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The  kinetics  of  the  adsorption  of
picloram onto  montmorillonite  was
studied  in  situ  by ATR-FTIR.
A  mixed  surface  reaction  intra-
particle diffusion-control  was  the
kinetic model  that  best  represented
the results.
The  adsorption  equilibrium
isotherms  were  obtained  at  pH
values of  3,  5 and 7.
Two  independent  adsorption  pro-
cesses on different  surface  sites were
found.
The  interaction  of  picloram  with
montmorillonite  surface  was  con-
firmed by  ATR-FTIR.
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The  kinetics  of  the adsorption  of picloram  (PCM)  onto  montmorillonite  (Mt)  was  studied  in situ  by
attenuated  total  reflectance  Fourier-transform  infrared  spectra  (ATR-FTIR).  Pseudo-first-order,  pseudo-
second-order,  intra-particle  diffusion  and  mixed  surface  reaction  intra-particle  diffusion-controlled
kinetic  models  were  applied  to the  experimental  results.  The  latter  was  the  model  that  best  represented
the  experimental  results.  The  adsorption  equilibrium  isotherms  revealed  the  presence  of  two  indepen-
dent  adsorption  processes  on  different  surface  sites.  The  adsorption  isotherms  normalized  by  the surface
icloram
erbicide

area  were  fitted  with  the  Langmuir  and  Freundlich  models  to obtain  the  respective  parameters.
Due  to  the  anionic  form  of PCM,  the  adsorption  onto  the  external  clay  mineral  surface  sites  followed  by
ontmorillonite the  entrance  of  the  PCM  molecule  into  the  Mt  basal space  in  a less  energetically  favorable  pathway  was

dsorption isotherms
dsorption kinetics
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. Introduction

Due to the large-scale use of agricultural chemicals, synthetic
rganic pollutants are present in natural waters worldwide, and
ven water pollution accidents by organic chemicals are frequently
eported [1].

The behavior of these synthetic organic chemicals in the envi-
onment is a dynamic phenomenon and detailed information about
he chemical reaction remains deficient. These chemicals can reach
ells, streams, rivers and lakes [2] or leach through the soil
ith the ability to reach and contaminate groundwaters [3,4].
mong the agrochemicals in use today, picloram, 4-amino-3,5,6-

richloropyridine-2-carboxylic acid (PCM), is a synthetic organic
hemical that belongs to the pyridine family. This organic com-
ound has herbicide activity and is used to control annual broadleaf
eeds at low rates and deeply rooted herbaceous weeds, vines

nd woody plants at higher rates in cereals such as wheat, barley,
ugarcane and oats [2,5].

Picloram has been detected in soils and fresh water [2,6]. PCM
as an anionic character at the pH of most soils and water environ-
ents (pKa ≈ 2.3), which causes its sorption onto soil particles to

e very low. Consequently, PCM has extremely high soil mobility
nd therefore, PCM has been classified as a pesticide with a high
eaching potential [7–12].

The adsorption of herbicides onto solid adsorbents is very
mportant, since it can effectively remove pollutants from aqueous
treams [13–15]. Within the adsorbent materials studied to address
he purification of polluted water, low-cost materials, such as clays,
ave revealed for PCM very low adsorption efficiency, while bet-
er adsorption efficiency was found for hydrotalcite [15], silica gel
16] or iron-pillared clay [17], and a direct relation was found
etween PCM adsorption and organic matter [8,18,19]. Within soils
he adsorption of pesticides often involves the binding of positively
harged pesticide molecules to the negatively charged compo-
ents: organic matter and clay particles. Being both organic matter
nd clay materials reported as good adsorbents for nonionic pesti-
ides [20,21].

Montmorillonite (Mt), which is a member of the smectite clay
amily, has been primarily selected to evaluate the sorption of dif-
erent pesticides [22], heavy metals ions [23] or organic compounds
24] because of its high cationic exchange capacity (CEC) and spe-
ific surface area.

Previous studies have been conducted using Mt or modified Mt
e.g. its calcined form) to adsorb the cationic pesticides thiabenda-
ole and benzimidazole [25,26], and the zwitterion glyphosate ([27]

 and references cited therein). Those studies allowed to determine
he main adsorption mechanism involved as cation exchange or

onodentate or bidentate complexes formation kinetic studies of
rganic adsorbents on montmorillonite are only realized, up to our
nowledge, with insecticides [27], and dyes [28].

The Attenuated Total Reflectance Fourier Transform Infrared
ATR-FTIR) spectroscopy has been successfully used in kinetic stud-

es of adsorption involving anions on different solids [29] and can
ive a clearer understanding of the behavior of Picloram adsorbed
n Montmorillonite.
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Fig. 1. Structural formula of picloram.
ysicochem. Eng. Aspects 449 (2014) 121–128

The aim of this work is to study the adsorption of PCM onto
Mt and to understand the adsorption mechanism by in situ kinetic
study using ATR-FTIR method. Both results could contribute to the
understanding of the reactions at the clay mineral interface and
will assist in predicting the mobility, fate and bioavailability of
these pesticides in soil systems with a low percentage or without
interactions among all components.

2. Experimental

2.1. Materials

Analytical PCM (Fig. 1), which had a purity of 100%, solubility in
water of 1.78 mM for pH 3 and 5.0 mM for pH values of 5, and 7,
and a pKa = 2.3 [15], was  supplied by Sigma–Aldrich Co. and used
as received. All of the other chemical reagents were provided by
Merck PA and used without any further purification. Water was
purified using a Milli-Q system from Millipore Inc.

Montmorillonite API # 26, Clay Spur, Wyoming, was provided
by Ward’s Natural Science Establishment, Inc., USA. This Mt  was
manually milled in an agate mortar and sieved to a particle size of
less than 125 �m.

2.2. Characterization of the adsorbent

The main properties of Montmorillonite API #26, reported in
previous work [30], were a cation exchange capacity (CEC) of
138 meq/100 g determined using the formaldehyde method [30],
purity >98% determined by X-ray diffraction (XRD), and an isoelec-
tric point (IEPpH) at pH 3.2 determined by the diffusion potential
method [31]. The chemical composition and isomorphic substitut-
ions of Mt  were determined from the chemical analysis using the
method reported by Siguin et al. [32].

The elemental composition of the Mt  was  determined using
chemical (C.A.) and surface chemical analyses by energy-dispersive
X-ray spectroscopy (EDS).

Scanning electron microscopy (SEM) was performed using a
field emission gun scanning electron microscope Zeiss (FEG-SEM
Zeiss LEO 982 GEMINI) coupled with an energy dispersive X-ray
analyzer (EDS), which provides the qualitative and semiquantita-
tive composition of the sample. The SEM images were collected by
applying a 5 kV voltage with different magnifications to clarify the
surface. The Mt  sample was fixed to 10 mm metal mounts using car-
bon tape and sputter-coated with gold under vacuum in an argon
atmosphere. The INCA software package was  used to determine the
elemental composition of the surface of the sample.

The total specific surface area was determined from the water
adsorption (Sw) at room temperature and a relative humidity of 56%
and external specific surface area by nitrogen adsorption (SN2) at
77 K on samples that were previously dried at 100 ◦C for 6 h under
high vacuum using a Micromeritics Accusorb 2100 E instrument.
The internal or interlayer surface area (SI) was calculated as the
difference between total and external specific surface areas, Sw and
SN2, respectively.

2.3. Adsorption kinetics

The attenuated total reflectance Fourier transform infrared
spectra (ATR-FTIR) were performed in a Nicolet 8700 FTIR spec-
trometer (200 scans, resolution 4 cm−1) equipped with a liquid
N2 cooled MCT-A detector and a Spectra Tech ZnSe–ATR crystal
unit (area = 10 mm × 72 mm)  with an incident angle of 45◦ and 11
reflections.
A thin colloidal film of Mt  was  deposited onto an ATR crystal by
placing 1.0 mL  of Mt  dispersion (0.8 g L−1, pH 5) and evaporating to
dryness at room temperature. The Mt  film formed was rinsed with
small aliquots of water to eliminate loosely deposited particles.
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 volume of 1.5 mL  of 5.0 mM of PCM fresh solution at constant
onic strength of 10.0 mM KCl, and pH 5 was  placed on the Mt
lm. ATR-FTIR spectra were recorded as a function of time at
oom temperature until no further changes were detected. This
ndicated that the surface film had been saturated with the adsor-
ate. Typically, equilibration times were on the order of 890 min
∼15 h). Temporal changes were estimated using the area under
he curve for each selected frequency. These temporal changes
ere normalized by dividing the band area by the band area at

quilibrium time. A baseline correction was made for instrumental
nstabilities and the background was subtracted. The spectra of
he Mt  film and PCM solution were previously recorded.

.4. Adsorption experiments

The adsorption isotherms of PCM in Mt  dispersions of 16 g L−1

ere obtained using batch equilibration experiments at pH values
anging from 3 to 7 and initial concentrations of PCM (C0,PCM) ran-
ing from 0.04 to 5.0 mM at a constant ionic strength (1.0 mM KCl).
he dispersions were shaken and equilibrated for 48 h at room tem-
erature, and the pH was adjusted several times to maintain the
espective values (3, 5 or 7) using drops of HCl or KOH aqueous
olutions of different concentrations selected to avoid dilution. The
0,PCM maximum concentration used was established by the low
olubility of PCM. The control samples, which did not contain PCM,
ere prepared using the same procedure.

The supernatant solutions were subsequently filtered through
.22 �m cellulose nitrate membranes, and the concentration of
CM was determined using ion chromatography with a DIONEX
X-100 instrument equipped with a conductivity detector, a man-
al sample injection valve, and a 25 �L sample loop. Two plastic
nion columns, DIONEX AG-4 and AS-4, were coupled in series
o serve as the pre-column and the analytical chromatographic
olumn, respectively. A mixture of 4.25 mM/4.50 mM HCO3/CO3

2−

as used as the eluent at a flow rate of 2 mL  min−1. The reten-
ion time of PCM under these experimental conditions was 3.2 min.
he amount of PCM adsorbed was determined as the difference
etween the initial concentration and that of the PCM in equilib-
ium with the supernatant.

The solute concentration (Ceq) in the supernatant of the Mt  sam-
les determined using ion chromatography was  higher than the

nitial one because a concentration effect of the adsorbate in the
olution occurs due to the amount of water incorporated during
he swelling of the clay mineral. The wetting and drying pro-
esses linked to the clay mineral swelling have a volume (or mass)
hange associated. To account for this effect, the amount of incor-
orated water was determined from the mass difference between
he dry clay mineral and some PCM pellet samples centrifugated at
7,000 rpm. Thereafter, the solution supernatant volume and PCM
oncentration at equilibrium was recalculated.

Furthermore, the surface coverage (�ads) was  calculated by
ormalizing the adsorbed amount of PCM by mass or area units
�mol  g−1 or �mol  m−2).

.5. Reproducibility and data analysis

All experiments were carried out by duplicate. Unless otherwise
ndicated, all data shown are the mean values from two replicate
xperiments. Standard deviations were below 5% in all cases.

The statistical data analysis was done using the SigmaPlot soft-
are package. SigmaPlot uses the Durbin–Watson statistic to test
esiduals for their independence of each other. The Durbin–Watson
tatistic is a measure of serial correlation between the residuals.
he residuals are often correlated when the independent vari-
ble is time and the deviation between the observation and the
Fig. 2. SEM and EDS analyses of Mt.

regression line at a given time is related to the deviation at the
previous time.

3. Results and discussion

3.1. Sample characterization

The SEM image of Mt  (Fig. 2) revealed a face-to-edge contact
between the particles with a random orientation, and no formation
of domains (group of particles that act as a unit) or clusters (group
of domains that act as a unit) was  observed within the bulk clay
mineral. However, agglomerates were identified in the SEM image.

The elemental compositions of the Mt  sample determined by
C.A. and EDS, expressed as percentage of oxides, are summarized
in Table 1. There were no significant differences between the com-
positions determined using either analytical method. Therefore,
the structural chemical formula including isomorphic substitut-
ions of the Mt  sample obtained from the C.A. results [32] was
[(Si3.94Al0.06)(Al1.56Fe0.18Mg0.26)O10(OH)2]M+

0.32.
The specific surface area determined by N2 adsorption mea-

surements is commonly used for the characterization of adsorbent
materials, oxides and soils (Table 1). In the case of microporous
materials, the BET surface area describes the adsorption on the
external surface particles and the condensation into the micropo-
res [33]. Specific interactions with the polar surface sites can occur
when nitrogen is used as a probe molecule. Therefore, quantifying
the total specific surface area of clay minerals is not a simple pro-
cedure, and nitrogen may  not be the best probe molecule for this

purpose. Thus, the total surface area of Mt  can be better attained
by the adsorption of a polar molecule, such as water, alcohols, etc.
[33]. The selection of the probe molecule will depend on the ini-
tial state, the nature of the interlayer cations, etc. Therefore, the



124 J.L. Marco-Brown et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 449 (2014) 121–128

Table 1
Oxides content of Mt  sample determined by C.A. and EDS expressed as percentage.

SiO2 Al2O3 Fe2O3 CaO MgO  Na2O K2O TiO2

 ± 0.1
 ± 0.3

s
n
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1

C.A. 65.6 ± 0.1 23.1 ± 0.1 4.0 ± 0.1 1.0
EDS  61.0 ± 0.5 19.0 ± 0.3 8.0 ± 0.4 1.4

pecific surface areas, determined from the adsorption of water and
itrogen, for the Mt  sample represent the total and the external spe-
ific surface area, respectively, and the difference between both of
hem corresponds to the internal specific surface area.

The following values were determined for Mt:
w = 632 ± 5 m2 g−1, SN2 = 27 ± 5 m2 g−1 and SI = Sw − SN2 =
05 ± 5 m2 g−1.

The value of SN2 for Mt  agrees with values obtained by other
uthors [34]. The SW values were 10 times greater than those of
N2, which is in agreement with the swelling capacity of Mt [35].

.2. FTIR spectra

ATR-FTIR spectra for PCM, Mt  film and PCM-Mt are shown in
ig. 3A and B and Fig. S1. The band at 1362 cm−1, which corresponds
o symmetric stretching vibration �s of the dissociated carboxyl
roup of PCM in solution, remains constant along the time (the
ariation in the area value is less than 5%). The band at 1281 cm−1

s assigned to pyridine in-plane deformation �(CH), while the
−1
and at 1265 cm is assigned to pyridine �(CC, CN) of the PCM

olecule. The last band frequency shift from 1265 to 1261 cm−1

n the PCM-Mt spectra since PCM is coordinated with aluminol or
ilanol surface sites of Mt  through nitrogen of the pyridine ring and

ig. 3. ATR-FTIR spectra for Mt  film, PCM solution and PCM adsorption on Mt  film
t  t = 890 min, at pH 5 and room temperature. (A) Spectral range from 1450 to
150 cm−1. (B) Spectral range from 950 to 800 cm−1.
 2.9 ± 0.1 2.8 ± 0.1 0.5 ± 0.1 0.2 ± 0.1
 3.6 ± 0.4 2.7 ± 0.7 1.2 ± 0.1 1.8 ± 0.2

carboxylic group [17,36]. Bands centered at 874 cm−1 and 849 cm−1

of PCM spectra are attributed to pyridine out-of-plane deformation,
�(CH) and carboxylate �(CO2), respectively, and shift to 900 cm−1

and 867 cm−1 on PCM-Mt spectra. These frequency shifts observed
(26 and 18 cm−1, respectively) could be attributed to changes on
the symmetry of the molecular atoms that change their coordina-
tive surroundings due to the interaction of PCM with the aluminol
and/or silanol groups of the solid surface. This suggests the for-
mation of an inner sphere surface complex that involves chemical
surface bonds while the outer sphere complexes retain their waters
of hydration without changes in their symmetry.

The surface complexation occurs by COO− group and nitro-
gen of the pyridine ring coordination to the surface as was
previously suggested for PCM interaction with iron oxide pil-
lared montmorillonite [17] and for picolinic acid interactions with
Al(III)–(hydr)oxide minerals [36]. The formed inner-sphere surface
complexes could be monodentate or bidentate complexes.

3.3. Kinetics

Peaks centered at 1261, 900 and 867 cm−1 were used to follow
the kinetic adsorption of PCM on Mt.  The corresponding bands vary
monotonously, without changes in their shape; thus, no indication
of possible accumulation of intermediates was given by the spectral
data. A typical time evolution of the bands centered at 1261, 900
and 867 cm−1 used for the kinetic adsorption experiment is shown
in Fig. 4.

The time evolution of the band area centered at 900 cm−1 is
shown in Fig. 5. This band area is directly related to the degree of
surface coverage, �t. Therefore, this figure shows the surface cov-
erage normalized by the surface coverage at equilibrium time �e

with the time evolution. Bands centered at 1261 and 867 cm−1 time
evolution are shown in Fig. S2.
The time evolution of �t/�e was  found to be very reproducible,
although the adsorption capacity showed rather large variations in
the individual experiments.

Fig. 4. ATR-FTIR time evolution of the bands centered at 1261, 900 and 867 cm−1

for kinetic adsorption experiment at pH 5 and room temperature.



J.L. Marco-Brown et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 449 (2014) 121–128 125

F
b
o

p
r
d
H
m

3

s
fi
i
l

t
a
r

k
[
f
s

3
t
p

l

w
a
o
m
T
t
c
b

3

t
o
c

Table 2
Parameters obtained for kinetics models.

1261 cm−1 900 cm−1 867 cm−1

PFO k1 (min−1) × 103 5.6 ± 0.3 5.2 ± 0.3 4.1 ± 0.2
R2 0.9465 0.8638 0.8755

PSO k2�e (min−1) × 103 8.2 ± 0.2 8.8 ± 0.1 9.4 ± 0.3
R2 0.9961 0.9926 0.9915

IDM kid�e
−1 (min−1/2) × 102 3.6 ± 0.1 3.4 ± 0.1 3.2 ± 0.1

R2 0.9519 0.9697 0.9637

MSR/DCK ueq × 1010 1.1 ± 0.2 5.8 ± 0.1 5.0 ± 0.4
k  (mol−1 cm3 min−1) 0.56 ± 0.03 0.84 ± 0.02 0.45 ± 0.06
�  (min) 36.3 ± 0.2 5.1 ± 0.1 80.7 ± 0.5
R2 0.9945 0.9972 0.9943

�t

�e
= 1 − 6

�2

∑
n=1

1
n2

exp −Dn2�2

r2
t (4)
ig. 5. Time evolution of the surface coverage, �t /�e , measured as the ATR-FTIR
and area centered at 900 cm−1, at pH 5 and room temperature. The solid line was
btained from Eq. (6) (MSR/DCK model).

Several kinetic models including Lagergren pseudo-first-order,
seudo-second-order, intraparticle diffusion models ([37,38] and
eferences cited therein) and the mixed surface reaction and
iffusion-controlled adsorption kinetic model recently proposed by
aerifar and Azizian [37] were tested for simulation of the experi-
ental data.

.3.1. Kinetic models
Adsorption kinetic data on different sorption systems were

imulated using a variety of kinetic equations and models. Pseudo-
rst-order (PFO) and pseudo-second-order (PSO) equations and the

ntraparticle diffusion model (IDM) are the most widely used in the
iterature.

IDM is applicable when the rate-determining step is the mass
ransfer of adsorbate to the solid surface sites, while the other ones
re used for modeling adsorption kinetics when the overall sorption
ate is controlled by the rate of surface reaction.

The mixed surface reaction and diffusion-controlled adsorption
inetic model has been recently proposed by Haerifar and Azizian
37] for modeling adsorption kinetics when both diffusion and sur-
ace reaction steps control the overall rate of the process at the
olid/solution interface.

.3.1.1. Pseudo-first-order equation (PFO). The reversible PFO equa-
ion [39], widely used for biosorption, is based on a Lagergren
seudo-first-order rate expression:

n(�e − �t) = ln �e − k1t (1)

here k1 is the pseudo-first-order sorption rate constant, �e is the
mount of PCM adsorbed at equilibrium by Mt  and �t is the amount
f PCM adsorbed at any time t. As mentioned before, �e and �t were
easured as the area of bands centered at 1261, 900 and 867 cm−1.

he overall rate constant k1 (Table 2), in min−1, was calculated from
he slope by plotting ln(1 − �t

�e
) versus t (Fig. S3). The determination

oefficients obtained using the Lagergren model for the evaluated
ands were lower than 0.95.

.3.2. Pseudo-second-order equation (PSO)
This model assumes that the adsorption rate is proportional

o the square of the number of unoccupied surface sites. More-
ver, the number of occupied sites is proportional to the adsorbate

oncentration. This model is represented by Eq. (2) [38,39]:

d�t

dt
= k2(�e − �t)

2 (2)
PFO: pseudo-first order; PSO: pseudo-second order; IDM: intraparticle diffusion
model; MSR/DCK: mixed surface reaction and diffusion-controlled kinetic model.

where k2 is the PSO adsorption rate constant, and �e and �t are the
amount of PCM adsorbed at equilibrium and at a given time, respec-
tively. The sorption rate can be calculated as the initial sorption rate
when t approaches 0. Integration of Eq. (3) gives:

t

�t
= 1

k2�e
2

+ t

�e
(3)

where k2 is the PSO rate constant and �e is the equilibrium adsorp-
tion capacity. k2�e was calculated using a linear approach. The plots
of t�e

�t
versus time (t), for the bands centered at 900, 1261 and

867 cm−1, are shown in Fig. 6 and S4.
The kinetic parameters for the PFO and the PSO rate equations

are listed in Table 2. The determination coefficients of the PSO
kinetic model indicate that this model matches the experimental
behavior better than the PFO model.

Nevertheless, a deviation from linearity as a downward curva-
ture at initial times was  observed (inset of Fig. 6 and Fig. S4). An
explanation of the deviation is addressed below.

3.3.3. Intraparticle diffusion model (IDM)
The intraparticle diffusion model is applicable when the rate-

determining step is the mass transfer of adsorbate to the solid
surface sites [38,39] and is described by the Eq. (4):

∞ ( )
Fig. 6. Linear plot of t/�t versus time (t) for the band centered at 900 cm−1. The solid
line  was obtained from Eq. (3) (PSO). The inset figure is included in order to clearly
show the deviation from linearity as a downward curvature at initial times.
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here D is the intraparticle diffusion coefficient and r is the particle
adius. At short time, when the ratio between �t and �e is less than
.3, the Eq. (4) can be reduced to

t = kid

√
t (5)

here kid is the intraparticle diffusion constant.
Plots of �t

�e
at 1261, 900 or 867 cm−1 versus t1/2, for PCM are

hown in Fig. S5. The ratio between intra-particle diffusion rate kid
nd �e was obtained from the slope from the linear regression of
he curve (Table 2). The determination coefficients obtained were
ower than 0.97, indicating that the intraparticle diffusion model

as not the rate-controlling step of the PCM adsorption on Mt.
he curves did not pass through the origin, which indicates that
iffusion through the pores is not the limiting factor.

However, the deviation from linearity as a downward curvature
t initial times when t�e

�t
versus t was plotted indicates that there is

 contribution of the diffusion process to the rate-controlling step
f adsorption as is observed in the insets of Fig. 6 and Fig. S4.

Haerifar and Azizian [37] have recently proposed that this
ehavior occurs when diffusion and surface reaction control the
verall rate of the process at the solid/solution interface. In these
ases, according to these authors, the mixed surface reaction and
iffusion-controlled kinetic model (MSR/DCK) can be applied.

.3.4. Mixed surface reaction and diffusion-controlled kinetic
odel (MSR/DCK)

The MSR/DCK model for adsorption kinetics has been recently
eported by Haerifar and Azizian [37] and considers that diffusion
ontributes to the rate-controlling step of adsorption describing the
xperimental data better than the pure PSO model.

The MSR/DCK model considers that the adsorbate molecules dif-
use toward the sorbent sites and then adsorb on the surface sites
hrough a surface reaction mechanism.

The time dependence of the surface coverage has the following
orm:

t = �e
exp(at + bt1/2) − 1

ueq exp(at + bt1/2) − 1
(6)

here a = kC0(ueq − 1); b = 2kC0�1/2(ueq − 1); ueq = 1 − Ceq
C0

is the

elative equilibrium uptake (0 ≤ ueq ≤ 1; k = k′
� ; � = C0−Ce

�eq
; k′ =

� r0D) is the rate coefficient in the Wait equation proposed in
957 for a second-order reaction [37]; r0 is the radius of the reac-

ion cage; � = r2
0

� D is the ratio of the length of the transient period
nd is related to the effect of diffusion on the global rate; and D
s the diffusion coefficient of the adsorbate that diffuses from the
ulk solution to the interface.

According to this model, the effect of diffusion was determined
y the coefficient b (more especially by �) and the effect of surface
eaction by both a and b coefficients.

The ratio between surface coverage and surface coverage at
quilibrium, �t/�e, for the adsorption of PCM on a Mt  film was
lotted versus t for the band centered at 900 cm−1 (Fig. 5) and for
ands at 1261 and 867 cm−1 (Fig. S2) and modeled using Eq. (6);
he parameters obtained are listed in Table 2. The predicted values
btained from Eq. (6) are represented as solid lines in Fig. 5 and Fig.
2. The determination coefficients obtained ranged between 0.9943
nd 0.9972, which were similar than those obtained using the PSO
odel, nevertheless, as was explained before, the presence of a

eviation from linearity as a downward curvature at initial times
or PSO model, indicating that the use of PSO model in this system

s disadvantageous. The low values of ueq indicated that the val-
es of Ceq and C0 were very similar in agreement with the fact that
he band at 1362 cm−1 corresponding to PCM in solution remained
onstant during the experiment. The values of k were in the same
Fig. 7. PCM adsorption isotherms on Mt at indicated pH values. The dotted lines are
placed on the graph as a guide to the eye.

order of magnitude indicating that the monitoring of the adsorp-
tion kinetics can be carried out using the bands at 1261, 900 or
867 cm−1 and the values of � are related to the linearity deviation
at initial times when the experimental data are plotted as t�e

�t
versus

t (Fig. 6 and Fig. S4).

3.4. Adsorption isotherms

The interactions of PCM with the clay mineral surfaces exhibited
an anionic profile (Fig. 7), with a decrease in adsorption when the
pH increases, which suggests that the adsorption of the PCM anion
was coupled with a release of H2O or OH− ions. This behavior is in
agreement with a coordination of the PCM molecule with surface
sites with an interaction through pyridinic nitrogen and carboxyl-
ate groups by means of the formation of an inner sphere complex as
indicated by FTIR results. Similar results have been reported before
for PCM adsorption on a modified Mt  with Fe oxides [19] and nitrate
adsorption on biochars [40].

The adsorption of PCM by clay materials has been previously
reported in very acidic systems [8], but for pH values greater than
3, the adsorption of PCM was  not detected [11,18]. In the present
work, it was observed that the PCM is considerably adsorbed onto
Mt at pH values that were even greater than 3. Thus, PCM adsorption
isotherms on Mt  at pH 3, 5 and 7 are presented in Fig. 7.

Fig. 7 revealed an increase in the surface coverage (�e) with Ceq

after the adsorption plateau, which indicates the existence of suc-
cessive adsorption processes over different surface active sites. The
formation of the monolayer was completed at a certain value of Ceq,
and when this concentration was  attained, other sites contributed
to the adsorption process [27].

The existence of two  consecutive plateaux was attributed to two
independent adsorption processes on different surface sites [27].
The first surface site could be associated with external and edge
surfaces, and the second one with the interlayer surface. The first
site was energetically more favorable than the second one, where
PCM can also cause steric hindrance. The importance of both sur-
face sites, which was previously mentioned, can be evidenced by
normalizing �e by the surface area using the SN2 value up to a Ceq

where the formation of the first plateau was  observed as well as the
SW value for higher values of Ceq [27].

Adsorption isotherms are important criteria for optimizing the
use of adsorbent materials because they describe the nature of

the interaction between the sorbate and the adsorbent. Thus, the
analysis of the experimentally obtained equilibrium data using
either theoretical or empirical equations is useful for the practi-
cal design and operation of adsorption systems. There are several
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Table  3
Langmuir and Freundlich parameters for PCM adsorption on Mt at different pH values.

pH Langmuir Freundlich

pKL1 (L �mol−1) pKL2 (L �mol−1) �max1 (�mol  m−2) �max2 (�mol  m−2) R2 KF × 103 1/n R2

3 2.75 ± 0.05 3.45 ± 0.04 0.54 ± 0.03 0.012 ± 0.004 0.9796 7.9 ± 0.3 0.55 ± 0.03 0.9324
5  2.92 ± 0.04 3.76 ± 0.03 0.45 ± 0.05 0.053 ± 0.004 0.9824 14.3 ± 0.4 0.41 ± 0.02 0.9271
7  3.22 ± 0.04 3.82 ± 0.05 0.34 ± 0.05 0.013 ± 0.005 0.9638 1.1 ± 0.5 0.66 ± 0.05 0.9611

T stant for the more reactive surface site; KL2: Langmuir equilibrium constant for the less
r max2: maximum uptake for the less reactive surface site; KF: Freundlich constant; 1/n: an
i  intensity.
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he experimental error was  less than 5% in all cases. KL1: Langmuir equilibrium con
eactive  surface site; �max1: maximum uptake for the more reactive surface site; �
rrational fraction that varies between 0.1 and 1 and is a measure of the adsorption

xpressions that describe adsorption isotherms; the Langmuir and
he Freundlich models are the most widely applied expressions for
he analyses of adsorption on all types of materials. Therefore, the
xperimental data for the adsorption of PCM were analyzed using
oth the Langmuir and Freundlich models.

.4.1. Langmuir adsorption isotherms
The Langmuir isotherm quantitatively describes the growth of

 monolayer of molecules on an adsorbent surface as a function
f the concentration of the adsorbed material present in the liquid
hase. This isotherm generally reveals a decrease in the number
f available interaction sites as the concentration of the adsorbate
ncreases. The Langmuir isotherm is represented by the following
quation:

e = �maxKLCeq

(1 + KLCeq)
(7)

here �max is the maximum uptake and represents the maximum
oncentration that can be accumulated on the solid phase, Ceq is
he adsorbate concentration at equilibrium in the aqueous solution,
nd KL is the Langmuir equilibrium constant, which is related to the
ree energy of the reaction. The affinity between the sorbent and
he sorbate is represented by this KL constant. In general, for good
orbents, a high �max and a high KL are desirable.

The presence of two plateaux in the adsorption isotherms is
onsidered in a two-term series Langmuir equation:

ads = �max 1KL1Ceq

(1 + KL1Ceq)
+ �max 2KL2Ceq

(1 + KL2Ceq)
(8)

here �max1 and KL1 are the parameters for the more reactive sur-
ace site and �max2 and KL2 are the parameters for the less reactive
urface site. The total maximum uptake, �max, is defined as the
um of the partial surface coverages (�max = �max1 + �max2). The
arameters of the two-site Langmuir model and their determina-
ion coefficient (R2) values are listed in Table 3.

.4.2. Freundlich adsorption isotherms
The Freundlich isotherm is an empirical equation that describes

he adsorption on a heterogeneous surface with a nonuniform dis-
ribution of heat of adsorption, which means that the surface where
he adsorbed molecules are interacting is energetically heteroge-
eous. This model does not predict any saturation of the adsorbent
y the adsorbate, but infinite surface coverage is predicted, which

ndicates the presence of multilayer adsorption on the surface. This
sotherm is represented by Eq. (9).

Here, KF is the Freundlich constant that indicates the adsorption
apacity and represents a measure of the surface area of the adsor-
ent, and 1/n  is an irrational fraction that varies between 0.1 and 1
nd is a measure of the adsorption intensity.
Linear regression analysis was applied for the analysis of the
sotherm data. The linear form of the Freundlich isotherm used was

n �e = ln KF + 1
n

ln Ceq (9)
Fig. 8. PCM adsorption isotherms on Mt  at indicated pH values. The solid and dotted
lines were obtained from Eqs. (8) and (9) using the two-site Langmuir and Freundlich
models, respectively.

KF and 1/n  were calculated from the intercept and slope of the
plot between ln �e vs ln Ceq.

The KF, 1/n  and the R2 values for the Freundlich isotherm param-
eters are given in Table 3.

Table 3 The PCM adsorption isotherms on Mt  after normalization
of �e by the surface area and their fit to the Langmuir and Freundlich
models are shown in Fig. 8. The solid lines in Fig. 8 are the two
sites of the Langmuir model applied to the PCM uptake during the
adsorption process; the calculated lines and the experimental data
match very well with R2 values between 0.9577 and 0.9824. The
dotted lines represent the applied Freundlich model. Although the
R2 values for the Freundlich equation are acceptable, the Langmuir
equation presented a better fit to the experimental results.

Recently, Freundlich constant values, KF, of 1016.40 and 1/n
value of 0.89 for the adsorption of PCM onto Mt  and KF, of 1.17 and
a 1/n  value of 0.93 for bentonite were reported [41]. Nevertheless,
the methodology used in their study did not include a pH equili-
bration of the samples, the source and characterization of the Mt
were not mentioned, the adsorption isotherms were not shown,
and no adsorption plateaux were reported; therefore, a compari-
son with the data of Mt  of this paper cannot be directly performed.
However, the Freundlich parameters estimated in the present work
where �e and Ceq are expressed in the same units as those used by
Fast et al. [41] are far from the parameters of Mt  and similar to those
obtained for bentonite.

4. Conclusions

This first adsorption kinetic study of an herbicide (PCM) onto
montmorillonite (Mt) was done in situ using an ATR-FTIR method.

Mixed surface reaction intraparticle diffusion-controlled kinetic

was the model that best represented the experimental results.
The adsorption equilibrium isotherms revealed the presence of
two independent adsorption processes on different surface sites.
A better agreement with Langmuir than with Freundlich model
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quations was obtained. The affinity constants were calculated and
hey decrease with increasing pH.

Due to the anionic form of PCM, the adsorption onto the exter-
al clay mineral surface sites followed by the entrance of the PCM
olecule into the Mt  basal space in a less energetically favorable

athway was proposed.
The adsorption pH dependence indicated an anionic bonding

echanism of the PCM toward the Mt  surface, and FTIR spectra sug-
est inner sphere complex formation through pyridinic nitrogen
tom and carboxyl group coordination.

The PCM adsorption on Mt  interfaces was fast and the mobility of
CM in natural environments due to its low solubility produced low
dsorption coverage. Thus, the fate and bioavailability of this her-
icide in soil systems will depend on the strength of the interaction
nd the contact time with the solid phases.

Consequently, a better knowledge of the interactions of pesti-
ides with clay minerals may  allow a more judicious selection of
aterials for water/wastewater treatment filters that significantly

nhance the removal of organic xenobiotics, and will help design-
ng materials for the controlled release of herbicides or for use as
eochemical barriers for hazardous materials.
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