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Glyphosate  and  phosphate  are simul-
taneously detected  at  the surface  of
goethite.
Adsorption  isotherms  indirectly
show  that  both  substances  coexist  at
the  surface.
XPS  and  ATR-FTIR  directly  detect
both substances  adsorbed  together.
The  presence  of  one ligand  at  the sur-
face does  not  alter the nature  of  the
other adsorbed  ligand.
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The  simultaneous  adsorption  of glyphosate  and  phosphate  on  goethite  was studied  by  combining  macro-
scopic  (adsorption  isotherms,  electrophoresis)  and  spectroscopic  (XPS,  ATR-FTIR)  techniques.  Adsorption
isotherms  together  with  the  Competitive  Langmuir  isotherm  indirectly  show  that  both  substances  coex-
ist  at  the  goethite  surface.  The  adsorption  maximum  for  phosphate  was  2.50  �mol/m2 whereas  for
glyphosate  it was  1.77  �mol/m2. The  Langmuir  adsorption  constant  was  0.15  �M−1 for  phosphate  and
0.01  �M−1 for glyphosate.  The  shape  and position  of the  XPS signals  of  glyphosate  did  not  change  by
lyphosate
hosphate
ompetitive adsorption
urface spectroscopy

the presence  of  phosphate  at the surface  and vice  versa.  Equivalent  results  were  found  with ATR-FTIR.
Therefore,  spectroscopic  evidence  indicates  that  the  binding  mode  of glyphosate  (type  of  inner-sphere
complexes  formed)  to  the  goethite  surface  is not  modified  by  adsorbing  phosphate.  This  is valid  for
systems  under  equilibrium  conditions  and under  dynamic  conditions.  The  findings  are important  in  envi-
ronmental  modeling,  showing  that  surface  complexation  models  can  be used  with  confidence  to  predict
speciation  in  double-ligand  systems  using  adsorption  parameters  obtained  with  single-ligand  systems.
∗ Corresponding author.
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1. Introduction
Glyphosate (N-phosphonomethyl glycine) is a widely used
organophosphorus anionic herbicide which has been the focus of
many research articles. The mobility and availability of glyphosate
in the environment are strongly influenced by adsorption-
desorption processes on minerals, particularly on hydrous ferric
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xides, which bear high affinity for it [1]. Glyphosate adsorbs
n these solids mainly by a ligand exchange process, resulting
n the formation of inner-sphere surface complexes, where the
hosphonate group of the molecule binds iron(III) ions at the
urface displacing coordinated water molecules and/or hydroxyl
ons [2,3]. As in any ligand exchange reaction, the incoming lig-
nd competes with other ligands for the binding to the metal
on, and thus glyphosate adsorption may  be affected by the
resence of other substances in the solution in contact with
he surface. Ions such as phosphate, arsenate, bicarbonate, sul-
ate, etc., which are good ligands that can coordinate iron(III),
re potentially good competitors of glyphosate for adsorption
ites.

The competition between glyphosate and other ligand for
inding sites on mineral surfaces has been actively investigated

n the last decades for the case glyphosate-phosphate [4–14].
ince phosphate ions adsorb through the formation of inner-
phere surface complexes [15–18], they compete with different
hosphonates [19] and therefore with glyphosate for adsorption
ites. Evidences of this competition were given in several pub-
ications, including studies with soils, clay minerals and metal
xides [5–14]. Based on adsorption measurements using batch or
olumn experiments, these studies show that both ligands can
oexist at a mineral surface, and that the adsorption of one lig-
nd decreases the adsorption of the other as a consequence of
ompetition.

Surface spectroscopies such as XPS, ATR-FTIR and synchrotron-
ased spectroscopies are valuable techniques giving useful

nformation that complements batch or column experiments. In
atch experiments, for example, adsorption is indirectly deduced
y measuring concentration changes in solution. Surface spec-
roscopies, instead, directly detect the adsorbed species. In a
ompetition study these techniques could detect the simultaneous
resence of the competing substances at the surface. In addi-
ion, several surface spectroscopies give also information on the
tructure of the surface complexes formed, and thus surface com-
lexation can be assessed without the need of speculation from
acroscopic adsorption measurements. This is very important for

 mechanistic understanding of the reactions occurring at mineral
urfaces and for a direct verification of the molecular assumptions
ade from adsorption data [20,21].
Direct spectroscopic studies of the simultaneous presence of

lyphosate and phosphate at mineral surfaces are largely miss-
ng. Surface spectroscopies were always applied to single-ligand
ystems (either adsorbed glyphosate or adsorbed phosphate)
1–4,15,16,22], but not to double-ligand systems (both ligands
dsorbed together). There is only one study in this respect,
here glyphosate was desorbed by phosphate from the surface

f goethite particles at pH 4.5, followed by ATR-FTIR spectroscopy
23]. The technique was able to detect and distinguish simultane-
usly both substances at the surface, but more information is still
eeded to understand the behavior of this system from a spectro-
copic point of view. For instance, it is necessary to investigate the
ystem at more environmentally relevant pH values and to evaluate
pectroscopically if the presence of one adsorbed ligand alters the
tate of the other, either in dynamic or equilibrium situations. Such
nformation is valuable for modeling the effects of mineral surfaces
nd phosphate on the speciation and mobility of glyphosate in the
nvironment.

The aim of this work is to evaluate the adsorption of glyphosate
nd phosphate on goethite particles by using a combination

f macroscopic (batch adsorption isotherms and electrophoretic
obility) and spectroscopic (XPS and ATR-FTIR) techniques. The

xistence of competition is first demonstrated, the simultaneous
resence of both ligands at the surface is detected and the effects of
ne adsorbed ligand on the spectra of the other ligand are analyzed.
icochem. Eng. Aspects 498 (2016) 121–127

2. Experimental

2.1. Goethite synthesis and general characterization

Goethite particles were synthesized using a procedure similar to
that proposed by Atkinson et al. [24]. Briefly, a 5 M NaOH solution
was added dropwise to a 0.1 M Fe(NO3)3 aqueous solution. Car-
bon dioxide contamination was minimized during the synthesis
by bubbling water-saturated N2, and by using solutions prepared
with bidistilled boiled water. The resulting ferrihydrite suspension
was aged at 60 ◦C for 3 days in a capped Teflon container and then
washed with bidistilled water until the conductivity was  lower than
10 �S/cm. The so-prepared goethite was stored as a stock suspen-
sion at pH 5. Its goethite concentration was 15.5 g/L as measured in
triplicate by drying 2 mL  of the suspension at 30 ◦C until constant
weight. An aliquot of this suspension was freeze-dried in order to
perform X-ray diffraction (XRD) and surface area measurements.
Teflon containers were used for the synthesis to avoid silicate con-
tamination.

The XRD pattern (measured with a PHILIPS PW 1710 diffrac-
tometer) of the sample was  typical of goethite (JCPDS-81-0464). Its
N2-BET surface area (measured with a Quantachrome Nova 1200e
instrument) was  68.9 m2/g. The IR spectrum (obtained with a Nexus
470 FTIR spectrometer equipped with a DTGS detector) was  also
typical of goethite [15]. The XRD pattern and IR spectrum are shown
as Supplementary material.

2.2. Adsorption isotherms

Adsorption isotherms were performed at pH 6.0 and in 0.1 M
KCl supporting electrolyte with a batch equilibration technique.
Before starting the experiments, a 10 g/L suspension in 0.1 M KCl
was prepared by mixing the adequate amounts of the stock sus-
pension, water and KCl. Its pH was then raised to 6.0. Two types
of isotherms were done: single-ligand adsorption isotherms and
double-ligand adsorption isotherms. In the first case the adsorption
behavior of glyphosate and phosphate was investigated separately;
in the second case, both ligands were adsorbed simultaneously.

For the single-ligand adsorption isotherms, 0.3 mL  of the 10 g/L
suspension and 9.7 mL  of an aqueous solution of either glyphosate
or phosphate (concentration range 8.0 × 10−6 M to 2.9 × 10−4 M,  in
0.1 M KCl, pH 6.0) were added to 15 mL  polypropylene centrifuge
tubes. The pH of the resulting dispersions was  readjusted to 6.0 if
necessary and kept constant by adding small volumes (a few micro-
liters) of either KOH or HCl solutions, and the tubes were shaken
overnight with an end-over-end rotator at 25.0 ± 2.0 ◦C. After equi-
libration, they were centrifuged at 3000 rpm (1558g) for 10 min,
and the supernatants were withdrawn for glyphosate or phosphate
quantification. The amount of ligand adsorbed on goethite was cal-
culated from the difference between the initial concentration and
the concentration that remained in the supernatant solution.

For the double-ligand adsorption isotherms, the methodology
was similar to that described above, except that both ligands
were present in the system and they were both quantified in the
supernatants to obtain their adsorbed amounts. Actually, these
double-ligand experiments were glyphosate adsorption isotherms
performed in the presence of a constant total phosphate con-
centration. Three isotherms were done, in each of them the
total phosphate concentration was 8.0 × 10−6 M,  1.6 × 10−5 M and

3.2 × 10−5 M,  respectively, whereas the glyphosate concentration
was varied from 8.0 × 10−6 M to 2.9 × 10−4 M.  The three total phos-
phate concentrations used explored a concentration range going
from around 10% to around 62% of surface saturation with phos-
phate, and allowed to investigate conditions where the adsorbed
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igands on goethite varied from mainly adsorbed phosphate to
ainly adsorbed glyphosate.
Glyphosate concentration in supernatants was measured by the

V–vis spectrophotometric method proposed in a previous work
25]. Phosphate concentration was measured by the molybdenum
lue colorimetric method [26]. UV–vis spectra were recorded with
n Agilent 8453 UV–vis diode array spectrophotometer equipped
ith a 1-cm Hellma quartz cell. The detection limit in both cases
as around 1 × 10−6 M.

.3. Electrophoretic mobility

Electrophoretic mobility of goethite in the absence and in the
resence of ligand (either glyphosate, phosphate or a mix  of both

igands) was measured with a Malvern NanoZS90 instrument. Dis-
ersions of pure goethite (0.033 g/L, 0.01 M KCl) were prepared in
0 mL  centrifuge tubes and their pH values were set between 4.0
nd 10.0 by adding 0.1 M HCl and 0.1 M KOH. The dispersions were
haken overnight with an end-over-end rotator at 25.0 ± 2.0 ◦C.
fter equilibration, the pH was again measured and the elec-

rophoretic measurement was conducted. The same procedure was
pplied to investigate the effects of glyphosate and phosphate on
he electrophoretic mobility of goethite. Single-ligand experiments
ere performed with three different concentrations of glyphosate

r phosphate (10−6 M,  10−5 M and 10−3 M).  Double-ligand experi-
ents were done with equimolar mixtures of both ligands (10−6 M,

0−5 M and 10−3 M).  The supporting electrolyte was  0.01 M KCl.
Electrophoretic mobility data were converted to zeta potentials

y using the Smoluchowsky equation [27]. Each data point is the
verage of two measurements. The standard deviation of the zeta
otentials was 2 mV.

.4. XPS

Solid samples from adsorption isotherms were analyzed by XPS.
 pure goethite sample was analyzed also as a control. Once the
upernatants were withdrawn from the centrifuge tubes, goethite
articles were washed once with 0.1 M KCl at pH 6.0 to remove non-
dsorbed ligands. According to a previous work, a gentle washing
ith electrolyte solution does not desorb significantly glyphosate

r phosphate [23]. The solids were dried at 40 ◦C for 3 days before
nalysis.

Spectra were recorded with a VG Multilab2000 X-ray photoelec-
ron spectrometer with an Al K� X-ray source (1486 eV) and a base
ressure of 3 × 10−9 Torr in the analytical chamber. Survey scans
ere collected using a fixed pass energy of 100 eV and an energy

tep size of 1.0 eV, whereas for narrow scans a pass energy of 25 eV
nd an energy step size of 0.1 eV were used. The charge effect was
orrected by adjusting the binding energy (BE) of C1s to 284.62 eV.

.5. ATR-FTIR

ATR-FTIR spectra were obtained using a Nicolet Nexus 470 FTIR
pectrometer equipped with a DTGS detector, a SMART-ARK ATR
ccessory and a ZnSe crystal (area: 10 × 72 mm;  incident angle: 45◦;
otal reflections: 12), in its trough plate version. In all cases, each
ecorded spectrum was the average of 256 scans, with a spectral
esolution of 4 cm−1. The working temperature was 25.0 ± 1.0 ◦C.

Both single-ligand and double-ligand adsorption experiments
ere performed. For the single-ligand adsorption experiments of

lyphosate, 200 �L of 10 g/L goethite dispersion at pH 6.0 were

laced on the ZnSe crystal and evaporated to dryness at room tem-
erature in order to obtain a dry goethite film. The film was then
overed with 2 mL  KCl solution (0.1 M,  pH 6.0). After 1 min  con-
act, this electrolyte solution was withdrawn and replaced by a
resh KCl solution (0.1 M,  pH 6.0). This step was repeated 3–4 times
Fig. 1. Single-ligand adsorption isotherms at pH 6.0 (�) phosphate (�) glyphosate.
Lines correspond to the fit with Langmuir Equations (1) and (2). Parameters used in
calculations are given in the figure. m = 0.003 g, S = 68.9 m2/g, V (0.01 L).

to ensure that experiment started at the desired pH 6.0. Then, a
background spectrum was recorded and the electrolyte solution
was withdrawn and replaced by a solution containing glyphosate
(2.38 × 10−4 M,  0.1 M KCl, pH 6.0). Spectra were then recorded as a
function of time in order to monitor glyphosate adsorption. Since
some pH increase attributed to glyphosate/OH− exchange usually
takes place during this step, after equilibration the supernatant
was replaced by a fresh aliquot of the same glyphosate solution,
and more spectra were collected. This step was  repeated until no
spectral variations were detected. This procedure ensures that the
concentration of glyphosate in equilibrium with the goethite film
is that of the starting solution and that the pH is 6.0.

The same procedure was employed to monitor phos-
phate adsorption by ATR-FTIR, but using a phosphate solution
(2.38 × 10−4 M,  0.1 M KCl, pH 6.0) instead of the glyphosate solu-
tion.

In double-ligand adsorption experiments two  cases were
explored: glyphosate desorption induced by the adsorption
of phosphate, and simultaneous adsorption of phosphate and
glyphosate. In the first case, glyphosate was adsorbed as indicated
above and, after collecting the spectra of adsorbed glyphosate,
the solution was  replaced by a phosphate solution (2.38 × 10−4 M,
0.1 M KCl, pH 6.0) to exchange some of the adsorbed glyphosate
by phosphate. Spectra were then recorded until equilibration was
attained. In the second case, after recording the background spec-
trum with the goethite film, a solution containing both glyphosate
and phosphate (2.38 × 10−4 M for each ligand, 0.1 M KCl, pH 6.0)
was added in order to produce the simultaneous adsorption of
the ligands. After recording several spectra, the solution was
replaced by a fresh glyphosate-phosphate solution and spectra
were recorded again until no spectral variations were detected. This
step was repeated several times in order to ensure that the final pH
was 6.0.

Although bidistilled boiled water was used in all the exper-
iments in order to minimize contamination with CO2, and KOH
solutions were prepared immediately before the experiments to
avoid long contact of the alkaline media with air, the used ATR
cell made not possible to perform ATR measurements under inert
atmosphere.

3. Results and discussion
Fig. 1 shows the single-ligand adsorption isotherms, which
describe the equilibrium situation for the individual adsorption
of glyphosate and phosphate. The results are in agreement with
those reported in the literature [1,27]. Phosphate adsorption (Pads)
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Fig. 2. Competitive adsorption isotherms. (a) Glyphosate adsorption isotherms at
pH  6.0 at different total phosphate concentrations. (b) Effect of increasing glyphosate
concentration on phosphate adsorption. (c) Adsorbed phosphate as a function of
adsorbed glyphosate for the same experiments. Total phosphate concentrations: (�)
0
t
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phate and glyphosate concentrations in the system respectively, m
 M,  (�) 8.0 × 10−6 M,  (�) 1.6 × 10−5 M and (�) 3.2 × 10−5 M.  Solid lines correspond to
he fit with Competitive Langmuir isotherms 1 and 2. Parameters used in calculations
re  given in Fig. 1. m = 0.003 g, S = 68.9 m2/g, V (0.01 L).

as greater than glyphosate adsorption (Gads) at all concentrations,
eaching a maximum of 2.50 �mol/m2 for phosphate compared to
.77 �mol/m2 for glyphosate at high concentrations. According to
imsing and Borggaard [7] this effect may  be caused by the differ-
nce in molecular sizes (steric hindrance).

Fig. 2 shows the results of double-ligand adsorption experi-
ents. If glyphosate and phosphate compete for the adsorption
ites, increasing the concentration of one of the ligands will
ncrease its own adsorption and will also affect the adsorption
f the other. Several types of plots may  be presented in order
o show these effects. Fig. 2a shows the glyphosate adsorption
icochem. Eng. Aspects 498 (2016) 121–127

isotherms obtained at different total phosphate concentrations. For
each isotherm, glyphosate adsorption increased by increasing its
concentration. In addition, by comparing different isotherms, the
general effect of increasing total phosphate concentration was to
decrease glyphosate adsorption. Results agree with reported data
on soils and clay minerals by Dion et al. [5]. Fig. 2b, on the other
hand, shows the effect of changing glyphosate concentration on
the adsorption of phosphate. Since each isotherm was performed
at a constant total phosphate concentration, increasing glyphosate
concentration will decrease phosphate adsorption if competition
takes place. This is what occurred in all cases of Fig. 2b. The effect
was very small at low total phosphate concentration, but became
more evident at intermediate and high total phosphate concen-
trations. An indirect way of analyzing the effects of increasing
glyphosate concentration on the adsorption of phosphate is by
plotting Pads vs. Gads. Even though Gads is not an independent vari-
able, it increased by increasing glyphosate concentration. Since
Pads and Gads changed simultaneously as glyphosate concentration
was changed, the advantage of such a plot is to depict the behav-
ior of adsorbed phosphate as the surface became populated with
glyphosate. These plots are shown in Fig. 2c. At low total phosphate
concentration (8.05 × 10−6 M,  circles), Pads was low and nearly con-
stant, even though Gads changed significantly. At intermediate total
phosphate concentration (1.61 × 10−5 M,  triangles), Pads was higher
than in the previous case, and remained nearly constant as far as
Gads was  lower than around 1 �mol/m2; a slight decrease in Pads was
observed when Gads was  higher than 1 �mol/m2. At high total phos-
phate concentration (3.22 × 10−5 M,  diamonds), there was a very
significant decrease in Pads, occurring together with an increase in
Gads.

Data in Figs. 1 and 2 were fitted using the Competitive Lang-
muir isotherms [28,29] for both ligands. The use of these equations
does not intend to achieve a “perfect” fit of data, but to show
that the full data set can be rather well explained using simple
adsorption theories that consider continuous competition for sur-
face sites. The Competitive Langmuir isotherms for phosphate and
glyphosate adsorption can be written respectively as (see Supple-
mentary material):

Pads = NsKPcP

1 + ˛PKPcP + ˛GKGcG
(1)

Gads = NsKGcG

1 + ˛PKPcP + ˛GKGcG
(2)

where KP and KG are the adsorption constants of phosphate and
glyphosate, respectively, cP and cG are the respective equilibrium
concentrations in solution and Ns is the surface sites density. Size
effects that led to different adsorption maxima were introduced in
the equations through the size factors ˛P and ˛G . They are assumed
to result from steric hindrance and represent the average num-
ber of surface sites that are blocked by any adsorbed phosphate
or glyphosate, respectively. These size factors do not need to be
integers as in the case of stoichiometric factors.

In order to perform calculations and fitting of adsorption results,
the mass-balance equations for phosphate and glyphosate must be
also considered for each data point:

cP,T = cP + PadsmS

V
(3)

cG,T = cG + GadsmS

V
(4)

where cP,T and cG,T are the total (in solution plus adsorbed) phos-
is the mass of goethite, S is its surface area and V is the volume
of the system. Eqs. (1)–(4) conform a system of equations that can
be solved for either single-ligand or double-ligand isotherms. For
each data point in a system of known m (0.003 g), S (68.9 m2/g),
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ig. 3. P2p (left) and N1s (right) XPS spectra of goethite with (a) no adsorbed lig
c)  adsorbed glyphosate in single-ligand experiment (GSL) with Gads ≈ 1.2 �mol/m
hanging ligand concentrations. Thin lines in (d–f) show glyphosate and phospha
ads ≈ 1.14 �mol/m2; (e) Pads ≈ 0.72 �mol/m2, Gads ≈ 0.90 �mol/m2; (f) Pads ≈ 0.63 �

s (5.73 �mol/m2), V (0.01 L), cP,T and cG,T , the values of Pads, Gads,
P and cG can be calculated if KP , KG , ˛P and ˛G are used as fitting
arameters.

Predictions of Eqs. (1) and (2) for the single-ligand adsorption
xperiments are shown as lines in Fig. 1. The values of the param-
ters used in calculation are listed in the same figure. The value of
s is the accepted value for goethite [30]. KP and ˛P were obtained
y fitting the single-ligand phosphate isotherm with Eq. (1) using
G = 0, whereas KG and ˛G were obtained by fitting the single-ligand
lyphosate isotherm with Eq. (2) using cP = 0. These parameters
ere then used to calculate the behavior of the system in double-

igand experiments (lines in Fig. 2a–c). Considering the simplicity of
he Competitive Langmuir isotherm, the fact that the equations can
eproduce well phosphate and glyphosate adsorption isotherms
n single-ligand experiments, glyphosate adsorption isotherms at
ifferent total phosphate concentrations, the effects of increas-

ng glyphosate concentration on the adsorption of phosphate,
nd the simultaneous adsorption of phosphate and glyphosate
n double-ligand experiments strongly indicates that both sub-
tances compete for the same sites at the goethite surface. With
he aid of Langmuir predictions it is easy to understand the behav-
or in double-ligand experiments, especially the Pads vs. Gads curves
Fig. 2c). At low total phosphate concentration Pads was  low and
early constant (even though Gads changed significantly) because
here were sufficient sites for both substances at the surface. Con-
rarily, at high total phosphate concentration the surface was highly
opulated with either phosphate or glyphosate, the availability of
urface sites was low, and thus there was a negative correlation
etween Pads and Gads, being the competition quite evident.
The zeta potential curves of pure goethite and goethite in the
resence of either glyphosate, phosphate or a mix  of both lig-
nds are shown as supplementary material. The isoelectric point
IEP) of pure goethite was 8.3, and shifted towards lower values
n the presence of ligands. Electrokinetic results are typical of spe-
) adsorbed phosphate in single-ligand experiment (PSL) with Pads ≈ 1.5 �mol/m2,
d (d–f) adsorbed phosphate and glyphosate in double-ligand experiments with
tributions and the sum of both contributions (PSL + GSL). (d) Pads ≈ 0.25 �mol/m2,
2, Gads ≈ 1.45 �mol/m2.

cific adsorbing anions that form inner-sphere surface complexes
[27,30,31]. Although they show that phosphate and glyphosate
adsorb at the goethite surface, they are unable to reveal competitive
adsorption.

Fig. 3 shows the XPS spectra of pure goethite, and goethite
subject to adsorption of phosphate and glyphosate. The P2p BE
of adsorbed phosphate occurs at 132.6 eV and that of glyphosate
occurs at 131.2 eV. The difference in BE corresponds to the typical
chemical shift that arises from the slightly different atomic environ-
ments that surround the emitting atom [32], P in this case: whereas
P in phosphate is surrounded by four oxygens, P in glyphosate is
surrounded by three oxygens and a carbon atom. The slightly more
electronegative environment of P in phosphate results in a higher
BE [32]. This ability of XPS is a desirable feature that allows dis-
tinguishing adsorbed phosphate from adsorbed glyphosate. Using
appropriate weighting factors, the sum of the spectrum of phos-
phate and the spectrum of glyphosate obtained in single-ligand
systems reproduces the spectra obtained in double-ligand systems,
showing that the overall P2p signals result from the contribution
of the individual signals of phosphate and glyphosate.

Fig. 3 also shows the N1s signal that appears on XPS spectra of
samples containing glyphosate. The N1s BE of adsorbed glyphosate
is the same (it only changes randomly by around 0.2 eV) regard-
less of whether phosphate is present or absent at the surface. It is
known, for example, that changing the protonation state of nitro-
gen in the adsorbed glyphosate molecule changes the N1s BE by
around 2 eV [2]. This implies that the BE could change somewhat if
there is some lateral interaction, such as hydrogen bonds, between
an adsorbed glyphosate and an adjacent phosphate. There is no

indication of such an interaction.

Fig. 4a shows the ATR-FTIR spectra of glyphosate and phos-
phate adsorbed on goethite in single-ligand experiments. Spectral
signals are observed in the 900–1500 cm−1 region, where bands
assigned to P O bonds of glyphosate and phosphate occur at
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Fig. 4. (a) ATR-FTIR spectra of adsorbed glyphosate and adsorbed phosphate on
goethite in single-ligand experiments (GSL and PSL, respectively). (b) Spectrum of
adsorbed glyphosate and phosphate in a double-ligand experiment (thick line,
P  + G) compared to the sum spectrum obtained by adding the individual spec-
tra of glyphosate and phosphate (thin line, PSL + GSL). (c) Spectra in double-ligand
experiments obtained by adding phosphate to goethite with previously adsorbed
p
t

9
g
t
c
c
a
t
c
b

were the same as in single-ligand systems. In addition, the N1s
signal of adsorbed glyphosate only changed randomly its shape
hosphate. Arrows indicate the direction of changing spectra with time as reaction
akes place. Dashed lines indicate the position of the isosbestic points.

00–1200 cm−1, and bands assigned to the carboxylate group of
lyphosate occur at 1300–1500 cm−1. Based on previous works,
he spectra correspond to inner-sphere surface complexes. In the
ase of phosphate, there is still some uncertainty about the surface
omplexation, either monodentate, bidentate or a mix  of mono-
nd bidentate complexes [16–18,22,33]. In the case of glyphosate,

he complex is mainly monodentate, with the phosphonate group
oordinating surface iron [2,3,34]. A tentative band assignment for
oth adsorbed ligands is given in Supplementary material.
icochem. Eng. Aspects 498 (2016) 121–127

Fig. 4b shows the ATR-FTIR spectrum (thick line) obtained
in a double-ligand experiment that resulted in the simultaneous
adsorption of phosphate and glyphosate. The spectrum corre-
sponds to an equilibrium situation. Using appropriate weighting
factors, the sum of spectra obtained in single-ligand experiments
reproduces very well the experimental spectrum. The results
show that ATR-FTIR can detect both ligands adsorbed together in
goethite, and that the overall IR signal results from the contribution
of the individual signals of phosphate and glyphosate.

The above conclusion can also be drawn from kinetic data. Fig. 4c
shows the evolution on time of spectra obtained in double-ligand
experiments in the case where a phosphate solution was  added to
produce the partial desorption of a previously adsorbed glyphosate.
There is a decrease in the intensity of glyphosate bands and a con-
comitant increase in phosphate bands as reaction proceeds, with
the appearing of three isosbestic points at 1120, 991 and 975 cm−1.
These isosbestic points could be better observed if a smoothing
spline is applied to the spectra (see Supplementary material). This
kind of behavior was already informed for kinetic measurements
at pH 4.5 [23], and it is now shown that it also occurs at pH 6.0.
The existence of isosbestic points indicates that the shape of the
individual glyphosate and phosphate bands did not change during
the ligand-exchange reaction. The bands only change in intensity
responding to changes in the respective concentrations of adsorbed
glyphosate and phosphate.

Besides distinguishing adsorbed phosphate from adsorbed
glyphosate, XPS and ATR-FTIR data can give useful information on
the effects of one adsorbed ligand on the binding mode of the other.
By binding mode we  mean the type of surface complex or com-
plexes that each ligand forms in its adsorbed state. In the case of
phosphate in single-ligand systems, for example, it has been pro-
posed that bidentate inner-sphere complexes are predominantly
formed at low coverages in goethite, and that they change to a mon-
odentate mode as surface coverage increases [17,22]. The rationale
for why  a monodentate complex should prevail at high surface
coverages is that this mode should be favored as the surface P/Fe
ratio increases [22]. In double-ligand systems such as glyphosate-
phosphate on goethite, increasing the surface population with one
ligand increases the P/Fe ratio and thus may  affect the binding mode
of the other ligand, either because of lack of site availability or
because of lateral interactions. The results obtained in this work
all converge towards the same conclusion, namely the presence of
phosphate at the goethite surface does not alter the binding mode
of glyphosate and vice versa. The conclusion is supported by the
following evidences coming from the modelling of the adsorption
isotherms and from XPS and IR spectra:

- In the case of adsorption isotherms, the Competitive Lang-
muir equations allowed a good fitting in double-ligand systems
using the adsorbed species and adsorption parameters of single-
ligand experiments. It seems then that the same phosphate and
glyphosate species are present at the goethite surface in single-
ligand and double-ligand systems.

- In the case of XPS, the overall P2p signal in double-ligand sys-
tems resulted from the contribution of the signals of phosphate
and glyphosate in single-ligand systems. This indicates that the
shape and position of the P2p signal of adsorbed phosphate were
not modified by the presence of glyphosate at the surface and vice
versa, showing that surface complexes in double-ligand systems
and position when phosphate was  also present at the surface, sug-
gesting that lateral interactions such as hydrogen bonds between
adjacent species were not present, at least as seen from XPS. This
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indicates that adsorbed phosphate did not change appreciably the
structure and conformation of glyphosate at the surface.

 In the case of ATR-FTIR, since spectra of adsorbed phosphate and
glyphosate are rather sensitive to their binding mode, it would be
expected that the IR signals would change if one adsorbed ligand
affects the binding mode of the other. This was not observed in
any condition.

The findings are important in environmental modeling. They
how that surface complexation models can be used with con-
dence to predict speciation of glyphosate and phosphate using
dsorption parameters obtained in single-ligand experiments. If
he same kind of behavior can be demonstrated for mixtures of
ther environmentally relevant anions, the use of surface com-
lexation models in environmental modelling will become very
eliable.

. Conclusions

Goethite is an important adsorbent of both, the herbicide
lyphosate and the fertilizer phosphate. Since both have similar
oordinative properties, they adsorb on goethite forming inner-
phere surface complexes and compete for surface sites. Adsorption
sotherms indirectly show that both substances coexist at the
oethite surface. XPS and ATR-FTIR directly detect the simultane-
us presence of adsorbed glyphosate and phosphate. Both surface
pectroscopies indicate that the binding mode of one substance to
he surface is not affected by the presence of the other substance,
nding that is important in the modelling of double-ligand and
erhaps in multiple-ligand systems.
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