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Abstract
Pesticide residues, which have become a critical problem today, negatively affect the 
living life and cause concern for the future life. Different methods are being devel-
oped to eliminate the problems caused by pesticides and pesticide residue analysis. 
In this study, a new molecularly imprinted polymer (MIP) has been synthesized for 
using methacrylic acid as the functional monomer and propineb, a fungicide, as the 
template molecule. The selectivity and binding properties of MIP were compared 
with non-imprinted polymer (NIP). MIP particles were used as an adsorbent in the 
solid-phase extraction column, and various extraction parameters were extensively 
optimized to evaluate the extraction performance. It was determined that under opti-
mum extraction conditions, MIP showed higher selectivity and extraction capac-
ity toward propineb compared to commercial  C18 column and NIP. As a result, the 
developed solid phase extraction method was optimized for propineb residue analy-
sis, and high extraction efficiency was obtained. This method, which is low cost, 
requires very little use of organic solvents, is fast and easy, is selective and environ-
mentally friendly, is very useful for the purification of wastewater from pollutants.

Keywords Fungicides · Kinetic · Solid-phase extraction · Molecularly imprinted 
polymers · Propineb

Introduction

The excessive use of synthetic chemicals (pesticides) for plant health shows that risk 
factors for the human, animal and environmental health have increased. Pesticides can 
pose severe threats to living organisms as they are non-biodegradable, toxic, and car-
cinogenic [1]. Fungicides are chemical compounds used in agriculture against fungal 

 * Çiğdem Öter 
 cigdemoter@yyu.edu.tr

1 Department of Chemistry, Faculty of Science, Van Yuzuncu Yil University, 65080 Van, Turkey

http://orcid.org/0000-0002-8262-4882
http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-021-03927-z&domain=pdf


8504 Polymer Bulletin (2022) 79:8503–8516

1 3

pests. They are used more than herbicides and insecticides. Dithiocarbamates are com-
monly used to control over 400 pathogens in more than 70 crops due to their wide 
spectrum of antifungal activity [2, 3]. The effect of direct exposure to these fungicides 
can cause eye and skin allergies, inflammation of the airways, and asthmatic events in 
humans. Propineb is a fungicide commonly used in the Mediterranean region due to 
its low production cost and high activity against fungal plant illness. It has a special 
goitrogenic effect in rats. In addition, long-term inhalation or oral exposure may cause 
reproductive dysfunction, carcinogenicity, vital organ dysfunction, and teratogenicity 
[4, 5]. Thus, it is essential to find efficient and straightforward methods for determining 
fungicide residuals in environmental samples and foodstuffs [6].

Many methods have been developed in recent years to determine traces of pes-
ticides. Gas chromatography (GC) [7] and GC–MS [8], liquid chromatography (LC) 
[9], LC-mass spectrometry (LC–MS) [10], solid-phase extraction (SPE) [11] includ-
ing extraction and pre-concentration steps, solid-phase microextraction (SPME) [12] 
methods are the most widely used are techniques. In addition, liquid–liquid microex-
traction (LLME) [13] and phase microextraction (LPME) [14], which are non-selective 
pretreatment methods for complex matrices, are also used.

SPE is a prevalent type of cleaning technique for bioanalytical purposes due to its 
simplicity and versatility. The SPE technique is more straightforward, economical, and 
faster than traditional liquid–liquid extraction [15, 16]. High selectivity sorbents need 
to be developed to enable the SPE method and add more selective analyte pre-concen-
trations. Molecularly imprinted polymers (MIPs) appear to be excellent sorbents meet-
ing the high selectivity requirement. Molecular print-based SPE is the most advanced 
application of MIPs [17].

Molecularly imprinted polymers (MIPs) are synthetic materials with high selectiv-
ity specific to the template molecule. Molecularly imprinted polymers are of interest to 
researchers because they have advantages such as increased affinity and selectivity to 
the target molecule, long-term retention of recognition capabilities, increased physical 
and chemical stability, as well as easy preparation. Molecularly imprinted polymers are 
used in many fields of chemistry, biology, and medicine as affinity material for sensors, 
in the production of artificial antibodies, the adsorbent in solid-phase extraction, and 
stationary phase in chromatography [18, 19].

This study aims to synthesize a molecularly imprinted polymer for the first time in 
which propineb, a dithiocarbamate fungicide, is used as a template and used as an SPE 
sorbent. Characterization studies of the synthesized polymer (MIP) and non-imprinted 
polymer (NIP) were performed to ensure optimal retention of the target analyte. In 
addition, the adsorption properties of the polymers were investigated, and the selective 
analysis of propineb from aqueous solutions was carried out as a result of their use as 
adsorbents in the SPE method.
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Experimental section

Materials and apparatus

Propylenebis(dithiocarbamate) acid (propineb), methacrylic acid (MAA), ethylene 
glycol dimethacrylate (EGDMA), 2.2′-Azobis-isobutyronitrile (AIBN), polyvinyl 
alcohol (PVA), and solvents; dimethyl sulfoxide (DMSO), acetic acid, acetonitrile, 
chloroform, methanol were obtained from Sigma-Aldrich (USA). All solvents used 
were of analytic grade.

TGA/DSC analyses were determined using the Setaram Labsys Evo Gravimet-
ric Analyzer 1600 model instrument. The surface morphology of the polymers was 
investigated using a scanning electron microscope (Zeiss Evo 15 Model). FTIR spec-
tra were obtained with an FTIR Spectrometer (Bio-Rad-Win-IR Model). Adsorbent 
measurements were performed with the Optizen-POP model UV spectrophotometer.

Preparation of MIP and NIP

Imprinted polymer (MIP) was synthesized by suspension polymerization process 
using propineb as template molecule. At the synthesis stage, 0.5  mmol templates 
and 4  mmol MAA as functional monomer were dissolved in 40  mL DMSO in a 
glass vial and stirred at room temperature for 60 min. Then, 20 mmol of crosslinker 
EGDMA and 30 mg of initiator AIBN, and 200 mg of polyvinyl alcohol (PVA) dis-
solved in 25 mL of distilled water were added to the mixture and stirred for 15 min 
under a stream of nitrogen. The mixture was kept in an oil bath (70  °C) for 24 h 
(Fig. 1). The imprinted polymer was then extracted with a Soxhlet apparatus using 
90:10 (v:v) methanol: acetic acid for 72 h to remove the template. After extraction, 
it was dried at 60 °C for 24 h [20]. The same procedure was used for preparing non-
printed polymer (NIP) for MIP synthesis without the template molecule propineb.

MIP‑SPE protocol

The applicability of the synthesized polymers was investigated by packing 50 mg 
of each polymer (MIP or NIP) into an empty 3.0-mL SPE cartridge. The cartridge 
was conditioned with MeOH (5 mL) and water (5 mL). 20 mL of propineb solution 
(25  mg/L) was passed through the SPE cartridge and washed with wash solution 
(3 mL) and then dried with airflow for 5 min. Then, the retained analytes were sepa-
rated from the solid phase with 10 mL of eluent solution. All obtained fractions were 
collected and analyzed in a UV spectrophotometer at 232 nm. The same procedure 
was repeated using the commercial  C18 cartridge, and the results were compared.

Binding experiments

Adsorption studies were carried out in 10 mL propineb solution (25 mg/L) with MIP 
and NIP. The pH of the propineb solution was adjusted between 4 and 10 using HCl 
or NaOH solutions. Then, 10 mg of polymer adsorbent was added to the propineb 
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solution and shaken at 400 rpm and 25 °C. The amount of propineb adsorbed using 
the MIP and NIP was determined according to the following equations (Eqs. 2–3) 
[21]:

where q (mg/g) is the amount of propineb adsorbed on the adsorbent, Co and Ce 
are the initial and equilibrium concentration (mg/L) of propineb in solution, respec-
tively. R is removed yield (%). m (g) is the mass of adsorbent, and V (L) is the 

(1)q =
(

Co − Ce

)

× V∕m

(2)%R =
(

Co − Ce

)

∕Co × 100

Fig. 1  Schematic representation of synthesis procedure of MIP
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volume of the propineb solution. At the end of the adsorption processes, the amount 
of propineb remaining in the solution was observed at 232  nm using a UV–Vis 
spectrophotometer.

The effect of pH on propineb adsorption was investigated in the range of 4–10 
initial pH values. In studies conducted for MIP and NIP, the adsorption efficiency 
increased in the field of pH 4–6 and reached its maximum value at pH 6. Adsorp-
tion efficiency at pH 6 was determined as 89.32% for MIP and 48.2% for NIP. When 
pH > 6, a decrease in adsorption efficiency was observed; therefore, in further stud-
ies, the pH value six will be used.

Adsorption kinetics

The effect of contact time on propineb adsorption was investigated. The amount of 
adsorption obtained in MIP and NIP at an initial propineb concentration of 25 mg/L 
at pH 6, at room temperature, and at different adsorption times (between 5 and 
240 min), is shown in Fig. 2. Propineb military remaining in solution at the end of 
the period was measured at 232 nm with a UV–Vis spectrophotometer. While the 
amount of adsorbed propineb increased in the first minutes of contact, equilibrium 
was reached in 30 min for MIP and NIP particles. A decrease in adsorption capac-
ity over time was observed. This is because while the number of empty spaces that 
can be used on the adsorbent surface is high in the first stage, it becomes difficult for 

Fig. 2  Effect of contact time for propineb adsorption (pH = 6, T = 25 °C, C0 = 25 mg/L, w = 10 mg)
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propineb to adhere to the decreasing empty spaces due to the repulsive forces on the 
adsorbent surface as time progresses. The adsorption capacity of the MIP adsorbent, 
which has selective imprinting areas for propineb, was found to be higher than that 
of the unprinted polymer NIP.

The adsorbent’s equilibrium time and the mechanism of action for removing 
propineb from wastewater are determined by examining the adsorption kinetics. The 
data obtained were analyzed using the pseudo-first-order model [22], pseudo-sec-
ond-order model [23], and the intraparticle diffusion model [24]. The equations for 
the kinetic models are given below (Eqs. 3–5):

where qe and qt are the quantity of propineb adsorbed in equilibrium, and at time t, 
respectively, k1, k2, and kid are the equilibrium rate constant of pseudo-first-order 
adsorption (1/min), pseudo-second-order adsorption (g/mg  min), and intraparticle 
diffusion model (mg/g  min1/2), and it is the intercept.

Δqe (%) is the normalized standard deviation. The best suited model can also 
specify the mean relative error (ARE) using [25, 26]. Equations were calculated for 
kinetic works as follows (6–7):

where qt,exp and qt,calc (mg/g) are the experimental and the calculated adsorbed 
quantities at a given time t, respectively, qexp and qcal (mg/g) are the experimental 
and computed equilibrium adsorption capacity, respectively, N is the count of data 
points.

Results and discussion

Characterization of polymer

The constructive morphology of the imprinted polymer (MIP) and non-imprinted 
polymer (NIP) particles is shown in Fig. 3. From the figure, it can be seen that all 
particles have an irregular spherical shape. MIP surface contains larger particles that 
are more porous and packed with a rougher surface morphology (Fig. 3a). However, 

(3)Pseudo-first order ∶ ln(qe − qt) = ln qe − k1 × t

(4)Pseudo-second order ∶ t∕qt = 1∕k2 × q2
e
+ t∕qe

(5)Intra particle diffusion ∶ qt = kid × t1∕2 + I

(6)Δqe (%) = 100

�

∑
��

qt,exp − qt, calc
�

∕qt,exp
�2

N − 1

(7)ARE =
100

N

n
∑

n=1

(

qexp−qcal

qexp

)
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the NIP morphology contains densely packed particles with a smoother surface 
(Fig.  3b). This may be because no specific binding site is formed in the polymer 
particles without the propineb template. Porosity is an important factor because it 
enlarges the surface area of the sorbent by enabling the formation of new binding 
sites that play a role in the capture of analyte molecules and their selective removal 
from solutions [27, 28].

Thermogravimetric analysis results for MIP and NIP particles are shown in 
(Fig. 4). The samples were heated between 30 and 1000 °C at a heating rate of 

Fig. 3  SEM images of (magnification of 100,000) a MIP and b NIP

Fig. 4  Thermogravimetric curves of MIP and NIP
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10 °C/min in an  N2 atmosphere in the measurement process. The figure shows a 
mass loss of approximately 6.7%, the main component of water, between 30 °C 
and 167 °C, similar for MIP and NIP. In addition, MIP decomposes rapidly from 
246 °C to 484 °C, while NIP decomposes from 212 °C to 443 °C. Of the highly 
thermally stable MIP and NIP particles, the ultimate degradation temperature of 
MIP is relatively higher than the corresponding NIP, indicating that the MIP tem-
plate is more stable at high temperatures [29].

FTIR characterization was performed to identify functional groups in NIP 
with MIP particles before and after the washing step (Fig. 5). Both MIP and NIP 
show similar spectra in a backbone structure. In interaction between template 
and monomer, a wide OH stretch band is observed at 3600–3200   cm−1 due to 
hydrogen-bonded amide (N–H) and a hydroxyl group (OH) [30, 31]. The peaks 
at ~ 2900   cm−1 are due to C-H stretching vibrations found in propineb, meth-
acrylic acid, and EGDMA, and ~ 2995  cm−1 is the stretching vibrations of = C-H. 
Strong peaks at ~ 1720  cm−1 suggest the presence of –COOH of methacrylic acid. 
In addition,  ~ 1635  cm−1,  ~ 1440  cm−1,  ~ 1300  cm−1 and  ~ 1200  cm−1 peaks cor-
respond to the presence of C=C stretching, –CH2 stretching,  CH3 group and C–O 
stretching, respectively [32, 33]. The similarity of the spectra of the post-extrac-
tion NIP and MIP indicates that the polymerization procedure was carried out 
successfully [34].

Fig. 5  FTIR spectra of loaded and unloaded MIPs and NIP



8511

1 3

Polymer Bulletin (2022) 79:8503–8516 

Optimization of MIP‑SPE protocol

The effect of different experimental factors on the extraction efficiency was 
evaluated in order to increase the selectivity of MIP against NIP as well as the 
quantitative recovery of the target analyte. Amounts of MIP and NIP adsorbents 
ranging from 25 to 150 mg were tested as shown in Table 1. When the amount 
of adsorbent increased (from 25 to 50  mg), the amount of extracted propineb 
increased and the highest recovery (93%) and the best imprinting factor (2.12) 
were observed at the amount of 50 mg adsorbent. It was also noted that when the 
amount of adsorbent is more significant than 50 mg, there is a slight decrease in 
extracted propineb.

The purpose of using a wash solution is to wash any remaining interference from 
the sample matrix without separating the analytes. The choice of wash solvent to 
ensure a selective extraction of the analytes is an essential step in the extraction 
procedure as it eliminates unwanted matrix interactions. In general, the porogenic 
solvent is commonly used as a washing solvent [35]. Therefore, DMSO and water-
DMSO mixtures are given in Table 1. As can be seen, the highest recovery (95.8%) 
and the best imprinting factor (1.94) were found in the water/DMSO (75/25: v/v). 
The optimal composition was thus: 3 mL water /DMSO (75/25: v/v).

The elution procedure was evaluated to achieve maximum propineb recovery 
using solutions of acetone, methanol, chloroform, acetonitrile, and methanol/ace-
tic acid (95:05, 80:20, 75:25, v/v). The maximum extraction yield was observed 
in the methanol/acetic acid (95:05, v/v) mixture (96.4%). This may be because 
acetic acid added to methanol, which has a strong hydrogen bonding interaction 
with the analyte, disrupts the hydrogen bond between the analyte and MAA and 
facilitates analyte desorption by MeOH [36].

The volumes of elution solvents for MIP-SPE were studied at 1, 5, 10, 15, 20, 
25, 30 mL, respectively. Experimental results showed that 10 mL is the optimum 

Table 1  The effect of 
adsorbent amount and washing 
composition on imprinting 
factor and extraction recoveries 
in MIP-SPE method

Recovery (%)

Adsorbent 
amounts 
(mg)

MIP NIP IF Wash
Solvents

MIP NIP IF

25 88.3 49.4 1.79 Water/ DMSO
(100/0: v/v)

81.6 51.9 1.57

50 93 43.7 2.12 Water/ DMSO
(80/20: v/v)

88.7 53.7 1.65

75 90.3 46.6 1.93 Water/ DMSO
(75/25: v/v)

95.8 49.3 1.94

100 89.7 48.1 1.86 Water/ DMSO
(50/50: v/v)

89 55 1.62

125 86 50.3 1.71 Water/ DMSO
(25/75: v/v)

83.4 56.2 1.48

150 85.9 54 1.59 Water/ DMSO
(20/80: v/v)

82.8 58 1.43
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volume for maximum analyte elution. 10 mL of elution solvent provided recovery 
of the analyte from MIP with a high extraction efficiency of 97.3%.

Adsorption kinetic models

The parameters of the kinetic models are given in Table  2. When the results are 
examined, it is seen that the pseudo-second-order kinetic model is more suitable for 
both MIP and NIP for the adsorption process. Compared to other kinetic models, 
the correlation coefficient (R2) is higher, and the difference between qe,cal values and 
experimental qe,exp is less. In the pseudo-first-order kinetic model, the difference 
between the qe,calc values and the experimental qe,exp values is significant, and the R2 
value is lower. Therefore, it can be said that adsorption does not occur by a pseudo-
first-order process. It is seen that the standard deviation Δqe (%) and ARE values 
calculated in the pseudo-second-order model are lower at all three concentration val-
ues. Therefore, this model was found to be more suitable for estimating experimen-
tal data on propineb adsorption.

The so-called second-order kinetic model is based on the assumption that the 
rate-limiting step may be chemisorption involving valence forces via sharing or 
electron exchange between propineb and adsorbents. According to this model, the 
adsorption rate of Propine on MIP and NIP adsorbents was primarily affected by 
the adsorption sites (functional groups) on the adsorbent [37]. The linearized graph 
in Fig. 6 shows that the charts for MIP and NIP are divided into two phases by two 
suitable curves. These results show that the intraparticle diffusion process is not the 
only rate control step during adsorption. For both adsorbent, in the first step, Pro-
pine in the solution was transported to the adsorbent surface (film diffusion), and 

Table 2  Kinetic parameters of 
propineb adsorption on MIP 
and NIP

Models Parameters MIP NIP

Pseudo-first order qe, cal (mg/g) 14.12 4.85
k1 (1/min) 0.11 0.04
R2 0.9763 0.8981
qe,exp (mg/g) 22.9 9.39
Δqe (%) 19.17 24.17
ARE 7.67 9.67

Pseudo-second-order qe, cal (mg/g) 20.82 5.78
k2 (g/mg.min) 0.09 0.01
R2 0.9949 0.9829
qe,exp (mg/g) 22.9 9.39
Δqe (%) 4.54 19.22
ARE 1.82 7.69

Weber-Morris intra-
particle diffusion

k (mg/g.min1/2) 1.75 0.95

I (mg/g) 5.32 1.52
R2 0.9716 0.8962
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in the second step, propineb molecules were transferred from the outer surface and 
adsorbed into the pores of the adsorbent (intraparticle diffusion) [38, 39].

Regeneration of MIP

Adsorption performance was evaluated after repeated cycles to assess the regenera-
tion and reuse capacity of MIP. It was measured spectrophotometrically after 30 min 
in propineb solution, and the MIP particles were washed for 5 min with 10 mL of 
methanol/acetic acid solution (9:1, v/v). This procedure was repeated for five cycles; 
the results were compared to unregenerated MIP particles (Fig. 7). In this figure, the 
percentage of propineb adsorbed within 30 min due to the presence of regenerated 
and non-regenerated MIP, respectively, is indicated. The results show that MIP can 
be efficiently reused thanks to the regeneration process as it retains its adsorption 
capacity. Still, if regeneration does not occur, the adsorbing capacity of the fungicide 
will be greatly reduced after only four cycles. The mild decrease in MIP adsorption 
performances is due to a gradual loss of particles during the washing steps.

Fig. 6  Intraparticle diffusion kinetic model plots of MIP and NIP for propineb adsorption

Fig. 7  Adsorption cycles by a regenerated MIP and not regenerated MIP
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Statistical comparing of SPE procedures

The t-test, a statistical hypothesis test, was applied to determine the possibility that 
the MIP-SPE method would differ considerably from the NIP-SPE and commercial 
 C18-SPE methods. 25 mg/L solutions of propineb were used for all three methods 
under optimum conditions, and the obtained recovery values and p values are shown 
in Table  3. Recovery values are 98.34% for MIP-SPE, 83.14% for  C18-SPE, and 
50.3% for NIP-SPE. For the independent t-test, the p-value is 0.0037 for comparing 
MIP-SPE with commercial  C18-SPE, while the p-value is 0.0007 for the comparison 
of MIP-SPE and NIP-SPE. The null hypothesis was rejected as p values were less 
than α = 0.05 in both comparison cases [36]. Accordingly, MIP-SPE data values dif-
fer considerably from NIP-SPE and  C18-SPE methods.

Conclusion

In this study, by suspension polymerization method, using methacrylic acid (MAA) 
as a functional monomer and ethylene glycol dimethacrylate (EGDMA) as a 
crosslinker, a MIP for the template molecule propineb was synthesized for the first 
time. The mole ratio of template molecule/monomer/crosslinker was determined as 
0.5:4:20. In addition, NIP was synthesized as a reference. The MIP and NIP pre-
pared by the suspension polymerization method were characterized by SEM, TGA, 
and FTIR, for the morphology, thermal stability, and bonding, respectively. As a 
result of kinetic studies, it was determined that propineb adsorption was more com-
patible with the pseudo-second-order kinetic model. With an easy and fast proce-
dure, the selectivity of the adsorption process and the reusability of the synthesized 
MIP sorbent were demonstrated after several adsorption/regeneration cycles.

The high extraction efficiency of 98.7% was obtained in the SPE method, in 
which MIP is also used as a solid phase and provides less time and solvent con-
sumption. In addition, it was determined that MIP-SPE data values were quite differ 
from  C18-SPE and NIP-SPE methods under optimized extraction conditions. This 
study is also essential in the literature as it is rare adsorption and solid-phase extrac-
tion study using propineb.

As a result, it is essential to develop new selective materials with molecular 
recognition mechanisms to isolate pesticides that threaten environmental health 
from complex environmental matrices. Solid-phase extraction processes using 
molecularly imprinted polymers with selectivity and high affinity against a certain 

Table 3  Recovery study and comparing of p-value t-test and statistical method (t-test)

Analyte Recoveries (%) p-value Recoveries (%) p-value

MIP-SPE C18-SPE MIP-SPE NIP-SPE

Propineb 98.34 83.14 0.0037 98.34 50.3 0.0007
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analyte are highly beneficial for the selective and easy removal of environmental 
pollutants such as pesticides.
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