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Co-Adsorption of Copper(i1) and 3-Amino-1,2,4-triazole at a Water—Natural
Macromolecular Compound Interface: Molecular Structure from Adsorption
Isotherms Combined with X-ray Absorption Measurements
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The co-adsorption of Cu! and amitrole at a water-natural
macromolecular compound interface was studied by means
of batch adsorption experiments, Fourier transform infrared,
and X-ray absorption spectroscopy. The binary systems,
aqueous amitrole-Cu" complex, and amitrole and Cu" ad-
sorbed on the surface of the solid were studied. The ternary
system was investigated over the pH range 2-10 and at vary-
ing metal concentrations. The combination of macroscopic
and molecular information shows that Cu'! and amitrole in-
teract directly at the water—solid interface to form ternary
surface complexes. A two-step mechanism is proposed
whereby initial formation of a Cu'-amitrole aqueous com-

plex is followed by the sorption of this complex onto the sur-
face. The structure of the ternary complex was elucidated.
Copper(i) is bound to the surface in an inner-sphere mode,
while two amitrole ligands simultaneously bonded in a mo-
nodentate fashion to Cu to form a six-membered coordina-
tion sphere around the metal cation. The copper coordination
sphere is completed by two water molecules. This structure
and the mechanism proposed are supported by a combina-
tion of potentiometric data, IR and UV/visible spectroscopies
and XAS measurements.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The monitoring and control of pollutants in the aquatic
environment is becoming of increasing concern. Detailed
investigations of the interactions between both naturally oc-
curring and anthropogenic species found in the environ-
ment have provided information regarding their chemical
structure and speciation, and thus the transport, bio-avail-
ability and potential toxicity of pollutants.!=3 In order to
fully understand the chemical processes that occur in
groundwater, soils and surface waters, it is important to
study the role of the solid-water interface as well as the
interactions in the aqueous phase. With this aim in mind,
this paper investigates ternary surface complexes formed
during the adsorption of copper(i1) and an organic ligand,
3-amino-1,2,4-triazole (amitrole), onto soil organic matter
(SOM). Indeed, there is a lack of mechanistic molecular-
level understanding due to the limited knowledge of the
speciation and the reactivity of amitrole at the solid-water
interface. In this respect, fundamental studies of a simpli-
fied model system play an important role since they can
provide detailed information about the composition, struc-
ture and reactivity of amitrole surface species formed. This
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information then forms the basis of molecular-level in-
terpretations of observations made on real soils.

It is now widely accepted that SOM, and notably lignin
materials, plays a key role in the regulation of metal ions
and other pollutants in the environment.* 7! Lignin is a nat-
ural polymer that is produced biologically by random pol-
ymerisation processes, which make its study complicated.®!
It is a cross-linked, phenolic polymer built from three basic
phenyl propane monomers (p-hydroxycinnamyl, coniferyl,
and sinapyl alcohols), which are responsible for its chemical
heterogeneity. Thus, the solid studied as a model for SOM
is a lignocellulosic substrate (LS) extracted from wheat
straw by acid/base treatments.

Amitrole is a herbicide that is widely used all over the
world. It is used as a systematic herbicide for total weed
control in vineyards, orchards, forests, non-crop areas and
in aquatic environments such as marshes and drainage dit-
ches.”) Amitrole is quickly absorbed through the leaves and
then migrates into plant tissues to inhibit several biochemi-
cal pathways. Moreover, it is often associated with other
well-known herbicides such as glyphosate or paraquat. Se-
veral studies have been devoted to the adsorption of ami-
trole in soils but they were essentially focused on quantita-
tive aspects.'® 13 The primary objective of this work is to
identify the molecular mechanism(s) of Cu'-amitrole coad-
sorption on LS. We present new data for the ternary Cu'l/
amitrole/LS system. Conclusions are drawn based on a
comparison of new XAS spectroscopic data and quantita-
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Scheme 1. Different steps of amitrole (LH) deprotonation and their corresponding acidity constants.

tive adsorption data for the three binary systems: aqueous
amitrole-Cu'!, amitrole-LS and Cu-LS. We will empha-
sise how the adsorption characteristics and surface specia-
tion of amitrole are affected by the presence of Cu'l, and
vice versa. This is the first time that spectroscopic results
have been presented for this ternary system, and they allow
a good understanding of the molecular mechanism of ami-
trole retention by SOM in the presence of Cul'.
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Figure 1. Distribution curves. Cp = 1.2x102molL"!, Cy =
2.4%1073 molL .

Results and Discussion

Binary Systems

The deprotonation reactions of amitrole were studied in
KNOj; (0.1 mol L) in the pH range 2-12. The two acidity
constants and the deprotonation steps of amitrole are re-
ported in Scheme 1. The constant pK,; corresponds to the
deprotonation of the exocyclic nitrogen atom and the con-
stant pK,, to the deprotonation of the endocyclic nitrogen
atom. These values are close to the ones obtained by Pichon
and Hennion,'® and Boraei and Mohamed!'”! under sim-
ilar conditions.

The first binary system, Cu'"-amitrole, was then studied
in aqueous solution by titration with 0.1 molL"' KOH
(ionic strength = 0.1 mol L") at variable C;/C¢, ratios (to-
tal ligand to total copper concentration; R). The ligand
concentration, Cp, was kept constant (1.2x1072 molL™")
and the ratio R ranged from 1.08 to 5. The experimental
data are shown as distribution curves in Figure 1. It is obvi-
ous from this figure that Cu'f complexation becomes signifi-
cant at pH values above 2.5. As formation constant calcula-
tions can only be made in a homogeneous medium, the pre-
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cipitation of a mixed hydroxo-amitrole copper complex
since around pH 5 prevents any calculations above this
value. Unfortunately, this precipitated complex could not
be obtained as a pure compound, but the presence of ami-
trole was identified by IR spectroscopy. Calculations
showed that the best fit between the calculated curves and
the experimental data (volume of KOH added, pH) was ob-
tained with two successive complexes having the composi-
tions Cu(LH)>* and Cu(LH),?*. The logarithmic values of
the overall formation constants (log f,) for these two spe-
cies are equal to 12.5 and 26.0, respectively. The overall
constants f, = [Cu(LH),2*]/[Cu>*][L ] [H*]" correspond to
the general equilibrium Cu?* + nH* + nL~ = Cu(LH),**.

(290

0.00

. , . . |
4.000 6.000 8.000 10.000 12.000 k(A )
- th
sse €X
(b) P
0.0000 2.0000 4.0000 6.0000 8.0000 R (A )

Figure 2. (a) Experimental and fitted first shell (0.96-2.10 A" ) EX-
AFS k space spectra of Cu-amitrole solution complex. (b) Fourier
transform of the EXAFS signal [k (k)] at the copper K edge.

The overall stability constants combined with acidity
constants lead to the successive complexation constants K,,,
which correspond to the equilibrium Cu®>* + nLH =
Cu(LH),>*.
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The logarithmic values of the constants K, are equal to
2.0 (n = 1) and 3.0 (n = 2). The unexpected variation of
these constants (log K; < log K5) is probably due to a geo-
metric change of the complex or to the Jahn—Teller effect.

In order to obtain structural information about the cop-
per—amitrole complex in solution, UV/visible spectroscopy
and XAS experiments were carried out. In the visible re-
gion, the absorption spectrum exhibits a broad non-sym-
metric band centred around 15335 cm ! characteristic of a
tetragonal elongated octahedral environment around cop-
per(i1) with a CuN,O, chromophore.l'8! The structure of the
complex in solution was also studied by EXAFS spec-
troscopy. The first shell was best fit with four oxygen/nitro-
gen atoms (Figure 2) at an average distance of 2.04 A from
the absorbing copper atom. These four atoms are most
likely positioned in the equatorial plane of a Jahn-Teller-
distorted, elongated octahedron, similar to the arrangement
described for Cu(OH),.["”1 The two axial oxygens of the oc-
tahedron are more distant from the copper atom and form
weaker bonds, giving rise to higher thermal disorder. These
atoms are therefore not expected to contribute significantly
to the EXAFS signal. Attempts to fit oxygen at axial posi-
tions indeed resulted in high Debye—Waller factors for these
atoms (>0.015), and there was no improvement in the fit,
compared to including only equatorial oxygen/nitrogen
atoms. These EXAFS results combined with those obtained
by UV/visible spectroscopy clearly show that the copper in
the Cu(LH),?* complex is surrounded in the equatorial
plane by two nitrogen atoms from amitrole and two water
oxygen atoms. The axial position is occupied by two other
water molecules. This structure is represented in Scheme 2.
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Scheme 2. Molecular structure of Cu(LH),>* in solution.

In a second step, we studied the amitrole sorption onto
LS as a function of pH. Surprisingly, amitrole was not re-
tained by LS in the pH range 2-12 (Figure 3). This result
is unexpected since analogous pesticides are well known to
bond to the SOM surface through electrostatic bonds.[?%2?]
This means that amitrole in a soil with a high content of
organic matter such as lignin will be leached towards the
surface- and groundwater.

The last binary system is the Cu™-LS system. Copper
retention on the solid has been studied previously and the
results published in terms of quantitative datal®? and a mol-
ecular approach.?*! Briefly, copper is quantitatively sorbed
(4.2mgg") at the LS surface. It is surrounded by four oxy-
gen atoms at 1.93 A and two other ones at 2.41 A, which
corresponds to a tetragonal-distorted octahedral geometry.

1554 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Adsorption of amitrole and Cu" on the LS surface as a
function of pH. Cyupitrole = 0.5 mmol L.

Ternary System

The ternary system involving LS, Cu'! and amitrole was
then studied by means of batch adsorption experiments
combined with spectroscopic studies to obtain molecular-
level information with the aim of understanding the coad-
sorption process. Figure 3 shows the adsorption of amitrole,
Cu!! and both amitrole and Cu'! as functions of pH at three
different total concentrations of Cu'l. The amount of ami-
trole adsorbed in the presence of Cu!l increases pro-
portionally with the introduced copper concentration (Fig-
ure 3a). At the same time, all the copper added (three dif-
ferent concentrations) is adsorbed even in the presence of
amitrole (Figure 3b). Indeed, in the presence or absence of
amitrole, 100% of the copper introduced is sorbed above
pH 7. This is in accordance with a mechanism of formation
of a ternary complex in two steps: formation of the copper—
amitrole complex Cu(LH),?>" in solution followed by the
sorption of this complex onto the LS surface, which leads
to the Cu-amitrole-LS ternary complex, since amitrole
alone is not adsorbed onto the LS surface. Moreover, as
expected for the three copper concentrations studied, the
amount of ligand, copper and copper—amitrole complex ad-
sorbed increases with increasing pH. This enhancement is
characteristic of the sorption of a cationic species [Cu-
(LH),>*] on a surface, which confirms the mechanism pre-
viously proposed for the retention of amitrole in the pres-
ence of copper through ternary surface complex formation.
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Figure 4. IR spectra of amitrole alone and the Cu''-LS and ami-Cu''-LS systems.

Moreover, the formation of 1:1 [Cu(LH)>*] metal/ligand
surface complexes cannot be ruled out, since the distribu-
tion curves (Figure 1) show the presence of 10% of the
Cu(LH)?* species around pH 4-5.

The latter was confirmed by spectroscopic studies, from
which structural information were obtained. The IR spec-
trum of amitrole shows several characteristic absorption
bands, in particular the band at 1643 cm™!, which corre-
sponds to the C-N stretching band of the C-NH, exocyclic
group, and the one at 1537 cm™! corresponding to the con-
jugated ring C=N stretching vibration.!'>] The IR spectrum
of the Cu"-amitrole-LS sample shows the disappearance
of the latter, probably due to the low amitrole concentration
on LS. The formation of a ternary complex was confirmed
by the presence of a supplementary very weak band charac-
teristic of amitrole at 1643 cm™!, as compared to the Cu'-
LS spectra (Figure 4).

XAS experiments were carried out in order to obtain
structural information about the ternary surface complex.
The K-edge XANES spectrum and its first derivative are
shown in Figure 5. They are typical of copper(i1) complexes
with a very weak 1s—3d transition pre-edge feature centred
around 8978 eV, which is facilitated by p-d mixing,*>! and
an absorption edge centred around 8996 eV. The most im-
portant feature of the spectrum at the copper edge is that
the low-energy side of the edge exhibits the characteristic
shoulder of copper(1) in an elongated tetragonal surround-
ing.[?% In Figure 5b, in addition to the very weak pre-edge
peak, there is a splitting of peaks o and B in the first deriva-
tive Cu XANES spectrum. This first derivative can reveal
detailed information that is not obvious in this XANES
spectrum. The peak o corresponds to the 1s—4p, , transi-
tions. The second main peak (B) represents the main ab-
sorption transition (ls—continuum). The energy gap be-
tween the a and B peaks is equal to 6.2 eV. This value gives
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an estimate of the destabilization of the 4p, metal orbital (z
being the elongation axis). Indeed, it has been suggested
that in elongated tetragonal copper(i1) complexes, the fur-
ther the apical site from the metal ion the more displaced
this shoulder is towards low energies.?”! The average axial
distance around the copper atom was estimated at approxi-
mately 2.4 A by comparison with reference compounds.24
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Figure 5. Cu K-edge XANES spectrum of the Cu-amitrole-LS ter-
nary complex (a), and its first derivative (b).
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The experimental data and the fitted functions of the ter-
nary system first shell are shown in k& space as well as by
Fourier transformations in real space in Figure 6. In agree-
ment with the previous results, we found four copper—oxy-
gen/nitrogen average distances of 2.01 A (¢ = 0.001 A2)
from the adsorbing copper atom. Attempts were made to
determine also the two longer axial distances, and two Cu-—
OH, distances equal to 2.36 A (o = 0.008 A2) were found.
These data are consistent with those obtained from the
XANES spectrum, i.e. a tetragonally distorted octahedral
coordination around copper(i1), according to the Jahn-—
Teller effect. The weak scattering contribution from low-Z
elements beyond the first shell to the EXAFS, seen as minor
Fourier peaks, prevents a more detailed analysis. However,
a structure for the ternary surface complex can be proposed
(Scheme 3). In Figure 7, for comparison, the k’-weighted
EXAFS spectra and Fourier transforms are reported for
Cu'' adsorbed together with amitrole on LS, the Cu-
(LH),>* aqueous complex, and Cu'' adsorbed onto LS.
Even the EXAFS spectra seem identical, although a faint
difference can be observed on the first beating of the sinus-
oid around 4 A, which is also observed for the CulQ/N
distances. Indeed, the Cu—-O/N distance in the Cu-LS sur-
face complex is equal to 1.93 A,24 that in the Cu(LH),>*
aqueous complex to 2.04 A, and that in the ternary complex
to 2.01 A. The intermediate value obtained for the ternary
complex leads to the proposed structure in which two cop-
per—amitrole and two copper—LS bonds are in the equato-
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Figure 6. (a) Experimental and fitted first shell (1.16-2.02 A!) EX-
AFS k space spectra of the Cu-amitrole-LS ternary complex. (b)
Fourier transform of the EXAFS signal [k3y(k)] at the copper K
edge.
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rial plan, and two water molecules are in the axial positions.
This also rules out a surface precipitation of a mixed hy-
droxo-amitrole copper complex (see solution chemical
study). Moreover, the Fourier transform of the ternary sur-
face complex corresponds to the weighted sum of the Fou-
rier transforms of Cu(LH),>* and Cu-LS complexes (Fig-
ure 7).
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Scheme 3. Proposed structure of the ternary Cu''~amitrole-LS sur-
face complex.

Conclusions

By simultaneously using quantitative and spectroscopic
methods we have shown that Cu'' and amitrole form ter-
nary complexes on soil organic matter. The retention of am-
itrole is only possible in the presence of copper. A lack of
copper leads to the leaching of the pesticide to surface- and/
or groundwater. Potentiometric titrations have underlined
the existence of a predominating complex, Cu(LH),, which
was confirmed by IR spectroscopy. Adsorption isotherms
and XAS data indicate a molecular structure where cop-
per(11) bonds to the surface in an inner-sphere mode. Ac-
cording to solution studies combined with adsorption and
XAS experiments, we have proposed a possible structure
for the ternary complex. Two amitrole ligands are probably
monodentately bound to Cu'" and the copper coordination
sphere is completed by two water molecules to form a six-
membered coordination sphere around the metal cation
(Scheme 3). Finally, it is now obvious that metal ions have
a significant influence on the molecular surface speciation
of amitrole. The new structure identified is potentially im-
portant for elucidating the bio-availability and mechanisms
of amitrole degradation in soils. The results obtained in this
study are currently being used with modelling software to
establish predictive systems for the retention of pesticides
in soils in the presence of metallic cations.

Experimental Section

Reagents: All solvents and chemicals from commercial sources were
of the highest available purity and were used without further purifi-
cation. The metal-ion stock solutions were prepared from cop-
per(i1) nitrate reagents (Fluka) of the highest purity (>99%). The
concentration was determined by EDTA titration {with PAN [1-(2-
pyridyl-azo)-2-naphthol] as indicator}. The LS was extracted from

www.eurjic.org Eur. J. Inorg. Chem. 2005, 1552-1558
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Figure 7. k3-Weighted EXAFS spectra and Fourier transforms for Cu' adsorbed together with amitrole on LS (a). Included for compari-
son: k3-weighted EXAFS spectra and Fourier transforms of (b) Cu(LH), (aq.) and (c) Cu'! adsorbed on LS.

24

wheat straw by two successive acid-base treatments,** and was

fully characterized.®!

Protometric: Potentiometric titrations were carried out as described
previously.?” Briefly, they were performed with a Metrohm 665
Dosimat and a Metrohm 654 pH-meter. The combined glass elec-
trode was standardized with nitric acid (1072 mol L™!; pH 2.00). All
measurements were performed at 20 °C under a nitrogen stream.
The curves obtained were fitted with the refining program PRO-
TAFB in order to obtain the overall stability constants. The ionic
product of water, pK,, was determined to be 13.78. The concentra-
tion of copper(ir) varied from 1.09 x 102 to 0.24 x 102 mol L', the
concentration of the ligand from 8 x 103 to 2x 102> mol L' and the
ratio Cp/Cy; from 1.08 to 5. The ionic strength was kept constant
(0.1 molL ") by addition of potassium nitrate.

Sorption Experiments: Adsorption experiments were conducted as
a function of pH using batch experiments at room temperature
(293 K). The LS (2 gL'") was immersed in 15 mL of background
electrolyte (0.1 mol L' KNOs5) solution and stirred with a magnetic
stir bar for 24 h, which corresponds to the hydration time of the
solid. After this pre-equilibration step, the amitrole
(5%10* molL™') was added simultaneously with copper (2% 1074,
3.5x10*and 4.8 x 10 #* mol L"), and the pH was incrementally ad-
justed to a fixed value by dropwise addition of 0.1 molL™!' HNO;
or 0.1 molL~! KOH. The final volume was adjusted to 25 mL. The
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sorption equilibrium (12 h) was predetermined by kinetic experi-
ments in which different contact times from 10 min to 48 h between
the sorbents and the solid were applied. When two successive
curves were superimposed, the equilibrium time was considered to
have been reached. The flasks were then shaken at 293 K for 12 h
with an automatic shaker to ensure complete sorption. The experi-
mental pH was taken to be the pH measured after a 12 h reaction
time. After filtration through a 0.20 um polyamide membrane, the
supernatants were separated into two fractions. In the first fraction,
the solution was acidified and the unsorbed metal-ion concentra-
tion was measured with a Varian ICP-AES spectrometer. The
amount of copper sorbed was deduced from the initial concentra-
tion. The amount of amitrole was determined from the second frac-
tion using the spectrophotometric method described by Sund.[']

The solid studied by spectroscopic techniques was prepared at pH
5.7 with a copper concentration equal to 2x10“*molL ! and an
amitrole concentration of 5% 10~* mol L', This pH value was cho-
sen in order to have a maximum copper amount adsorbed and to
prevent copper hydroxide precipitation (pH 6.8).

Spectroscopy: The electronic spectra in aqueous solutions were re-
corded in a 1.00-cm quartz cell with a Perkin—Elmer Lamba-6 UV/
Visible spectrophotometer. IR spectra were obtained in pellets with
a Nicolet Avatar 320 spectrophotometer.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1557
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EXAFS and XANES Data: The XAS experiments were performed
on the XAS 4 beamline of the storage ring DCI (positron energy
1.85 GeV; mean current 300 mA) at LURE (Laboratoire d’Utilis-
ation du Rayonnement Electromagnétique, Paris-Sud University).
Data were recorded at the Cu K edge (8979 eV) using a channel-
cut monochromator Si(111) for EXAFS and Si(311) for XANES.
The solids and the aqueous copper(i) solutions were measured at
room temperature in the transmission mode with two air-filled ion-
isation chambers. Internal calibration was made with a copper me-
tal foil and fixed at 8979 eV for the first inflection point. Four scans
were summed for the samples. The XANES spectra were recorded
step-by-step, every 0.3 eV, with a 2 s accumulation time per point.
The spectrum of the 5 pm metallic foil was recorded just before the
unknown XANES spectrum to check the energy calibration, thus
ensuring an energy accuracy of 0.25eV. The EXAFS spectra were
recorded over 1000 eV, with 2 eV steps, from 8900 to 9900 eV. Data
analysis was performed by means of the “EXAFS pour le Mac”
package.’!! The y(k) functions were extracted from the data with
a linear pre-edge background, a combination of polynomials and
spline atomic-absorption background, and normalised using the
Lengeler—Eisenberg method.??! The energy threshold, E, was
taken at the middle of the absorption edge and was corrected for
each spectrum in the fitting procedure. The &3 weighted y(k) func-
tion was Fourier transformed from k = 2-14 A1, by means of a
Kaiser—Bessel window with a smoothness parameter equal to 3 (k
is the photoelectron wave number). In this work, all Fourier trans-
forms were calculated and presented without phase correction. The
peaks corresponding to the first coordination shell were then iso-
lated and back-Fourier transformed into k space to determine the
mean coordination number, N, the bond length, R, and the Debye—
Waller factor, . The resulting EXAFS functions were curve-fitted
by calculated model functions using ab initio calculated EXAFS
phase |9k, R;)| and amplitude |f{(k,R;)| parameters from FEFF7
code.’3 The errors in the first shell bond lengths (R) were estimated
to be £0.02 A and coordination numbers (N) were accurate to
+20%.
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