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Abstract
2,4-Dichlorophenoxyacetic acid (2,4-D) is one of the most used herbicides for weed control. However, the use of large 
concentrations of 2,4-D is dangerous and have great carcinogenic potential. Thus, this work evaluated the 2,4-D sorption 
behavior by an organically modified montmorillonite nanoclay using kinetic and thermodynamic approaches. Adsorption 
isotherms and kinetic studies, conducted under controlled temperature and pH conditions, indicated a high capacity of 
the nanoclay to remove 2,4-D from aqueous medium, being that the adsorption mechanism probably involved phys-
isorption and chemisorption. Besides, thermodynamic parameters obtained showed that the adsorption was enthalpi-
cally driven for the physisorption step, with ΔH◦ = − 9.849 kJ mol−1. The analyses showed that 2,4-D adsorption caused a 
partial exfoliation of the montmorillonite structure, probably due to the high herbicide concentration utilized. Release 
studies of 2,4-D from the nanoclay showed that the desorption process occurred in two steps, a burst release of the 2,4-D 
molecules followed by a slow release. The results demonstrated by this study indicates the feasibility of the proposed 
system for controlled release or even water treatment applications.
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1 Introduction

Montmorillonite is a cheap, abundant and natural 2:1 phyl-
losilicate clay belonging to the smectites group. This clay 
has a crystal structure composed by two silica tetrahedral 
sheets with one alumina octahedral sheet between them, 
besides the presence of the interlayer region that con-
tains interchangeable cations and water molecules [1–3]. 
The members of the smectite group possess important 
sorptive properties due to their large specific surface area 
and high structural charge [4]. To enhance the sorptive 

properties of these clays, the modification also known 
as organophilization can be realized with cationic sur-
factants, such quaternary ammonium salts, as modifiers [5, 
6]. This enhancement widens the application range of the 
montmorillonite as an adsorbent material, increasing its 
efficiency in controlled release systems (CRS), water treat-
ment, gas separation applications, and others process of 
environmental and purification purposes [6, 7].

The use of modified clays in CRS for agriculture applica-
tions is widely reported in the literature [8–10]. Rytwo and 
Moshe [8] reported the use of montmorillonite modified 
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with quaternary ammonium salts, such octadecyltrimeth-
ylammonium (ODTMA) and berberine, and other modifi-
ers for the controlled release of allyl isothiocyanate (AITC), 
mustard oil major component used in the agriculture as 
fumigant in the control of insects. The montmorillonite 
modification increased by at least 60% the time release of 
AITC. Tejada et al. [9] studied the use of Na-montmorillon-
ite modified with phosphatidylcholine (PC) for controlled 
release of the herbicides diuron and alachlor in soils. The 
dissipated amount of the herbicides in the soils using the 
PC-clay formulations was lower when compared with the 
direct herbicide application, mainly for alachlor in the first 
16 days of incubation. In another study, Tchoumene et al. 
[10] reported the controlled release of methyl viologen 
(MV), a herbicide commercially known as paraquat, from 
clay formulations utilizing kaolinite modified with N-meth-
ylformamide as precursor. The MV was freed from the kao-
linite formulations in a slow behavior with approximately 
85% of MV during 70 min.

One of the most utilized herbicides in the world is the 
2,4-Dichlorophenoxyacetic acid (2,4-D), which is used for 
weed control in terrestrial environments, such as cultiva-
tions of maize, soya, sugar cane, rice and wheat in the agri-
culture, and aquatic ones, via spraying of 2,4-D in water 
solution [11–13]. When utilized in low concentrations, 
2,4-D can be used as a phytohormone, as it is considered 
a synthetic auxin [14]. However, despite 2,4-D wide utiliza-
tion, it has been proven that 2,4-D is a toxic and potentially 
carcinogenic product with low effectiveness in reaching 
the target weeds, where most of the herbicide used end 
up in the water streams and soils [12, 14]. Whereas 2,4-D 
adsorption on pure montmorillonite has been widely 
studied in the past, Weber et al. [15], Haque et al. [16] and 
Ogram et al. [17] did not note significant results in their 
studies. However, more recently, Bhardwaj et al. [12] ana-
lyzed 2,4-D adsorption and release, but through leaching 
studies simulating direct soil application from various clays 
materials, they verified that the organophilization of most 
materials, including organically modified montmorillonite, 
improved the adsorption capacity and enabled its use in 
controlled release systems. As it is a good alternative to 
prevent product losses, the use of CRS where the active 
ingredient is trapped in the system matrix and released 
over time, increases the product effectiveness [18].

Focusing on the development of a controlled release 
system intended to improve the spraying application 
effectiveness, i.e., a CRS on aqueous solution, the 2,4-D 
adsorption by an organically modified montmorillonite 
nanoclay and release studies were realized. Adsorption 
studies were conducted varying the temperature and pH 
conditions to evaluate and determine the best process 
conditions, with the auxilium of the most utilized isotherm 
and kinetic models.  N2 adsorption, DRX and FTIR analyses 

were realized to evaluate the interactions resultants from 
the 2,4-D adsorption. Furthermore, the herbicide release 
profile from the nanoclay was analyzed.

2  Experimental

2.1  Materials

Organically modified montmorillonite nanoclay of com-
mercial grade (Cloisite 30B), which is modified with methyl 
tallow bis(2-hydroxyethyl) quaternary ammonium salt, 
was supplied by Southern Clay Products, Inc. (Texas, USA). 
2,4-Dichlorophenoxyacetic acid powder with a minimum 
purity of 98% was supplied by Aldrich Chemistry (USA).

2.2  Adsorption studies

Adsorption amount of 2,4-D on the nanoclay was deter-
mined by depletion method as follow described. The 
adsorption isotherm studies were performed in 50 mL 
conical tubes containing 80 mg of nanoclay dispersed 
in 40 mL of aqueous solution of ethanol (3% v/v), i.e., 
2 mg mL−1 of montmorillonite, and 4.40–35.50 mg of 2,4-D 
(500–4000 μmol L−1). The pH of the aqueous solutions was 
previously adjusted to 2, as defined by preliminary zeta 
potential characterization (Supporting information S1), 
utilizing HCl and KOH solutions. Additionally, the temper-
ature influence was evaluated on the isotherm studies in 
different conditions (25, 35 and 45 ± 1 °C). The experiments 
were conducted in a water bath orbital shaker (Ethik Tech-
nology 501-DE) at 150 rpm. After the equilibrium time, set 
to 120 min by preliminary experiments, an aliquot of 4 mL 
was taken, centrifuged at 3600 rpm, and analyzed using 
UV–vis spectroscopy to measure the 2,4-D equilibrium 
concentration Ce (mg L−1). The spectrophotometric meas-
urement was realized using a calibration curve. The 2,4-D 
adsorption amount when the equilibrium was reached, qe 
(mg g−1), could be calculated by Eq. (1):

in which C0 (mg L−1) is the 2,4-D initial concentration, V  
(L) is the solution volume, and m (g) is the nanoclay mass.

Four isotherm models were applied to describe the 
adsorption process of the herbicide on the nanoclay: the 
Langmuir, the Freundlich, the Dubinin–Radushkevich, and 
the Partition models. While the Langmuir model assumes 
a monolayer coverage of adsorbate on the surface of the 
adsorbent, in which there is a finite number of identical 
adsorption sites that can interact with the adsorbate, Fre-
undlich model assumes that the adsorption process occurs 

(1)qe =

(

C
0
− Ce

)

V

m
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on a heterogeneous surface [19–22]. The Dubinin–Radu-
shkevich model is a more general model in which the 
assumption is not based on a homogeneous surface or 
a constant adsorption potential, but it is applicable to 
systems that have heterogeneous surfaces with a Gauss-
ian energy distribution [23, 24]. The Langmuir, the Freun-
dlich, and the Dubinin–Radushkevich are described by 
Eqs. (2)–(4), respectively:

in which qm (mg g−1) is the Langmuir maximum adsorption 
amount, KL (L mg−1) is the Langmuir constant associated 
to the adsorbate-site interaction, KF (L  g−1) and n are Fre-
undlich constants related to the adsorption capacity and 
intensity of the adsorption, respectively, qD (mg g−1) is the 
Dubinin–Radushkevich maximum adsorption capacity, � 
 (mol−2 J−2) is the activity coefficient, R (J mol−1  K−1) is the 
universal gas constant, and T  (K) is the temperature.

The partition model, a special case of the Freundlich 
equation, is presented in Eq.  (5), in which Kp (L  g−1) is 
the partition coefficient. It is a linear model, easy-to-use 
approximation, where the ratio between the concentra-
tion of the compound remaining in solution and adsorbed 
on the solid is the same at any concentration [25].

From the isotherms at different temperatures, the best 
adsorption condition (temperature and 2,4-D concentra-
tion) was selected, and the adsorption kinetic studies were 
performed in 250 mL Erlenmeyer flasks containing 200 mg 
of nanoclay dispersed in 100 mL of aqueous solution of 
ethanol (3% v/v), at 25 ± 1 °C, and pH adjusted to 2, 3 or 4, 
as defined by the zeta potential characterization. At preset 
time intervals, an aliquot of 4 mL was taken, centrifuged at 
3600 rpm, and analyzed to measure the 2,4-D concentra-
tion, Ct (mg  L−1), using spectrophotometric method. The 
2,4-D uptake at any time t  , qt (mg g−1), was calculated by 
Eq. (6):

To better understand the mechanisms involved in the 
2,4-D adsorption and to select the pH in which the maxi-
mum adsorption occurs, three kinetic models were used 
(pseudo-first-order, pseudo-second-order, and intraparti-
cle diffusion model). The main difference between these 

(2)qe =
qmKLCe

1+ KLCe

(3)qe = KFC
1∕n
e

(4)qe = qD exp

(

−�

[

RT ln
(

1 +
1

Ce

)2
])

(5)qe = KpCe

(6)qt =
(C0 − Ct)V

m

models is based in the assumptions which one makes. 
The pseudo-first-order model assumes that the adsorp-
tion rate is directly proportional to the difference between 
the adsorbed amount of adsorbate in the time t  and at the 
equilibrium time, being the process a physisorption. The 
pseudo-second-order model considers that the adsorption 
rate is proportional with the square of difference between 
the amount of adsorbate adsorbed with time and at equi-
librium, being the process a chemisorption [26–28]. As for 
the intraparticle diffusion model, it is often used when the 
adsorbent is a porous material, assuming that the intrapar-
ticle diffusion rate is limiting step for the process [28, 29]. 
The pseudo-first-order, the pseudo-second-order, and the 
intraparticle diffusion models are described in Eqs. (7)–(9):

in which k1  (min−1), k2 (mg g−1  min−1), and kid (mg g−1  min−0.5) 
are the adsorption rate constants of the pseudo-first-order, 
pseudo-second-order and intraparticle diffusion model, 
respectively, and C (mg g−1) is the intercept of the plot 
obtained from the model. The intercept gives a notion about 
the thickness of the boundary layer, i.e., the larger the value 
of the intercept, the greater the boundary layer effect [30].

2.3  Characterization of the system

With the selection of the best conditions (pH and tem-
perature) for the 2,4-D adsorption, the conditions were 
reproduced at 150 rpm with 2 mg mL−1 of nanoclay and 
4000 μmol  L−1 of 2,4-D. Then, when the equilibrium was 
reached (approximately 120 min), the sample with 2,4-D 
adsorbed was filtered by vacuum, oven dried at 60 °C 
(FANEM 320-SE) and, then, characterized. Also, a nanoclay 
control sample was submitted to the same adsorption 
conditions without 2,4-D and characterized along with a 
pristine montmorillonite sample to verify if the process 
and the obtaining method induces any changes to the 
montmorillonite.

2.3.1  Adsorption efficiency

After the vacuum filtration, the filtered solution was centri-
fuged, and the supernatant concentration was measured 
spectrophotometrically. The adsorption efficiency (AE) of 
the 2,4-D on the nanoclay, in percentage, was calculated 
in triplicate using the Eq. (10).

(7)qt = qe
(

1 − exp
(

− k1t
))

(8)qt =
q2
e
k2t

1+ k2qet

(9)qt = kidt
0.5

+ C

(10)AE =
(C0 − Ce)

C0
× 100
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2.3.2  N2 adsorption analysis

Specific surface area and porosity of the samples was 
measured using nitrogen adsorption at 77  K with a 
Micromeritics ASAP 2020. The Brunauer–Emmett–Teller 
(BET) specific surface area SBET  was obtained between 
0.05 and 0.22 relative pressure ( P∕P0 ), the porosity 
parameters were obtained in the adsorption branch of 
the hysteresis, where the total pore volume was esti-
mated by total adsorption at P∕P0 ≈ 0.98 and the average 
pore diameter was calculated through 4V∕SBET .

2.3.3  Structural analysis

In order to study the 2,4-D adsorption effects on the 
structure of the montmorillonite, X-ray diffraction (XRD) 
and Fourier transform infrared spectroscopy (FTIR) were 
utilized. Powder X-ray diffraction patterns were recorded 
between 4° and 12° on a Shimadzu XRD-600 diffractome-
ter with Cu Kα radiation (λ = 1.5406 Å) operating at 30 kV 
and 30 mA using a step size of 0.02°. From the XRD pat-
terns, the basal spacing of the samples was calculated 
using Bragg’s law (n� = 2dsen� ) on the position of the 
(001) reflection. Fourier transform infrared spectros-
copy (FTIR) in transmittance mode was used to obtain 
the samples spectra, with a Bruker Vertex 50 spectrom-
eter and utilizing the KBr method. The analysis was con-
ducted in the range of 4000–400 cm−1, using a resolution 
of 4 cm−1, and 32 scans per spectra.

2.4  Release study

Experiments were conducted in 250  mL Erlenmeyer 
flasks containing approximately 550 mg of the 2,4-D/
nanoclay sample dispersed in 100 mL of aqueous solu-
tion of ethanol (3% v/v) at 25 ± 1 °C, pH 6 (as described 
by the zeta potential characterization) and 150 rpm, in 
the water bath orbital shaker, following the method 
described in the literature with some modifications 
[31], as follow described. At preset time intervals, an ali-
quot of 4 mL was taken and centrifuged at 3600 rpm to 
measure, from the supernatant, the 2,4-D concentration 
released, CAr (mg  L−1), by the nanoclay. The measure was 
realized spectrophotometrically at 283 nm, and then, the 
aliquot was homogenized with a vortex mixer (Bionex 
KMC-1300 V) and returned to the medium. The 2,4-D 
cumulative release (CR) , in percentage, was calculated 
using Eq. (11):

(11)CR =
CAr

CA0
× 100

in which CA0 (mg  L−1) is the 2,4-D initial concentration pre-
sent on the nanoclay.

To better understand the 2,4-D release mechanism 
from the formulation, the model dependent approach 
was applied using the models of Weibull, Logistic and 
Makoid–Bakanar. These models are empiric ones that were 
adapted to the dissolution/release process and can be suc-
cessfully applied to almost all kinds of release curves, but in 
return, these models were not deducted from any kinetic 
fundament [32–35]. The Weibull, Logistic and Makoid–Baka-
nar models are described by Eqs. (12)–(14):

where M∕M0 is the fractional cumulative release at time 
t  (min), Tl (min) is the time lag before the onset of the 
process, a is a scale parameter that describes the time 
dependence, b is a parameter that describes the release 
curve shape, kMB , n , and k are empirical parameters in the 
Makoid–Banakar model.

2.5  Statistical analysis

The quality and the accuracy of the fitted models and its 
respective parameters were measured through the analy-
sis and comparison of the coefficient of determination R2 , 
the Chi square �2 and the average relative error ( ARE ). Also, 
the Akaike information criterion ( AIC ) was utilized to verify 
the reliability of the applied models [36]. These comparison 
parameters were obtained by the Eqs. (15)–(18):

where qi,exp is each value of q obtained experimentally, 
q̄i,exp is the average value of all qi,exp that were obtained, 
qi,model is each value of q predicted by the model used, N 
is the number of experimental points, p is the number of 

(12)
M
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= 1 − exp

(

−(t−Tl)
b

a

)
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M
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M
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parameters of the model and SSE is sum of squared errors, 
that can be obtained by the Eq. (19).

3  Results and discussion

3.1  Adsorption studies

3.1.1  Isotherms

The interaction between the adsorbate and the adsor-
bent in the equilibrium condition was studied to define 
the highest initial concentration that results in the highest 
adsorption capacity before the adsorbent saturation. The 
adsorption isotherms obtained at pH 2 and temperature 
of 25, 35, and 45 °C are shown in Fig. 1.

Analyzing the isotherms shapes from the data points 
and comparing them to the Giles et al. [37] classifica-
tion, the isotherm at 25 °C (Fig. 1a) can be classified as 
a L-type, sub group 3, presenting an exponential shape 
when Ce values increased up to 280.707 mg  L−1. However, 
from this concentration, qe value comes back to increase 
and no surface saturation is reached in the concentration 
range investigated, indicating a multilayer formation on 
the adsorbent [38]. With the increase in temperature, the 
shape of the isotherms changes and, at 45 °C (Fig. 1c), 
becoming a C-type curve, sub group 1, in which it has a lin-
ear shape and it occurs when the adsorbate has more affin-
ity with the adsorbent than with the solvent [37]. As for the 
higher experimental adsorption capacity, observed when 
2,4-D initial concentration was 35.50 mg (4000 μmol  L−1), 
it slightly reduces from 282.87 ± 1.52 to 278.77 ± 3.03, and 
275.69 ± 3.16 mg g−1 when the temperature is increased 
from 25 to 35, and 45 °C, respectively. This result indicates 
that despite the change in the isotherm shape to one with 
more affinity (C-type) when temperature increases, the 
adsorption capacity of the nanoclay is slightly affected.

The fitted models for the experimental data are also plot-
ted in Fig. 1, and the adjustment parameters obtained from 
each model are in Table 1. Through the statistical compari-
son parameters, the application of the Dubinin–Radushk-
evich model to the experimental data was not very success-
ful as the coefficient of determination R2 was the lowest. 
The Freundlich model was the best fitted, as it presented 
the higher values of coefficient of determination R2 and 
the lowest values of Chi square �2 , ARE and AIC , closely fol-
lowed by the Langmuir model. The proximity of the statis-
tical parameters probably means that both models simul-
taneously or a model mixture describes the experimental 
data. However, because the nanoclay is formed by distinct 

(19)SSE =

n
∑

i=1

�

qi,model − qi,exp
�2

Fig. 1  Adsorption isotherms data of 2,4-D on the montmorillonite 
at pH 2 and temperatures of 25 (a), 35 (b) and 45 °C (c) fitted to the 
Langmuir, Freundlich, Dubinin–Radushkevich and partition models 
(the partition model was fitted only for the first five experimental 
points)
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regions including hydrophobic parts associated to carbon 
tail of the ammonium salt, and hydrophilic parts associated 
to the montmorillonite mineral nature, we expected that 
the 2,4-D can access different sites on the nanoclay surface. 
Thus, Freundlich model was chosen to describe the adsorp-
tion process. Also, when the temperature increase, the fit-
ness of the models are improved. The calculated equilibrium 
parameter n parameter from the Freundlich model ( n > 1) 
for all temperatures indicates that the process is favorable, 
almost linear.

Since the 2,4-D adsorption is a temperature dependent 
process, we can calculate the thermodynamic parameters 
of herbicide adsorption to understand the process, verifying 
the feasibility and the nature of adsorbate–adsorbent inter-
actions [28, 39]. The enthalpy change ( ΔH◦ ), entropy change 
( ΔS◦ ), and Gibbs free energy change ( ΔG◦ ) of the adsorption 
process can be calculated from Eqs. (20) and (21):

(20)ln
(

Kp
)

=
ΔS◦

R
−

ΔH◦

RT

As can be seen in Fig. 1, for low equilibrium concentra-
tions (up to 150 mg  L−1), the adsorption isotherms are 
practically linear for all temperatures, suggesting that 
the adsorption occurred by a partition process. In this 
case, the Kp constant associated to the adsorptive pro-
cess can be obtain from Eq. (5), and the thermodynamic 
parameters associated with the 2,4-D adsorption occur-
ring in low concentrations can be calculated.

The calculated thermodynamic parameters are shown 
in Table 2. The ΔG◦ values are negative at 25 and 35 °C, 
indicating that the 2,4-D adsorption is favored in the 
equilibrium at these temperatures. However, the tem-
perature increase from 35 to 45 °C makes ΔG◦ change 
from negative to positive, indicating that higher tem-
peratures make the adsorption process unfavorable [40]. 
The negative values of ΔH◦ and ΔS◦ indicate that the 
adsorption process is exothermic, with the randomness 
being decreased during the transfer of the 2,4-D from 
the solution to the interface, i.e., the degrees of free-
dom of the adsorbed molecules is reduced [41, 42]. Also, 
ΔH◦ value is smaller than 40 kJ mol−1, indicating that the 
adsorption mechanism is of physical nature (physisorp-
tion) [41]. Despite the equilibrium of the adsorption pro-
cess is displaced to the adsorbed form of 2,4-D at 45 °C, 
the isotherm study clearly indicates the high adsorption 
capacity of the nanoclay at this temperature. Probably, as 
the temperature increases, the transference of 2,4-D to 
the nanoclay becomes unfavorable due to the reduction 
of the hydrophobic contribution associated to the incor-
poration of the adsorbate into the hydrophobic region 
formed by the carbonic chains.

Although it was not possible to establish a maxi-
mum adsorption value for the material evaluated in 
this study, the values obtained experimentally in the 
concentration range investigated were much higher 
than the maximum adsorbed amount reported in 
the literature using clay or similar materials for 2,4-D 
adsorption, as shown in Table 3. This comparison indi-
cates the high potential of the material as a 2,4-D adsor-
bent material, in which low quantities of adsorbent 
are necessary to adsorb high quantities of adsorbate. 
Also, it is expected a similar adsorption capacity for 
herbicides categorized as phenoxy herbicides, like the 

(21)ΔG◦
= ΔH◦

− TΔS◦

Table 1  Parameters of the Langmuir, Freundlich, Dubinin–Radushk-
evich and partition models applied to the 2,4-D adsorption on the 
montmorillonite at the temperatures of 25, 35 and 45 °C

a Partition model parameters were obtained from the first five 
experimental points

Model Parameter Temperature (°C)

25 35 45

Langmuir qm (mg g−1) 506.21 1116.80 1067.51
KL (L mg−1) 0.003 0.001 0.001

R2 0.947 0.978 0.993

�2 19.300 18.286 9.357

ARE (%) 10.645 13.312 7.620
AIC 55.194 48.517 39.012

Freundlich KF (L g−1) 4.983 2.104 2.209
n 1.474 1.197 1.209

R2 0.955 0.980 0.995

�2 17.452 13.960 4.470

ARE (%) 12.446 11.740 6.384
AIC 53.985 47.679 36.677

Dubinin–
Radushk-
evich

qD (mg g−1) 225.00 265.49 265.04
�  (mol−2 J−2) 0.001 0.002 0.002

R2 0.842 0.922 0.919

�2 308.949 22.189 37.150

ARE (%) 29.344 22.467 25.207
AIC 63.967 58.638 58.854

Partitiona Kp (L g−1) 1.185 0.995 0.924

R2 0.985 0.974 0.987

�2 9.834 16.595 14.609

ARE (%) 5.445 10.642 7.497
AIC 42.128 45.490 39.860

Table 2  Thermodynamic parameters of the 2,4-D adsorption on 
the montmorillonite at the temperatures of 25, 35 and 45 °C

ΔHo (kJ mol−1) ΔSo (kJ mol−1K−1) ΔGo (kJ mol−1)

25 °C 35 °C 45 °C

− 9.849 − 0.032 − 0.383 − 0.066 0.252
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2-methyl-4-chlorophenoxyacetic acid (MCPA) and the 
Dichlorprop, that has a similar chemical structure to that 
of the 2,4-D [43]. This property widens the applicability 
of the proposed system to water treatment applications. 
However, to extend this system applications to processes 
involving 2,4-D controlled release, kinetic studies are 
necessary.

3.1.2  Kinetic

Since saturation was not observed from the 2,4-D adsorp-
tion studies, the concentration of 4000 µmol  L−1 and tem-
perature of 25 °C were selected for the kinetic studies. 
These studies were performed at pH 2, 3, and 4 at 25 °C, 
and the plots are shown in Fig. 2.

The analysis of the kinetic curves shows that the 2,4-D 
adsorption is very fast, with most of it occurring in the 
first 5 min and reaching the equilibrium within 30 min of 
contact. Additionally, the change in pH does not change 
the kinetic profile neither the adsorption capacity at the 
equilibrium. As seen in the zeta potential analysis (Fig. S1), 
at pH 2 the montmorillonite is positively charged (PCZ 
between pH 4 and 5), while the most of 2,4-D species are 
neutral (pKa ≈ 2.7). However, as the pH increases to 4, 2,4-D 
molecules are deprotonated, and the montmorillonite 
positive charge is decreased. Thus, our result suggests that, 
in the range of pH evaluated, there should be a compen-
satory effect on the charge of the species interacting that 
promotes a non-important change in the magnitude of 
the electrostatic interactions as the pH increases and that 
2,4-D adsorption should be maximized in pHs ≤ 4.

The parameters of the kinetic models utilized for the pH 
of 2, 3, and 4 are shown in Table 4, and the fitted models 
are shown in Fig. 2. From the models utilized to describe 
the 2,4-D adsorption over time, the pseudo-first-order 
and the pseudo-second-order models were the best ones 
with coefficient of determination R2 higher than 0.99, in 
which both describe the high initial adsorption. How-
ever, the pseudo-second-order was the best fitted model 
because it presented adsorption capacities closer to the 
experimental, having the highest values of coefficient of 
determination R2 and the lowest values of Chi square �2 , 
ARE , and AIC , indicating that the best interpretation of 
the process is that it is chemically rate-controlled, i.e., the 
process is of chemical nature (chemisorption) [27, 31, 41]. 
Chemisorption is usually irreversible and primarily based 
on electrostatic forces [46], which contradicts the results 
obtained from the thermodynamic parameters. This con-
tradiction indicates that the mechanism that best describe 
the 2,4-D adsorption on the nanoclay is, in fact, a mixture 
of physisorption and chemisorption processes. This com-
bination of mechanisms, involving weak and strong forces 
governing the process, suggests that the 2,4-D adsorption 
occurs on the hydrophobic and hydrophilic regions of the 
nanoclay.

As for the intraparticle model, it did not show good 
applicability due the poor fit of the experimental data with 
the lowest value of coefficient of determination R2 and as 
the fitted model did not pass through the origin, contra-
dicting the model assumption [31]. Thus, the prediction 
that the rate-limiting step is an intraparticle diffusion is 
not applicable.

3.2  Characterization of the nanoclay/2,4‑D system

3.2.1  Adsorption efficiency and  N2 adsorption analysis

As shown by the adsorption studies, the temperature of 
25 °C and pH 2 were selected as the best conditions to 
obtain the highest amount possible of 2,4-D adsorbed on 
the nanoclay. Also, as there is no saturation on the range 
of concentration studied, the herbicide concentration 
and nanoclay utilized was 4000 µmol  L−1 and 2 mg mL−1, 
respectively. The percentage of 2,4-D adsorbed on the 
nanoclay, AE , was 64.42 ± 2.66%. This percentage means 
that from the 4000  µmol  L−1 initially available in the 
adsorption medium, approximately 2500 µmol  L−1 were 
adsorbed on the nanoclay with an adsorption capacity 
of approximately 286.02 mg g−1 (644.18 µmol g−1), i.e., 
approximately 24.45% of the final mass correspond to 
2,4-D.

The specific surface area SBET , the total pore volume and 
the average pore diameter 4V∕SBET  of the pristine mont-
morillonite (MMT), the control sample and the nanoclay 

Table 3  Comparison of adsorption capacities with the literature

a In this study, the reported value refers to the highest experimental 
adsorption capacity obtained. Other values correspond to maxi-
mum adsorption capacity obtained from Langmuir model

Adsorbent Modifier q (mg g−1)a pH References

Montmoril-
lonite

Quaternary 
ammo-
nium salt

282.87 2 This study

Zeolite HY – 175.44 3 [44]
HDTMA 82.64
SSD 120.48

Montmoril-
lonite

– 78.13 7 [12]
HDTMA 158.73
DODAB 161.29

Bentonite – 121.95 7 [12]
HDTMA 129.87
DODAB 133.33

Palygorskite ODTMA 42.02 Non-
adjusted

[45]

DODAB 25.77
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with 2,4-D adsorbed (MMT + 2,4-D) are shown in Table 5. 
As seen from the results, the processing conditions of the 
nanoclay does not induce any significant changes in its 
structure, since none significant change was observed 

in the SBET  value. However, the treatment of the sample 
causes the elimination of some mesopores, reducing 
the total pore volume and the average pore diameter, 
which suggests a possible change in the hydrocarbonic 

Fig. 2  Kinetic data for the 2,4-D adsorption on the montmorillonite at pH 2 (a), 3 (c) and 4 (e) in 25 °C fitted to the pseudo-first and pseudo-
second-order models and to the intraparticle model at pH 2 (b), 3 (d) and 4 (f)
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conformation of the ammonium salt. On the other hand, 
the 2,4-D adsorption causes a reduction of SBET  , which 
probably means that the 2,4-D molecules begin to occupy 
the materials pores, making them inaccessible to the nitro-
gen molecules during the  N2 adsorption analysis. This is 
corroborated by the amount of total pore volume and 
average pore diameter that are reduced with the adsorp-
tion, meaning that almost all pores were filled and that 
only microporous not accessed by 2,4-D are left.

3.2.2  Structural analysis

The XRD patterns of the pristine montmorillonite, control 
sample and nanoclay with 2,4-D adsorbed are shown in 
Fig. 3. As seen from the XRD patterns, the position of the 
(001) diffraction plane shifts from 5.12° to 5.22°, when the 

montmorillonite is submitted to the process conditions 
and to the obtaining method, that is related to a small 
decrease in the basal spacing of the nanoclay (from 17.25 
to 16.92 Å). This decrease is probably related to a change 
in the quaternary ammonium salt conformation on the 
interlayer space. As for the sample with 2,4-D adsorbed, 
the position of the (001) diffraction plane shifted from 
5.12° to 5.60°, which means that the basal spacing of the 
nanoclay is reduced from 17.25 to 15.77 Å. This shift and 
the noticeable decrease in the peak intensity is related to 
the partial exfoliation of the clay structure probably due to 
the high concentration of 2,4-D adsorbed [47, 48].

The FTIR spectra of the pristine montmorillonite, control 
sample, nanoclay with 2,4-D adsorbed and pure 2,4-D are 
shown in Fig. 4a, b. The montmorillonite spectrum presents 
the characteristics bands at 1047 cm−1 (Si–O stretching), 
625 cm−1 (Coupled Al–O and Si–O out of plane vibrations), 
522 cm−1 (Al–O–Si deformation) and 465 cm−1 (Si–O–Fe 
deformation) [49]. The organically modification (introduc-
tion of the quaternary ammonium salt) of the montmoril-
lonite is also visible on the FTIR spectrum (Fig. 4a) with the 
vibration bands at 2926 cm−1 (asymmetric  CH3 stretching) 
and 2855 cm−1 (symmetric  CH2 stretching) [50]. From the 
comparison between pristine and control montmorillonite 
samples, no significant change is observed in the spec-
tra, proving that the process conditions and the obtain-
ing method did not induce any significant changes in the 
material structure.

For the nanoclay with 2,4-D adsorbed, the FTIR spec-
tra shows that the adsorption process did not modify the 
characteristics bands of the montmorillonite. The adsorp-
tion process is proven with the appearance of new vibra-
tion bands or strengthen of already existed ones, that are 

Table 4  Parameters of the pseudo-first-order, pseudo-second-
order and intraparticle models applied to the 2,4-D adsorption on 
the montmorillonite at pH 2, 3 and 4

Model Parameter pH

2 3 4

Pseudo-first-
order

qe (mg g−1) 270.37 267.88 264.74
K1  (min−1) 0.547 0.490 0.670

R2 0.994 0.994 0.996

�2 1.391 1.445 0.941

ARE (%) 1.913 1.750 1.535
AIC 41.971 42.242 37.872

Pseudo-second-
order

qe (mg g−1) 273.43 272.17 266.26
K2 (mg g−1  min−1) 0.009 0.006 0.019

R2 0.996 0.998 0.996

�2 0.994 0.586 0.874

ARE (%) 1.649 1.033 1.431
AIC 38.648 33.285 37.153

Intraparticle kid (mg g−1 
 min−0.5)

1.337 2.151 0.553

C (mg g−1) 257.265 248.013 258.470

R2 0.397 0.789 0.131

�2 1.408 0.654 1.079

ARE (%) 2.054 1.295 1.631
AIC 42.021 34.193 39.226

Table 5  Structure characteristics of the samples obtained from  N2 
adsorption

Sample Specific surface 
area SBET  (m2 
 g−1)

Total pore 
volume  (cm3 
 g−1)

Average pore 
diameter 4V∕SBET 
(nm)

Pristine MMT 1.2282 0.0114 37.0782
Control MMT 1.2331 0.0066 21.3241
MMT + 2,4-D 0.6894 0.0003 1.6681

Fig. 3  XRD patterns of the samples
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characteristics to the 2,4-D sample. The characteristics 
bands of the herbicide are 1733 cm−1 (C=O stretching), 
1585 cm−1and 1478 cm−1 (C=C vibrations of the aromatic 
ring), 1233 cm−1 (coupled C–O and O–H stretching) and 
698 cm−1 (C–Cl stretching) [11, 51, 52]. As there was not 
displacement in the position of the 2,4-D characteristic 
bands on the 2,4-D + MMT spectra, it is suggested that 
there was not formation of covalent bonds between the 
2,4-D and the nanoclay surface.

3.3  Release study

To evaluate the release mechanism of 2,4-D adsorbed on 
the nanoclay, approximately 550 mg of sample, that con-
tains approximately 135.75 mg of 2,4-D, was dispersed in 
100 mL of aqueous solution of ethanol (3% v/v), i.e., the 
herbicide concentration to be released was approximately 
600 µmol  L−1. To stimulate the release, the solution pH 
was adjusted to 6 with KOH solution. As it was seen from 
the preliminary zeta potential characterization (Support-
ing information S1), in pH 6 the superficial charges of the 
montmorillonite and the 2,4-D are negative, and repulsion 
between the materials is expected, favoring the release. 
The 2,4-D release profile in pH 6 is shown in Fig. 5.

From the release profile data, it is possible to visu-
alize a 2,4-D high burst release on the medium, with 
63.57 ± 1.46% of the herbicide being released in first 5 min 
of contact, following by a slow release with 77.87 ± 1.79% 
after 2 days (2880 min) of experiment. The high burst 
release is probably due to the pH adjustment, that pro-
vides opposite charges to the nanoclay and 2,4-D, com-
bined to the high adsorption capacity of the nanoclay, 
making the 2,4-D to have a more favorable interaction with 

the solvent than that with the montmorillonite, releasing 
the high quantity of weaker bonded 2,4-D molecules from 
the hydrophophic region.

The release profile obtained in this study, i.e., a high 
burst followed by a slow release, is similar to those previ-
ously reported in the literature that used 2,4-D as adsorb-
ate and clay materials as adsorbents (layered double 
hydroxides (LDH), also called anionic clays, and others 
organically modified clay, for instance [53–55]), that were 
aimed to be applied as herbicide controlled release for-
mulations. Despite the similarity, the release studies per-
formed by Ragavan et al. [53], Bashi et al. [54], and Her-
mosín et al. [55] reached equilibrium in approximately 

Fig. 4  FTIR spectra of the samples

Fig. 5  Release profile data of 2,4-D adsorbed on the montmoril-
lonite at pH 2 and 25 °C fitted to the Weibull, Logistic and Makoid–
Banakar models. Inset: magnification of the curve for smaller time 
intervals
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100–1440 min (1 day), while in this work the equilibrium 
was not reached in the time range studied. According to 
the release models applied to our data (Weibull, Logistic 
and Makoid–Banakar), shown in Fig. 5, the equilibrium is 
still far to be reached. Besides, the release profile described 
in this study corroborates the initial hypothesis indicated 
by the adsorption mechanism, that was related to a burst 
and a controlled release.

The parameters of the release models utilized are shown 
in Table 6, and the fitted models are plotted in Fig. 5. The 
Makoid–Banakar model best described the release profile 
with higher coefficient of determination R2 (> 0.98) and 
lower values of Chi square �2 , ARE and AIC . The models of 
Zero-order, First-order, Higuchi, Hixson–Crowell and Kors-
meyer–Peppas were also applied to the release profile but 
did not fit the data properly ( R2 < 0.70).

4  Conclusions

The results showed the high 2,4-D adsorption capacity of 
the organically modified montmorillonite. The adsorption 
studies showed that in the concentration range utilized, 
the equilibrium was reached in 30 min, being that, in the 
concentration range evaluated (500–4000 μmol  L−1), no 
adsorption saturation was observed. The adsorption pro-
cess was slightly dependent on temperature. The best 

fitted models were the Freundlich and the pseudo-second 
order for the isotherm and kinetic studies, respectively. 
The determination of the thermodynamic parameters of 
adsorption and kinetic studies indicated that the adsorp-
tion mechanism probably involved physisorption and 
chemisorption. The characterizations analyses showed 
that the high concentration of 2,4-D adsorbed caused a 
partial exfoliation of the montmorillonite structure. The 
release profile of the 2,4-D adsorbed showed a high initial 
burst release followed by a slow one. These results indi-
cated the usability of the organically modified montmoril-
lonite nanoclays as 2,4-D adsorbents, expanding its range 
of applications in controlled release systems to be applied 
as herbicide or phytohormone, or even in water treatment 
systems.
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