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A B S T R A C T   

Hypothesis: Glyphosate retention at environmental interfaces is strongly governed by adsorption and desorption 
processes. In particular, glyphosate can react with organo-mineral associations (OMAs) in soils, sediments, and 
aquatic environments. We hypothesize mineral-adsorbed biomacromolecules modulate the extent and rate of 
glyphosate adsorption and desorption where electrostatic and noncovalent interactions with organo-mineral 
surfaces are favored. 
Experiments: Here we use in-situ attenuated total reflectance Fourier-transform infrared, X-ray photoelectron 
spectroscopy, and batch experiments to characterize glyphosate’ adsorption and desorption mechanisms and 
kinetics at an organo-mineral interface. Model polysaccharide-goethite OMAs are prepared with a range of 
organic (polysaccharide, PS) surface loadings. Sequential adsorption–desorption studies are conducted by 
introducing glyphosate and background electrolyte solutions, respectively, to PS-goethite OMAs. 
Findings: We find the extent of glyphosate adsorption at PS-goethite interfaces was reduced compared to that at 
the goethite interface. However, increased polysaccharide surface loading resulted in lower relative glyphosate 
desorption. At the same time, increased PS surface loading yielded slower glyphosate adsorption and desorption 
kinetics compared to corresponding processes at the goethite interface. We highlight that adsorbed PS promotes 
the formation of weak noncovalent interactions between glyphosate and PS-goethite OMAs, including the evo
lution of hydrogen bonds between (i) the amino group of glyphosate and PS and (ii) the phosphonate group of 
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glyphosate and goethite. It is also observed that glyphosate’ phosphonate group preferentially forms inner-sphere 
monodentate complexes with goethite in PS-goethite whereas bidentate configurations are favored on goethite.   

1. Introduction 

Glyphosate (N-(phosphonomethyl)glycine) is applied to agricultural 
crops, side roads, and individuals’ home gardens and lawns. Upon 
application, glyphosate interacts with mineral and organic-coated 
mineral surfaces potentially affecting its mobility and efficacy 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 [1] and its widespread use has raised concerns 
about its effects on human health and the environment [2–4]. Glypho
sate is a polar organic molecule and a zwitterion at relevant environ
mental conditions, with a tridentate character due to its amino, 
carboxylic, and phosphonic functional groups [5,6]. A large number of 
studies show that glyphosate can strongly interact with metal ions in 
solution and at water–mineral interfaces [4,5,7–10], particularly with 
iron (hydr)oxides through its phosphonic group [7–9,11–15]. 

The role of organic-coated mineral surfaces (i.e., organo-mineral 
associations, OMAs) on the retention, mobility and distribution of 
glyphosate in soils is far less studied and understood. A few studies have 
shown that OMAs may inhibit, hinder or enhance the mobility of 
glyphosate in the environment [12,16]. 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 [12]. Conversely, a more 
recent study [16] demonstrated that a humic acid-kaolinite association 
can adsorb higher amounts of glyphosate than kaolinite alone. In the 
latter study, the authors suggest 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 functional groups of glyphosate. Based on these dispa
rate results, we are unable to conceptualize or predict the effect OMAs 
might have on glyphosate retention. Besides, previous studies have 
failed to consider desorption dynamics when assessing glyphosate 
behavior at these heterogeneous organo-mineral interfaces and have 
used humic acids as model organic coatings. Humic acids (together with 
fulvic acids) are an operationally defined organic fraction extracted 
from soils and do not represent the biomolecules present in soils [17]. 

To address this void in knowledge, we present a series of molecular- 
scale, time-resolved, and surface-sensitive adsorption–desorption 
studies using goethite and polysaccharide-goethite associations as 
model interfaces. A clear understanding of the molecular structure of an 
OMA is essential to accurately probe glyphosate behavior and fate. We 
used goethite (α-FeOOH) as the model mineral in experiments because it 
is commonly present in soils and frequently used in glyphosate sorption 
studies [9,12,14,18–21]. 

The adsorption of biomacromolecules onto mineral surfaces may be 
driven by forces that include H-bonding, ion exchange, ligand exchange, 
and electrostatic, hydrophobic and van der Waals interactions. 
Adsorption of these biomacromolecules, for example proteins [22–24], 
nucleic acids [25–27], lipids [28], polysaccharides [29,30], and extra
cellular polymeric substances [31–33] onto mineral surfaces not only 
influences organic and mineral reactivity in environmental systems, but 
rather, the newly formed organo-mineral interfaces can modulate 
biogeochemical processes in soils and sediments [34,35]. We chose a 
polysaccharide (i.e., a naturally occurring biomacromolecule present in 
plant cell walls and therefore a major component of organic matter in 
soils) as the model organic molecule present in OMAs. Polysaccharides 
(PS) are ubiquitous in soils and potentially act as binding agents in the 
soil matrix [36,37]. Unlike humic and fulvic acids, the structure of the 

chosen PS (pectin) is well-known: a linear polymer composed of α-1,4- 
linked galacturonic acid units. The galacturonic acid units could be 
methoxylated and/or amidated to various degrees [38,39]. 

In this study, we determine the extent, kinetics and mechanisms of 
interaction of glyphosate at PS-goethite and goethite interfaces and 
investigate the effect increasing polysaccharide surface loading might 
have on these processes. All experiments were conducted at pH = 5.0 to 
simulate agricultural soils of humid climates where the affinity of 
glyphosate for soil particles is high and where soils are rich in iron 
(hydr)oxides and organic matter [40–42]. Experimentally, we use in-situ 
time-resolved attenuated total reflectance Fourier transform infrared 
(ATR-FTIR) spectroscopy to obtain adsorption–desorption kinetic pa
rameters and to decipher glyphosate’ mechanisms of interaction. The 
capabilities of ATR-FTIR to obtain kinetic information of environmen
tally relevant systems has been demonstrated in several studies 
[12,22,43]. Batch and X-ray photoelectron spectroscopy (XPS) experi
ments are conducted to further characterize the extent of glyphosate 
adsorption–desorption dynamics at PS-goethite interfaces. The use of 
XPS to acquire surface coverage and chemical bonding information at 
glyphosate-mineral and biomolecule-mineral interfaces has been 
established [9,26,44]. In addition, a homonuclear proton saturation 
transfer difference nuclear magnetic resonance (STD-NMR) experiment 
[45] was conducted to learn whether glyphosate and PS molecules 
interact in solution. 

Furthermore, we decipher the contribution of each functional group 
of glyphosate (amino, carboxylate, phosphonate) to its interaction with 
goethite and with polysaccharide-goethite associations during adsorp
tion and desorption processes. To the best of our knowledge, this is the 
first study highlighting glyphosate’ adsorption–desorption dynamics at 
polysaccharide-goethite interfaces at the molecular-scale, in solution 
and in real time. These studies provide new knowledge that further our 
understanding of glyphosate’ sorption–desorption dynamics at hetero
geneous organo-mineral interfaces. 

2. Materials and methods 

2.1. Materials 

Glyphosate (96% purity) was purchased from Sigma-Aldrich (Mil
waukee, USA). Amidated high methoxyl pectin was acquired from 
Sigma-Aldrich. This pectin, a polysaccharide (PS), is used as the model 
biomacromolecule in our study and it has a MW of ≈ 71100 g mol−1 

[46–48], and a pKa(COOH) = 3.3–4.5 [49]. The galacturonic acid (GalA), 
methoxy and amide contents were calculated as 37.1, 58.7, 4.2%, 
respectively (see SM1 in supplementary information (SI) for details). All 
solutions and suspensions were made with deionized water (18.2 MΩ 
resistance), boiled and purged with N2 gas to remove dissolved CO2. In 
all experiments, a 10 mM KCl background electrolyte was used to 
approximate the low ionic strength of soil solutions. Goethite (α-FeOOH) 
was synthesized by the method of Schwertmann and Cornell [50]. De
tails of mineral synthesis and characterization can be found in SI (SM2 
and Fig. S1). The pH at the point of zero charge (pHpzc) of the synthe
sized goethite was 8.4 ± 0.2 (Fig. S2 in SI). 

2.2. 1H saturation-transfer difference (STD) NMR experiment 

Saturation transfer difference (STD) NMR experiments were used to 
probe potential interactions between glyphosate and the PS in solution. 
For the most sensitive STD-NMR spectra, a 20 μM PS solution was pre
pared in D2O (99.9 atom% D, Cambridge Isotope Laboratories Inc.). 
Then, 0.35 mg glyphosate was dissolved in 2 mL of the PS solution 
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([glyphosate] = 1.0 mM) to yield a 50-fold excess glyphosate to ligand 
(PS) ratio [51]. The pH was adjusted to 5 using potassium deuteroxide 
(40 wt% in D2O, ≥ 99 atom% D, Sigma) and deuterium chloride (35 wt% 
in D2O, ≥ 99 atom% D, Sigma). 1H STD-NMR experiments were con
ducted on a 600 MHz Varian Inova NMR spectrometer at 25 ◦C. STD 
parameters were selected based on values reported in a previous study 
[45]. Spectra were processed in MNova software (v. 14.3, Mestrelab 
Research S.L.). 

2.3. Batch experiments, XPS and zeta potential analyses 

Batch adsorption–desorption studies were conducted to quantify 
glyphosate adsorption and desorption from experimental surfaces, and 
to obtain qualitative and quantitative information about the surface 
characteristics and bonding environment of complexes using zeta po
tential and X-ray photoelectron spectroscopy (XPS) measurements. 
Procedural details of the batch experiments are described in SI, SM3. 
Briefly, a series of PS-goethite OMAs were synthesized with varying PS 
surface loading (i.e., Phases 1 and 2). Then, glyphosate adsorption and 
desorption experiments were conducted at pH 5 by addition of a 1 mM 
glyphosate solution to the prepared PS-goethite OMAs (adsorption, 
Phase 3), followed by desorption (Phase 4) using a 10 mM KCl back
ground solution. The supernatants were filtered (0.2 μm) and analyzed 
using a TOC-L analyzer (Shimadzu Scientific Instruments) along with 
standard polysaccharide solutions. Glyphosate concentrations were also 
measured using a colorimetric approach after derivatization in 2 mM 
fluorenyl orthochloroformate and 20 mM borate buffer solutions 
[52,53]. XPS analyses were conducted on selected pellets and required 
standards. Details of XPS analyses are presented in SI, SM4. For zeta 
potential measurements, all of the pellets were resuspended in back
ground solution and measured with a Zetasizer (Nano ZS90, Malvern 
instruments Ltd., UK). BET surface area (N2 adsorption) and scanning 
electron microscopy (SEM) images were obtained with an ASAP2460 
instrument (Micromeritics Instrument Corp.) and a Zeiss Gemini 500 FE- 
SEM, respectively. 

2.4. In-situ time-resolved ATR-FTIR adsorption-desorption experiments 

The workflow of in-situ ATR-FTIR (attenuated total reflectance 
Fourier transform infrared) experiments (Fig. S3) and methodological 
details are reported in SI (SM5 and SM6). The formation of PS-goethite 
complexes was initiated by introducing PS solutions over a hydrated 
layer of goethite on the surface of the ATR crystal. A range of surface 
loadings were obtained by passing different initial concentrations of PS 
([PS] = 0, 4, 8, 14, 28, 42, and 56 μM) over goethite films for a fixed time 
(coating, Phase 1 ≈ 180 min). Adsorbed PS was stabilized by passing 10 
mM KCl background electrolyte to remove any loosely bound PS. Sta
bility of PS-goethite complexes was considered attained when no 
changes were observed in interfacial spectra collected during back
ground solution flow (stabilization, Phase 2 ≈ 60 min). At this point, a 
background spectrum was collected, and adsorption of glyphosate was 
initiated by exchanging the background solution with a fixed 4.0 mM 
glyphosate solution (adsorption, Phase 3 ≈ 86 min). A glyphosate con
centration of 4.0 mM was chosen to minimize instrumental noise and 
unwanted spectral artifacts on collected interfacial spectra. Glyphosate 
adsorption was followed by a desorption experiment using the same 
background solution until equilibrium (desorption, Phase 4 ≈ 72 min). 
Solutions with a pH of 5.0 were used for all experiments, which model 
environmentally relevant conditions representative of agricultural soils 
of humid regions (I = 10 mM and pH = 5.0). The pH was maintained 
within 0.05 pH units by regulated additions of 0.005 M HCl or KOH with 
a pH controller. Experiments were repeated 4 times on freshly prepared 
films under identical conditions. All the in-situ experiments were con
ducted under ambient atmosphere and using a close flow through sys
tem at a rate of 0.85 ± 0.05 mL min−1 (flow velocity = 4.5 × 10−3 m s−1) 
using a peristaltic pump (Cole-Parmer, IL). Bulk solution spectra of 

glyphosate and polysaccharide were collected at concentrations of 0.10 
M and 112.0 μM, respectively, in a 10 mM KCl 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 solutions. 

2.5. ATR-FTIR data processing for analyses 

Two regions, the phosphonate frequency region (1100 – 950 cm−1, 
ν(PO)) and the carboxylate-amine frequency region (1700 – 1500 cm−1, 
ν(CAc)), 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 coordi
nation to Fe(III). The spectral features in the 1700 – 1500 cm−1 range 
were deconvoluted in order to determine potential hydrogen bonding 
and the contribution of carboxylate (νas(COO–)) and amine (δ(NH2

+)) 
functionalities in interfacial complex formation and subsequent 
dynamicity of adsorbed glyphosate. Deconvolution of the ν(CAc) band at 
the goethite and PS-goethite interfaces is fully explained in SI, SM7. 
Peak fitting of the spectra was carried out using a second derivative 
deconvolution algorithm using PeakFit package v.4.12 (Systat Software 
Inc., San Jose, CA). 

2.6. Glyphosate adsorption-desorption kinetic models 

Integral of FTIR bands (A(ṽi)) of glyphosate moieties during 
adsorption and desorption experiments were fitted with two commonly 
used kinetic models, the Lagergren’s pseudo-second-order (PSO) and 
pseudo-first-order (PFO) models, respectively [54,55]. The PSO model 
for adsorption processes can be described by the following equation 
[56]: 

A(ṽi)t,ads =
k2,adsA(ṽi)

2
e,adst

1 + k2,adsA(ṽi)e,adst
(1)  

where A(ṽi)t,ads is the integral absorption intensity of the glyphosate 
band (a.u.) at adsorption time t (min), k2,ads is the PSO rate constant 
(min−1 a.u.−1), and A(ṽi)e,ads is the integral absorption intensity of the 
glyphosate band at equilibrium (a.u.). 

Desorption of glyphosate was described by a modified PFO model 
represented by the following equation [43]: 

A
(

v∼i

)

t,des
=

(

α − A
(

v∼i

)

e,des

)

e−k1,des t + α (2)  

where A(ṽi)t,des is the integral absorption intensity of the glyphosate 
band (a.u.) at desorption time t (min), k1,des is the PFO rate constant 
(min−1), A(ṽi)e,des is the integral absorption intensity of the glyphosate 
band at the end of the desorption phase (a.u.), and α is a dimensionless 
constant that locates the desorption curve that follows just after the 
adsorption curve at equilibrium. The PFO model was also applied to 
describe PS’s adsorption and desorption kinetics at the goethite interface 
during formation and stabilization of PS-goethite OMAs (see SI, SM8 for 
details). All fitting was completed with the nonlinear curve fitting 
GraphPad Prism v.9.0 software (GraphPad Inc, San Diego, CA). 

3. Results and discussion 

3.1. Glyphosate attaches to polysaccharide chains 

The 1H STD-NMR spectra of glyphosate with and without PS are 
shown in Fig. 1. The singlet peak (H1) corresponds to protons next to the 
glyphosate carboxyl group, while the doublet (H2) derives from proton 
splitting due to geminal coupling with the P nucleus [45,57]. Weak STD 
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correlations were observed for the PS sample, indicating reversible as
sociation in bulk solution. In fact, both H1 and H2 protons were visible 
in STD difference spectra indicating glyphosate attach to hydrophilic 
moieties of PS chains through noncovalent interactions (Fig. 1-a). As 
previously suggested, this result provides evidence of a host–guest 
complex formation between glyphosate and PS, similar to that observed 
with other natural macromolecules [45,58]. 

3.2. Polysaccharide and goethite form organo-mineral associations 

Interfacial ATR-FTIR spectra (Fig. 2 A-1–2) indicate the progression 
of PS adsorption through increasing signals of skeletal bands of the 
pyranose rings (e.g., ν(CC)(CO)ring) and α-1,4 glycosidic bonds (e.g., 
νas(COC)g) from 1200 to 950 cm−1 [59–61]. Intense peaks within the 
1780 – 1200 cm−1 range are also observed and are assigned to diverse 
band types, including methylester (e.g., ν(C––O)e), amide (e.g., amide I 
and II) and carboxylate (e.g., νas(COO–)) of residual groups in GalA rings 
[39,49,61–66]. A complete list of peak assignments is shown in SI, 
Table S1. Kinetic data (Fig. 2B), monitored using the ν(CO)(CC)ring peak 
height, indicates stable OMAs formed between PS and goethite with only 
a small fraction of adsorbed PS removed from the surface at the end of 
the stabilization phase (4.8 – 9.6%). The kinetics of PS coating and 
stabilization are well described by a PFO model (Fig. 2B, and Table S2). 
Furthermore, estimated k1,ads and k1,des values indicate PS-goethite for
mation and stabilization are faster with increasing PS concentration. As 
shown by identical surface morphology (texture) of SEM images (im
aging resolution of ≈ 5 nm), the PS seems to form evenly distributed 
coatings on synthesized PS-goethite OMAs that result in significant 
reduction of BET surface area (Fig. 2C - D). 

3.3. Glyphosate retention by PS-goethite organo-mineral associations 

Batch studies indicate glyphosate adsorption is diminished (52–37%, 
Table S3) by adsorbed PS (Fig. 3A). The amount of glyphosate retained 
after desorption is also lower in PS-goethite OMAs compared to goethite 
(30–13% decrease). However, a reversal to this trend is observed at the 
highest PS loadings. Zeta potential measurements (Fig. 3B) indicate PS- 
goethite and glyphosate-PS-goethite complexes developed a negative 
surface charge whereas goethite (≈ 30 mV) and glyphosate-goethite (≈
3 mV) are positively charged. Results also indicate the zeta potential of 
PS-goethite and glyphosate-PS-goethite complexes decreases with 
increasing PS loading. Decreased adsorption of glyphosate by PS- 
goethite OMAs relative to goethite can then be explained by electro
static repulsion between two negatively charged entities. Furthermore, 
increases in PS surface loading, and corresponding decreases in surface 
area (Fig. 2C), limits the surface available for adsorption of glyphosate 
on PS-goethite OMAs. Still, the trend reversal in adsorbed and retained 
glyphosate corresponds to the extent of PS association on goethite 
(Fig. 3A). As previously shown in STD difference spectra (Fig. 1-a), the 
weak attachment of glyphosate to PS may facilitate the retention of 
glyphosate molecules within adsorbed PS that subsequently leads to this 
trend reversal. The mechanisms involved in these interactions are 

Fig. 1. 1H STD-NMR spectra at pH 5. (a) STD difference spectrum of a sample 
containing 0.1 mM glyphosate and 20 µM polysaccharide, together with a 
proposed structure for the PS-glyphosate complex, and (b) reference 1H spec
trum of 1 mM glyphosate. Black dashed lines in (a) represent noncovalent 
bonds. The full-range 1H STD-NMR spectrum of the PS-glyphosate complex is 
shown in Fig. S4. 

Fig. 2. Formation and stability of PS-goethite OMAs. (A-1) Representative set of in-situ ATR-FTIR spectra collected during PS’s coating (green lines) and stabilization 
(purple lines) over a goethite film ([PS] = 8 μM). (A-2) An insert plot of interfacial spectra from 1170 to 1070 cm−1. Spectra collected every ≈ 8 min. (A-3) The 
solution state spectrum for polysaccharide (112 μM in 10 mM KCl at pH 5.0). (B) Evolution of ν(CO)(CC)ring (1106 cm−1) vibrations during coating and stabilization. 
(C) BET surface area of PS-goethite OMAs as a function of adsorbed PS. (D) SEM image of (D-1) goethite and (D-2) a PS-goethite OMA (PS ≈ 0.8 μmole g−1). 
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discussed in the following sections. 

3.4. Contribution of glyphosate’ functional groups to interfacial 
adsorption–desorption and kinetics 

Representative in-situ time-resolved ATR-FTIR spectra of glyphosate’ 
retention dynamics at the PS-goethite and goethite interface highlight 
the progression of glyphosate adsorption and desorption through in
creases and decreases in intensity of the phosphonate, carboxylate, and 
amine bands of the spectra (Fig. 4A-1 and A-2). In our study, phospho
nate (ν(PO), 1050 – 950 cm−1) and carboxylate-amine (ν(CAc), 1700 – 
1500 cm−1) integrated band areas are considered a measure of glyph
osate’ surface-associated species [8,12]. Vibrational modes within the 
ν(PO) band area include inner-sphere (IS) (e.g., P–O–Fe) and outer- 
sphere (OS) (e.g., (PO3)OS or (PO2)OS) species [8,9,12,14]. The 
carboxylate-amine ν(CAc) integrated band area includes surface- 
associated νas(COO–) and δ(NH2

+) vibrational modes [7,8,21].’ 

Increased PS loading in PS-goethite OMAs impacts glyphosate’ 
adsorption–desorption kinetics and the contribution of observed 
surface-associated bands (Fig. 4). Consistent with batch experiments, 
interfacial ATR results show a decrease in intensity of ν(PO) and ν(CAc) 
bands upon glyphosate interaction with PS-goethite OMAs compared to 
goethite (Fig. 4B – D). These results are in good agreement with 
Arroyave et al [12] where glyphosate adsorption onto humic acid- 
goethite OMA was hindered, but it is contrary to the results of Guo 
et al. [16] where higher amounts of glyphosate were adsorbed onto 
humic acid-kaolinite OMA. Variability in the results might be explained 
by the stability of the OMAs, where humic acid and PS bind strongly 
onto goethite whereas weak interactions dominate in humic acid- 
kaolinite OMA. 

Adsorption-desorption kinetics for ν(PO) and ν(CAc) bands were 
described by the PSO and PFO kinetic models, respectively (Fig. 4B - C). 
The estimated PSO and PFO kinetic parameters can be found in SI, 
Table S4. The ν(PO)- and ν(CAc)-associated adsorption rate constants (k2 

Fig. 3. Results of batch experiments. Influence of adsorbed PS on (A) glyphosate’ adsorption and desorption dynamics and (B) zeta potential measurements. Blue and 
orange areas in A represent the amount of glyphosate removed and retained at equilibrium, respectively. Error bars represent standard deviation values from 
replicates (n = 3). 

Fig. 4. Representative time-resolved in-situ ATR-FTIR spectra collected during glyphosate adsorption and desorption experiments at pH 5 on (A-1) goethite and (A-2) 
PS-goethite OMAs ([PS] = 14 μM). Red and blue lines indicate the evolution of interfacial spectra collected every ≈ 8 min. (A-3) Solution state ATR-FTIR spectrum of 
0.1 M glyphosate in 10 mM KCl at pH 5.0; gray lines show deconvoluted IR components. Evolution of integrated (B) phosphonate (ν(PO)) and (C) carboxylate-amine 
(ν(CAc)) bands of glyphosate with increased PS surface loading. (D) shows the percentage of ν(CAc) and ν(PO) bands retained at the end of the desorption phase 
(percentage retained = [A(ṽi)e,des /A(ṽi)e,ads] × 100]). 
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(PO),ads and k2,(CAc)ads) decreased with increasing PS surface loading on 
PS-goethite although higher PS loadings had less of an effect on k2(PO), 

ads. These results suggest glyphosate’ access to the active sites on 
goethite was diminished by the primary layer of PS adsorbed at the 
goethite surface [12]. For the first time, our kinetic modeling shows the 
carboxylate-amine groups of glyphosate interact with faster kinetics 
compared to the phosphonate group, particularly at PS surface loadings 
≤ 14 μM (Table S4). The fact that different IR bands of the same 
molecule (i.e., glyphosate) evolve at different rates indicates the pres
ence of more than one interfacial species or it might be caused by 
interaction with different sites on these heterogeneous surfaces [43,67]. 
As shown in Fig. 4D, the fraction of ν(CAc) IR bands retained after 
desorption increased with increasing PS loading whereas that of ν(PO) 
decreased initially but then increased to a value similar to goethite (≥28 
μM). This behavior suggests PS-goethite associations may hinder 
desorption of glyphosate at higher PS loading and is in agreement with 
retained glyphosate values in batch experiments (Fig. 3A). Still, 
desorption rate constants (k1,(PO)des and k1,(CAc)des) show similar kinetic 
trends, with the carboxylate-amine groups presenting slower desorption 
rates at low PS loadings (Table S4). Moreover, adsorbed PS was reduced 
by 8.5–23.5% upon introduction of glyphosate at the stabilized PS- 
goethite interface (Fig. S5) whereas no significant changes to the ATR- 
FTIR spectra of PS-goethite were observed in control experiments after 
the introduction of 10 mM KCl background solution (Fig. S6). These 
results suggest glyphosate, and potentially other low molecular weight 
organics, might have a destabilizing effect on OMAs present in soils 
[68,69]. 

The most striking results were found when the ν(CAc) bands were 
deconvoluted across all experiments (Fig. S7, Fig. 5) and the contribu
tion of individual IR components calculated. This procedure is fully 
described in SI, SM7. The carboxylate-amine band (ν(CAc)) of glypho
sate (1700 – 1550 cm−1) originates mainly from asymmetrical stretching 
vibration modes of COO– and its coupling with deformation modes of the 
NH2

+ group [7,8,21,70]. We found glyphosate’ δ(NH2
+) band contribu

tion to adsorption (X(δ(NH2
+)ads) increased as a function of PS surface 

loading, from 28% to 45% (Fig. 5A-1). Conversely, glyphosate νas(COO–) 
band contribution to adsorption (X(ν(COO–)ads) diminished with 
increasing PS surface loading, from 72% to 55%. Although similar 
trends were observed during the desorption phase (Fig. 5A-2), the 
remaining surface-associated X(δ(NH2

+) increased with increasing PS 
surface loading ([PS] ≥ 28 μM) to ≈ 60%. The remaining surface- 
associated X(ν(COO–)des diminished to ≈ 40% at PS loadings ≥ 28 μM. 
Furthermore, Fig. 5B-1 to B-4 and Table S5 indicate surface-associated 
δ(NH2

+) adsorption bands of glyphosate evolved faster than corre
sponding νas(COO–) bands at higher PS surface loadings (PS ≥ 28 μM). 
This can be explained by the interfacial electrostatic potential, which is 
expected to increase for a positive functional group with increasing PS 
surface loading due to the increased number of carboxylate functional
ities available in PS chains (PS used in experiments had an estimated ≈
37% carboxylate content; see SM1). Interactions between glyphosate- 
NH2

+ and O-containing residues in PS chains are therefore deemed 
favorable through hydrogen bonding and electrostatic interactions 
[16,61,71,72]. 

3.5. Mechanisms of interaction 

3.5.1. Phosphonate-meditated binding 
The predominant species of glyphosate at pH 5.0 and I = 10 mM is 

the monoanion [–OOCCH2N+H2CH2-HPO3
−] (69.78%), with lesser con

tributions from its dianion [–OOCCH2N+H2CH2-PO3
2−] (30.09%) and 

trianion [–OOCCH2NHCH2-PO3
2−] (0.13%) species (pKa2 = 2.3, pKa3 =

5.5 and pKa4 = 11.0) [19,73,74]. Therefore, glyphosate has the capacity 
to interact with goethite and PS-goethite interfaces through various 
functionalities to form surface-associated species of different geometries 
(Fig. 4A-1 and A-2, and Table S6) [4,7–9,12,14,20,21,75]. The interfa
cial ATR spectra indicate that Fe–O–P bonds (i.e., IS complex) formed 

at the goethite interface (1050 – 950 cm−1). It has been suggested that 
under slightly acidic conditions (e.g., pH = 5) the phosphonate group of 
glyphosate forms IS complexes with goethite, more favorably bidentate 
(B) and monodentate with proton (M−H), through ligand-exchange re
actions [8,9,14]. At pH = 5.0, the electrostatic attraction potential at the 
goethite surface (pHpzc = 8.4 ± 0.2) increases the energetic favorability 
to form bidentate complexes through phosphonate groups. Furthermore, 
our study indicates that an IS monodentate complex without proton (M) 
most likely forms due to the contribution of glyphosate’ dianion species 
[8,14]. Besides reducing the number of available surface sites, adsorp
tion of PS diminishes the electrostatic interaction energy between 
glyphosate’ phosphonate group and the goethite surface [76] thus 
promoting the formation of IS monodentate complexes over bidentate. 
In addition, increase PS loading on PS-goethite OMAs increases the 
surface negative charge that favors the formation of monodentate 
complexes [8,9,14]. Since the phosphonate anion is a strong acceptor of 
hydrogen bonds [77], the downshift for unbonded ν(P––O) (≈ 8 cm−1) 
in PS-goethite OMAs (Fig. 4A-2, Table S6) is expected to result from 
intermolecular hydrogen bonds formed between glyphosate’ phospho
nate group and PS residues in OMAs. Moreover, a new IR feature is 
observed in ATR-FTIR spectra of PS-goethite OMAs at 1160 – 1164 
cm−1. We tentatively assign this new feature to outer-sphere (OS) 
complexes (νas(PO2)PS-OS; i.e., R-PO3

−(H) ‧‧‧ O/N-PS) which split at lower 
energies due to hydrogen bonding (Fig. 4A-2). These results are in 
agreement with high-resolution P 2p XPS spectra (Fig. 6) where in
creases in binding energy (B.E.) of the P atom 2p envelop upon glyph
osate adsorption on goethite (+0.5 eV) and PS-goethite OMAs (+0.5 – 

Fig. 5. Contribution (Xads and Xdes) of deconvoluted ν(CAc) band components 
of glyphosate at (A-1) adsorption (te,ads = 80.0 min) and (A-2) desorption (te,des 
= 157.5 min) equilibrium as a function of PS loading. (B) shows the evolution 
of ν(CAc) glyphosate band components during adsorption and desorption for (B- 
1) goethite and (B-2 to B-4) PS-goethite OMAs with increased PS loading. Black 
lines in B represent PSO and PFO kinetic fits for adsorption and desorption, 
respectively. Dashed vertical lines split glyphosate’ adsorption and desorp
tion phases. 
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+0.1 eV) are observed. Increases in B.E. result from decreases in electron 
density in the P atom of the phosphonate group that occur upon for
mation of mixed bidentate-monodentate Fe–O–P bonds [78–80]. 
Greater shifts in P 2p binding energy are associated with bidentate 
configuration, as is the case for phosphonate group binding on goethite 
[81]. 

3.5.2. Carboxylate and amine-meditated binding 
Changes in peak position of the carboxylate (νas(COO–) and 

νs(COO–)) and amine (δ(NH2
+)) vibrational modes of glyphosate are used 

to decipher carboxylate- and amine-meditated molecular interactions at 
the goethite and PS-goethite interface [7,8,21,70]. At the goethite 
interface, both asymmetric and symmetric vibrational modes of the 
carboxylate group of sorbed glyphosate were subjected to downward 
shifts (6 – 15 cm−1) (Fig. 4, A-1, and Table S6). Albeit to a lesser extent, 
downward shifts in ν(COO–) were also observed at the PS-goethite 
interface (Fig. 4, A-2, and Table S6). A reduction in ν(COO–) vibra
tional energy suggest glyphosate’ carboxylate group primarily contrib
utes to the formation of OS complexes via intermolecular hydrogen 
bonding that occurs among glyphosate molecules at the goethite surface. 

These observations are in agreement with previous studies where the 
adsorption modes of carboxylate-containing organic anions and zwit
terions (including glyphosate) on goethite have been investigated 
[8,9,12,14,21,70,83,84]. 

As in previous studies [9,14], we found no evidence for the partici
pation of the NH2

+ group of glyphosate in surface complexation at the 
goethite interface (Fig. 4, A-1, and Table S6). Interfacial δ(NH2

+) vibra
tional modes of glyphosate however shifted to higher energies (by 7 – 27 
cm−1) at the PS-goethite interface (Fig. 4, A-2, and Table S6). These 
bands also gained intensity relative to interfacial νas(COO–) bands as a 
function of PS surface loading (Fig. 5 and Table S5). The above
mentioned observations imply glyphosate forms amine-associated 
hydrogen bonds with PS-goethite OMAs since hydrogen bonds stabi
lize charged resonance structures [85] and the strength of hydrogen 
bonds is related to the integrated absorbance of amine bands [72]. 
Therefore, the corresponding upshifts with increasing PS surface loading 
denote the involvement of the amine group through stronger hydrogen 
bonds with carbonyl-containing functional groups of the poly
saccharide. Although glyphosate NH2

+ group is expected to encounter a 
repulsive force from the mostly positive-charged goethite surface that 

Fig. 6. High resolution P 2p XPS spectra for (a) standard glyphosate salt, (b) glyphosate adsorbed on goethite, and (c – e) glyphosate adsorbed on PS-goethite OMAs. 
The P 2p spectrum of glyphosate presents two component peaks centered at 131.9 (2p3/2) and 132.8 (2p1/2) eV, which are associated with the spin–orbit splitting of 
the P 2p level, with a separation of ≈ 0.9 eV [82]. Solid vertical lines indicate the B.E. of the P 2p XPS spectra envelope. 
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establish a barrier for amine-meditated hydrogen bonding, the presence 
of PS associations may facilitate these interactions due to the develop
ment of a negative charge at the surface of PS-goethite OMAs (Fig. 3B). 

4. Conclusions 

Studies of glyphosate retention dynamics at organo-mineral in
terfaces, as presented in this work, are environmentally relevant since 
surface soils contain minerals that are mostly, if not completely, coated 
with organic molecules. While the fate of glyphosate in soils is strongly 
influenced by organic-organic interactions (e.g., glyphosate- 
polysaccharide) that occur within organo-mineral associations (e.g., 
polysaccharide-goethite), research in this area is still limited and the 
results inconclusive. Our work contributes to the narrowing of this 
considerable knowledge gap [8,12,16]. 

Using model organo-mineral associations (i.e., polysaccharide- 
goethite OMAs), our experiments indicate the amount of mineral- 
adsorbed organic matter modulates the extent, kinetics, and mecha
nisms of interaction of glyphosate under conditions relevant to agri
cultural soils of humid regions. The extent of glyphosate retention at 
polysaccharide-goethite interfaces was reduced compared to that at 
the goethite interface. At the same time, increased polysaccharide sur
face loading resulted in slower glyphosate adsorption and desorption 
kinetics compared to corresponding processes at the goethite interface. 
Mechanistically, increases in PS surface loading resulted in the succes
sive disappearance of glyphosate inner-sphere bidentate configurations 
on goethite while promoting the formation of inner-sphere monodentate 
configurations. Furthermore, the adsorbed polysaccharide promoted the 
formation of outer-sphere surface species through intermolecular 
hydrogen bonds between the functional groups of glyphosate and 
functional groups at goethite and polysaccharide-goethite interfaces. 
Based on the results of this investigation, we suggest studies with bare 
mineral surfaces [9,44,86–88] are likely to underestimate glyphosate 
mobility and transport in soils since organo-mineral associations can 
reduce both the adsorption capacity and kinetics, in addition to pro
moting the formation of presumably weaker mechanisms of interaction. 

The results of these studies highlight the impact organo-mineral as
sociations might have on glyphosate’ mobility and retention at hetero
geneous interfaces present in soils. But since the proportion of organo- 
mineral to mineral interfaces is higher in surface soils, our work pro
vides insights as to the extent, kinetics and mechanisms that might be 
involved during glyphosate downward transport. Ultimately, this 
knowledge and further molecular-scale studies with a variety of organo- 
mineral interfaces could lead to better predictions of glyphosate occur
rence in natural systems and risk assessments. 
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