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eractions of glyphosate in soil: the
sorption scenario upon soil depletion and effect on
waterleaf (Talinum triangulare) growth

Paul N. Diagboya, *ab Bamidele I. Olu-Owolabic and Rolf-Alexander Düringa

The pesticide glyphosate has contributed immensely to the ease of farming and high yields. However, the

ever-increasing environmental input of pesticides is of particular interest due to several unintended effects

on non-target organisms. In soil, the sorption, transport, possible uptake, and effect on plant growth are still

not well understood, and much so for the sub-Sahara. Sorption processes are contingent on the soil

composition, characteristics, and ambient conditions, and these are becoming increasingly affected by

climate change in a way that may alter pesticide fate. Hence, representative sub-Saharan whole soil (WS)

treated to eliminate organic matter (OMR) and iron oxides (IOR) was employed to ascertain the

contributions of these major constituents to glyphosate sorption processes, as well as ascertain the

effect of glyphosate in soil on the growth of Talinum triangulare–waterleaf. Glyphosate sorption for all

treatments was rapid with equilibrium at around 720 min. The sorption decreased as pH increased, and

was concentration-dependent, gradually increasing with glyphosate concentration. The process was

endothermic, and sorption data were better described by the fractal pseudo-second-order and

Freundlich adsorption isotherm models, suggesting a complex interplay of interactive sorption forces.

The IOR sample (with iron oxide depleted but organic matter intact) exhibited higher sorption than the

OMR and WS, highlighting the contribution of organic matter in glyphosate sorption. Hysteresis was high

for all samples and increased with temperature. Considering the unregulated usage of glyphosate in the

sub-Sahara, the poor sorption, especially in treated soils, observed in this study suggests a high

possibility of glyphosate leaching into the aquifer and poisoning of this water source, while the high

hysteresis implied the bio-availability of glyphosate in surface soil for plant absorption, hence affecting

growth; as confirmed in the waterleaf growth study where growth in the organic-matter/iron-oxide-

depleted soils was substantially stunted. Hence, glyphosate affects waterleaf growth, especially in

organic-matter/iron-oxide-depleted soils.
Environmental signicance

Though pesticides have contributed immensely to agricultural productivity, the ever-increasing input of pesticides, such as glyphosate, into the environment is
of particular interest due to several unintended effects. To remediate glyphosate in the environment, it is vital to understand its fate which is largely unknown
especially in less studied sub-Saharan soils. This may be compounded by the increasing effect of climate change on the soil's properties which is believed to alter
glyphosate fate. Thus, glyphosate sorption and desorption, and effect of glyphosate on plant growth were studied in sub-Saharan soil using a fast growing
vegetable-Talinum triangulare (waterleaf). The soil was pre-treated to mimic some effects of climate-induced changes on its properties. This study found that
glyphosate sorption was low and largely affected by soil properties which were altered by climate-induced factors, while waterleaf growth in the presence of
glyphosate was heavily stunted especially in the climate affected soil.
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1 Introduction

Agrochemicals, especially pesticides, have contributed
immensely to the recent high agricultural yields. However, the
increased usage and ever-increasing environmental inputs of
pesticides make them of particular interest, and this is proving
progressively problematic to the ecosystem and human health
due to several unintended effects such as environmental
contamination and toxicity to non-target organisms.1–4 Some of
Environ. Sci.: Processes Impacts, 2024, 26, 2051–2061 | 2051
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the associated effects include tissue and DNA damage, endo-
crine disruption, and carcinogenesis.5 In the environment, their
transport, effects, and fate are major focuses of interest.1,6,7

The fate of pesticides in the environment is mainly
controlled by sorption processes in soils, and this affects the
successive chemical reactivity and transport in aquatic systems,
as well as the effects on plants.8 Sorption processes are
contingent on the composition, characteristics, and ambient
conditions of soil, and these include the minerals and clay
contents/types, soil organic matter (SOM), pH, and
temperature.8–11 Around the world, the effects of climate change
are becoming increasingly obvious, and this is affecting soil
properties in a way thatmay alter its pesticide sorption potential
and the ultimate fate of pesticides. Some of these effects include
depletion and/or erosion of topsoil constituents such as SOM
and soil iron oxides (SIO) arising from higher soil temperatures
and unprecedented ooding in several parts of the world.12,13

With regards to pesticide sorption and fate, soil's response to
these climate change-induced effects is not yet known, and
more so for the less studied sub-Saharan soils. The sub-Saharan
region is distinctive in that the region contributes very little to
global climate change, but projections show that it will be
disproportionately affected.14,15 This projection is proving to be
correct as the region, in 2022, reported the worst vegetation and
farm crop wash-off, and topsoil erosion resulting from
ooding.16–18

Apart from the ever-increasing global environmental inputs
of pesticides, eld observations show alarmingly high and
unregulated usage of agricultural pesticides in the sub-Saharan
region, and glyphosate is one of the major culprits in this
regard.19–21 Glyphosate is a strong chelating agent with three
functional groups (amine, carboxylate, and phosphonate) and
one of the most applied pesticides around the world. It is a non-
selective and systemic post-emergent pesticide that obstructs
the shikimate pathway in plants responsible for the synthesis of
the essential aromatic amino acids that are precursors of ben-
zoic acids, alkaloids, lignin, avonoids, and vitamin K.19,20,22

Recently, glyphosate and its metabolite, amino-methyl-phos-
phonic acid (AMPA), have been commonly detected in various
environmental media, and this is causing serious concerns due
to its effects on the ecosystem and humans especially.22–24 This
has led to the re-classication of glyphosate as a probable
human carcinogen or category 2A carcinogen by the Interna-
tional Agency for Research on Cancer (IARC).25,26

Several studies have reported the fate of glyphosate in soils
from different parts of the world,22,27–30 and only one report was
found for glyphosate sorption in sub-Saharan soil.31 None of
these studied the effect of climate-induced changes on the fate
of glyphosate in soils or glyphosate uptake by edible plants. A
study showed the uptake of glyphosate in weeds but not in
edible plants-which is far more important in terms of food
security.32 The key point in the aforementioned literature is that
the fates of pesticides, such as glyphosate, in climate change-
induced depleted soils are unknown. Hence, the objective of the
study was to eliminate major soil constituents (SOM and SIO)
from a sub-Sahara obtained soil and use the treated and
untreated samples for glyphosate sorption and desorption
2052 | Environ. Sci.: Processes Impacts, 2024, 26, 2051–2061
study by examining the sorption rate, effects of pH, concentra-
tion, and temperature variations. The obtained data will be
explained using various kinetics and adsorption isotherm
models. A cursory 12-week study of the effect of glyphosate on
Talinum triangulare (waterleaf) growth was also carried out on
the treated and untreated soils spiked with known glyphosate
concentrations. To the best of our knowledge, no such study on
the effect of glyphosate on waterleaf has been carried out.
2 Experimental
2.1 Soil sampling and treatments

Randomized sub-Saharan topsoil samples (0–30 cm) obtained
from Emuhu farming vicinity (6° 160 5700 N; 6° 160 1400 E),
Nigeria, were used for the study. Heavy use of pesticides was
observed in this location, like most farming areas in west Africa.
The sample pretreatment included air drying, stone and dirt
sorting, and sieving (1.0 mm sieve). Parts of the pretreated
whole sample (WS) were used for the soil organic matter (SOM)
and soil iron oxide (SIO) depletion treatments. Depletion of the
SOM involved continuous 30% H2O2 gradual treatment in
a water bath set at 80 °C over 48 h until the frothing stopped.
Excess frothing was lowered by the addition of cold water to
avoid sample loss.33,34 The sample was washed (7 times centri-
fugation at 3500 rpm), oven dried (40 °C for 48 h), and labeled
OMR. The SIO depletion process employed 0.3 M Na-citrate
(Sigma-Aldrich) solution (400 mL) and 1 M NaHCO3 (Sigma-
Aldrich) solution (50 mL) on 400 g of the WS in a water bath at
80 °C. Ten grams of NaS2O4 (Merck) was added while stirring.
Aer 15 min, saturated NaCl (Carl Roth) solution (10 mL) and
acetone (HiPerSolv Chromanorm, HPLC grade) (10 mL) were
added. The setup was le for 24 h before washing and drying as
above,35 and the sample was labeled IOR. Characterization of
the pre/post-treated samples (Table 1) included determination
of soil pH,36 SOM,37 soil particle size,38 carbonates,39 and metals
(Varian 720ES ICP OES).40 Extraction and determination of
glyphosate in the pristine soil sample showed no glyphosate
contamination in the soil.
2.2 Generation of glyphosate sorption on soil data and data
treatment

Glyphosate (Sigma-Aldrich) working solutions were prepared in
a background electrolyte of 0.1 KCl (Carl Roth) and 100 mg L−1

sodium azide (Carl Roth) as the biocide from a glyphosate stock
solution (1000 mg L−1 at 4 °C) made in water (Milli-Q; pH 7 ±

0.2). Typically, a replicate batch sorption study using 500 mg of
soil sample in 20 mL glyphosate working solution of a specic
concentration was carried out in a 20 mL amber glass vial
mounted on an orbital shaker at 200 rpm for a specied time to
equilibrate. At equilibrium, the vial was withdrawn, centrifuged
(2000 rpm for 10 min), and ltered through a 0.45 mm PES
syringe lter, before glyphosate quantication using a HPLC
(Thermo Scientic) coupled to an MS (Thermo Scientic Exac-
tive Orbitrap) detector (HPLC-MS). The resolution of the Orbi-
trap is very high such that an exact determination of the mass of
the analyte is possible.
This journal is © The Royal Society of Chemistry 2024
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Table 1 Pre- and post-treated soil characteristicsa

Soil pH (H2O) SOM (%) CaCO3 (%)

PSA (%) Metals (mg kg−1)

*Sand *Silt Clay Fe Na K Mg Ca Al Mn P S Zn

WS 7.46 2.08 � 0.01 0.15 87.6 5.7 6.7 18948.1 21.5 184.1 391.5 825.6 16755.3 256.6 242.8 131.4 28.0
OMR 5.86 0.10 � 0.19 0.17 92.8 2.7 4.6 14277.8 13.8 64.7 158.3 137.1 7543.7 77.8 136.8 54.5 10.8
IOR 7.27 1.66 � 0.01 0.03 86.5 4.5 9.0 5565.3 2085.6 129.4 223.3 498.7 13127.9 52.7 160.2 1498.1 14.4

a *PSA = Particle size analysis; *% sand = sum of the coarse, medium, and ne sand; *% silt = sum of the coarse, medium, and ne silt.
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The WS, OMR, and IOR were employed for the sorption
studies carried out at the natural soil pH using 26.6 mg L−1

glyphosate solution at room temperature over 1440 min except
otherwise stated. The following parameters were investigated:
rate (over 1440 min), ambient solution pH (3–11), glyphosate
concentration (7.3–46.4 mg L−1), and ambient temperature (22–
42 °C). The solution pH value was regulated using 0.1 M NaOH
or HCl. The glyphosate desorption study was carried out aer
the equilibrium experiment by cautiously decanting the equi-
librium solution in each vial, relling with a solution of the
background electrolyte (and the biocide) but without glyph-
osate, and incubating the vial as in the equilibrium experiment.
The solutions in the vials were subsequently centrifuged, and
desorbed glyphosate was determined.

The quantication of glyphosate was carried out on an
HPLC-MS using a slight modication of a reported protocol.41 A
Thermo Scientic 600 Pump with a Waters X-Bridge C18 3.5 mm
column (150 mm × 2.1 mm inner diameter) at 27 °C was used
for the chromatographic separation. The mobile phases A and B
were 5 mM ammonium acetate (Carl Roth) and methanol
(HiPerSolv Chromanorm, HPLC gradient), respectively, while
the 5 min separation time followed a gradient program of 0–30
s, 90 : 10 (A : B); 30–90 s, 5 : 95 (A : B); 90–100 s, 0 : 100 (A : B);
100–200 s, 0 : 100 (A : B); and 200–300 s, 90 : 10 (A : B). A 10.0 mL
injection volume and 300 mL min−1

ow rate were employed,
Table 2 Glyphosate adsorption kinetics model parameters

Model of kinetics Parameter Para

Pseudo-rst-order (PFO);
qt = qe(1 – e−k1t)

Sorption at equilibrium qe (m
Rate constant k1 (m
Correlation coefficient r2

Chi-square c2

Pseudo-second-order (PSO);

qt ¼ qe
2k2t

1þ qek2t

Sorption at equilibrium qe (m
Rate constant k2 (g
Correlation coefficient r2

Chi-square c2

Fractal pseudo-second-order

(FPSO); qt ¼ kfqe
2ta

1þ kfqeta

Sorption at equilibrium qe (m
Rate constant kf
Fractional time index a

Correlation coefficient r2

Chi-square c2

Intra-particle-diffusion (IPD);
qe = kIPDt

1/2 + C
Surface sorption C (m
Rate constant ki (g
Correlation coefficient r2

Chi-square c2

Experimental qe (m

This journal is © The Royal Society of Chemistry 2024
with the equipment in negative ionmode and a scanmass range
of 50–450 m/z. The HPLC was coupled to a high-resolution MS
(Thermo Scientic Exactive Orbitrap). The Thermo Xcalibur
Roadmap™ soware was used to acquire the data and the
quantitation was carried out by monitoring the primary tran-
sitions at an m/z of 168 and 110 for glyphosate and AMPA,
respectively. The glyphosate calibration curve linear range (r2 =
0.997) was obtained for ten concentrations between 0.05 and
25.0 mg L−1 in aqueous 0.1 KCl. The limits of glyphosate
detection and quantication were 5 and 50 ng L−1 in water,
respectively. Blank runs having no soil matrices were used to
evaluate adsorption on walls and caps of the vials which were
observed to be insubstantial.

The amounts (qe) of glyphosate adsorbed (mg g−1) were deter-
mined from the initial glyphosate concentrations (Co, mg L−1),
equilibrium glyphosate concentrations (Co, mg L−1), soil
mass (mg), and glyphosate volume (mL) by using eqn (1). Further
analysis and description of the rate and equilibrium sorption
data have been carried out using kinetics and equilibrium
adsorption isothermmodels, as well as thermodynamics variables
(Tables 2–4). OriginPro 2015 (Origin Lab Corporation, USA) was
employed in tting the data.

qe = (Co – Ce)v/m (1)
meter WS OMR IOR

g g−1) 0.23 0.26 0.30
in−1) 0.77 1.02 0.97

0.525 0.129 0.352
9.7 × 10−4 3.5 × 10−3 2.2 × 10−3

g g−1) 0.23 0.26 0.31
mg−1 min−1) 3.65 4.81 3.92

0.652 0.205 0.465
7.1 × 10−4 3.2 × 10−3 1.8 × 10−3

g g−1) 0.35 17.36 2.83
1.54 4.5 × 10−4 2.4 × 10−2

0.23 0.12 0.10
0.969 0.844 0.969
6.4 × 10−5 6.2 × 10−4 1.1 × 10−4

g g−1) 0.16 0.17 0.22
mg−1 min−1/2) 3.3 × 10−3 5.1 × 10−3 4.4 × 10−3

0.741 0.978 0.845
5.3 × 10−4 8.9 × 10−5 5.3 × 10−4

g g−1) 0.27 0.37 0.37

Environ. Sci.: Processes Impacts, 2024, 26, 2051–2061 | 2053
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Table 3 Thermodynamics variables for glyphosate sorption

Parameter WS OMR IOR

DH° (kJ mol−1) 5.30 0.74 13.81
DS° (J mol−1 K−1) −6.87 −24.67 24.90
DG° (kJ mol−1) 288.15 K 7.66 7.83 6.45

298.15 K 6.67 8.65 6.25
307.15 K 7.85 8.30 5.95
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2.3 Effect of glyphosate on plant growth in climate-impacted
soil

The study of the effect of glyphosate on Talinum triangulare
(waterleaf) growth in the climate-impacted soil was carried out
by spiking the WS, OMR, and IOR soils with environmentally
feasible glyphosate concentrations of 460 and 230 mg kg−1 soil,
which are within the recommended use rates of 0.22 and 1.7 kg
ha−1, and assuming that eld dissipation is within 5 cm of the
topsoil.42,43 The spiked soils were then aged for 3 weeks before
planting 10 replicates, while the time between germination and
harvesting was six (6) weeks. The growth experiment was carried
out in a climate chamber with 13 h daylight at 30 °C, 75% light
intensity, 11 h darkness at 24 °C, and 60% relative humidity.
The fertilizer (NPK: Nitrogen-12%; P2O5-12%; Potassium-17%;
Manganese-2%) was added to aid plant growth in soils at a rate
of 2 g to 0.9 kg soil.
3 Results and discussion
3.1 Description of experimental soil

Granulometric analysis of the WS (Table 1) showed that the
pristine soil has a high sand fraction (87.6%) with a low silt
content (5.7%); high sand content may be typical of most sub-
Saharan soils.44,45 The characterization data (Table 1) also
showed mutual relationships between the treatments and the
amounts of SOM and SIO in each sample; for instance, the OMR
sample lost z94% of its inherent SOM compared to the IOR
sample which lost z21% SOM during the H2O2 treatment.
Similarly, during the dithionite treatment, the IOR sample lost
Table 4 Glyphosate adsorption isotherm model variables at 42 °C (tem

Adsorption isotherm Parameter

Langmuir model; qe ¼ QobCe

1þ bCe

Sorption capaci
Energy-related f
Correlation coeffi
Chi-square

Freundlich model; qe = kfC
n
e Freundlich cons

Freundlich linea
Correlation coeffi
Chi-square

Langmuir–Freundlich (L–F) model; qe ¼ QmaxðKLFCeÞn
1þ ðKLFCeÞn

Sorption capaci
L–F constant
L–F linearity con
Correlation coeffi
Chi-square

Experimental

2054 | Environ. Sci.: Processes Impacts, 2024, 26, 2051–2061
z71% of its inherent iron content compared to the OMR which
lost z25%. Thus compared to the WS sample, OMR and IOR
retained z6 and 79% of the inherent SOM, respectively, with
z75 and 29% inherent soil iron, accordingly. A substantial
quantity ($50%) of the SOM is associated with the silt fraction
in the WS which resulted in a loss of about half of the silt
fraction in the WS upon SOM removal in the OMR sample. The
reportedly high iron oxide (gibbsite, goethite, and hematite)
contents of Sub-Saharan soils could be a plausible reason for
the non-complete destruction of organic matter because these
oxides form stable organo–mineral complexes with SOM. This
leads to chemical protection of the organic matter and limits
the H2O2 efficiency to oxidize the SOM.9,10,34 A similar form of
chemical protection may be responsible for the non-complete
destruction of the iron oxides following the dithionite
treatment.

In the presence of organic matter both in the WS and IOR
samples, the soil exhibited an almost neutral pH in water with
a slight tendency towards alkalinity. Upon organic matter
removal in the OMR, the soil expressed an acidic pH in water.
Thus, the presence of SOM in this soil helps maintain soil pH
neutrality, while the soil iron oxides with lower organic matter
content drive the pH towards acidic values; this trend may be
peculiar to sub-Saharan soils.33

Another major observation is the metal contents aer
various treatments: upon removal of organic matter (in OMR),
there were substantial ($50%) losses of the inherent Na, K, Mg,
Ca, and Al contents which are vital metals for soil cation
exchange capacity. However, Na and S expressed exponential
increases upon iron oxide removal in the IOR sample. These
observations could be a unique feature of sub-Saharan soils
since similar results were observed for some soils from this
region34 and may be ascribed to the unmasking of inherent Na+

ions and sulphur within soil components like minerals, clays,
and SOM aer iron oxide removal.
3.2 Glyphosate kinetics and pH studies

The rate trends for glyphosate sorption on the WS, OMR, and
IOR samples were observed over 1440 min (Fig. 1a). This
perature of highest sorption)

Parameter WS@42 °C OMR@42 °C IOR@42 °C

ty Qo (mg g−1) 0.405 0.487 0.547
actor b 0.102 0.075 0.191
cient r2 0.899 0.922 0.927

c2 8.1 × 10−4 8.1 × 10−4 1.4 × 10−3

tant kF 0.065 0.058 0.120
rity constant n 0.468 0.528 0.438
cient r2 0.968 0.956 0.957

c2 2.6 × 10−4 4.6 × 10−4 8.6 × 10−4

ty Qmax (mg g−1) 55.60 38.17 21.20
KLF 1.2 × 10−3 1.5 × 10−3 5.7 × 10−3

stant n 0.470 0.531 0.444
cient r2 0.952 0.933 0.935

c2 3.9 × 10−4 6.9 × 10−4 1.3 × 10−3

qe (mg g−1) 0.33 0.36 0.49

This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00433g


Fig. 1 (a) Glyphosate sorption rate trends in the soils; comparison of rate data fittings by the kinetics models for (b) WS, (c) OMR, and (d) IOR soils;
(e) sorption trends at varying solution pH; and (f) glyphosate ionization at varying pH.
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enabled the prediction of the time for each soil to attain equi-
librium glyphosate sorption, as well as the mechanism of
glyphosate uptake. The trends showed a rapid glyphosate
uptake on the numerous unoccupied sorption sites within the
rst 60 min of the sorption commencement (at this point$81%
of total sorption occurred for the WS and IOR, and z66% for
OMR), and subsequently, a slower uptake towards equilibrium
represented by the steady rise in the curve in Fig. 1a until the
rise was insubstantial marking the time of equilibrium attain-
ment. For all samples, the equilibrium was observed at about
720 min and there was no relative difference in equilibrium
attainment time: WS720 min = IOR720 min = OMR720 min;
however, 1440 min was employed for subsequent experiments.
Regardless of the similar equilibrium time, differences were
observed in the amount of glyphosate uptake by each treatment,
highlighting the contributions of the soil components in the
sorption process. In this regard, the sorption trend was IOR >
OMR > WS.

The variation in sorption may be attributed to the relative
interaction between the structure of glyphosate (Fig. 1f) and the
exposed soils' surfaces of each treatment. In the OMR sample,
SOM removal resulted in the exposure of charged non-aromatic
(non-humic) mineral surfaces (especially due to the high
content of iron oxides, such as gibbsite, haematite, and
goethite, in sub-Saharan soils34), while iron oxide removal in the
IOR sample exposed several aromatic and humic materials with
various charged functional groups. These are the surface sites
that interact with glyphosate to varying degrees, in addition to
the presence of soil pores where glyphosate molecules could be
“trapped” during sorption. Irrespective of the charge type
exposed in the soil, glyphosate is bi-charged and can form
electrostatic interaction leading to its adsorption. Though the
WS has a full aggregate of inherent iron oxides and organic
matter, the relatively lower sorption observed could be attrib-
uted to the chemical protection of some of the soil components
This journal is © The Royal Society of Chemistry 2024
arising from stable organo–mineral complexes formed with
SOM.10 This results in the unavailability/blockage of some of
these charged sorption surfaces, and hence lower sorption in
the WS sample compared to the IOR soil.

The glyphosate sorption rate data for various treatments
have been described by using four non-linear kinetics models
(Table 2) to obtain some insights into the mechanisms of the
sorption process. The models employed are the pseudo-rst-
order (PFO),46 pseudo-second-order (PSO),46 fractal pseudo-
second-order (FPSO)),47 and intra-particle diffusion (IPD)48

models. Their mathematical representations, the meaning of
each parameter, and the non-linear plots' correlation coeffi-
cients (r2) and chi-square (c2) values are presented in Table 2,
while the ttings are shown in Fig. 1b–d. The PFO model
describes a very fast sorption process occurring within a few
minutes of starting the process,46 while the PSO model implies
sorption involving the sharing or exchange of electrons between
the adsorbent and contaminant.46,49 On the other hand, the
FPSO model involves more complex mechanisms likely
comprising both mechanisms for the PFO and PSOmodels, and
others.47,50 The nearness of the r2 value to unity, the smaller c2

value, and a high correlation between the model estimated qe
and the experimentally obtained qe value were used to deter-
mine the appropriateness of a model. Hence, the values of the
r2, c2, and qe in Table 2 show that the rate data for all treatments
tted better to the FPSO model, and the process may be
described by using this model. The model suggests a complex
glyphosate sorption process involving an initial fast sorption
within the rst 60 min (Fig. 2a) and then amore gradual process
later. Overall, the uptake process comprises electrostatic inter-
action involving the sharing or exchange of electrons, and
possibly multi-layer sorption.

The IPD model (Fig. 1b–d) showed good ts for the data and
exhibited comparatively high r2 ($0.741) and low c2 (#5.3 ×

10−4) values. A dual-segment process was expressed by this
Environ. Sci.: Processes Impacts, 2024, 26, 2051–2061 | 2055
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Fig. 2 Equilibrium sorption trends for the WS and treated soils at (a) 22 °C, (b) 32 °C, and (c) 42 °C; comparison of sorption and desorption trends
at varying temperatures for the (d) WS, (e) OMR, and (f) IOR soils.
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model, representing an initial fast sorption controlled by
boundary layer diffusion of glyphosate molecules from solu-
tions across the soils' external surfaces, followed by a later
slower stage controlled by intra-particle diffusion of glyphosate
molecules within soil phases. Thus, no one mechanism domi-
nated the sorption process, and this was also conrmed by the
model curves not passing through the plots' origins.50,51 The
estimated surface sorption, C, values of the model indicated
that z59% of the glyphosate sorption process was a surface
phenomenon on the WS and IOR, while it was 46% on the OMR
sample.

The response to changes in ambient environment pH is one
important factor that determines the trend and degree of
sorption of any particular contaminant because pH inuences
the soil's charge density, hence affecting its response to the
presence of aqueous contaminant(s), as well as a contaminant's
speciation, and ultimately the sorption process.33,52 Thus, the
effect of soil pH on glyphosate sorption has been tested within
a pH range of 3 and 11 as depicted in Fig. 1e. The highest
glyphosate sorption was observed in the acidic region (at z pH
3); the trend showed decreasing sorption as pH increased, an
observation consistent with some literature reports.20,53 This
supports the assertion that the interaction between the soil
(which is rich in positive and negatively charged surfaces) and
glyphosate is mainly electrostatic, and may be attributed to
changes in soils and glyphosate ionizations at varying pH. For
instance, the glyphosate molecule has a central amine group
sandwiched between carboxylic and phosphate functional
groups (Fig. 1f); this amine group is positively charged between
pH 2 and 5.6, while only one of the three oxygen atoms of the
2056 | Environ. Sci.: Processes Impacts, 2024, 26, 2051–2061
phosphate group is deprotonated (negatively charged) in this
pH range.53 This is a perfect recipe for electrostatic attraction
between oppositely charged soil surfaces, and thus, the
observed high sorption. However as pH increases from 2, the
amine group and two of the three phosphate oxygen atoms are
gradually deprotonated (Fig. 1f), and the glyphosate molecule
becomes progressively negatively charged, lowering the possi-
bility of electrostatic interaction, hence leading to the contin-
uously lower sorption recorded. In addition to sorption via
electrostatic interaction between glyphosate and the charged
soil sites, there is the plausibility of hydrogen bonding, as well
as further electrostatic interactions between surface-adsorbed
glyphosate and glyphosate in solution resulting in multi-layer
adsorption – this theory was tested by tting various adsorption
isotherm models to the experimental data.
3.3 Glyphosate sorption: equilibrium studies

Equilibrium sorption trends of various soil treatments using
a glyphosate concentration range of 5–40 mg L−1 at tempera-
tures between 22 and 42 °C are depicted in Fig. 2a–f. Overall, the
trends are concentration-dependent, and a gradual rise in
glyphosate sorption was observed as the initial solution
concentration was moderately increased; a trend consistent
with the literature.4,20 This trend may be ascribed to two factors:
a possible transfer of glyphosate molecules from saturated soil
surface boundaries to the constituents' phases or into pores as
the solution concentration increased,54 as well as the plausible
formation of multi-layer lms via electrostatic interactions
between surface adsorbed glyphosate and glyphosate in solu-
tion55 as proposed earlier.
This journal is © The Royal Society of Chemistry 2024
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A comparative evaluation of the sorbed quantities by the
various treatments (Fig. 2a–c) showed that within the studied
temperature range, the IOR sample exhibited higher glyphosate
sorption than the whole soil or the OMR with the trend – IOR >
WS $ OMR. This suggests that SOM in this soil contributed
more (z25%) to glyphosate sorption than other components.27

It seemed that the co-presence of SOM and iron oxides in the
WS did not substantially inuence the sorption process because
the vital SOM-associated-sorption sites might have been
masked by chemical protection via the formation of stable
organo–mineral complexes10 resulting in lower sorption.

Similarly, a comparison of glyphosate sorption by each
treatment but at varying temperatures (Fig. 2d–f) showed that
sorption was favoured at higher temperatures– 42 > 32$ 22 °C,
suggesting that irrespective of the treatment, the process was
somewhat endothermic. This assumption was then examined
by calculating the thermodynamics parameters which are pre-
sented in Table 3 and described briey. The DH° values, which
were positive, conrmed the endothermic nature of the process,
and thus higher temperatures within the range of this study
would enhance glyphosate sorption. In alignment with this
result, the positive DG° values suggest that the input of external
heat energy is needed to facilitate the transfer of aqueous
glyphosate from the solution to the bulk phase, while the values
of DS° indicated decreased entropy of glyphosate molecules at
the soil-solution boundary as the process approached equilib-
rium. The very low DH° values (#20 kJ mol−1) are an indication
that the process involved weak forces of attraction such as
electrostatic interaction and hydrogen bonding.55,56

Glyphosate desorption from all soil treatments and at
varying temperatures was evaluated aer a single desorption
step at 1440 min, and the trends are presented in Fig. 2d–f. It
was observed that there was z52% hysteresis for the WS at
22 °C, expressing the highest glyphosate desorption (z48%). At
higher temperatures, hysteresis increased to z59% (32 °C) and
74% (42 °C) for the WS resulting in lower desorption values of
41 and 26%, respectively. The desorption percentages were
lower (higher hysteresis) at 22, 32, and 42 °C for the OMR (22.6,
10.9, and 4.4%) and IOR (24.3, 16.9, and 13.7%) treated soils,
respectively, suggesting that the exposed surfaces of the treated
soils bond the glyphosate molecules more than on the WS soil.
Over the entire temperature range studied, the average
Fig. 3 Equilibrium data fittings to the Langmuir, Freundlich, and Langmu
IOR soils.

This journal is © The Royal Society of Chemistry 2024
glyphosate desorption for WS, OMR, and IOR was 38.2, 12.7,
and 18.3%, respectively. This suggests that the soil treatments
that involved the breakdown of the soil organo–mineral
complexes exposed sorption surfaces that bind glyphosate
strongly compared to sorption sites on the WS, resulting in
lower desorption or higher hysteresis in the OMR and IOR
samples. Additionally, the low desorption from this soil could
be a result of a relatively high glyphosate amount being ‘trap-
ped’ within soil phases as indicated by the IPD model.
Considering the unregulated usage of glyphosate in the sub-
Sahara, the poor glyphosate sorption observed in this study
could mean that there is a possibility of glyphosate leaching
into the aquifer and poisoning this water source. Additionally,
the relatively high hysteresis may imply the availability of
glyphosate for plant uptake on surface soils, resulting in bio-
accumulation or even growth stunting.

Glyphosate equilibrium sorption data for the various treat-
ments obtained at 42 °C were tted with three adsorption
isotherm models (Langmuir,57 Freundlich,58 and Langmuir–
Freundlich59) to predict the mechanism(s) involved in glyph-
osate sorption in these samples. The mathematical represen-
tations of these models, the model parameters, r2, and c2 values
are detailed in Table 4, and the ttings are presented in Fig. 3a–
c. As in the kinetics model, the r2, and c2 values were used to
determine the appropriateness of each model. A comparative
evaluation of themodels using the ttings (Fig. 3a–c) andmodel
parameters (Table 4), especially the r2 ($0.956) and c2 (#8.6 ×

10−4) values, showed that the Freundlich model tted the data
better. This suggests that glyphosate sorption occurred at non-
identical sorption sites that were energetically distinct from
each other and there was the possibility of multi-layer adsorp-
tion58 considering the heterogeneous nature of soils and the
different ionizations of glyphosate (Fig. 1f). The implication of
the Freundlich model opposed that of the Langmuir model
which suggests monolayer glyphosate sorption occurring at
nite, structurally, and energetically similar soil sites.57 The
Langmuir–Freundlich model is a combination of both
models;59 though it ts the data (r2 $ 0.933; c2 # 1.3 × 10−3)
better than the Langmuir model and could be used to explain
the sorption, the Freundlich model is still better at describing
the glyphosate sorption process. The Freundlich and Lang-
muir–Freundlich models' non-linearity constants n were less
ir–Freundlich adsorption isotherm models for (a) WS, (b) OMR, and (c)

Environ. Sci.: Processes Impacts, 2024, 26, 2051–2061 | 2057
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than unity (#0.531) indicating that at higher glyphosate
concentrations, the sorption tends towards non-linearity. In
summary, the kinetics and adsorption isotherm models sug-
gested a complex interplay of interactive sorption forces in
glyphosate uptake composed mainly of electrostatic interac-
tions, hydrogen bonding, and multi-layer adsorption.
Fig. 5 Percentage of mass loss of vegetative parts for all soil
treatments.
3.4 Effect of glyphosate on waterleaf growth in climate-
impacted soil

The soil treatments were incubated for 21 days aer spiking
with environmentally applicably glyphosate concentrations of
230 and 460 mg kg−1 (which are within the eld application
range of 0.84–1.7 kg ha−1 (ref. 42)), as well as a very high
concentration of 1000 mg kg−1. The waterleaf plants were grown
for 6 weeks before harvesting. The grown waterleaf plants and
the percent loss in vegetative parts are presented in Fig. 4 and 5,
respectively. As shown in Fig. 5, the recorded growth in the
control was taken as the full growth potential or 100% (within
the experimental condition) while the recorded growth values in
the treatments were compared to this value. The results showed
that the waterleaf in the control pots (WS sample without
glyphosate) exhibited excellent growth with plenty of vegetative
parts. However, the WS samples containing glyphosate
expressed increasingly lower vegetative growth with increasing
soil glyphosate concentration (Fig. 4a and 5). There were easily
observable growth differences as the glyphosate concentrations
increased in the WS samples. A vegetative loss of about 12% was
observed in the 230 mg kg−1 treatment with higher losses ofz52
and 87% at 460 and 1000 mg kg−1, respectively. This is a clear
indication that the applied glyphosate in the untreated soil
affected waterleaf vegetation production.

Similarly, the presence of glyphosate concentrations which
are within the eld application range in the treated soils with
depleted inherent soil constituents (SOM and iron oxides)
resulted in substantially lower growth of waterleaf compared to
Fig. 4 Effect of glyphosate in soil on waterleaf growth in (a) (i) WS-
460, (ii) WS-230, (iii) WS control; (b) OMR and IOR (i) OMR-230, (ii)
OMR-460, (iii) IOR-230, and (iv) IOR-460 (number on the soil treat-
ment indicates the glyphosate concentration in mg kg−1).

2058 | Environ. Sci.: Processes Impacts, 2024, 26, 2051–2061
the WS samples (Fig. 4b and 5). The growth reduction was more
severe in the iron oxide-depleted soil samples (IOR) resulting in
about 99% losses in the vegetative parts compared to the loss in
the OMR samples (z94%). The vegetation losses in the treated
samples were both very high, and this trend may be due to the
higher glyphosate sorption and ease of desorption by these
treatments, making glyphosate easily bio-available leading to
growth inhibition. A possible reason for the slightly better
waterleaf growth in the organic matter-depleted soils (OMR
soils) could be that since iron oxides adsorb less glyphosate (as
seen from experimental data), during irrigation glyphosate may
seep freely to the sub-surface soil away from the plant's roots
resulting in less interaction with glyphosate and lowered effect
on growth.

Overall, the WS samples with/without glyphosate exhibited
better waterleaf growth than the treatments, but it was estab-
lished that glyphosate in soil affects waterleaf growth. Though
this is a cursory lab-scale study and the use of a more realistic
mesocosm study is recommended, it does however indicate that
the presence of pesticides such as glyphosate in organic matter/
iron-oxide-depleted-soils may affect plant (waterleaf) growth
and ultimately result in bio-accumulation.
4 Conclusion

The impact of major soil constituents on glyphosate sorption by
sub-Saharan soil with varying treatments (whole soil-WS,
substantially depleted organic matter (OMR), and iron oxides
(IOR)) was studied, as well as the effect of glyphosate in these
soils on waterleaf growth. Upon treatment, the almost neutral
pH of the WS and IOR soils were not substantially changed,
unlike the OMR soil which became slightly acidic. Substantial
amounts ($50%) of essential plant micronutrients and
inherent exchangeable cations (Na, K, Mg, Ca, and Al) were lost
upon organic matter depletion, but the iron oxide depletion
resulted in an exponential rise in the quantities of Na and
sulphur. Glyphosate sorption decreases at higher pH and is
concentration-dependent, gradually increasing with glyphosate
concentration. The equilibrium in all treatments was attained
This journal is © The Royal Society of Chemistry 2024
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at around 720 min. The process was endothermic and could be
best explained by the fractal pseudo-second-order and Freund-
lich adsorption isotherm models, implying a complex interplay
of interactive sorption forces composed mainly of electrostatic
interactions, hydrogen bonding, and multi-layer adsorption, as
well as ‘trapping’ within the soil phases. The IOR soil exhibited
higher sorption than treatments (IOR > WS $ OMR), high-
lighting the contribution of SOM (z25%) in glyphosate sorp-
tion. In the unperturbed WS with a full aggregate of inherent
iron oxides and SOM, chemical protection of the sorption sites
within the iron oxides and organic matter components arising
from the formation of stable organo–mineral complexes resul-
ted in slightly lower sorption. Hysteresis was high for all
samples and increased with temperature. Considering the
unregulated usage of glyphosate in the sub-Sahara, the glyph-
osate sorption trends observed in this study suggest the possi-
bility of glyphosate leaching into the aquifer, while the relatively
high hysteresis implies the bio-availability of glyphosate in
surface soil for plant absorption, hence affecting growth. The
latter theory was conrmed in the waterleaf growth study where
growth in the unperturbed whole soil was less affected unlike in
the organic-matter/iron-oxide-depleted soils where it was
substantially stunted. Hence, glyphosate affects waterleaf
growth, especially in organic-matter/iron-oxide-depleted soils.
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