International Journal of Education and Humanities
ISSN: 2770-6702 | Vol. 12, No. 2, 2024

Determination of Adsorption Capacity of Novel
Molecularly Imprinted Materials for Herbicides

Shuyu Lei

University of Leeds, Leeds, UK

Abstract: In order to improve the traditional method of adsorbing water residues and improve the adsorption efficiency, we
prepared molecularly imprinted polymer modified by eutectic solvent and estabLish molecularly imprinted polymer adsorbent
based on eutectic solvent. Based on the standard curve of atrazine, the adsorption capacity of the molecularly imprinted materials
for atrazine was determined. It is beneficial for the preparation of molecularly imprinted materials based on eutectic solvent and
the feasibiLity of their appLication in herbicide adsorption. Methods: using choLine chloride and methacryLic acid to prepare
low melting solvent, atrazine as template molecule, molecularly imprinted polymer was prepared. Using this kind of molecularly
imprinted polymer as adsorbent, the following experiments were carried out: 1. The standard curve of atrazine was drawn by
HPLC; 2. The adsorption capacity of the new molecularly imprinted polymer was tested; 3. The reusabiLity of the adsorption
material was verified. Results: through the static and dynamic adsorption capacity experiments, des-mip had the highest
adsorption performance, and showed better absorption effect than MIP. In the reusability experiment, des-mip shows better
recovery under the premise of introducing des. The intra day and inter day recoveries of des-mip were 74.9% - 78.8% and 83.8%
- 86.8%, respectively. The intra day and inter day recoveries of aa-mip were 69.2% - 72.3% and 68.5% - 71.9%, respectively.
The relative standard deviation of des-mip and aa-mip was less than 2%. The reusability of des-mip and aa-mip is verified.
Conclusion: the molecular imprinted polymer with eutectic solvent has better herbicide removal ability than the other three
materials.
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oxidation methods for atrazine removal. Numerous

1. Introduction molecularly imprinted materials have been wused for

As the global population continues to grow, modern adsorption in. both dome.stic and .internatior%al research, such
agriculture increasingly relies on synthetic chemical as the .s.electlve adsorpfclon of d1clgfenac in water and the
pesticides such as herbicides, insecticides, and fungicides. recognition and selegtlve. adsorptlog of bisphenol A by
These chemicals play a significant role, contributing up to 30%  Mmagnetic molecularly imprinted materials.
to boosting crop yields. The cessation of chemical substances Molecularly imprinted polymers (MIPs) are prepolymers
like pesticides would place millions worldwide at risk of ~ formed by the interaction of template molecules with
starvation. However, due to the difficulty of degrading these functional monomers through covalent, non-covalent, or
agents and their strong water solubility, there have been metal interactions. The functional monomers are polymerized
increasing instances of pesticide residues found in food and under the action of a cross-hnkn}g agent, ﬁxmg the t.e.mplate
drinking water in recent years. Some pesticides have been molecules in the polymer and ultimately creating cavities that
proven to cause cancer and disrupt the endocrine system in are complementary to the template molecules in size, shape,
humans [2]. In China, the area of farmland pollution has and. functional group orientation. The§e cavities not only
reached 2.667 to 1010 hectares, with pesticide residues and retam an orderly arrangement of functional groups that are
excessive fertilization being major contributors, amounting to chemically complementary to the template molecules but also
1.010 to 10 hectares. This environmental cost of agricultural maintain their entire spatial conformation. This enables the
production is receiving growing attention from ecological and material to bind specifically to the template molecules when
environmental scientists. Atrazine, a substance that can cause they encounter gach cher again [1].
feminization in male frogs, is listed as an endocrine disruptor Molecularly imprinted ‘polymers are often used for th?
in the United States, the European Union, and Japan [1]. selective extraction or purification of target substances. This
While atrazine can be removed from drinking water using is due to their high molecular recognition capability, special
charcoal filters, treating it in lakes and ponds is more selec.t1v1.ty, and broad range of pH tolerar}ce. Becau.se of their
challenging. In recent years, the residues of atrazine in food specificity and selectivity, MIPs are widely applied in the
and drinking water have been confirmed to be carcinogenic to field of chromatographlc analy51.s. In recent years, more and
humans and affect fetal development. Therefore, researching more studies haye focused on their adsorption capablht}es (2].
the ecological and environmental safety of pesticides and Deep Eutectic 'Solven‘Fs (DES) are lpw—melt1ng mixtures
other synthetic chemicals is imperative. Developing and composed of specific st01c.h1.0.metr1c ratios Of hydyog.en bond
improving the detection and separation methods of atrazine in acceptors and donors, exhibiting melting points significantly
the environment is of great significance. lower than the melting points of thei; individual pure

The removal of herbicides like atrazine has always been a components. The physicocher'nic'al properties of@eep eutectic
topic of interest. Traditional methods usually involve the use solvents are akin to those of ionic liquids. Additionally, DES
of activated carbon, and studies have also explored using are simpler to prepare, cost-effective, less toxic, and

thermally activated persulfate technology and photocatalytic biodegradable compared to ionic liquids [3-4]. These
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solvents have found widespread application in material
preparation. Owing to the abundant hydrogen bonding system
and appropriate viscosity of DES, solid particles exhibit
excellent dispersion within these solvents, facilitating
polymerization [5]. In recent years, DES has been utilized as
an additive in the preparation of molecularly imprinted
polymers (MIPs), significantly enhancing their affinity and
selectivity. In 2016, DES was first employed as a functional
monomer in MIP preparation [6-7]. The rich hydrogen
bonding system and suitable viscosity of DES provide an
optimal synthetic environment for polymerization reactions,
thus promising broad application prospects in MIP
preparation. The combination of deep eutectic solvents and
molecular imprinting technology has led to the development
of nanoscale MIPs. This innovation overcomes the traditional
limitations of MIPs, offering improved selectivity, higher
binding capacity, increased sensitivity, and faster binding
kinetics. These advancements have been widely applied in
proteins, blood, sensors, and other areas, heralding new
developments in molecular imprinting technology [8].

In summary, this experiment introduces deep eutectic
solvents into molecularly imprinted materials, attempting to
utilize this type of MIP for atrazine adsorption. The study
aims to validate the efficiency of these materials in adsorbing
atrazine, providing substantial support for their feasibility in
herbicide adsorption applications.

2. Experimental Materials

2.1. Reagents

Atrazine (97%) was provided by Beijing Solebao
Technology Co., Ltd.; pure water (Watson's drinking water);
pre-prepared molecularly imprinted materials; and methanol
(>99.9%) were supplied by Concord Technology (Tianjin)
Co., Ltd.

2.2. Instruments

Micropipettes (1-1000ul, Beijing Dalong), Agilent High-
Performance Liquid Chromatograph (LC-1260 model), One
ten-thousandth balance (BSA124S model) purchased from
Sartorius, Germany, centrifuge (Anhui Jiawen Instrument
Equipment Co., Ltd.), magnetic stirrer (IKA Laboratory
Technology Co., Ltd.), electric thermostatic blast drying oven
(DHG-9030A model) from Tianjin Xingke Science and
Technology Co., Ltd., vortex oscillator IKA Laboratory
Technology Co., Ltd.), and Agilent High-Performance Liquid
Chromatograph (LC-1260 model).

3. Experimental Methods

3.1. Drawing the Atrazine Standard Curve

Accurately weigh 0.01600g of atrazine on an analytical
balance and make up to 100mL with pure water in a
volumetric flask to prepare a 16ug-mL-! stock solution. Use a
micropipette to take the stock solution and prepare gradient
dilutions to obtain atrazine standard solutions of 8, 6, 5, 4, 3,
2, 1, and 0.4ug'mL"!. Measure the absorbance peak area at
263nm using a high-performance liquid chromatograph, and
draw the standard curve based on the concentration and peak
area. (Figure 2)

Chromatographic conditions: chromatographic column
(15mmx4.6mm, C18, Sum); mobile phase: methanol: water
(80:20 v/v); injection volume: 10ul; flow rate: 0.6mL/min;
UV detector wavelength: 263nm; temperature: 35°C.
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3.2. Determination of Material Adsorption
Capacity

The adsorption capacity of the material is represented by
the adsorption amount ¢.. Under certain pressure and
temperature conditions, if m mg of the material adsorbs
atrazine from the solution and the adsorbed solute is x pg,
then the adsorption capacity per unit weight of the material,
e, 1s calculated as:

ge=x/m=V (Co-C; )/m

Where ge : material adsorption amount, i.e., the weight of
the substance adsorbed per unit weight of the material, pg/g;

x: weight of the adsorbed substance, pg;

m: amount of material added, mg;

V: volume of the water sample, mL;

Co, C. : concentrations of the substance in the water before
and after adsorption, respectively, pg/mL.

The adsorption capacities of the prepared DES-MIP, AA-
MIP, DES-NIP, and AA-NIP were evaluated using both
dynamic and static methods.

Static: 3 mg of each material was added to atrazine standard
solutions with concentrations of 2, 4, 6, and 8 pg-mL™" (1.5
mL each). The mixtures were shaken at room temperature for
4 hours, followed by centrifugation (10000 rpm, 10 minutes).
The supernatant was filtered and analyzed using a high-
performance liquid chromatograph to calculate the adsorption
capacity.

Dynamic: 3 mg of each material was added to an 8 pg-mL-
!, 1.5 mL atrazine standard solution and agitated using a
vortex oscillator at room temperature for varying durations of
0.5, 1,2, 3, and 4 hours. Following centrifugation (10000 rpm,
10 minutes), the supernatant was filtered and analyzed using
a high-performance liquid chromatograph to determine the
adsorption capacity.

3.3. Reusability Test of the Materials

Six rapid and simple adsorption devices were prepared
(Figure 1). Filter paper was cut into circular shapes to prepare
6 units of 2.5 mL syringes, each lined with four layers of filter
paper, followed by the addition of 50 mg of material, and
finally, another four layers of filter paper. Two types of
materials, both with and without DES templates, were
allocated into three syringes each and labeled with
concentrations of 1, 4, and 8 pg/mL. A 1 mL standard solution
was introduced into each adsorption device, followed by
elution with 1.5 mL of methanol. The eluate was filtered and
collected in vials for analysis using high-performance liquid
chromatography, with a constant volume (1.5 mL) of eluate
collected. This process was repeated three times on the same
day (n = 3) using the same adsorbents. The same steps were
performed the following day to verify the day-to-day recovery
rate. The recovery rates and RSD values for both types of
materials were calculated.

Figure 1. .I:{apid an?i Simpie Adsorption Device



4. Experimenta] Results high-performance liquid chromatography. A standard curve
was plotted, correlating concentration with the absorbance

4.1. Atrazine Standard Curve peak area. (Figure 2)
The absorbance peak area at 263nm was measured using
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Figure 2. Atrazine Standard Curve
4.2. Static Adsorption varying concentrations, as shown in Figure 3.

The materials were shaken with atrazine solutions of
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Figure 3. Static Adsorption Capacity
4.3. Dynamic Adsorption 4.4. Verification of Material Reusability
The materials were agitated with an 8 pg/mL atrazine Recovery rates of DES-MIP for various concentrations of
solution, as depicted in Figure 4. atrazine during the day and night are shown in Table 1.

Table 1. Recovery Rates of DES-MIP After Adsorbing Atrazine

Concentration (pg/mL) Daytime Nighttime
Recovery Rate (%) RSD (%) Recovery Rate (%) RSD (%)
1 74.9 1.3 85.5 1.8
4 77.6 1.6 83.8 1.5
8 78.8 1.4 86.8 1.7

Recovery rates of AA-MIP for various concentrations of
atrazine during the day and night are shown in Table 2.
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Table 2. Recovery Rates of AA-MIP After Adsorbing Atrazine

Concentration (pg/mL) Daytime Nighttime
HE Recovery Rate (%) RSD (%) Recovery Rate (%) RSD (%)
1 69.2 1.9 68.5 1.5
70.9 1.8 71.2 0.7
8 72.3 1.4 71.9 1.0
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Figure 4. Dynamic Adsorption Capacity

5. Conclusion

The atrazine materials selected for this experiment were of
good quality, and the solutions prepared were accurate. The
standard curve conformed to a linear relationship, making this
atrazine suitable as a representative herbicide for further
experiments.

Through both dynamic and static adsorption capacity tests,
DES-MIP demonstrated the highest adsorption performance,
exhibiting better absorption effectiveness than MIP.

In the reusability experiments, under the introduction of
DES, DES-MIP showed better recovery rates compared to
AA-MIP.

6. Discussion

6.1. Discussion of Experimental Results

Atrazine, a synthetically produced herbicide, was
developed by the Geigy Chemical Company in 1952, patented
in Switzerland in 1958, and commercially produced in 1959
[3]. Also known as simazine, its chemical name is 2-chloro-
4-ethylamino-6-isopropylamino-1,3,5-triazine, a triazine
herbicide. As shown in Figure 1, the atrazine standard curve
conforms to a linear relationship with a correlation coefficient
0f 99.9%, and the standard curve equation is Y = 19.36598X
- 1.77336.

Adsorption Capacity Analysis: Based on Figure 3, the
adsorption quantity of all nanoparticles increases rapidly up
to a concentration of 6 pg/mL. A further increase in
concentration leads to a slower adsorption rate at 8 ug/mL,
although saturation is not reached due to the limited range of
measured concentrations. It is observed that DES-MIP has the
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highest adsorption performance and shows better absorption
than MIP. As the adsorption time increases, both MIP and
DES-MIP demonstrate an increase in adsorption capacity,
with DES-MIP exhibiting a faster increase compared to MIP.
According to Figure 4, the adsorption quantity of all materials
increases with time, and DES-MIP shows the highest and
fastest adsorption capacity among them. These performance
changes are likely due to the introduction of DES monomers.

The reusability experiments indicate that DES-MIP
demonstrates better recovery rates with the introduction of
DES. The overall recovery rates did not reach 90%, possibly
due to the limited precision of the rapid and simple adsorption
device and suboptimal activation. As shown in Table 1, the
daytime and nighttime recovery rates for DES-MIP are
74.9%—78.8% and 83.8%—86.8%, respectively. As indicated
in Table 2, the daytime and nighttime recovery rates for AA-
MIP are 69.2%-72.3% and 68.5%—71.9%, respectively.
Moreover, the relative standard deviation (RSD) values for
both DES-MIP and AA-MIP are less than 2%, affirming their
reusability.

6.2. Material Preparation

Since the introduction of deep eutectic solvents (DES) by
Abbott Laboratories in 2003, the past few decades have seen
significant development in this field [9-10]. As a novel eco-
friendly solvent, DES shares similarities with ionic liquids in
terms of low melting point, high electrical conductivity, low
vapor pressure, and good solubility. Additionally, DES
surpasses ionic liquids in biodegradability, low toxicity, cost-
effectiveness, and customizability, making it an excellent
alternative to ionic liquids [11-13]. DES is formed by
intermolecular hydrogen bonding between hydrogen bond



acceptors (HBA) and hydrogen bond donors (HBD) [14-17].
It has extensive applications in separation science, material
synthesis, electrochemistry, and catalysis, holding great
potential in the field of material science [18—21]. With its high
viscosity and abundant hydrogen bonding, DES is suitable for
material synthesis. The DES monomer, often used as a novel
eco-functional monomer in the preparation of molecularly
imprinted materials, is chosen for its high viscosity,
hydrophilicity, and rich hydrogen bond system [22]. An
attempt was made to prepare DES using choline chloride and
acrylic acid, which forms stable hydrogen bonds (evidenced
by high transparency and low viscosity) and is utilized as a
functional monomer for MIP preparation.

DES, as a common functional monomer, and AA, as a
control group, were used in this study.

6.3. Theoretical Methods

This experiment utilized quantitative analysis techniques
and established control groups. High-Performance Liquid
Chromatography (HPLC) was employed to measure the peak
areas of atrazine at different concentrations. This facilitated
the construction of an atrazine standard curve and the
derivation of a linear equation. The adsorption capacities of
materials were tested using dynamic and static methods. In
the dynamic method, concentration was controlled by mixing
materials with an 8 pg/mL atrazine solution and agitating. In
the static method, time was controlled by agitating materials
with atrazine solutions of 2, 4, 6, and 8 pg/mL concentrations.
The resulting peak areas were substituted into the standard
curve equation to determine the supernatant concentration,
thus calculating the adsorption amount. This adsorption
amount reflects the material's efficacy in removing atrazine.
The reusability of the materials was evaluated based on
recovery rates. Higher recovery rates indicate better
reusability, and the relative standard deviation (RSD) was
calculated to ensure the data's significance.

6.4. Summary and Outlook

The aim of this experiment was to determine the pollutant
removal efficiency of molecularly imprinted materials
introduced with Deep Eutectic Solvents (DES). In dynamic
and static adsorption experiments, the time and concentration
ranges were insufficient to achieve saturation adsorption, thus
limiting a deeper analysis of adsorption efficacy. Potential
operational errors in the fabrication and use of the rapid and
simple adsorption device might have contributed to
suboptimal recovery rates. However, the results indicate that
molecularly imprinted polymers incorporating DES
demonstrate enhanced removal capabilities for herbicides in
water and improved reusability, serving as a reference for
herbicide removal in wastewater treatment. DES is a novel
and environmentally friendly solvent, offering advantages
over traditional solvents (like ionic liquids and water) such as
simplicity =~ of  synthesis,  cost-effectiveness,  and
customizability. Research on enhancing the adsorption effects
of molecularly imprinted polymers by incorporating DES is
still in its infancy. Further exploration and refinement are
needed to improve its removal efficiency.

References

[1] X. Li, J. Choi, W. S. Ahn and K. H. Row, Preparation and
Application of Porous Materials based on Deep Eutectic

Solvents, Crit. Rev. Anal. Chem., 2018, 48, 73-85.

114

[2] Abbott, A. P. , Capper, G. , Davies, D.I. , Rasheed, R.K, T
ambyrajah, V., Novel solvent properties of

cholinechloride/urea mixtures.Chem. Commun. 2003, 70-71.

Li Qingbo, Huang Guohong, Wang Yanhong, and Liu Xiaoyi.
Progress in Research on Ecological Risk, Detection, and
Remediation Technologies of Atrazine. Journal of Applied
Ecology, 2002, 13(5): 625-628.

Abbott, A.P., Barron, J. C., Ryder, K. S., Wilson, D., Eutectic-
based ionic liquids with metal-containing anions and cations.
Chem. Eur. J. 2007, 13, 6495-6501.

Li, X., Row, K. H., Exploration of mesoporous stationary
phases prepared using deep eutectic solvents combining
choline chloride with 1,2-butanediol or glycerol for use
in size-exclusion chromatography. Chromatographia 2015, 78,
1321- 1325.

Y.Liu, Y. Wang, Q. Dai and Y. Zhou, Magnetic deep eutectic
solvents molecularly imprinted polymers for the selective
recognition and separation of protein, Anal.Chim. Acta, 2016,
936, 168—17.

X.Li and K. H. Row, Application of deep eutectic solvents in
hybrid molecularly imprinted polymers and mesoporous
siliceous material for solid-phase extraction of levofloxacin
from green bean extract, Anal. Sci., 2017, 33, 611-617.

[8] X.Li and K. H. Row, Purification of antibiotics from
the millet extract using hybrid molecularly imprinted
polymers based on deep eutectic solvents, RSC Adv., 2017,

7, 16997— 17004.
(]

Li Huiping, Wang Jiangtao. Progress in Research on
Molecularly Imprinted Nanomaterials. China Powder

Technology, 2020, 26(01): 22-28.

[10] ]C. F. Silva, K. B. Borges and C. S. do Nascimento, Rational
design of a molecularly imprinted polymer for dinotefuran:
theoretical and experimental studies aimed at the development
of an effiffifficient adsorbent for microextraction by packed
sorbent, Analyst, 2018, 143, 141— 1149.

Y. Li, W. Xu, X. Zhao, Y. Huang, J. Kang, Q. Qi andC. Zhong,
Electrochemical sensors based on molecularlyimprinted
polymers on Fe304/graphene modified by gold nanoparticles
for highly selective and sensitive detection of trace
ractopamine in water, Analyst, 2018, 143, 5849-5856.

[11]

[12] X. Li and K. H. Row, Preparation of deep eutectic solvent
based hexagonal boron nitride-molecularly imprinted polymer
nanoparticles for solid phase extraction of flavo noids,

Microchim. Acta, 2019, 186, 753.

M. A. Deshmukh, M. D. Shirsat, A. Ramanaviciene and A.
Ramanavicius, Composites Based on Conducting Polymers
and Carbon Nanomaterials for Heavy Metal Ion Sensing
(Review), Crit. Rev. Anal. Chem., 2018, 48, 293-304.

[13]

[14] X. Li and K. H. Row, Separation of poly saccharides by SEC
utilizing deep eutectic solvent modified mesoporous silic eous

materials, Chromatographia, 2017, 80, 1161— 1169.

A. Singh, N. Kaur and H. K. Chopra, Chiral Recognition
Methods in Analytical Chemistry: Role of the Chiral Ionic
liquids, Crit. Rev. Anal. Chem., 2019, 49, 553-569.

[16] Q. Zhang, K. D. O. Vigier, S. Royera and F. Jérome, Deep
eutectic  solvents: syntheses, properties and applications,
Chem. Soc. Rev., 2012, 41, 7108-7146.

[17] A.Hussain, M. F. AlAjmi, . Hussain and I. Ali, Future of Ionic
liquids for Chiral Separations in High-Performance liquid
Chromatography and Capillary Electrophoresis,Crit. Rev. Anal.
Chem., 2019, 49, 289-305.

[18] H. Asiabi, Y. Yamini, M. Shamsayei and J. A. Mehraban,
Ananocomposite prepared from a polypyrrole deep eutectic
solvent and coated onto the inner surface of a steel capil lary

[15]



for electrochemically controlled microextraction of acidic
drugs such as losartan, Microchim. Acta, 2018, 185, 1609.

[19] X. Li and K. H. Row, Development of deep eutectic solvents
applied in extraction and separation, J. Sep. Sci., 2016,
39,3505-3520.

[20] Z.Li, K. Su, J. Ren, D. Yang, B. Cheng, C. K. Kim and X. Yao,
Direct Catalytic Conversion of Glucose and Cellulose, Green
Chem., 2018, 20, 863-872.

[21] C.Fan, X.Cao, T.Han, H.Pei, G.Hu, W.Wang and C.Qian,
Selective microextraction of polycyclic aromatic hydrocarbons

115

using a hydrophobic deep eutectic solvent composed with an
iron oxide-based nanoferrofluid,Microchim.Acta, 2019, 186,
560.

Yan Mengmeng, Zhao Fengnian, She Yongxin, Hong Sihui,
Zhang Chao, Cao Xiaolin, Wang Mengqiang, Wang Shanshan,
Zheng Lufei, Jin Maojun, Shao Hua, Jin Fen, Liu Haijin, and
Wang Jing. Advances in Molecularly Imprinted Technology
Based on Nanomaterials. Analytical Laboratory, 2018, 37(05):
607-613.



