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Abstract.  Molecular imprinting is a technique to produce a polymer called as molecularly 
imprinted polymer (MIP) that provides cavities to form a particular space generated by removing 
the template when the polymer has been formed.  It will recognize a target that has the shape and 
physico-chemical properties similar or identical with those of template molecule. In this study, 
MIPs using atrazine as template have been made via the cooling-heating method.  Initially the pre-
polymer solution was cooled at a refrigerator for 1 h.  Next, the polymerization was carried out at 
70 °C for heating times of 90, 120, and 150 min. without nitrogen flow which is generally done for 
polymerization process. Characterizations were performed by employing a reversed-phase high 
performance liquid chromatograph (HPLC) and scanning electron microscope (SEM).  From 
Scatchard plots, it was found that the equilibrium dissociation constant KD and the apparent 
maximum number of binding sites Bmax, which are written as (KD, Bmax), are (4.69 µM, 9.87 
mmol/g), (4.54 µM, 9.56 mmol/g) and (3.52 µM, 7.44 mmol/g) for the heating times of 150, 120, 
and 90 min., respectively.  This is verified by their SEM images showing that the broadest pore size 
distribution with the highest number of pores is in the MIP prepared under the heating time of 150 
min. The MIPs therefore could be applied as an atrazine sensor and the MIP prepared under the 
heating time of 150 min. would give its best characteristics compared to the others. 
        

Introduction 

Molecular imprinting technique is a technique to produce polymer having cavities with a shape 
according to the template used. The polymer made by imprinting technique can be used as an active 
component of a sensor that will recognize other molecules that have same or similar physico-
chemical properties to that of the template molecules [1,2]. Because of the sensing properties owned 
by these polymers, a molecularly imprinted polymer (MIP) is possible to be applied in many fields, 
such as synthesis protein and catalysts [3, 4], chromatography [5,6], solid-phase extraction [7,8], 
food analysis [9,10], as well as health [11]. For example, MIP can be used in a sensor to detect the 
presence of morphine. 

Atrazine is included in the triazine group which is harmful toxins contained in herbicides. These 
herbicides are used to control weeds in crops such bullies corn, sorghum, sugarcane, and others.  
Although widely used, triazines are known to be harmful to animals and humans. The use of 
herbicides is tightly regulated in the EU, because it can cause health problems. Triazines are banned 
from use in most European countries. European legislation allows a maximum of 0.1 mg/L in 
drinking water [12]. More recently, a MIP sensor has been made to detect the presence of atrazine 
pesticides [13, 14]. This sensor showed good response. In this study, an atrazine-based MIP 
material has been prepared for application as sensors. But not as commonly done by previous 
researchers, in which they drain nitrogen in the polymerization process [15-18], in this study, pre-
polymerization solution was not immersed in nitrogen flow, but it was cooled in a refrigerator [19] 
and heated in an oven to form a solid polymer. Characterization results showed that this method has 
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good opportunity to use in MIP synthesis procedure. In this paper, we report the study and discuss 
the obtained results thoroughly. 

Materials and Methods 

Chemicals.  Atrazine pestanal (molar mass of 215.68 g/mol), methacrylic acid (MAA), ethylene 
glycol dimethacrylate (EDMA), benzoyl peroxide (BPO), methanol, acetonitrile, chloroform, acetic 
acid, and aquabidest. All the chemicals were obtained from Sigma Aldrich. 
 
Methods.   The picture given in Fig. 1 shows the phases in synthesis of atrazine-based MIP, starting 
from dissolving atrazine as the template, MAA as the monomer, EDMA as cross-linker, and the last 
BPO as an initiator into the solvent (CHCl3). The solution was stirred for 15 min., before it was 
cooled in a refrigerator for 1 h. and heated in an oven at 70 °C for 90, 120, and 150 min.  After the 
polymer was formed, then by using consecutive solvents (acetonitrile, acetic acid, and aquabidest), 
the template molecules were removed so that the remaining polymer (a MIP) contains cavities 
which have similar shape with the template. When target/guest molecules, which have similar 
structure and properties with those of the template, are exposed to the MIP, the MIP will recognize 
and be able to coordinate/bind the target/guest effectively.  

 
Fig. 1. The phases in synthesis of atrazine-based MIP and testing its sensing characteristic. 

From the description, the steps to make an atrazine-based MIP and to test the sensing 
characteristic of the MIP are as follows. 

 
Polymerization Process.  Atrazine as template (0.025 g), MAA as the functional monomer (0.059 
mL), EDMA as cross-linker (0.525 mL), benzoyl peroxide (BPO) as initiator (0.5 g) were put into 
2.1 mL of chloroform (CHCl3) under constant stirring for 15 min. Different with other researchers, 
we did not flow nitrogen to the pre-polymerization solution. Then, the pre-polymerization solution 
was poured into 3 vials and then we closed the vials. These vials were put in a refrigerator for 1 h., 
and finally they were put in an oven at temperature of 70 °C for 90, 120, and 150 min. After 
heating, the translucent solid polymer is produced.   
 
Template Removal Process. The obtained solid polymer was crushed into fine powder. The 
powder obtained via synthesis using three different heating times were put into three different vials.  
The polymer powder was then soaked in acetonitrile for 24 h. to release the bound between the 
template and MIP. Other procedures can also be carried out. The polymer can be washed in 
methanol /acetic acid (0.625 mL/12.5 mL), methanol / aquabidest (6375 mL/12.5 mL), each for 1 
h., and next the powder was soaked in methanol (3 mL) for 48 h. Then, free template atrazine 
polymer particles were collected and dried. 
 
Sensing Test.  Firstly, atrazine standard solution of 5000 ppm as stock solution was prepared by 
weighing atrazine (50 mg) and dissolving it in 10 mL of methanol. A series of diluted stock solution 
was made by diluting 0.25, 0.5, 0.75, 1.0, and 1.25 mL of the stock solution with 5 mL of 
methanol/acetic acid with the ratio of 1:1. The series are 250, 500, 750, 1000, and 1250 ppm.  
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Next, the MIP particles with certain mass (m) were put in 6 sample tubes and 1 mL of the 
diluted stock solution was added into the sample tubes. To obtain the initial concentration (C) of 
atrazine, 5 mL of chloroform, 5 mL of acetic acid, and 10 mL of methanol were added into these 
mixtures. Thus, a series of 0.055, 0.110, 0.116, 0.221, and 0.276 mM initial concentrations were 
obtained. The sample tubes were then stirred in for 12 h., put in a centrifuge for 15 min. to 
precipitate the polymer, and filtered with 45-micron filter papers to collect the polymer. This 
polymer may contain bound atrazine.  

Subsequently, the concentration of free atrazine in the remaining solution, which is called as 
Rremain, was determined by a reversed-phase high performance liquid chromatograph (HPLC). The 
difference in values of C and Rremain is therefore the number of guests bound to the MIP particles, 
which is called as Bbound. For all measurements, the injection volume was 50 µL, the mobile phase 
was 0.01 M of acetic acid in acetonitrile (50:50), the flow rate was 1 mL/min and the detection 
employed UV light at 260 nm.  

Results and Discussion  

Characterization of Polymer Surfaces.  The vials containing pre-polymerization solution were put 
in a refrigerator for 1 h. This procedure is to slow down the reaction between compounds existing in 
the solution with oxygen.  Next, the vials were heated in the oven at temperature 70 °C for 90, 120, 
and 150 min. This heating process is done to help speed up the evaporation process that accelerates 
the formation of solid polymer. 

After the template is removed, the MIP containing cavities is formed.  It is expected that the 
MIP can recognize target molecules that have the same or similar properties with those of the 
template molecules.  The obtained MIP was characterized using a scanning electron microscope 
(SEM). The SEM images show the difference between atrazine standard and atrazine-based MIPs, 
as shown in Fig. 2. 

 

      
     (a)                 (b) 

      
     (c)                 (d) 

 Fig. 2. SEM images of (a) atrazine standard and atrazine-based MIPs produced by heating times of 
(b) 90, (c) 120, and (d) 150 min. 

It can be seen that the cavities left by the template in the MIPs dispersed almost evenly. Each 
cavity generally has a size in the range of 80-230 nm such as owned by atrazine particles (see Fig. 
2. (a)). Pore size distribution of the MIPs can be seen in Fig. 3.  By increasing heating time, the pore 
size distribution becomes broader and the number of pores that have a size in the same range with 

Advanced Materials Research Vol. 896 91



atrazine particles also increases. The MIP obtained using the heating time of 150 min. shows the 
broadest pore size distribution with the highest number of pores. So it is expected that the capability 
of this MIP to capture the target molecules is the highest compared to those prepared under the 
heating times of 90 and 120 min.   

  
Fig. 3. Histograms of pore size distribution of atrazine-based MIPs produced by the heating times of  
(a) 90, (b) 120, and (c) 150 min. 
  

The number of pores of MIPs was obtained from SEM images with the same 
size (253 x 337 mm2).  The total number of pores of the MIPs produced by the heating times of 90, 
120, and 150 min. are 299, 370, and 499, respectively. Thus the highest number of pores is in the 
MIP obtained under the heating time of 150 min. These results indicate that heating time 
significantly influences properties of the obtained MIPs. Furthermore, these results will be 
correlated with the characterization results using a HPLC. 

Concentration of atrazine bound to MIP.   Table 1 shows the measurement variables including 
free atrazine concentration and the obtained concentration of atrazine bound to the MIP for different 
heating times and initial concentration of atrazine.  

Table 1. Initial concentrations of atrazine along with their measured free atrazine concentrations and  
atrazine bound to the MIPs for different heating times. 

0.055 0.0007 0.1144 2073
0.110 0.0026 0.2264 2051
0.166 0.0058 0.3355 2026
0.221 0.0123 0.4379 1983
0.276 0.0189 0.5399 1956

0.055 0.0006 0.1147 2077
0.110 0.0024 0.2269 2055
0.166 0.0048 0.3377 2039
0.221 0.0088 0.4452 2016
0.276 0.0161 0.5457 1977

0.055 0.0006 0.1147 2078
0.110 0.0021 0.2274 2060
0.166 0.0049 0.3374 2037
0.221 0.0088 0.4452 2016
0.276 0.0153 0.5475 1984
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The curves in Fig. 4.(a), which were obtained from the data in Table 1, show that the amount of 
atrazine bound to the cavities of the MIPs increases with increasing the concentration of free 
atrazine for all heating times. The curves for the heating times of 120 and 150 min. are almost 
similar, while that for the heating time of 90 min. is slightly lower. It means that the average 
number of free atrazine (not bound to the MIP) in the MIP prepared under the heating time of 150 
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min. is less than those in the MIP did under the heating times of 90 and 120 min for the same 
concentration of atrazine bound to the MIP. Thus it is expected that the MIP prepared under the 
heating time of 150 min. has higher number of cavities. By having more cavities, this MIP will be 
able to catch or bind targets better.     
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          (a)                                                                          (b)             
Fig. 4. Binding isotherm or saturation binding curves. (a) Bbound of atrazine against free 
concentration and (b) Scatchard plots between bound concentration/ initial concentration against   
bound concentration. 
 

To determine the apparent maximum number of binding sites and the equilibrium binding 
constant, the data in Table 1 is re-plotted as a Scatchard plot according to Eq. (1). 

D

bound

D

bound

K

B
B

KC

B max1
+−=                                                                                                   (1) 

where Bbound  is the concentration of atrazine bound to the MIP, C is the guest initial concentration 
of atrazine, Bmax is the apparent maximum number of binding sites, and  KD  is the equilibrium  
dissociation  constant. The Kd value is a parameter that indicates the dimensions of concentration. If 
the value is smaller than the initial concentration of atrazine, shows a strong and selective guest 
binding. By using the Scatchard plot, the obtained values of (KD, Bmax) are (4.69 µM, 9.87 mmol/g), 
(4.54 µM, 9.56 mmol/g) and (3.52 µM, 7.44 mmol/g) for the heating times of 150, 120, and 90 
min., respectively (Fig. 4.(b). Since the obtained values of KD are lower than the highest guest 
initial concentration, the guests are strongly and selectively bound to the MIPs.  For the MIP 
prepared under the heating time of 150 minutes has the highest Bmax. This indicates that the number 
of guests bound to its cavities is also the largest.  

Conclusion 

A series of atrazine-based MIPs has been synthesized via the cooling-heating method, i.e. cooling 
the pre-polymer solution for 1 h. followed by heating at 70 oC with the heating times of 90, 120, 
and 150 min. The MIPs have been characterized using an SEM and HPLC. SEM images showed 
that the MIP prepared under the heating time of 150 min. has the broadest pore size distribution 
with the highest number of pores. From the HPLC test, it was shown that the MIP prepared under 
the heating time of 150 min. has the greatest value of apparent maximum number of binding sites 
namely 9.87 mmol/g. It means that the MIP has the most number of targets bound to the MIP 
compared to those prepared under the heating times of 90 and 120 min. Therefore, the MIP 
prepared using the heating time of 150 min. produces the best characteristics for sensor applications 
compared to the others.  
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