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Hypothesis: The environmental mobility and bioavailability of Picloram (PCM) are determined by the
amine and carboxylate chemical groups interaction with the soils mineral phases. Clay particles, such
as montmorillonite (Mt), and the pH value of the media could play an important role in adsorption
processes. Thus, the study of the role of soil components other than organic matter deserves further
investigation for a more accurate assessment of the risk of groundwater contamination.
Experiments: Samples with PCM adsorbed on Mt dispersions were prepared at pH 3-9. Subsequently, the
dispersions were separated, washed, centrifuged and stored at room temperature. Picloram (PCM)
herbicide interaction with surface groups of montmorillonite (Mt) was studied using XRD, DTA, FTIR
and XPS techniques.
Findings: The entrance of PCM into the Mt basal space, in two different arrangements, perpendicular and
planar, is proposed and the final arrangement depends on PCM concentration. The interaction of PCM
with Mt surface sites through the nitrogen of the pyridine ring and carboxylic group of PCM, forming
bidentate and bridge inner-sphere complexes was confirmed by FTIR and XPS analysis. The acidity
constant of the PCM adsorbed on the Mt surface was calculated.
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1. Introduction

The behavior of pesticides in the environment is a dynamic phe-
nomenon. After application, they can reach streams, rivers [1] and

Abbreviations: CEC, cation exchange capacity; DTA, differential thermogravi- lakes, or leach through soil with the possibility to contaminate sub-

metric analyses; FTIR, Fourier-transform infrared spectra; G-L, Gaussian-Lorentz-

ian; rh, relative humidity; S, external specific surface area determined by nitrogen
adsorption; XPS, X-ray photoelectron spectroscopy; XRD, X-ray diffraction analysis.
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surface waters [2,3]. Hence, better knowledge of the processes con-
trolling the behavior of pesticides in soils for the protection of
aquifers and streams is needed [4]. The adsorption of pesticides
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by soil components is a key process to determine the availability of
toxic substances in the soil and their transport to surface and
groundwater [5].

Picloram, 4-amino-3,5,6-trichloropyridine-2-carboxylic acid
(PCM), is a synthetic organic chemical belonging to the pyridine
family of herbicides and also classified as a chlorinated derivative
of picolinic acid. Pesticide activity is reported as a systematic her-
bicide that regulates plant growth. It is used to control annual
broadleaf weeds at low rates and deeply rooted herbaceous weeds,
vines and woody plants at higher rates in cereals such as wheat,
barley, sugarcane and oats [1,6,7]. PCM had been detected in fresh
water in a concentration range between 0.3 pug/L [1] and 437 pg/L
[8]. The maximum level of picloram contamination in drinking
water, recommended by EPA (Environmental Protection Agency,
USA), is 0.5 mg/L. Concern about the environment and human
health generated the need to seek adsorbents to diminish the con-
centration of PCM in fresh water and understand the interactions
involved.

PCM has an anionic character at the environmental pH of most
soils and water (pK, ~ 2.3), which induces very low sorption on soil
particles, especially on mineral clays. As a consequence PCM has
extremely high soil mobility and was classified as a pesticide with
a high leaching potential [9-13]. Basic amine centers and
carboxylate groups of the PCM molecule are the responsible groups
for the molecule interaction with the adsorbent surface active
sites.

The contribution of mineral phases to the availability of pesti-
cides in soils is often considered unimportant and overlooked
[14]. Organic matter (OM) has been recognized as the main soil
adsorbent but, adsorption on OM cannot always completely
explain the pesticide retention in soils. Indeed, chemical groups
in the surface of clay particles and the pH value of the media could
play an important role in adsorption processes [15]. Then, the
study of the role of soil components other than organic matter
deserves further investigation for a more accurate assessment of
the risk of groundwater contamination.

Soils with different organic matter and clay mineral contents
have thus been used to adsorb PCM and a direct relationship
between PCM adsorption and organic matter content has been
found [11,16,17]. Adsorption of PCM by clays has been reported
in very acidic condition [11], while for pH values above 3, PCM
adsorption has not been detected [9].

The high cationic exchange capacity and specific surface area of
montmorillonite allowed it to be used as target clay mineral to
evaluate the sorption of pesticides [18-20] or amino acids [21].
The cationic pesticides thiabendazole and benzimidazole have
been proven to highly adsorb on montmorillonite [22,23], while
adsorption of a zwitterion such as glyphosate has also been
evaluated on montmorillonite and its thermally treated form
[24,25].

In previous work [26] it was found that interactions of PCM
with clay mineral surfaces showed an anionic profile, with the
adsorption decreasing when pH increasing, suggesting that the
adsorption of PCM anions was coupled with a release of H,O or
OH™ ions. Also, the increase of I'qqs with C,q after an adsorption pla-
teau indicated the existence of successive adsorption processes
over different active sites [26]. PCM adsorption on montmorillonite
showed evidence of a first monolayer formed up to a certain value
of Ceq similarly to what has been found for glyphosate and zearal-
enone [25,27], and above this concentration other sites partici-
pated in the adsorption process.

The aim of this work is to study the structure of the surface
complexes of PCM adsorbed on montmorillonite through the use
of different experimental methods to get a better understanding
of the fate of PCM on soil that, finally, determine the mobility
and bioavailability of the herbicide on the environment.

2. Experimental
2.1. Materials

Analytical picloram (PCM) (Fig. S1) was supplied by SIGMA
(purity 100%, solubility in water 430 ppm (1.78 x 1073 M),
pK,=2.3.[28], Mr=241.5 g mol~!) and used as received. All other
chemical reagents were provided by Merck PA and used without
any further purification. Water was purified in a Milli-Q system
from Millipore Inc.

Montmorillonite API # 26, Clay Spur Wyoming, was provided by
Ward’s Natural Science Establishment, Inc., USA. This montmoril-
lonite (labeled Mt) was manually milled in an agate mortar and
sieved to a particle size less than 125 pm. The main properties
reported in a previous work [26] were: CEC 138 meq/100 g deter-
mined by the formaldehyde method [29], purity >98% determined
by XRD [30] and isoelectric point at pH = 3.2 (diffusion potential
method [31]).

The structural chemical formula including isomorphic substitu-
tions of Mt ([(Si3.04Alo.06)(Al1.56F€0.18Mg0.26)010(0H)2 Mg 32) were
determined from the chemical analysis following the method of
Siguin et al. [32].

2.2. Samples preparation

Adsorption of PCM on Mt dispersions was made as indicated in
a previous work [26]. Samples were prepared at pH 3-9 using a
PCM initial concentration (Copcy) ranging from 1.7 to 5.0 mM at
constant ionic strength of 1.0 mM KCl. The dispersions were sha-
ken and equilibrated for 48 h at room temperature, adjusting pH
(3, 5, 7 or 9) with drops of HCI or KOH solutions. The dispersion
pH values were kept in 0.1 units. The Cy pcyy maximum concentra-
tion used was established by the low solubility of PCM (1.7 mM for
pH 3 and 5.0 mM for pH 5, 7 and 9). Subsequently, the dispersions
were centrifuged at 17,000 rpm and the pellet obtained was sepa-
rated from the supernatant solution. The solids were washed with
distiller water several times, centrifuged and stored in desiccators
over silica gel, at room temperature, for further analysis and
labeled, e.g., as PCM-Mt1.7 for a sample prepared from a PCM solu-
tion with Copcy=1.7 mM. Control samples, without PCM, were
prepared following the same procedure.

Additionally a mechanical sample of Mt and PCM (denoted as
MMS) was obtained for comparing purposes by mixing 5.0 g of
Mt with 0.036 g of PCM in a mortar.

2.3. Characterization of the adsorbent and adsorption products

Nitrogen adsorption-desorption isotherms were recorded at
77 K using a Micromeritics ASAP 2010 instrument. Sample Mt
was degassed for 12 h at 150 °C prior to measurement. The specific
surface area was calculated using the BET method. The porosity
evaluation was done via Barrett-Joyner-Halenda (BJH) models,
from the desorption branch, considering the presence of slit pores.
The total pore volume obtained by Gurvitch method was deter-
mined from nitrogen adsorption data at relative pressure of 0.95.
The specific surface area for Mt sample was: SN, = 27 + 5 m?/g [26].

The differential thermogravimetric analyses (DTA) were per-
formed on a 35 mg sample in a Shimadzu instrument (DTA-50),
from room temperature to 800 °C at a heating rate of 10 °C/min,
in N, atmosphere.

Semioriented samples were maintained at relative humidity
(rh) of 0.47 for 48 h and then analyzed by XRD. The X-ray diffrac-
tion patterns ((001) reflection peak), collected from 3° to 13° (20),
were obtained using a Philips 3020 with Cu Ko, 30 mA and 40 kV,
counting time of 10 s/step.
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Fourier-transform infrared (FTIR) spectra of PCM, Mt and PCM-
Mt samples were recorded in KBr discs on FTIR Nicolet 8700 spec-
trometer equipped with a DTGS detector, in the 500-4000 cm™!
region, with a resolution of 4 cm~'. FTIR spectra were the result
of 1024 co-added interferograms.

X-ray photoelectron spectroscopy (XPS) spectra of nitrogen 1s
of PCM, Mt, MMS and PCM-Mt samples were obtained on a Kratos
Axis spectrometer equipped with a monochromatized aluminum
X-ray source (powered at 10 mA and 15 kV) and an eight-channel-
tron detector. The pressure in the analysis chamber was about
107 Pa. The angle between the normal to the sample surface and
the direction of photoelectron collection was about 0°. The spectra
were analyzed with CasaXPS program version 2.3.14. The C—(C, H)
component of the C1s peak of carbon was fixed to 284.8 eV to set
the binding energy scale. The analysis of signals was done using a
Gaussian-Lorentzian function with a percent relation, ¥G-L, of 70—
30. The sample powders were pressed into small stainless steel
troughs of inner diameter 4 mm and 0.5 mm depth, mounted on
a multi-specimen holder.

3. Results and discussion

Mt presented a type Il nitrogen adsorption-desorption iso-
therms (Fig. S2A) with a type H3 hysteresis associated with low
porosity materials formed by sheet agglomerations with slit-
shaped pores [33]. The specific surface area obtained by BET was
27 + 5 m?/g respectively. The pore volumes obtained by Gurvitch
method was 0.04 cm?/g. The pore diameter size (w,) distribution
(Fig. S2B) were calculated from the desorption branch of isotherms
by the BJH method and correspond to the access pore diameter size
distribution. Similar results were previously obtained for a natural
montmorillonite [34]. The calculated mesopore diameter distribu-
tion, correspond to the interparticle spaces generated by plate par-
ticles of montmorillonite.

In previous work [26] it was found that interactions of PCM
with clay mineral surfaces showed an anionic profile, because
adsorption decrease with pH increase, suggesting that the adsorp-
tion of PCM anions was coupled with a release of H,O or OH™ ions.
Also, the increase of I'q4s With C,q after an adsorption plateau indi-
cated the existence of successive adsorption processes over differ-
ent active sites [26]. Similarly to what has been found for
glyphosate and zearalenone adsorption on montmorillonite
[25,27], for PCM a first monolayer formed up to a certain value
of Ceq and above this concentration other sites participated in the
adsorption process. In order to establish the structure of the sur-
face complexes formed during the adsorption process different
analytical methods were used.

3.1. Differential thermogravimetric analysis (DTA)

DTA curves for Mt and PCM-Mt1.7 (pH 3) samples are shown in
Fig. 1. The bands between 50 and 110 °C are attributed to the loss
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Fig. 1. DTA curves for Mt and PCM-Mt1.7 (pH 3) samples.

of water adsorbed on the external surface, the endothermic pro-
cesses between 110 and 330 °C to the loss of the hydration water
of interlayer cations, and the bands over 300 °C to the loss of struc-
tural water existing as hydroxyl groups on the mineral surface and
edges [35,36].

Mt sample showed a weight loss at 93 °C, while a shift of 7 °C
for PCM-adsorbed sample (t =86 °C) was observed. Moreover, the
endothermic peak at 125 °C corresponding to final dehydration in
Mt sample disappeared due to the entrance of PCM into the clay
interlayer [37], which favors the removal of hydration water at
low temperature (86 °C) as was indicated by Sarbak [38].

The band at 686 °C, in the inset of the Fig. 1, corresponds to the
Mt dehydroxylation process and remained after PCM adsorption.

3.2. X-ray diffraction (XRD) analysis

Analysis of (001) reflexion peak revealed an increase of the
mineral basal space (from 1.21 to 1.32 nm) for PCM-adsorbed sam-
ples with increase of PCM concentration at pH 5, as compared with
the untreated sample (Fig. 2). While at pH 7, regardless of the PCM
adsorption an interlayer increase of at least 0.04 nm was found.

Experimental and molecular simulation studies on a variety of
organoclays showed a linear relationship between the increase of
d-spacing and the mass ratio between the organic compound and
clay mineral [39]. Considering the disappearance of the endother-
mic peak at 125 °C and the increase of the (001) reflexion peak
would conclude that this is because PCM enters the interlayer.

Moreover, the existence of a second reflection peak is revealed
at 2.60 and 2.94 nm with a relative intensity increase with the PCM
concentration (Fig. 2), mainly at pH 5, which could be attributed to
the molecular rearrangement within the interlayer as was sug-
gested by Zhu et al. [40] for the hexadecyltrimethyl ammonium
(CTMA) intercalation on montmorillonite. These authors suggested
that the CTMA intercalation continue its rearrangement within the
interlayer space during the aging processes [40]. These two types
of basal spaces, indicate a heterogeneous interlayer structure gen-
erated by the PCM intercalation on Mt.

A molecular model of the PCM protonated molecule was done
using HyperChem 8.0.5 software to determine the orientation of
the PCM incoming molecule in the interlayer. After applying geom-
etry optimization, the molecule dimensions were approximately
estimated (inset in Fig. 2). PCM molecular dimensions were found
for deprotonated and zwitterionic molecular shapes. Taking into
account the PCM molecular dimensions, the entrance of PCM into

1.32 nm

Intensity (a.u.)

°(20)

Fig. 2. XRD diffraction patterns of oriented and at rh=0.47 samples: (A) PCM-
Mt5.0, equilibrated at pH 5, (B) PCM-Mt5.0, pH 7, (C) PCM-Mt2.5, pH 5, (D) PCM-
Mt2.5, pH 7 and (E) Mt. Inset: protonated PCM molecule dimensions.
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the clay interlayer must be in two different arrangements. The first
oneindicated a PCM perpendicular arrangement respect to the inter-
layer surface and interacted through pyridine nitrogen and carbox-
ylic groups with the metal centers of the mineral clay surface. For
the second one peak, PCM takes a planar arrangement, with water
molecule displacement, in agreement with data obtained from the
DTA study. Similar results were reported previously for glyphosate
adsorption on montmorillonite and its calcined form [24]. These
PCM molecular dimensions, are in agreement with those previously
found for PCM adsorbed on iron oxide modified Mt [37].

3.3. Fourier-transform infrared (FTIR) spectra

FTIR spectra of PCM, Mt and PCM-Mt samples equilibrated at
pH =5 are shown in Fig. 3A and B, for full spectra and for 600-
1800 cm ™! regions, respectively. FTIR spectra of PCM-Mt2.5 and
PCM-Mt5.0 samples, equilibrated at pH 5, revealed the presence
of the herbicide adsorbed on the mineral surface through the pres-
ence of bands that belong to PCM, as will be discussed in the para-
graphs below.

Two sharp bands appeared in the high frequency region of the
FTIR spectrum of PCM, 3474 and 3373 cm™!, corresponding to
stretching vibrations of N—H. Most of the characteristic bands
related to CH deformation modes and other skeletal vibrations
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Fig. 3. FTIR spectra at pH =5 of: (-) PCM, (—) Mt, (—) PCM-Mt2.5 and (—)
PCM-Mt5.0. Spectral region A: 500-4000 cm~! and B: 600-1800 cm ™.

appeared at very similar energies of around 3000 cm™!, where a

broad band corresponding to the stretching vibration of hydroxyl
ions VOH was also present.

The Mt sample spectrum showed, at 3700 cm™ ', a strong broad
band corresponding to the stretching vibration of the hydroxyl ions
present at the edges of clay platelets or in the mineral bulk
between the tetrahedral and octahedral layers, while the broad
peak at 3400 cm ! was attributed to the stretching of OH of inter-
calated water molecules.

PCM coordinated at the surface of the montmorillonite through
the pyridine ring nitrogen led to a change of the nitrogen symme-
try of PCM-Mt samples with a shift of the stretching vibrations of
N—H that cannot be observed due to the presence of the strong and
broad absorption band of the stretching vibration of Mt hydroxyl
ions.

The band at 1707 cm~! in the PCM spectrum, assigned to car-
boxyl C=0 stretching, shifted to 1700 cm™! in the PCM-Mt5.0
sample spectrum. This band was associated with a protonated car-
boxylic group and indicated that some PCM was adsorbed in a non-
dissociated form [9].

The band at 1602 cm™!, which corresponded to asymmetric
stretching vibration v, of the dissociated carboxyl group plus the
bending vibration of the —NH, group of PCM, shifted to higher fre-
quencies and overlapped with the mineral band at 1642 cm~'. The
shift of the latter band, with two maxima at 1646 and 1636 cm™’,
was observed for PCM-Mt2.5 and PCM-Mt5.0 samples indicating
that the—COO~ chemical group was involved in surface interactions.

The pyridine-ring vibration v(C=N) band at 1540 cm™! of the
PCM spectrum shifted to 1558 cm™!, indicating the interaction of
the pyridine ring nitrogen of the PCM molecule with the mineral
clay surface. The band at 1443 cm™!, assigned to the carbon double
bond vibration v(C=C) of the pyridine ring of PCM, appeared as a
broad band between 1457 and 1424 cm™' in both PCM-Mt sam-
ples due to a shift of the doublet to a higher frequency region. This
shift in the absorption frequencies of the ring chemical groups was
indicative of a change in the electron density of the ring due to sur-
face coordination by pyridine nitrogen of PCM.

The peak at 1380 cm™! of the PCM spectrum corresponded to
symmetric stretching vibration v, of the carboxyl group and shifted
to 1371 cm~ ' in PCM-Mt5.0 sample. This shift could be attributed to
the interaction of PCM with the solid surface by the formation of a
monodentate or bidentate complexes that involves the COO~ and
the nitrogen of the pyridine ring groups coordination. Similar results
was found for picloram adsorption on pillared montmorillonite [37]
indicating that PCM was oriented perpendicular to the external sur-
face and interacted through pyridine nitrogen and carboxylic groups
with the metal centers of the mineral clay surface. Also, the PCM
coordination on the internal surface centers (silanol groups) was
pointed out by the reflection peak shifts that suggest a PCM perpen-
dicular arrangement in the interlayer as was discussed before.

The PCM double band centered at 1295 cm™! due to pyridine
3(CH) was not observed in PCM-Mt samples because it could be
overlapped by the broad absorption band of raw Mt in this region.
The peak at 1238 cm™~! of the PCM spectrum was observed in PCM-
Mt5.0 sample as a shoulder corresponding to NH deformation of
the herbicide molecule.

The peak at 643 cm™! in PCM spectrum, which was attributed to
the »(CO3) wagging mode and to the §(CO3) bending mode of acid
groups [41], moved to 668 cm™! in PCM-Mt5.0 sample suggesting
the presence of an interaction of PCM with the Mt surface through
the carboxylic group. Similar results were reported for the adsorp-
tion of PCM on clay and Al(III), Fe(Ill) and Cu(Il) saturated clays
[42]. These authors concluded that the interaction of PCM with
mineral surfaces only occurs by the replacement of OH groups
from the coordination sphere of copper and further complexation
with nitrogen of the pyridine ring.

1
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3.4. Analysis by X-ray photoelectron spectroscopy (XPS)

The normalized XPS spectrum corresponding to the N1s signal
of PCM-Mt1.7 samples equilibrated at the indicated pH values
are shown in Fig. 4. The presence of nitrogen on the surface of
the samples was solely due to the presence of PCM; the decreasing
area of N1s peaks with increasing pH (Fig. 4) can be correlated with
PCM adsorption results previously reported [26]. The N1s signals
were mathematically decomposed into two components centered

at about 403.5 and 400.5 eV, and attributed to protonated (C—NH3

protonated amine type) and nonprotonated nitrogen (C—NH,
amino group type), respectively [43].

For a better understanding of the variation with pH of both N1s
signals of PCM-Mt1.7 sample, the resonance structures of PCM are
presented in Fig. S3.

The amine lone pair in PCM molecule is associated with the aro-
matic ring due to the resonance of the PCM molecule; also, the ring
chloride substituents are electron attractors, decreasing the amine
group capacity to share electrons. Moreover, PCM pyridine nitro-
gen has two electrons available in a sp? orbital that do not partic-
ipate in the molecule resonance. Therefore the pyridine nitrogen
group basicity is higher than that of the amine group [44], and
bond formation through the PCM pyridine nitrogen electron pair
is more favorable than that through the electron pair of the amine
group.

In this sense, the peak at 403.5 eV was attributed to PCM pyri-
dine nitrogen coordinated to the Mt surface which is equivalent to
a protonated amine such as C—NH3. Once PCM was adsorbed, a
partial negative-charge transfer from the Mt surface to the mole-
cule ring occurred, allowing the electrons of the amine group to
be more available for interaction with protons, i.e., electrons
became more basic. The new protonated amine group produced a
higher value of bonding energy at 403.5 eV. Moreover, the peak
at 400.5 eV was due to PCM pyridine nitrogen, when the PCM mol-
ecule did not interact with the clay surface through nitrogen as
well as a deprotonated amine group. The proposed structures
and their corresponding signals are shown in Fig. 5A and B, corre-
sponding to all PCM interacting with the clay surface and the pro-
tonation of a PCM fraction adsorbed, respectively.

To confirm the above suggestions, PCM and Mt mechanically
mixed samples (MMS) were analyzed by XPS. The XPS spectrum
of N1s signals (Fig. 6A) indicated the absence of PCM interaction
through pyridine nitrogen with the clay surface in MMS. Moreover,
the N1s spectra of Mt (Fig. 6A) showed the presence of nitrogen,
probably due to an external contamination of the samples.

Intensity (a.u.)

394
Binding Energy (eV)

Fig. 4. XPS spectra of N1s signal of PCM-Mt1.7.

This contamination could correspond to the signal at 403.5 eV
for mechanically mixed samples. The absence of PCM interaction
through pyridine nitrogen with the surface in these samples gener-
ated a similar signal to that obtained for PCM sample (Fig. 6B) with
a binding energy of 399.5 eV and corresponding to both nitrogen
atoms in the PCM molecule.

The nitrogen molar percentage values in the indicated samples
(expressed as # of mol of N;yq/100 mol of Mt) are listed in Table 1.
The Ny molar percentages were determined from the N1s signal
area in the region between 408 and 396 eV. This area was related
to PCM adsorbed on the clay surface and varied about 20% from
the coverage obtained from adsorption measurements [26]. Table 1
also shows the percentage area corresponding to C—NH3 (peak at
403.5eV) for each sample. An increment of PCM content was
observed in all samples with pH decrease, which indicated a higher
PCM interaction with the clay surface and a greater amount of PCM
molecules with nitrogen of the protonated amine chemical group.
This trend is in agreement with the anionic profile in PCM adsorp-
tion isotherms reported previously for PCM adsorption on Mt and
pillared Mt [26,37].

However, the existence of interactions through the PCM carbox-
ylic group cannot be excluded, as indicated for PCM adsorption on
both montmorillonite and iron oxide modified montmorillonite
[26,37] or just as found for the adsorption of some acids (acetic,
oxalic, citric, benzoic, salicylic and phthalic, etc.) on mineral clays
[45,46]. The presence of an interaction through the PCM carboxylic
group could not be determined by XPS analysis due to the com-
plexity of the C1s XPS peak originating from the presence of a vari-
ety of carbon species.

The adsorption of organic compounds on Mt surface throughout
coordination of aluminol and/or silanol groups of the external sur-
face and in the interlayer space was previously suggested [47]. The
tendency to form these surface complexes can be compared with
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Fig. 5. XPS of N1s signal of PCM-Mt samples.
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Table 1

Molar percentage, determined by XPS, of total nitrogen N, and fraction of the latter
present as C—NH3 species in indicated samples.

Sample pH % Nrotal % C—NH3
PCM-Mt1.7 3 0.56 74.2

5 0.34 64.1

7 0.35 63.8

9 0.35 58.2
MMS n.d. 0.46 245
Mt n.d. 0.15 47.6

the tendency to form inner-sphere aqueous complexes [48]. Stable
complexes of metals coordinated with pyridine nitrogen and the
carboxylate group forming a 5-membered ring was informed for
picolinates with silicon and metals such as iron [49] and aluminum
[50]. Also, Marco-Brown et al. [37] previously concluded, from FTIR
and zeta potential results of PCM adsorbed on pillared clay samples,
that the interaction of PCM with the clay mineral surface occurs
through the formation of inner-sphere complexes. This metal
coordination through pyridine nitrogen and the carboxylate group
is in agreement with results obtained by FTIR spectra analysis for
the adsorption of picolinic acid on bayerite (Al(Ill) hydroxide) [41].

A similar behavior can be assumed for the presence of PCM
complexes on the clay surface, through coordination of pyridine
nitrogen and the carboxylate group to the same surface metal
center forming a bidentate complex (Fig. 7A), or through coordina-
tion to an adjacent metal center forming a bridge complex as
shown in Fig. 7B. Fig. 7A indicates a distance value of 0.28 nm
between nitrogen of the pyridine ring and the nearest oxygen of
the carboxylate group, determined using HyperChem software.

The value obtained was very close to the distance value for two
adjacent oxygen atoms of the AlOg octahedron (0.27-0.29 nm) of
the mineral surface.

The XPS results (Table 1), indicated a C—NH3 percentage higher
than 50, showing that a fraction of the PCM adsorbed had the
amino group protonated, as schematized in Fig. 5B.

To explain this behavior, it is important to consider the effect of
the mineral clay surface, negatively charged due to isomorphic
substitutions, on the electronic environment of PCM. The clay sur-
face coordinated to pyridine nitrogen acts as an electron donor
substituent, increasing the negative charge on the heterocyclic ring
and decreasing the degree of commitment of the free electrons of
the amino group in the PCM molecule. As a consequence of this,
the lone electron pair of the nitrogen of the amine chemical group
is not shared with the aromatic ring decreasing its contribution to
the resonance of the molecule. Therefore, the basicity degree of the
amino chemical group increases allowing the formation of the con-
jugated acid.

Based on this discussion, the acid-base equilibrium shown in
Fig. 8 is proposed.

Also, from the discussion above, it could be inferred that the
N1s XPS area peak at 403.5 eV could be due to by the contribution
of different species:

o Pyridine group of PCM, =RHN,, species coordinated to the sur-
face of clay mineral, whose contribution is equal to the area of
the signal at 400.5 eV and equal to the concentration of =RHN,
expressed in area units.

o The pyridine group and protonated amino group of the =RNH3
species. Both signals correspond to two different groups of the
same molecule whereby the signal is equal to twice the concen-
tration expressed in area units.

Thus, through the value of the N1s XPS areas at 400.5 and
403.5 eV the species concentration at the equilibrium can be esti-
mated according to Eq. (1):

Asozsev = (RNHy) + 2(RNHY) (M

where A4o35ev iS the area of the peak at 403.5 eV and (RNH,) is the
area of the peak at 400.5 eV.

A

0.27 - 0.29 nm

Fig. 7. PCM surface complexes. (A): Bidentate and (B): bridge complexes.
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Mineral surface

Mineral surface

=RNH;" =RNH,

Fig. 8. Equilibrium between =RNH3 and =RHN,, species in PCM-Mt samples.

Table 2 lists the (RNH;) and (RNH3) percent concentration val-
ues for PCM-Mt1.7 samples at indicated pH values. The balance
proposed in Fig. 8 can be schematically written as:

= RNH{ &2 = RNH, + H* 2)

The acidity constant K,, corresponding to the deprotonation of the
amino group of the PCM adsorbed on the clay surface is expressed
as:

_ {=RNH,}[H"]

Ka= {=RNH3} ®)

where {=RNH,} and {=RNH3} are the concentration of the corre-
sponding surface complexes. By estimating concentrations from
Eq. (1), the following equation was obtained:

K. — {=RNH;}[H") _ (RNH,)[H]
7 {=RNHj} ~ (RNHj)

(4)

The K, value can be calculated as the average of K, values deter-
mined by Eq. (3) for the different pH values, and the =RNH, and
=RNH3 species concentration taken from Table 2.

However, for K, calculation in the analyzed samples, only the
values of concentration at pH 3 and 5 were used, because at the
more basic pH region, both species, =RNH, and =RNH3 concen-
trations were very low, which would introduce a substantial error
to the calculated K, value. In addition, it can also be assumed that
the concentrations of the =RNH3 protonated species at pH 7 and 9
would be small and can be neglected.

Prior to K, calculation, the percentages of the (RNH;) and
(RNH3) adsorbed species were corrected by a blank subtraction,
corresponding to the percentage of the respective species coming
from Mt sample contamination.

The pK, value determined was 3.8 + 0.8, for the deprotonation
of the surface complex for PCM-Mt1.7 sample. This value is in
agreement with those found for other pesticides adsorbed onto
clay minerals [23,25].

The surface coordinative centers are usually considered as di-,
mono- and non-protonated groups. PCM isotherms adsorption pre-
viously reported [26] were modeled taking into account the con-
stant values for protonation-deprotonation equilibria [51], the
monodentate, bidentate PCM complexes and the deprotonation
of the monodentate surface complex that was discussed before.

Table 2
Percent concentrations of =RNH, and =RNH3 surface species on indicated samples.
Sample pH (RNH_) (RNH3)
PCM-Mt1.7 3 25.8 24.2
5 35.9 141
7 36.2 13.8
9 41.8 8.2

Equilibrium constants for the involved reactions are detailed in
Table S1 and the experimental results and calculated curves are
shown in Fig. S4. The determination coefficients between experi-
mental and theoretical curves were within 0.90-0.95 range which
indicate that the proposed model reasonably represents the exper-
imental results.

4. Conclusions

The adsorption pH dependence found in previous work indi-
cated an anionic bonding mechanism of the PCM on the Mt surface.
The appearance of an interlayer distance of 2.60-2.94 nm together
with PCM adsorption on Mt indicates that the PCM molecule was
oriented perpendicular to the interlayer surface and interacted
through pyridine nitrogen and carboxylic groups with metal cen-
ters of the mineral clay surface. The FTIR and XPS analyses of the
PCM-Mt sample suggest inner-sphere complex formation by coor-
dination through the pyridinic/pyridine nitrogen atom and car-
boxyl group. Moreover, the FTIR and XPS analyses also indicate
the formation of bidentate and bridge surface complexes by coor-
dination of one PCM molecule to two external surface sites. Also
XPS analysis, by using the concentration of =RNH, and =RNH3
species determined, allowed the calculation of the acidity constant
of PCM adsorbed on the Mt surface (pK, = 3.8 + 0.8).
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