were clearly
distinct (Figure 1B-C). At pH = 5.0, the high electrostatic attraction potential at the goethite
surface (pHpzc = 7.3 £ 0.2) increases the energetic favorability to form bidentate complexes
through phosphonate groups. However, the presence of pectin, besides reducing the number of
available surface sites, diminishes this energy thus hindering the formation of bidentate
complexes in favor of monodentate configurations. Hence, glyphosate preferentially forms a M
configuration with goethite in pectin-goethite associations whereas a B configuration is more

favorable at the goethite interface. Formation of a M configuration has been suggested to be
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favored at higher pH on the goethite surface.® '* Irrespective of pectin surface loading the peaks
at 1059 — 1065 cm™! confirm the formation of a M-H complex at the goethite surface across
experiments.’ In contrast to previous work®, an IR peak for a mononuclear bidentate
configuration was not observed in our experiments at pH = 5. A mononuclear bidentate
configuration forms a four-membered ring structure which has a relatively unfavorable energy
compared with a binuclear bidentate configuration.’

Asymmetric and symmetric P-O bands in surface-associated species are influenced by
hydrogen bonding. The phosphonate anion is a strong acceptor for hydrogen bridges.*® In
goethite films the uncomplexed v(P=0) band is centered at 1140 cm™! while in pectin-goethite
films this band appears at 1132 cm™ (Figure 1B-C, Table S4). This downshift is likely due to
intermolecular hydrogen bonding between glyphosate’s phosphonate moiety and oxygen- or
nitrogen- containing residues in pectin associations. The spectra of pectin-goethite show a
shoulder at 1160 — 1164 cm™': we tentatively assign this feature to a different mode of v4s(PO2),
i.e., V(PO2)pros, which is split to lower energies due to hydrogen bonding. Additionally, the
upward shift of v4(PO2) from 1181 cm™ in ionic-state (bulk) to = 1187 cm’! at the goethite
surface at experiment’s end (% 4es) indicates R-phosphonate dimers were probably lost during
adsorption as an OS complex.” >* Similar trends were observed for corresponding symmetric
stretching bands (Table S4).

The carboxylate and amine groups of glyphosate are thought to contribute to OS complexes via
weak interactions, such as electrostatic attraction or hydrogen bonding, and strong evidence to
imply IS complexation through the carboxylate group at the goethite surface is lacking.® * 1 The
W(CAc) band of glyphosate (1700 — 1550 cm™) originates mainly from v.(COO"); vibrations and

its coupling with deformation modes of the NH>" group™ in a zwitterionic structure. Therefore,
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time-resolved FTIR analyses of C-O and N-H band shifts can be used to study interactions
between the carboxylate and amine moieties at the goethite and pectin-goethite interfaces. When
compared to corresponding glyphosate vibrations in solution, we observe substantial downward
shifts in the vos(COO); (15 cm™) and v{(COO") (14 cm™") vibrational modes at the end of
adsorption-desorption experiments (Zqes) at the goethite interface (Table S4). We thus suggest
glyphosate’s carboxylate moieties mainly contribute to OS complexes via intermolecular
hydrogen bonding that occurs among glyphosate molecules at the goethite surface (e.g.,
glyphosate-C(=0)O -+ HoN*-glyphosate and glyphosate-C(=0)O" -+ HPOs*-glyphosate). This
is in agreement with previous studies where the adsorption modes of carboxylate-containing
organic anions and zwitterions (other than glyphosate) on goethite have been investigated.?% >°-¢!
At the pectin-goethite interface, the observed downward shifts of v.s(COO"); and vi(COO")
vibrational modes (4 and 16 cm™!, respectively) indicate pectin may also induce hydrogen
bonding of uncoordinated carboxylate groups of glyphosate. This asymmetrical downshift for C-
O bands at the pectin-goethite interface might be caused by a different hydrogen bond with
amide residues of pectin (i.e., pectin-N"H; -~ "O(O=)C-glyphosate). This interaction affects the
positioning of glyphosate molecules within the OS region in pectin-goethite OMAs compared to
goethite (Figure 4C-D). The negative progression of interfacial IR signals (Figure 1B) at = 1650
(mainly ¥(C=0)) and = 1549 cm’! (mainly 6(N-H))**37-4%-62_tentatively attributed to the loss of
inter- and intra- chain molecular H-bonds in pectin (degree of amidation = 4.14%, section S3-2),
provides further evidence for the formation of new hydrogen bonds between glyphosate and
pectin at pectin-goethite interfaces (Figure 1B, Figure 4D). Along with IS complexation of

glyphosate at the goethite surface, these hydrogen bonds could also contribute to the partial
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desorption of pectin from goethite (Figure 2) by substitution for interchain hydrogen bonds
among pectin residuals.*

At experiments’ pH of 5, glyphosate NH>" moiety is expected to encounter a repulsive force
from the mostly positive-charged goethite surface (pHpzc = 7.3 £ 0.2). As in previous studies of

%14 we found no evidence for the participation of the NH,"

glyphosate adsorption on goethite,
group in surface complexation at the goethite interface. Both interfacial S(NH,") vibrations of
glyphosate are however shifted to higher energies at the pectin-goethite interface compared to
glyphosate in bulk solution (Table S6). These bands also gained intensity relative to interfacial
vas(COQO") bands as a function of pectin surface loading (Figure 3D1-4 and Table S6). These
observations imply the presence of pectin alters the extent and type of amine-associated
hydrogen bonds present in pectin-goethite OMAs. Hydrogen bonding stabilizes charged
resonance structures®® and the strength of hydrogen bonds can be related to the integrated
absorbance of amine bands.’’” Therefore, higher X(6(NH>")) values and corresponding upshifts
with increasing pectin surface loading denote the involvement of the amine moiety through
stronger hydrogen bonds with carbonyl-containing functional groups, such as carboxylate and
ester residues of pectin (Figure 4D). However, downward shifts of interfacial S(NH,") bands on
goethite at 7, 4; occur when intramolecular hydrogen bonding is lost or weakened during
glyphosate desorption.’” This interpretation supports our kinetic data in which the minimum
X(6(NH:")) value was observed at the end of desorption experiments on goethite, and where we
suggest amine-meditate interactions were less important.

Overall, this study shows the rate, quantity and mechanisms of glyphosate retention at goethite

and pectin-goethite interfaces differ. We first highlight that interfacial retention of glyphosate

occurs via phosphonate, carboxylate and amine functionalities. These interactions do not
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proportionally contribute to the formation of IS and OS complexes, but are rather controlled by

pectin surface loading (Figure 4A-B). Adsorbed-pectin occupies surface sites on goethite while

diminishing the electrostatic attraction of glyphosate for goethite; consequently, the presence of

pectin promotes the formation of monodentate rather than bidentate configurations at the goethite

interface (Figure 4C-D). Furthermore, we found multiple hydrogen bonds between oxygen- and

nitrogen- containing functional groups of pectin and glyphosate facilitate the retention of

glyphosate at the pectin-goethite interface (Figure 4D).
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Figure 4. Adsorbed glyphosate at adsorption (. 44s) and desorption (Ze4es) equilibrium
represented by peak areas of the (A) phosphonate (v(PO)) and (B) carboxylate-amine (v(CAc))
frequency regions in pectin-goethite OMAs with increasing pectin surface loading (i.e., increases
in integral v(CO)(CC)ine vibrations). Blue and orange areas in panels (A) and (B) represent the
fraction of glyphosate removed and retained at equilibrium, respectively. Conceptualization of
glyphosate’s interactions at the (C) goethite and (D) pectin-goethite interfaces at q4es. Green
wavy lines (D) represent pectin chains and black dashed lines (C and D) represent hydrogen
bonds. Blue, green, and red circles (D) represent amide, ester, and carboxylate residues of pectin.
For the sake of simplicity, the inter- and intra- chain hydrogen bonds of pectin are not illustrated.

1S, inner sphere; OS, outer sphere.

Environmental Significance

Environmental contamination with glyphosate occurs frequently and widely in U.S. soils,
sediments, surface and groundwater.®**’ In the US alone, the application rate of glyphosate was
estimated at = 107 x 10° kg year ! (2012-2019), with more than 74% applied to agricultural
crops (soybean, corn, cotton and sunflower).®® ® Molecular-scale studies of glyphosate retention
dynamics at organo-mineral interfaces, as presented in this work, are relevant since surface soils
contain minerals that are mostly, if not completely, coated with organic molecules. While
glyphosate’s environmental fate is strongly influenced by organo-mineral associations, research
in this area is still inadequate and results unclear, which currently represents a considerable
knowledge gap.® 1> 16

This work demonstrates how an organo-mineral association (i.e., pectin-goethite) modulates

the extent, kinetics and mechanisms of interaction of glyphosate. Mechanistically, we found the
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presence of pectin alters the proportion and type of interactions glyphosate undertakes at the
pectin-goethite compared to the goethite interface (Figure 4C-D). Although inner-sphere
complexes dominate in phosphonate-associated species, the presence of pectin results in the
successive disappearance of the bidentate configuration on goethite while promoting the
formation of monodentate configurations on goethite at pectin-goethite interfaces. To our
knowledge, this is the first study that demonstrates the contribution of carboxylate and amine
functional groups of glyphosate to outer-sphere species on goethite and pectin-goethite
associations through intermolecular hydrogen bonds. Hydrogen bonds between the carboxylate
and amine functionalities of glyphosate and the oxygen- and nitrogen- containing functional
groups of adsorbed pectin impacts glyphosate’s retention capacity and adsorption-desorption
rates. The extent to which glyphosate was retained at pectin-goethite interfaces was reduced
compared to that at the goethite interface, with reduced retention at higher pectin surface
loadings (Figure 4A-B). Notably, the retention of amine-associated glyphosate species increased
relative to interfacial carboxylate-associated species as a function of pectin surface loading. We
attribute this shift to the formation of hydrogen bonds between the amine group of glyphosate
and the carboxylate residues of pectin (Figure 4D). We suggest these hydrogen bond interactions
slowed the desorption of glyphosate from pectin-goethite interfaces with increasing surface
loading. More generally, increased pectin loading in pectin-goethite associations results in
slower glyphosate retention processes (i.e., adsorption-desorption kinetics) compared to
corresponding processes at the goethite interface. However, carboxylate- and amine-associated
glyphosate species had faster adsorption kinetics than phosphonate-associated species, which
may be linked to the formation of outer- and inner- sphere complexes (respectively), with faster

kinetics for the formation of outer-sphere complexes in pectin-goethite and to reduced
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accessibility of glyphosate molecules for active sites on goethite. Once formed, carboxylate- and
amine-associated species desorbed more slowly than phosphonate-associated species.

Overall, our molecular-scale studies highlight the impact of natural organic matter (e.g.,
pectin) on glyphosate’s mobility at heterogeneous interfaces present in soils. In addition, since
the proportion of organo-mineral interfaces to mineral interfaces decreases with soil depth, our
work provides insights as to the extent, kinetics and mechanisms that might be involved during
glyphosate downward transport. Ultimately, this knowledge could lead to better predictions of

glyphosate occurrence in natural systems and risk assessments.
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