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a b s t r a c t
The aim of current study is to investigate the use of molecularly imprinted polymers (MIPs) for rec-
ognition, determination and adsorption of dicamba from aqueous samples in batch mode. Hence, 
the spherical MIP nanoparticles were successfully synthesized via precipitation polymerization 
using dicamba as a template. The synthesized polymers were then characterized by Fourier trans-
form infrared spectroscopy, differential scanning calorimetry, scanning electron microscopy and 
Brunauer–Emmett–Teller analysis. Kinetic and equilibrium isotherm studies were performed using 
non-linear regression analysis. Finally, the selectivity of the imprinted polymer was evaluated by 
comparing the binding with structural analogs. The results showed that the MIP nanospheres were 
obtained with the average diameter of 234 nm and the specific surface area of 165.4 m2 g–1. Sips 
isotherm best fitted the adsorption equilibrium data, and the kinetics followed a pseudo-first-order 
model. In addition, the results demonstrated that the prepared imprinted polymer exhibited specific 
rebinding ability to its template compared with other structural analogs.
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1. Introduction

During recent years, the use of various herbicides and 
pesticides has been increasingly growing to enhance the agri-
cultural production and protect them from pests and herbs. 
Although using herbicides and pesticides has provided several 
benefits, however, their excessive use has contaminated var-
ious water bodies including surface water, groundwater and 
drinking water supply by drift, runoff, drainage and leaching 
[1]. Exposure to some of these compounds, even at low con-
centrations, could have noxious effects on aquatic flora and 
fauna and also on human health. Consequently, the ecotoxi-
cological effects on human health and environment have been 
found [2]. Dicamba (3,6-dichloro-2-methoxybenzoic acid) 
is a common systemic auxin-type and a low-cost herbicide, 

which is extensively used for pre- and post-emergence con-
trol of annual and perennial broadleaf weeds. Since the first 
approvals of dicamba in 1962 [3], it has been registered in 
more than 100 countries worldwide for use on rye, aspar-
agus, barley, corn, oats, soybeans, sugarcane and wheat. It 
is also registered for use on golf courses, residential lawns 
and rights-of-way along utility lines, roadsides and railways. 
Dicamba is very soluble in water, stable to chemical hydro-
lysis and highly mobile [4]. Accordingly, dicamba has been 
considered as one of the most frequently detected herbicides 
in water bodies thus far. The US Environmental Protection 
Agency (USEPA) has established drinking water health advi-
sory levels for dicamba of 200 mg L–1 [5].

According to the statements mentioned above, the 
urgency for developing a selective, simple, reliable and 
adapted wastewater treatment process is of crucial impor-
tance. Molecular imprinting technology provides a new 
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effective approach for fabrication of new polymers including 
specific recognition abilities for target molecules to selec-
tive determination, separation and extraction. Hence, selec-
tive uptake using molecularly imprinted polymers (MIPs) 
is a confident way for determination and removal of trace 
pollutants in water. MIPs have achieved significant popu-
larity within the last decades as synthetic polymers with 
chemically selective recognition sites for determination and 
separation of similar or chiral compounds, purification of 
mixtures, chemical and biosensing, catalysis, etc. MIPs have 
attracted considerable interests because of their desirable 
molecular recognition ability, stability in harsh chemical 
conditions, ease and low cost of preparation, their appli-
cation to a wide range of target molecules, and reusability 
[6–10]. Due to similarity of the specific interactions between 
the target molecule and MIP to that between enzyme and 
substrate, antibody and antigen, hormone and receptor, 
MIPs have found various applications in many different 
fields such as the stationary phase in high-performance liq-
uid chromatography (HPLC) [11–13], solid phase extraction 
[14–16], sensors and biosensors [17,18], catalysts and mimic 
antibodies [19–21], membrane separation [22], enantiosepa-
ration [23,24] and pharmaceutical applications [25,26].

Molecular imprinting can be prepared in two ways: 
namely covalent imprinting (pre-organized approach) and 
non-covalent imprinting (self-assembly approach). These 
methods differ in the mechanism of interaction between 
the monomer and template during pre-polymerization 
[27]. Generally, the procedure of non-covalent imprinting 
is relatively simpler than covalent imprinting. In addition, 
guest-binding and guest-release are fast in non-covalent 
imprinted polymers. Furthermore, owing to the existence of 
polar groups like carboxyl, hydroxyl, amino and amide in 
many of common important molecules such as pharmaceu-
ticals, biologically active substances, herbicides and environ-
mental contaminants, this technique applies to a wide range 
of template molecules [28].

Up to now, many diverse techniques have been pre-
sented to synthesize MIPs [29–31]. Traditionally, MIPs were 
synthesized by a bulk polymerization technique. After 
polymerization, the resultant polymeric monoliths needed 
to be crushed, ground and sieved to generate particles in 
desired sizes [32,33]. This process is easy to perform, albeit 
time-consuming and laborious, which leads to low adsorp-
tion capacity and poor site accessibility to target molecules. 
These irregular particles generally exhibit less efficiency for 
various applications. Additionally, the imprinted sites may 
be destroyed during crushing and sieving processes [34]. In 
order to counterbalance such issues, several new synthetic 
techniques have been developed to produce monodispersed 
MIP particles [35,36]. Frequently, spherical polymeric par-
ticles are produced in high yields using these techniques, 
especially the precipitation polymerization method. 
Precipitation polymerization may be the simplest method, 
which is intriguing and straightforward for generation of 
microspherical and nanospherical MIPs because there is no 
need of any extra stabilizer, surfactant, emulsifier or sus-
pending reagent.

Accordingly, the present work involves the precipita-
tion polymerization as the synthesis method for dicam-
ba-based MIPs to develop selective sorbents with improved 

morphology and recognition performance. To the best of 
authors’ knowledge, the current research is the first attempt 
for the preparation of MIP nanoparticles using precipitation 
polymerization method particularly for the template dicamba 
to fabricate nanoscale-spherical imprinted polymers. The 
characteristics of the synthesized MIP were evaluated using 
differential scanning calorimetry, Fourier transform infrared 
(FTIR) spectroscopy, scanning electron microscopy (SEM) 
and Brunauer–Emmett–Teller (BET) methods. The effects of 
initial concentration, pH and adsorbent dosage on adsorp-
tion of dicamba from the water were investigated as well. 
The Langmuir, Freundlich, Sips, Temkin and Dubinin–
Radushkevich models were employed to describe the equi-
librium isotherms using non-linear regression analysis. 
Pseudo-first-order, Pseudo-second-order and Elovich kinetic 
models were also applied to describe the kinetic data.

2. Materials and methods 

2.1. Materials

Dicamba (3,6-dichloro-2-methoxybenzoic acid), trimeth-
ylolpropane trimethacrylate (TRIM) and azobisisobutyroni-
trile (AIBN) were obtained from Sigma Aldrich (Steinheim, 
Germany). AIBN was re-crystallized from methanol before 
use. To remove the polymerization inhibitor, methacrylic 
acid (MAA; Darmstadt, Germany) was distilled in vacuum 
prior to being used. Acetonitrile (ACN), methanol and all the 
other solvents were HPLC grade, purchased from Merck and 
were used without further purification.

2.2. Synthesis of MIP nanoparticles

Molecularly imprinted nanoparticles were synthesized 
using precipitation polymerization. First, the template 
molecule, dicamba (DCA) (0.1 mmol), was dissolved in 
ACN (50 mL), in a thick-wall glass tube equipped with a 
screw cap followed by addition of the functional mono-
mer, MAA (0.12 mmol). The mixture was homogeneously 
dispersed by sonication in an ultrasonic bath (VGT-1730 
QTD, Korea) for 5 min. After that, the mixture was mixed 
gently for 15 min to create hydrogen-bonding interactions 
between MAA and DCA. After that, the cross-linker, TRIM 
(0.12 mmol), and the initiator, AIBN (0.0974 mmol), were 
added, and the solution was dispersed by sonication for 
another 5 min. The solution was then purged with N2 gas 
for 15 min to get rid of oxygen in the solution, which could 
have retarded the synthesis process due to the annihila-
tion of free radicals produced from the decomposition of 
the initiator. Subsequently, the reaction vessel was sealed 
under N2 atmosphere. Finally, the polymerization process 
was carried out by inserting the reaction vessel in a water 
bath (Memmert, WB14, Germany). Also, for polymeriza-
tion to take place, the temperature was increased from 
25°C to 60°C within 1 h and after that kept for 23 h. After 
polymerization, polymer particles were collected by cen-
trifugation (Hermle, Z36HK, Germany) at 21,000 rpm for 
15 min. To remove the template from the polymer matrix, 
the unleached imprinted polymers were washed with a 
mixture of methanol/acetic acid (9:1, v/v) 5 times for 1 h 
until no template was detected in the washing solvent by 
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spectrometric measurement at 280 nm (Jenway, 6305, 
England). The template extraction of the polymer caused 
the cavities to be formed leading to the specific sorption 
of the template. In addition, the removal of other materi-
als from the polymer took place (e.g., residual monomers 
or oligomers and initiator fragments). Residual acetic acid 
was removed with methanol. Moreover, the polymer par-
ticles were rinsed in the same volume of distilled water 
and acetone, and finally, the resulting leached imprinted 
polymers were dried in an oven at 50°C for 24 h. A sche-
matic diagram of the molecular imprinting procedure is 
illustrated in Fig. 1. To verify that the adsorption of the 
template was due to molecular recognition instead of a 
non-specific binding, a control non-imprinted polymer 
(NIP) was also prepared according to the same procedure 
but without incorporating the target molecule, DCA.

2.3. Characterization of MIP nanoparticles

Thermal properties of polymer particles were inves-
tigated by a Mettler DSC 823 (Mettler Toledo, GmbH, 
Switzerland) equipped with a Julabo Thermocryostate Model 
FT100Y (Julabo Labortechnik, GmbH, Germany) under N2 
atmosphere. The samples were scanned at a heating rate of 
10°C min–1 in a temperature range of 20°C–400°C. FTIR spec-
tra (4,000–400 cm–1) of DCA, unleached MIP, leached MIP 
and NIP were recorded on an FTIR spectrometer (Rayleigh, 
WQF-510A, China) using KBr pellets. The shape and the sur-
face morphology of the polymers were estimated by SEM 
(TESCAN, VEGAII, Czech). To avoid any electric charging, 
polymeric particles were sputter coated with gold before 
the SEM measurement. The specific surface area, pore vol-
ume and average pore diameter of polymer particles were 
obtained by BET method (Bel, Belsorp-miniII, Japan). Before 
measurement, the samples were degassed at 100°C for 2 h 
before analysis under vacuum.

2.4. Adsorption experiments

To evaluate the adsorption affinity and recognition 
performance of the imprinted polymer in the aqueous solu-
tions, the adsorption experiments were carried out in batch 
mode. For this purpose, the adsorption capacity (qe) and the 
adsorption efficiency were employed to perform the primary 
calculations, which are given below:
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where Ci and Ce (mg L–1) are the initial and equilibrium con-
centrations of the DCA in the solution, respectively; V (mL) 
is the volume of the DCA solution; and m (mg) is the weight 
of the adsorbent. In order to compare the specific and 
non-specific interactions with DCA, a parallel procedure was 
performed using NIP particles. Note that all the experiments 
were performed in triplicate, and the reported data were the 
average of the obtained results.

2.4.1. Optimization of pH

The effect of pH on adsorption of DCA in water solu-
tions was investigated to realize the optimum pH for the best 
adsorption performance. Therefore, the initial pH values of 
300 mg L–1 of DCA in water solutions (at 25°C) were adjusted 
from 2 to 11 using HCl and NaOH. Then, 100 mg of the MIP 
and NIP were dispersed in 30 mL of each pH solution. The 
mixtures were shaken at 150 rpm for 3 h (Stuart, S1500, UK). 
The polymer particles were centrifuged at 21,000 rpm for 
30 min, and then the supernatant was passed through an 
ultrafiltration membrane, and eventually, final concentrations 

Fig. 1. Schematic diagram of the molecular imprinting procedure.
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of DCA after the adsorption were determined by UV-visible 
spectrophotometer at 280 nm.

2.4.2. Optimization of adsorbent dosage

The dose of polymeric adsorbent was studied to deter-
mine the most effective amount of adsorbent on the adsorp-
tion of DCA in water solutions. Thus, different amounts of 
MIP nanoparticles (10, 25, 50, 100, 150 and 200 mg) were dis-
persed in 30 mL of 300 mg L–1 DCA in water solutions (at 
25°C) at optimized pH, and the mixtures were shaken at 
150 rpm for 3 h. After centrifugation and ultrafiltration, final 
concentrations of DCA in water solutions were determined 
by UV-visible spectrophotometer at 280 nm.

2.4.3. Study of adsorption kinetics

To appraise the effect of contact time on equilibrium 
adsorption of DCA in water solutions by the imprinted poly-
mers, in dynamic adsorption conditions, the adsorption pro-
cess was conducted through saturation studies at different 
times. In this case, the optimized dose of polymer particles 
was suspended in 30 mL of 300 mg L–1 DCA in water solution 
(at 25°C) at the optimized pH followed by shaking at 150 rpm 
for 30 min. The polymer particles were separated centrifu-
gally, and after passing through an ultrafiltration membrane, 
the final concentration of DCA was analyzed by UV-visible 
spectrophotometer at 280 nm. The separated polymer parti-
cles were again suspended in 30 mL of the initial solution 
(300 mg L–1 DCA in water solution) according to the previ-
ous stage, and the final concentration of DCA was obtained 
in the next 30 min. This process was repeated 6 times per 
30 min during 3 h. Afterward, the experimental data were 
analyzed to determine the adsorption kinetics using the 
pseudo-first-order, pseudo-second-order and Elovich kinetic 
models.

2.4.4. Study of adsorption isotherms

The equilibrium batchwise guest adsorption experiments 
were accomplished to evaluate the adsorption isotherms of 
polymer particles. Therefore, the optimized dose of polymer 
particles was mixed with 30 mL of DCA in water solutions 
(at 25°C) in different concentrations (300–2,000 mg L–1) at the 
optimized pH followed by shaking at 150 rpm for the deter-
mined optimum time. The solutions were then analyzed to 
determine the final concentration of DCA after centrifugation 
and ultrafiltration using UV–visible spectrophotometer at 
280 nm. Afterward, the experimental data were analyzed to 
determine the adsorption isotherms by using the Langmuir, 
Freundlich, Sips, Temkin and Dubinin-Radushkevich models.

2.4.5. Study of selectivity

To validate the selectivity of the synthesized MIP and 
NIP, 2,4-dichlorophenoxyacetic acid (2,4-D) and phenoxy-
acetic acid (POAC) were chosen as the competitors of DCA 
in competitive recognition studies (Fig. 2). The polymer 
(100 mg) was added to a flask containing 30 mL mixture 
of DCA, 2,4-D and POAC at a concentration of 300 mg L–1 
(each of compounds) in aqueous solution (at 25°C), shaken 

at room temperature for 3 h and then separated centrifugally. 
After filtration of the supernatant via an ultrafiltration mem-
brane, the final concentration of DCA, 2,4-D and POAC in the 
supernatant was measured by UV-visible spectrophotometer 
at 280, 284 and 270 nm, respectively, for each compound.

3. Results and discussion

3.1. Characterization of MIP nanoparticles

3.1.1. Thermal analysis

Differential scanning calorimetry (DSC) analysis was per-
formed to investigate the thermal characteristics of polymeric 
particles. Fig. 3 describes DSC plots of DCA, unleached and 
leached MIP and NIP. DSC thermograms of MIPs and NIP show 
that the decomposition process started approximately at 275°C. 
All polymers had similar thermal characteristics; however, an 
endothermic transition was observed at about 122°C for the 
unleached MIP (shown with arrow), which might be related to 
the melting process of the loaded DCA in unleached MIP.

3.1.2. Morphological analysis

The morphological structures of the MIP and NIP 
were detected by SEM. As can be seen in Fig. 4, spherical 
and nanoscale particles were obtained by the precipitation 
polymerization. The selection of polymerization technique is 
the main key point to synthesize MIP nanoparticles with a 
similar morphology. The average particle diameters of MIP 
and NIP nanoparticles are 234 nm (Fig. 4(a)) and 320 nm 
(Fig. 4(b)), respectively. The significant difference in the size 
of imprinted and NIPs could be attributed to the influence of 
template compound on the particle nucleation and growth 

Fig. 3. DSC thermograms of: (a) dicamba, (b) unleached MIP, 
(c) leached MIP and (d) NIP.

Fig. 2. Chemical structure of template and template analog 
molecules.
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in the course of precipitation polymerization [36]. In the 
non-imprinting system, the functional monomer can form 
hydrogen-bonded dimers in the absence of DCA, and the 
pre-polymerization solution contains both functional mono-
mer dimers and free functional monomer. In the imprinting 
system, there exist some molecular interactions between 
the functional monomer and DCA, which might somehow 
affect the growth of the cross-linked polymer nuclei result-
ing in smaller polymer beads [37]. Furthermore, the prepared 
nanoparticles are preferred over irregularly shaped parti-
cles in many applications particularly solid-phase microex-
traction, chemical sensors, capillary electrochromatography 
and biomedical applications [38].

3.1.3. BET analysis

Table 1 lists the specific surface areas, pore volumes and 
average pore diameters of MIP and NIP. The synthesized MIP 
and NIP had high specific surface areas resulting from their 
nanoporous structures. All the values of the specific surface 
area, pore size and volume of the MIP were higher than those 
of the NIP. In addition, the bigger pore diameter of MIP can 
provide DCA molecules more steric maneuverability within 
the pore. Thus, MIP nanospheres imprinted cavities are 
more easily accessible by DCA, which resulted in the higher 
adsorption capacity of the MIP than that of the NIP.

3.1.4. FTIR analysis

The MIP and NIP, obtained from polymerization pro-
cess, were characterized using FTIR analyses to determine 
the functional groups present in the polymer matrices. The 
infrared spectra of unleached MIP, leached MIP and NIP 
are shown in Fig. 5. As can be seen, they displayed similar 
characteristic peaks indicating similarity in the backbone 
structure of different polymers. As a result of the hydrogen 
bonding with the –COOH group of MAA, the C=O stretch-
ing and the O–H stretching at 1,733 and 3,435 cm–1 in the 
leached MIP were shifted to 1,728 and 3,430 cm–1 in the 

corresponding unleached MIP, respectively. Furthermore, 
in the unleached MIP, there was a sharp peak with low 
relative intensity at 666 cm–1, which disappeared in the 
case of leached MIP and NIP. This peak is related to the 
stretching vibration of C–Cl bonds, indicating the fact that 
removal of the template from unleached MIP was very 
well done, and NIP was polymerized in the absence of 
template. The status of other peaks in each of the three 
types of polymers is similar: 1,153–1,263 cm–1 (symmet-
ric and asymmetric stretching vibration of C–O bonds), 
1,390 cm–1 (bending vibration of –CH3 groups), 1,464 cm–1 
(bending vibration of –CH2 groups), 1,555 cm–1 (stretching 
vibration of C=C bonds) and 2,965 cm–1 (stretching vibra-
tion of C–H bonds).

Fig. 4. Scanning electron micrographs of: (a) MIP and (b) NIP.

Table 1 
Physical properties of MIP and NIP via BET analysis

Physical properties MIP NIP

Specific surface area (m2 g–1) 165.453 61.051
Pore volume (cm3 g–1) 0.494 0.078
Average pore diameter (nm) 3.498 2.341

Fig. 5. FTIR spectra of: (a) unleached, (b) leached MIP and 
(c) NIP.
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3.2. Adsorption experiments

3.2.1. Optimization of pH

The effect of pH, as a substantial parameter in the 
imprinted and NIPs adsorption process, has to be studied 
because it influences both the properties of the MIP surface 
and the speciation of the target compound [39]. Hence, sev-
eral batch experiments were performed by equilibrating 
100 mg of the polymer nanoparticles with 30 mL of solutions 
containing 300 mg L–1 of DCA under the desired range of pH. 
Fig. 6 shows the effect of pH on the adsorption efficiency of 
DCA by MIP and NIP in the water medium. The adsorption 
efficiency of DCA by MIP and NIP remained approximately 
unchanged as the pH value of the solution varied from 2 to 7 
whereas the adsorption efficiency was close to the maximum 
value in this pH range. This adsorption value suggests that 
the hydrophobic interactions and hydrogen bonding between 
DCA and the selective binding sites were the main driving 
forces for the adsorption. However, the adsorption efficiency 
of DCA by MIP and NIP was significantly decreased in the 
pH range of 9–11, in which the electrostatic repulsive interac-
tions between DCA and the adsorbent overcome the binding 
affinity and hydrophobic interactions leading to a reduction 
in the value of adsorption [40,41]. It was also found that the 
MIP had higher sorption efficiency than the NIP over the 
entire pH range investigated, showing a good imprinting 
effect and adsorption performance. Therefore, further exper-
iments were carried out using pH = 7 as the optimum.

3.2.2. Optimization of adsorbent dosage

Adsorbent dosage is a significant factor because it deter-
mines the capacity of an adsorbent to adsorb the adsorbate 
at a given initial concentration [42]. Therefore, the effect of 
adsorbent dosage was investigated by varying the amounts 
of polymer adsorbent from 10 to 200 mg in 30 mL of aqueous 
solutions containing 300 mg L–1 of DCA at the optimized pH. 
The results of dose optimization experiments are presented 
in Fig. 7. As can be seen, the adsorption efficiency of DCA 
by nanoparticles increases as the adsorbent dose is increased 
and became approximately constant after 100 mg of dose for 
both the MIP and NIP. From this point forth, the increment of 
adsorbent resulted in no considerable increase in the adsorp-
tion efficiency. Thus, the subsequent experiments were per-
formed using 100 mg of adsorbent as the optimum dosage.

3.2.3. Study of adsorption kinetics

The adsorption capacities of MIP and NIP were eval-
uated at different times by taking samples every 30 min for 
3 h followed by replacing the supernatant with fresh solu-
tion. As shown in Fig. 8, at the beginning, the adsorption 
occurred rapidly such that in the first 30 min, MIP and NIP 
bound 50.2% and 48% of their total adsorption, respectively. 
Then, it slowed down and reached 98.5% and 93.1% of their 
total adsorption, respectively, for MIP and NIP, in the follow-
ing 90 min. For both MIP and NIP, the amount of adsorbed 
DCA was almost constant after 120 min, and equilibrium is 
reached. At the start of the adsorption process, the MIP beads 
had more adsorption sites for DCA, which allowed these 
imprinted cavities to catch the imprinted molecules, thereby 

increasing the adsorption rate. However, as time proceeds, the 
number of adsorption sites decreased; the imprinted cavities 
of the surface were gradually saturated and occupied by DCA; 
and the adsorption rate was reduced, and also, the rate of 

Fig. 8. Effect of contact time on adsorption of dicamba by MIP 
and NIP in water solution (adsorbent dosage = 100 mg, Ci = 
300 mg L–1, pH = 7, T = 25°C).

Fig. 7. Effect of adsorbent dosage on adsorption of dicamba by 
MIP and NIP in water solution (Ci = 300 mg L–1, pH = 7, T = 25°C).

Fig. 6. Effect of pH on adsorption of dicamba by MIP and NIP 
in water solution (adsorbent dosage = 100 mg, Ci = 300 mg L–1, 
T = 25°C).
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adsorption enhancement was decreased. Accordingly, the con-
tact time of adsorption process was set to 120 min as the opti-
mum. Furthermore, similar to static adsorption, in the case of 
dynamic adsorption experiments, the imprinted polymer had 
more adsorption capacity than NIP indicating that there were 
specific binding sites for DCA.

The kinetics of adsorption reveals more details about 
the performance and mechanisms of the adsorption process, 
and describes the rate of adsorbate uptake on adsorbent and 
controls the equilibrium time. Therefore, pseudo-first-order, 
pseudo-second-order and Elovich kinetic models were used 
to study the kinetics of adsorption process. The equations of 
the kinetic models are defined in Table 2. Experimental data 
and plots of the kinetic models are all presented in Fig. 9. 
All kinetic parameters of experimental data were calculated 
via non-linear regression and listed in Table 3. Using the 
non-linear regression method eliminates the problems with 
transformations of non-linear isotherm equations to linear 
forms (e.g., parameter estimation error and distortion of the 
fitting) [46]. It can be observed that the pseudo-first-order 
model fits better than the other models with the highest R2, 
showing a good agreement between the calculated qe and 
the experimental qe values. Hence, the adsorption of DCA 
onto MIP and NIP may be physisorption. This may indicate 
that the adsorption of DCA takes place via surface exchange 
interactions until the surface functional sites are fully occu-
pied [47]. Although the R2 values of pseudo-second order 
and Elovich models are approximately acceptable, but the 
differences between the calculated qe and the experimental 
qe values are important to be worthy of attention. Therefore, 
it was found that the calculated qe values are not in agree-
ment with the experimental qe values suggesting that the 
adsorption process does not follow the pseudo-second-order 
and Elovich models. As a conclusion, the adsorption kinetic 
data fitted the models in the order: pseudo-first order > 
pseudo-second order > Elovich.

3.2.4. Study of adsorption isotherms

The adsorption isotherms demonstrate the distri-
bution of adsorbate molecules between the liquid phase 
and the solid phase, and the equilibrium relationships 
between adsorbate and adsorbent. Mathematical model-
ing can remarkably estimate the adsorption capacity and 
describe the adsorbent surface properties and affinity. 

Therefore, five widely used models were employed to 
investigate which model can explicate the characteristics 
of the adsorption process better. Langmuir, Freundlich, 
Sips, Temkin and Dubinin–Radushkevich equations are 
defined in Table 4. The resulted fitting parameters have 
been obtained by using non-linear regression and given 
in Table 5. Fig. 10 represents the experimental data and 
the plots for the Langmuir, Freundlich, Sips, Temkin and 
Dubinin–Radushkevich isotherms fitting of the experimen-
tal data. From Fig. 10 and Table 5, it can be obviously seen 
that the experimental data of DCA adsorption onto MIP and 
NIP fitted well with the Sips equation, which was statisti-
cally confirmed by the greater R2 values more proximate to 
unity. Also, the calculated values of R2 in Freundlich model 
were not satisfactory indicating a poor fit. While Langmuir 
model assumes a monolayer adsorption that the adsor-
bent adsorbs the adsorbates on identical and energetically 
equivalent sites on the homogeneous surface, Freundlich 
model supposes a non-ideal and reversible adsorption, 
not only limited to monolayer but also multilayer adsorp-
tion with non-uniform distribution of adsorption sites and 
affinities on the heterogeneous surface [57]. Sips model is a 
hybrid model of Freundlich and Langmuir models for ana-
lyzing the heterogeneous adsorption systems that at low 

Table 2 
Equations and parameters of kinetic models

Kinetic models Equation Parameters Ref.

Pseudo-first order q q et e
k t= − −( )1 1 qt (mg g–1): the amount of adsorbate adsorbed at time t [43]

qe (mg g–1): the amount of solute sorbed at equilibrium
k1 (min–1): the rate constant of first-order sorption

Pseudo-second order
q

k q t
k q tt
e

e

=
+

2
2

21
k2 (g mg–1 min–1): the rate constant of second-order sorption [44]

Elovich
q tt

E
E E

E

= +
1 1
β

β
β

αln( ) ln
αE (mg g–1 min–1): initial sorption rate [45]
βE (g mg–1): related to the extended of surface coverage and 
activation energy for chemisorption

Fig. 9. Kinetic models curves for adsorption of dicamba by 
MIP and NIP in water solution (adsorbent dosage = 100 mg, 
Ci = 300 mg L–1, pH = 7, T = 25°C).
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and high adsorbate concentrations show the characteristics 
of the Freundlich and Langmuir models, respectively [58]. 
From the Langmuir model with acceptable R2, the essential 

parameter of the Langmuir model, RL, is in the range of 
0–1, indicating that the sorption of DCA on MIP and NIP is 
favorable. From Sips model, qm describes the total number 
of binding sites (Nt) and has a higher value for MIP than 
NIP, which reveals that MIP had a higher concentration 
of binding sites per gram. This may be explained by the 
presence of the template in polymerization, which leads to 
the specificity for DCA. Moreover, MIP was more homo-
geneous (m = 0.7974) as compared with NIP (m = 0.7245), 
which is due to the imprinting. Temkin model suggests 
that because of adsorbent–adsorbate interactions, the heat 
of adsorption is decreased for all molecules in the layer 
with coverage, and the adsorption is described by a uni-
form distribution of binding energies, up to some maxi-
mum binding energy [59]. However, Temkin model did 
not give a good fit for both MIP and NIP with low R2 val-
ues. Dubinin–Radushkevich model explains the adsorp-
tion process with a Gaussian energy distribution onto a 
heterogeneous surface and investigates the type of adsorp-
tion mechanism with its mean free energy of adsorption, 
E, which is defined as the free energy for the transfer of 
per mole of the adsorbate from the infinity in the solution 

Table 4 
Equations and parameters of adsorption isotherms

Adsorption isotherm Equation Parameters Ref.

Langmuir q
q K C
K Ce

m L e

L e

=
+1

qe (mg·g–1): equilibrium adsorption capacity [47,48]
qm (mg g–1): maximum adsorption capacity of the adsorbent
KL (L g–1): Langmuir constant related to adsorption affinity
Ce (mg L–1): equilibrium concentration of the solute

R
K CL
L i

=
+
1

1

RL: separation factor
RL > 1: unfavorable isotherm
RL = 1: linear isotherm
0 < RL < 1: favorable isotherm
RL = 0: irreversible isotherm
Ci (mg L–1): initial concentration of the solute

Freundlich q K Ce F e
m= KF (mg g–1)(mg L–1)–m: Freundlich constant related to adsorption 

capacity
[49,50]

m: surface heterogeneity
0 ≤ m ≤ 1: closer to 1 as Heterogeneity decreases
m = 1: homogeneous system
m < 1: physisorption
m > 1: chemisorption

Sips
q

q K C
K Ce

m s e
m

s e
m=

+1

Ks (L g–1): Sips constant related to adsorption affinity [51,52]

Temkin
q RT Ce

T
T e=

β
αln( )

αT: Temkin constant related to the maximum binding energy 
βT: Temkin constant related to the heat of adsorption

[53]

Dubinin-Radushkevich q q ee m
KDR= −( )ε2

ε = +








RT

Ce
ln 1 1

KDR (mol2 kJ–2): Dubinin–Radushkevich constant related to free 
energy

[54,55]

R (J mol–1 K–1): universal gas constant, 8.314
T (K): absolute solution temperature
ε: Polanyi potential

E
KDR

=
1

2

E (kJ mol–1): mean free energy of adsorption

Table 3 
Kinetic parameters for DCA adsorption onto MIP and NIP 
(Ci = 300 mg L–1; pH = 7; T = 25°C)

Kinetic models Parameters MIP NIP

Pseudo-first-order 
model

qe,exp (mg g–1) 79.1739 59.4783
qe,cal (mg g–1) 82.2759 62.3192
k1 (min–1) 0.02591 0.0220
R2 0.989 0.996

Pseudo-second-order 
model

qe,cal (mg g–1) 99.9572 78.0757
k2 (g mg–1 min–1) 0.0287 0.0225
R2 0.973 0.986

Elovich model αE (mg g–1 min–1) 6.1930 3.4551
βE (g mg–1) 0.0459 0.0554
R2 0.958 0.977
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to the surface of the adsorbent [56]. When the value of E 
is less than 8 kJ mol–1, it represents physisorption [60]; 
the value of E in the range of 8–16 kJ mol–1 implies that the 
adsorption mechanism follows ion exchange [61], and the 
value higher than 20 kJ mol–1 represents the chemisorption 
[62]. The calculated values of E for the DCA adsorption 
for both MIP and NIP are below 8 kJ mol–1 indicating that 
the adsorption mechanism of DCA onto the nanoparticles’ 
surfaces follow the physical adsorption type. As a conclu-
sion, the adsorption isotherm data fitted the models in the 
order: Sips > Langmuir > Temkin > Dubinin–Radushkevich 
> Freundlich.

3.2.5. Study of selectivity

In order to evaluate the selectivity of the synthesized 
MIP and NIP, 2,4-D and POAC were selected as the potential 
competitors, as template analogs, because of the similarity 
of their chemical structures to DCA. DCA is commonly used 
along with 2,4-D. 2,4-D is a common systemic herbicide used 
in the control of broadleaf weeds. It is also one of the most 
widely used herbicides worldwide [63]. POAC is the main 
skeleton of plant growth regulators and herbicides, which 
is used as an intermediate for manufacturing pesticides and 
fungicides and also has other applications [64]. The results 
of the adsorption experiments are shown in Fig. 11. In order 
to study the molecular recognition ability of the imprinted 
polymers toward template analogs, the selectivity factor (α) 
was evaluated using the following equation:

α =
q
q

DCA

analog  

(3)

where qDCA represents the adsorption capacity of DCA, and 
qanalog stands for the adsorption capacity of the analogs, 2,4-D 
and POAC. The results are provided in Table 6. As shown 
in Fig. 11, the adsorption capacity of DCA on MIP is much 
higher than that of 2,4-D and POAC, and that of NIP. The 
results propose the presence of specific imprinted sites for 
adsorption of the target molecule. MIPs have memory cav-
ities with fixed size, shape and binding sites that can rec-
ognize their target molecules through them. The shape of 
the binding cavity and the strength of the specific binding 
interactions between the target molecules and the binding 
sites determine the selectivity of MIPs [65,66]. As a result, 
the decreased adsorption capacities could be due to the 

Table 5 
Isotherm models parameters for DCA adsorption onto MIP and NIP (Ci = 300 – 2,000 mg L–1; pH = 7; T = 25°C)

Isotherm models Parameters MIP NIP

Langmuir qm (mg g–1) 275.4897 143.2306
KL (L g–1) 0.0126 0.0079
RL 0.038–0.209 0.059–0.297
R2 0.987 0.945

Freundlich KF (mg g–1) (mg L–1)–m 44.7141 26.4442
m 0.2554 0.2244
R2 0.809 0.749

Sips qm (mg g–1) 259.0993 132.6010
Ks (L g–1) 0.0048 0.00135
m 0.7974 0.7245
R2 0.997 0.958

Temkin αT 0.1791 0.1508
βT 51.0635 25.3259
R2 0.910 0.835

Dubinin–Radushkevich qm (mg g–1) 219.6008 119.8113
KDR (mol2 kJ2) 0.0181 0.0379
E (kJ mol–1) 5.2559 3.6322
R2 0.847 0.875

Fig. 10. Adsorption isotherms curves for adsorption of dicamba 
by MIP and NIP in water solution (adsorbent dosage = 100 mg, 
Ci = 300 mg L–1, pH = 7, T = 25°C).
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mismatch of the structure and size of the template analog 
molecules with the MIP cavities and unspecific interactions. 
It demonstrates that DCA is responsible for the creation of 
binding pockets of definite shape and selectivity, and better 
adsorption performance in the MIP.

4. Conclusions

In this study, novel spherical dicamba imprinted polymer 
nanoparticles were successfully synthesized for the first time 
via the precipitation polymerization method using MAA as 
the functional monomer, TRIM as the cross-linker, ACN as 
the polymerization solvent and AIBN as the initiator. The 
imprinted polymer showed attractive characteristics includ-
ing spherical morphology, high adsorption capacity and 
selectivity. Thus, the MIP can be effectively used for recog-
nition, determination and adsorption of dicamba from the 
water. It was also confirmed that the porosity of MIPs plays 
an important role in their adsorption properties. Moreover, 
Sips isotherm fitted well with the equilibrium adsorption 
data. In addition, the pseudo-first-order kinetic model agrees 
very well with the dynamic experimental data for dicamba 
adsorption demonstrating the physical adsorption process of 
dicamba from aqueous solutions.
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