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ABSTRACT: Much progress has been made involving the interaction of atrazine (Atz) with natural geosorbents like
Fe(hydr)oxides, organic matter, and clay minerals. However, the properties of the humic acid−Fe(hydr)oxides-clay composites
differ from their individual member phases, exerting an influence on the adsorption capacity and stability of the system. In this
work, the evaluation of Atz adsorption onto humic acid−Fe(hydr)oxide supported on montmorillonite (HA−FeM) was
performed. A combination of the X-ray diffraction pattern and batch adsorption experiments at different pH and ionic strength
conditions were performed. The identification of the surface groups involved in the interaction FeM−Atz was carry out using X-
ray photoelectron spectroscopy. The presence of Fe(hydr)oxides and humic acid improve the adsorption capacity of
montmorillonite. Acidic pH and high ionic strength conditions further increases the adsorption. The heterogeneity of the surface
sites and cooperative effect contributes to the adsorption process. However, the hydrophobic character of the herbicide is the key
factor controlling adsorption. The results obtained from this work give insights about the adsorption mechanism of Atz onto
humic acid Fe(hydr)oxides-clay composites and provide information about the potentiality of this type of material to be used to
remove organic pollutants present in the aquatic environment.

1. INTRODUCTION

The herbicide atrazine (Atz) is one of the most commonly used
worldwide, mostly for weed control in crops. Due to its long
half-life, apparent mobility, moderate water solubility, great
leaching potential, and high chemical stability in soils and
aquifers, Atz has been detected in water bodies across the
world.1−3 Articles concerning human health consider Atz to be
hazardous due to its high possibility of producing cancers, birth
defects, and interruption of hormone functions, mainly in
people who have experienced long-term exposure.4−6 Thus, the
United States, European Union, and Japan have classified Atz as
an endocrine-disrupting compound. Nevertheless, it is still
widely used in some developing countries.7

The environmental risks concerning Atz toxicity promoted a
variety of studies related to its adsorption and desorption onto
soils, sediments, and individual mineral particles over the last
few decades. Huang et al.8 already identified that inorganic
minerals (i.e., clay minerals) organic matter and Al and Fe
compounds provide surfaces sites for Atz adsorption. Since
then, numerous studies have well documented the key role of
humic substances as well as the importance of the mineral
fraction of soils and sediments (i.e., montomorillonite and Al/
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Fe(hydr)oxides) in the adsorption of Atz.9−17 In the early work
of Laird et al.,9 the authors concluded that the siloxane surface
groups have a high affinity for Atz. Similar conclusions were
arrived by Celis et al.10 which also informed that high surface
acidity should increase the retention of s-triazine herbicides in
soils. In general, the negative surface charge that clay minerals
carries, the presence of basal and edge reactive surface groups,
and the type of exchangeable cation present in the interlayer
space make this natural material a good adsorbent to several
pollutants. However, clay minerals are highly hydrophilic and
consequently show very limited adsorption capacities for
hydrophobic organic contaminants. Indeed, the adsorption
capacity to anionic pollutants such as As(V), As(III), Cr(VI) is
usually low because of the high negative charge. To overcome
this, clay minerals should be modified or functionalized in order
to be more selective to several organic/inorganic com-
pounds18−25

The adsorption of Atz onto humic acid (HA) has been well
studied. The effect of humic acid hydration on adsorption,26,27

the interaction mechanisms11,28 and the effect of different
mono- and divalent cations have been the main topics.14,29−31

For instance, while divalent cations usually decrease the
adsorption capacity of Atz, monovalent cations may enhance
it. This opposite effect responds to different behaviors: in the
first case cations compete with Atz for humic acidś surface sites;
in the second case, cations decrease the hydrophilicity of the
local region around surface sites and therefore the Atz
adsorption increases.32 The adsorption of pesticides onto
Fe(hydr)oxides was also explored.17 In the past decade, the
zerovalent iron technology (ZVI or Fe0) has gained attention.
These synthesized materials can remove different types of
groundwater pollutants.33 However, either nano Fe hydr-
(oxides) as well as humic acid particles has a strong tendency to
aggregate into larger particles and therefore under these
colloidal conditions the adsorption capacity is diminished
because surface sites are blocked. The use of supporting
material such as modified clay minerals can improve the
adsorption conditions34,35 and diminish the aggregation.
Borgnino et al.36 compared the aggregation kinetics of
Fe(hydr)oxides-montmorillonite (FeM) particles under differ-
ent levels of humic acid and concluded that humic acid stabilize
the Fe(hydr)oxides-montmorillonite at any pH. By this way,
the joint effect of the high surface area of montmorillonite
along with the adsorption capacity of humic acid should
enhance the adsorption of Atz, either by contributing with
specific surface sites (e.g., hydrophobic sites) or as stabilizing
the FeM particles.
In this article, the Atz adsorption onto a HA−Fe(hydr)oxide-

montmorillonite (HA−FeM) was evaluated. In the first place,
the adsorption of Atz onto Fe(hydr)oxide-montmorillonite was
analyzed. X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD) was used to identify the surface groups
involved in the interaction and the orientation of the Atz in the
interlaminar space. The adsorption onto the HA−FeM system
was then studied by assessing the effect of pH and ionic
strength. The results obtained in this study provide insights into
the understanding of the interactions involved and the
adsorption capacity of Atz onto modified-montmorillonite
under different conditions.

2. MATERIALS AND METHODS

2.1. Reagents. Atrazine (2-chloro-4-ethylamino-6-isopro-
pylamine-s-triazine) was purchased from Sigma−Aldrich (St.
Louis, MS, U.S.A.).
Humic acid was prepared from a Fluka humic acid (code:

1415-93-6), which had been previously purified according to
the methodology proposed by the International Humic
Substances Society.37 Once the purification was completed, a
concentrated stock solution of 2 g L−1 was prepared by
dissolving a weighed amount of HA at a pH of 10 for 2 h.
All other reagents used were of analytical (p.a.) grade.
2.2. Synthesis of Fe(hydr)oxide-Montmorillonite and

HA−Fe(hydr)oxide-Montmorillonite. FeM was synthesized
following the procedure described elsewhere38 (see Supporting
Information, S1).
For the synthesis of HA−FeM, preliminary studies of the

adsorption kinetics of HA onto FeM were performed
(Supporting Information, S2) to assess the conditions of the
equilibration time as well as the amount of HA necessary to
achieve saturation. The kinetics results show that a time of 15 h
is needed to reach equilibrium. The saturation was reached for
[HA] > 150 mg L−1, and the adsorbed amount of HA was 50.0
mg HA/g FeM. The synthesis of HA−FeM was thus carried
out by adding an excess of HA (200 mg L−1); the suspension
was shocked at room temperature at a pH of 9.0 and at an ionic
strength of 0.1 M NaNO3 for 15 h. Afterward, the suspension
was centrifuged at 9000 rpm, and the solid was washed with
water and dried at 60 °C. To avoid carbonate contamination,
the synthesis was carried out under a N2 atmosphere. The
amount of HA adsorbed was 53.9 mg/g FeM, representing 5%.
The detailed identification of the HA in the synthesized sample
is in Supporting Information, S3.

2.3. Characterization Methods. 2.3.1. X-ray Diffraction.
XRD patterns were recorded with a Philips X́Pert PRO X-ray
diffractometer using CuKαradiation (30 kV-15 mA) and were
obtained in the 2θ range from 4 to 15° (step size, 0.02; 2 seg/
step). The reflection assignments were performed using the
X́Pert HighScore software installed on the X- ray diffrac-
tometer.

2.3.2. X-ray Photoelectron Spectroscopy. XPS spectra were
obtained using a Specs GmbH XR50, operated in a PHOIBOS
100 MCD Specs hemispherical electron energy analyzer with a
pass energy of 40 eV and a nonmonochromatic Al Kα source
(hν = 1486.6 eV; work voltage = 13 kV; and power = 300 W).
A two-point calibration of the energy scale was performed using
sputtered cleaned gold (Au 4f7/2, binding energy (BE) = 84.00
eV) and copper (Cu 2p3/2, BE = 932.67 eV) samples. The
samples were analyzed in ultrahigh vacuum (UHV), and the
typical base pressure in the sample chamber was in the range of
1.2−2.4 × 10−9 mbar. Broad scans were collected over a 1−
1100 eV range, while high-resolution spectra for C, O, Fe, Si,
Al, and Na were obtained. For energy calibration purposes, to
correct charging effects all of the photoelectron peaks were
referenced to the adventitious C 1s spectral component (C−C,
C−H) with a binding energy of 284.8 eV. For determination of
the chemical composition, data were treated with the
commercial software CasaXPS (http://www.casaxps.com,
Casa software) using Shirley background correction. The C,
Fe, and Si spectra were fitted using the software XPS Peak 4.1
(http://www.uksaf.org/software.html#1) with peaks of the
Gaussian−Lorentzian mixed function (G/L = 40) after
subtraction of a Shirley baseline. The full width at half-
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maximum (fwhm) was fixed during the fitting. The fwhm’s
were 2.2, 3.3, 4.0, and 1.5 eV for C 1s, Fe 2p, Fe 2p satellite,
and Si 2p species, respectively. To provide a reasonable
agreement with the measured spectra, all spectra were fitted
with the least number of components. For Fe 2p, the ratio and
separation of Fe 2p1/2 and Fe 2p3/2 were restrained to the
theoretical values of 1:2 and 13.6 eV, respectively.39 Finally,
peaks corresponding to the BE of C, Fe, and Si species were
identified by comparing them to the reported values.
2.4. Sorption Experiments. The adsorption experiments

were performed by suspending the sample (1 g L−1) in NaNO3
solution as a background electrolyte. After 24 h of pre-
equilibration, a known volume of an Atz solution (0.4 g L−1)
prepared in the same background electrolyte was added. The
Atz initial concentration range was 2−50 mg L−1. The pH
suspension was adjusted by the addition of a small amount of
either HNO3 or NaOH until the desired pH was obtained.
After being shaken at room temperature (25.0 ± 0.5 °C) in a
rotator shaker for the required time, tubes were centrifuged at
9000 rpm for 5 min, and the supernatant was separated for Atz
analysis. The effects of the pH and ionic strength on Atz
adsorption were also evaluated. Here, the procedure to obtain
the corresponding isotherms was the same as previously
described, except for the NaNO3 concentrations and pH values.
Three NaNO3 concentrations (0.1, 0.01, and 0.001 M) at three
different pH values (4.5, 7.0, and 9.0) were analyzed.
Finally, the effect of changing the cation (Na instead of Fe)

in the Atz adsorption was analyzed. Adsorption experiments
using NaM were performed following the same procedure as
previously described.
For all adsorption experiments, measurements were

performed in duplicate and the errors were around 10% .
2.5. Atrazine and HA Quantification. Atz quantification

was determined by square wave voltammetry (SWV) with a
glassy carbon electrode modified with a bismuth film. The SWV
parameters and the best chemical conditions for Atz
quantification were reported in Bia et al.40 All of the
electrochemical experiments were carried out with an Autolab
potentiostat.
The concentration of humic acid in the solution was

determined by UV spectroscopy.41 The sample absorbance of
a previously buffered solution (pH = 8.7) with 0.05 M
NaHCO3 was measured at 500 nm (UV−vis Shimadzu 1700).

The amounts of HA and adsorbed Atz were calculated by
subtracting the measured concentration after adsorption from
the initial amount added.

3. RESULTS AND DISCUSSION

3.1. Atz Adsorption onto Montmorillonite: Effect of
the Interlaminar Cation. The first evidence of an interaction
between Atz and the montmorillonite clay is obtained from the
XRD pattern. Figure 1 presents the XRD patterns of FeM and
NaM before and after Atz adsorption. As can be observed, for
both samples there is an increase in the interlaminar spacing d.
The presence of Atz is confirmed through the change in the 2θ
position after Atz adsorption. For both cases, the 2θ position
appears at a slightly lower angle, at approximately 6.5° and 6.7°
for NaM and FeM, corresponding to basal spacings of d001 =
13.4 and 13.2 Å, respectively. Compared with the d-spacings of
samples without Atz (12.5 Å, 2θ = 7.1° for NaM, JCPDS 00-
003-0019, and 10.7 Å, 2θ = 8.3°) for FeM), increases are
observed in both cases. According to the molecular modeling
proposed by Chappell et al.,42 the orientation of the Atz
molecule depends on the different hydration levels of the
smectite interlayer and is related to the interacting groups
involved. When the hydration is low (one layer), Atz is oriented
parallel to the basal surfaces, and it interacts directly (without
the intervention of water molecules) and simultaneously with
hydrophobic nanosites on opposing basal surfaces. This
position produces a d-spacing of 12.5 Å, which is close to the
molecular thickness of hydrophobic molecules. For a more
hydrated smectite, the Atz molecule is tilted at an acute angle
relative to the basal surfaces. In this position, the two alkyl side
chains interact directly with one basal surface, each by H-bonds
between amino hydrogen atoms and smectite basal oxygen
atoms. The rest of the Atz molecule is forced to interact with
interlayer water molecules. Considering this approach and the
d-spacing obtained here, the most probable orientation of the
Atz molecule onto the montmorillonite is slightly tilted, likely
interacting with siloxane groups and interlayer water molecules
of the hydrated cation. This is expected to occur with the NaM
sample. For the case of the FeM, the interlaminar cation added
during synthesis is exchanged and precipitated as Fe(hydr)-
oxide, since the pH synthesis conditions favors it.38 In this case,
it is expected that the FeOH surface group may interact with
the aromatic ring of Atz through H-bonding, in a similar

Figure 1. XRD patterns of (a) FeM and (b) NaM before (solid circles) and after (open circles) Atz adsorption.
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manner as for the silanol group.43 It is worthwhile to mention
that, although Fe(hydr)oxide in FeM is present as a thin
coating or very small clusters on the montmorillonite surface,
interactions with the siloxane groups of montmorillonite cannot
be completely avoided. These probably led to a slightly more
planar configuration of the Atz molecules on the surface.
To evaluate the effect of the interlaminar cation on Atz

adsorption, a comparison between Atz adsorption onto Na and
FeM was performed. In Figure 2, the effect of changing the

interlaminar cation (Na+ instead of Fe3+) on Atz adsorption was
analyzed. The isotherm curves obtained are typical for pesticide
adsorption onto clays44 and Fe(hydr)oxides.17 The first part
corresponds to a S-shaped isotherm,45 representing an initial
region of low affinity between the solid surface and the
pesticide; thus, a certain amount of adsorbate is required to
start the adsorption process. Afterward, a Langmuir-shaped
portion is observed, reaching a plateau or pseudo plateau. The
L-shape is better visualized in the FeM isotherm, perhaps due
to the lower amount of Atz needed to achieve saturation.
Although the shapes of the isotherms are very similar in both
cases, the Atz affinity is not. Greater adsorption amounts
measured for NaM (10-fold) indicate that the interlaminar
cation modified the adsorption affinity. This result is different
that the obtained by Herwig et al.46 but in accordance with
other studies which evaluated the effect of the hydration shell of
cations on the adsorption of herbicides.47,48 The explanation of
this behavior is related to the hydrophobic character of the
exchanged cation, which determines whether the molecule of
Atz can get closer to the Na+ or Fe3+ cation. A greater hydration
capacity suggests a lower proximity of the Atz molecule to the
surface sites and thus lower adsorption. Considering that the
bond length of Fe−O is 2.0 Å and the length for Na−O is 2.4 Å
(Fe3+ and Na+ in their hydrated forms),49 the hydration energy
is higher for FeM, explaining the tendency of adsorption in the
sense that Na+ > Fe3+. Although the adsorption is higher when
Na+ is present, the HA−metal binding depends on the cation
charge and thus the affinity of Fe3+ to HA surface groups would
be higher.

3.2. Adsorption Mechanism of Atz onto FeM:
Interactions among Surface Sites. Figure 3 shows the
characteristic C 1s, Fe 2p, and Si 2p high-resolution XPS
spectra obtained for FeM before and after Atz adsorption at a
pH of 4.5 and 0.1 M NaNO3. The signal corresponding to N 1s
could not be analyzed due to a high signal in the original
sample, which is associated with the presence of N from
contamination.
XPS spectra related to adsorbed aromatic nitrogen

compounds often only analyze the N 1s signal, indicating the
presence of the herbicide.50 Nevertheless, the fitted curve of the
XPS spectra gives additional information (i.e., the BE of the
adsorbent surface groups and the atom %). In Table 1, the
assignments of the BE obtained before and after the adsorption
are presented; the BE shifts and changes in the atom % are
marked in bold.
Figure 3a shows XPS spectra of C 1s for FeM before and

after Atz adsorption (FeM−Atz), both fitted with three
common contributions attributed to an amount of carbon
contamination. All these peaks are detectable in most of the
samples that have been exposed to the atmosphere. The first
peak at 284.8 eV was taken as an internal reference and was
used to correct other spectra; it corresponds to aliphatic carbon
atoms (C−C and C−H groups). The second peak at
approximately 286 eV is attributed to carbon in C−O single
bonds. The third peak at 288.6 eV corresponds to carbon in
O−CO groups. All of the same peaks are also present in the
sample with Atz; however, two new contributions are observed:
a new peak at 282.5 eV attributed to C−N51 and another one at
a higher BE (near 294 eV) attributed to the π−π* shakeup
transition. The peak at 282.5 eV corresponds to the C−N bond
present in the aliphatic chain of the herbicide. The other peak
corresponds to the signal of the delocalized electrons of the
aromatic ring of the Atz molecule.52

The Fe 2p spectrum (Figure 3b) displays a maximum energy
value at approximately 711 eV for the Fe 2p3/2 core level,
together with a broad satellite peak near 719 eV. The peak at
711 eV suggests the presence of Fe3+-O species, while peaks
obtained from 712.8 to 715.4 eV correspond to a Fe3+-
multiplet. This multiplet was previously described for Fe-
(hydr)oxide compounds, such as hematite, goethite, and
ferrhydrite.53,54 Particularly, the peak at 713.6 eV, which is
present in FeM but not in the FeM−Atz sample, is assigned to
the surface species FeOH.55 Additionally, a slight shift in the
satellite peak position was observed for the adsorbed sample. In
general, a shift toward higher BE is an indication of the loss of
the relative electronic density around the atom that is affected
by its nearest neighbors, which in this case may be due to the
presence of adsorbed Atz.
The peak sequence between 102.2 and 103.8 eV in the Si 2p

spectrum (Figure 3c) corresponds to Si bonded to two, three,
and four oxygen atoms.56 Most of these peaks appear in both
samples and correspond to Si in a silicate environment and
could be interpreted as the siloxane surface group of
montmorillonite. The peak at approximately 104−105 eV
indicates the presence of SiOH (silanol) surface groups.57 It
can be seen from Table 1 that the position of the Si 2p
contribution shifted to higher values by 0.4 and 0.5 eV after Atz
adsorption. This shift in the Si 2p position is evidence of a
change in the physical−chemical environment around the Si
atoms, likely related to the interaction between siloxane and/or
silanol groups with Atz.

Figure 2. Effect of the interlaminar cation on the adsorption of Atz.
Solid concentration, 1 g L−1; pH, 7.0, and NaNO3: 0.1 M. Solid circles,
NaM; open circles, FeM. Lines are drawn only to serve as guides to the
eyes.
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According to the obtained XPS results, two important facts
can be remarked. First, the presence of Atz is evidenced

through the C−N signal, π−π* shakeup transition, and slight
shifts in the Si 2p and Fe 2p3/2 (satellite) spectra, which are all

Figure 3. X-ray photoelectron (a) C 1s, (b) Fe 2p, and (c) Si 2p spectra obtained for FeM samples before and after the adsorption of Atz. The
original spectra are indicated with empty circles. The best fit curves and individual peaks are shown by a solid thick line. The residuals plots
presented below the spectra provided the error associated with the fitting process.

Table 1. BE Assignments and Atom % for C 1s, Fe 2p3/2, and Si 2p Elements before and after Atz Adsorption

FeM FeM-Atz

species BE (eV) Atom % BE (eV) atom % assignment

C−N 282.5 1.2 C−N
C 1s C−C 284.8 11.1 284.8 7.7 aliphatic carbon

C−O 286.3 3.0 286.4 1.2 adventitious carbon contamination
O−CO 288.6 1.4 288.6 0.8
C-Satellite 293.7 0.2 π−π* shakeup transition

Fe 2p3/2 Fe3+-O 711.0 0.4 711.1 0.3 Fe3+ in Fe oxides
Fe3+-multiplet 712.8 0.4 713.1 0.7 Fe−OH specie
Fe3+-multiplet 713.6 0.3
Fe3+-multiplet 715.4 0.2 715.5 0.2
Fe 3+ satellite 719.4 0.1 721.0 0.1

Si 2p Si(−O2) 102.2 2.3 102.6 3.3 Si in silicate environment
Si(−O3) 103.0 6.4 103.5 8.1
Si(−O4) 103.8 8.7 104.3 7.9
Si−OH 104.7 4.7 105.1 2.8 SiOH specie

CTotal 15.5 11.1
SiTotal 22.1 22.1
FeTotal 1.4 1.3
OTotal 532.5 52.8 532.3 55.6
AlTotal 74.7 6.8 74.8 6.8
NaTotal 1073.3 1.4 1073.0 3.1
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attributed to the presence of Atz near the surface region of
FeM. In the second term, in accordance with the changes in the
atom % of Si 2p and Fe 2p3/2 atoms the silanol and FeOH
groups are involved in the interaction with Atz, probably by H-
bonding with the N-aromatic ring. In both cases, the interaction
would be deduced from changes in the atom %. For the silanol
(4.7 to 2.8%) and FeOH (0.3 to 0%) groups, there is a decrease
in the atom % as a consequence of the presence of Atz in the
region near the surface that masks those surface groups (Table
1). The H-bonding interaction between the siloxane and NH
group has already been implied through XRD results. However,
XPS cannot reveal this interaction; in fact, there is an increase
in the atom % of the Si−O−Si group after Atz adsorption. This
result was interpreted as a more open interlayer space allowing
more exposition of the siloxane groups.
Although XPS does not allow confirmation of the n-π EDA

interactions, these are less probable to occur because of the tilt
orientation of the Atz molecule. The π−π interactions between
the aromatic groups of Atz molecules are more likely to be
present. Indeed, this type of interaction would be present, as
the tilt orientation of the Atz molecule favors lateral
interactions between the aromatic rings, increasing the
adsorption by cooperative effects (see the next section).
3.3. Effect of Humic Acid on Atz Adsorption: pH and

Ionic Strength Condition. Similar for Atz adsorption onto
Na and FeM, the adsorption onto the HA−FeM system
resembles an S-type adsorption isotherm (Figure 4). The

heterogeneity of surface sites and cooperative effect are
responsible for the curve shape. Cooperative adsorption
operates if adsorbate−adsorbate interactions are stronger than
adsorbate−adsorbent interactions. At low concentrations, the
adsorbate has a low affinity for the adsorbent, but as soon as the
adsorbate is covered, other molecules are more easily
adsorbed.58,59 This phenomenon is frequently observed for
organic molecules, surfactants,60,62 and Fe(hydr)oxides, such as
goethite.17 Figure 4 presents Atz adsorption isotherms onto
FeM and HA−FeM samples. Both are S-type isotherm. The
HA molecule provided more, other, or better surface
adsorption sites and therefore the adsorption capacity of the
FeM system increases in 3-fold. Regarding the possible order of

the occupation of surface sites, it is expected that at low Atz
concentrations, the interaction occurs preferentially onto FeM
sites, as they predominate over humic acid sites. When the Atz
concentration increases, the herbicide is also adsorbed onto HA
surface sites.
Figure 5 shows Atz adsorption onto HA−FeM at three

different pH values. The analyzed pH range represents the

entire pH range to evaluate the adsorption under different
potential environmental conditions. As can be observed in
Figure 5, there is an increase in adsorption as the pH decreases.
In this case, the pH affects not only the HA−FeM surface
charge but also the HA conformation and Atz molecule
protonation, which are all factors influencing the adsorption
capacity. First, at low pH values HA molecules aggregate in a
more compact conformation, producing an enhancement of the
hydrophobic character, which implies greater Atz adsorption.14

Additionally, N in the Atz aromatic ring can form H-bonding
with HA carboxylic and phenolic groups. Therefore, the
hydrophobic effect and H-bonding interactions clearly favor
the adsorption process. Additionally, a low pH contributes to
generate some reduction in the electrostatic repulsion between
Atz and HA−FeM. Although the Atz molecule is neutral at the
pH values studied, chloride and the negative electronic density
of the Atz aromatic ring may generate some repulsion between
Atz and HA−FeM. Surface site protonation (i.e., FeOH sites in
FeM as well as carboxylic and phenolic groups in the HA
molecule) reduce the electrostatic repulsion. In fact, as can be
seen in Figure 5, for pH 4.5 there is a rapid increase in Atz
adsorption, suggesting that pH really enhances the adsorption
capacity. However, at pH 7.0 and 9.0, and at low initial
concentrations, the amounts of Atz adsorbed are lower and
similar among these pH values. At these pH values, the net
negative surface charges of FeM and HA molecules remain
negative, and thus reduction in the electrostatic repulsion
cannot be avoided. Nevertheless, the adsorption capacity at pH
7.0 (∼6 mg g−1) is higher than other similar systems based on
modification of montmorillonite with HA, organoclays, or
geosorbent materials.61−66

Adsorption models, such as the Langmuir and Freundlich
isotherms, have been widely used to evaluate adsorption

Figure 4. Comparison of the adsorption behavior of Atz on FeM and
HA−FeM. Solid concentration, 1 g L−1; pH, 7.0; and NaNO3, 0.1 M.
Lines are drawn only to serve as guides to the eyes.

Figure 5. Effect of the pH on Atz adsorption on HA−FeM. Solid
concentration, 1 g L−1; NaNO3; 0.1 M. Solid circles, pH = 4.5; open
circles, pH = 7.0; squares, pH = 9.0.
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phenomena. Generally, experimental data are fit to adsorption
isotherm models, and the obtained parameters are then used to
describe the adsorption process. In the literature, different
isotherm models were used to explain the adsorption behavior
of pesticides. In general, pesticide binding to HA, Fe(hydr)-
oxides, and clays can be described with the Freundlich
equation.14,67 The Langmuir model has been used less
frequently.68 Ishiguro et al.69 evaluated the adsorption of a
cation surfactant onto HA using a combination of an
electrostatic and specific binding adsorption model. The
specific model is the Langmuir−Freundlich-Hill (LFH) and is
described as follows

=
+

X X
K C

K C
( )

1 ( )

n

ns
m s s

s s

Similar to the Freundlich model, the Langmuir−Freundlich-Hill
(LFH) model includes a n parameter in the equation. For the
Freundlich model, the n parameter is a measure of the
heterogeneity of the system. A more homogeneous system will
have n values approaching unity, while in more heterogeneous
systems, n values will approach zero. The meaning of n is
somewhat different in the LFH model. According to Ishiguro et
al.,69 if n < 1, the heterogeneity effects are larger than the
hydrophobic effects, while for n > 1, the hydrophobic attraction
is stronger than the heterogeneity effects. Pseudoideality (n =
1) occurs when effects, heterogeneity and hydrophobicity,
compensate for each other. Atz adsorption behavior onto HA−
FeM would be similar to that of surfactants onto HA since both
the heterogeneity of the binding sites (previously discussed)
and a positive cooperative effect due to hydrophobic attraction
play important roles. Therefore, this model was used here but
just for the purpose of fitting experimental data and finding the
n value assigned to the adsorption process. Any other
interpretation is beyond the scope of this paper. Figure 5
shows that the model presents a good fit with the experimental
data. The obtained n values in all of the cases were >1 (Table
S2), suggesting that the hydrophobic effect is more important
than the heterogeneity effect. These results indicate that more
than the surface sites available for adsorption, the hydrophobic
characters of the adsorbate and adsorbent are controlling the
adsorption process. In this regard, increasing the hydro-
phobicity increases adsorption on the Fe-coated clay. Finally,
the ionic strength clearly contributes to the adsorption process
(Figure 6). High ionic strength influences both the HA
molecule conformation and electrostatic interactions. The HA
molecules show a more compressed conformation at high ionic
strength, leading to smaller-sized aggregates. Moreover, high
ionic strength reduces the thickness of the electrical double
layer, which favors π−π stacking between the aromatic rings;
thus, Atz adsorption increases by a cooperative effect.

■ CONCLUSIONS
This paper attempts to advance the knowledge of the
adsorption mechanism of Atz onto geosorbents and to
determine the effects of the pH, humic acid, and ionic strength
in this process. The obtained results allow it to be concluded
that Atz is adsorbed onto Na and FeM. The interlaminar cation
influences the adsorption capacity of the montmorillonite in the
sense that Na+ > Fe3+.
The XPS spectroscopy tool confirmed the presence of Atz in

the near surface region of FeM. The silanol and FeOH groups
are involved in the interaction; thus, H-bonding with the N-

aromatic group would be the expected interaction. The tilted
orientation of the Atz molecules in the interlayer space,
deduced from XRD patterns, facilitate the H-bonding
interactions. Additionally, the π−π stacking interactions
contribute to the adsorption process through a cooperative
effect.
Smectites adsorb low amount of Atz; however, in the

presence of Fe(hydr)oxides the adsorption is improved. The
effect of humic acid is to further increase the adsorption
capacity. The heterogeneity of the surface sites and the
cooperative effect explained the S-type curve observed in the
HA−FeM adsorption isotherms. However, the hydrophobic
character of the herbicide seems to be the key factor for the

Figure 6. Effect of the ionic strength on the adsorption of Atz onto
HA−FeM. Solid circles, 0.1 M NaNO3; open circles, 0.01 M NaNO3.
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adsorption process. Acidic pH values and high ionic strengths
also increase Atz adsorption.
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