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A deep eutectic solvent molecularly imprinted polymer (DES-MIP) was synthesized via bulk 

polymerization using bisphenol A (BPA) as the template, DES as the monomer, ethylene glycol 

dimethyl acrylate (EGDMA) as the cross-linker, and benzoyl peroxide (BPO) as the initiator. 

A hybridized deep eutectic solvent molecular-imprinted polymer membrane (HDES-MIP) was 

produced by hybridizing cellulose acetate (CA) with a previously prepared DES-MIP. Fourier 

transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) were used 

to analyze the fundamental functional groups and morphology of the synthesized membrane. 

Kinetic and isotherm analyses of the HDES-MIP membrane revealed that the data corresponded 

well with pseudo-second-order kinetic (R2 = 0.9986) and Langmuir isotherm models (R2 = 

0.9983). The maximum adsorption capacity was observed at pH 8. A thermodynamic study 

of the HDES-MIP membrane showed that the adsorption of BPA was exothermic and 

spontaneous. The development of a hybridized deep eutectic solvent molecular-imprinted polymer 

membrane (HDES-MIP) offers significant potential for the effective and environment-friendly 

removal of bisphenol A (BPA), emphasizing the importance of this research in addressing 

pollution concerns and advancing sustainable materials. 
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Bisphenol A (BPA) is an emerging organic, synthetic, 

and chemical intermediate used to produce certain 

plastics and epoxy resins [1]. BPA is one of the most 

widespread endocrine disruptors that causes chronic 

health conditions related to the reproductive system, 

metabolic function, nervous system, immune function, 

and growth [2]. BPA has been banned in the production 

of baby bottles with other food contact items for 

children under the age of three. The European Chemical 

Agency (ECHA) has classified BPA as a chemical of 

high concern. Recent rules have placed even more 

restrictions on the use of BPA, which is why food 

manufacturers are steadily looking for alternatives to 

eliminate BPA from their products [3]. The European 

Commission approved a regulation in 2018 that  

restricts the use of BPA as a packing material. The 

Specific Migration Limit (SML) per kilogram of food 

was reduced from 0.6 mg to 0.05 mg. For body weight, 

4 µg/kg was set as the new Tolerable Daily Intake (t-

TDI) [4]. The US Environmental Protection Agency 

declared BPA a substance of very high concern [5]. 

Several techniques including chemical oxidation [1], 

catalytic oxidation [6], and microbial degradation [7] 

have been used to extract BPA. However, these  

techniques are expensive and can produce secondary 

pollutants. Therefore, it is crucial to consistently  

search for affordable and reliable adsorption methods. 

 

Molecularly imprinted polymers (MIPs) are 

synthetic materials with specially designed binding 

sites and are used in various industries [8]. MIPs are 

being used as a separation material for different  

compounds, such as pesticides [9],  drugs [10], and 

amino acids  [11]. MIP synthesis requires less time 

and is comparatively less expensive than many other 

purification techniques, such as coagulation [12], 

biological treatment [13], catalytic oxidations [6], 

ozonation solvent extraction [14], and adsorption 
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distillation [15].  Owing to these advantages, 

conventional MIPs still face the problems of low 

binding capacity and low selectivity [16]. Deep 

eutectic solvents (DESs) are emerging solvents that 

have been gradually applied as functional monomers 

for molecular imprinting [17]. DESs are composed of 

a hydrogen bond acceptor (HBA) and a hydrogen 

bond donor (HBD), and the resultant compounds have 

lower melting points than the individual constituents 

[18]. The components are bonded via van der Waals 

forces and hydrogen bonding. DESs possess excellent 

characteristics, including cheaper price, higher 

functional capacity, and low toxicity [19]. 

 

In recent years, MIP-based membranes have 

attracted considerable interest. Numerous articles 

on the fabrication of MIP membranes have been 

published, demonstrating distinct permeabilities and 

separations for ligands/templates, such as nucleotides 

[20], cholesterol [21], and many other drugs [22]. 

Cellulose acetate is ideal for fabricating MIP membranes 

owing to its porosity, chemical stability, and bio-

compatibility. MIP membranes can be easily processed 

into thin films, possess functional groups for  

modification, and allow for high selectivity in target-

molecule binding [23]. MIPs conjugated to quantum 

dots (QDs) were successfully used to create an 

imprinted cellulose membrane for specific myoglobin 

(Myo) recognition [24]. The resulting membrane 

displayed high sensitivity, stability, and selectivity, 

making it a promising portable and user-friendly 

system for point-of-care Myo detection. In addition, 

research has been conducted on the transport 

characteristics and sensor technology applications of 

MIP membranes [25].  

 

To the best of our knowledge, the use of deep 

eutectic solvents (DESs) in the synthesis of molecularly 

imprinted polymers (MIPs) and their application in 

membranes have not been previously reported. In this 

study, we developed a novel approach employing choline 

chloride-methacrylic acid (ChCl-MAA) as a functional 

monomer in the bulk polymerization process to create 

a highly precise and effective DES-MIP. The synthesized 

DES-MIP was then incorporated into a cellulose acetate 

membrane (HDES-MIP) to remove bisphenol A (BPA) 

from aqueous solutions. The HDES-MIP membrane 

was comprehensively characterized using Fourier 

transform infrared spectroscopy (FTIR) and scanning 

electron microscopy (SEM) to analyze its functional 

groups and morphology, respectively. This study 

presents a pioneering approach for the synthesis of 

MIPs using DESs, and demonstrates their successful 

application as efficient sorbents for the removal of 

BPA from aqueous solutions. Detailed characterization 

and thorough exploration of the optimization parameters 

contribute to a comprehensive understanding of the 

capabilities and potential of HDES-MIP membranes 

in various environmental and industrial applications. 

 

EXPERIMENTAL 

 

1. Chemicals 

 

All reagents used in this study were of analytical 

grade. Ethylene glycol dimethyl acrylate (EGDMA, 

97.5%), methacrylic acid (MAA, 99%), benzoyl 

peroxide (BPO, 98.0%), bisphenol A (BPA, 99%.0%), 

acetic acid (CH₃COOH, 98.0%), hydrochloric acid 

(HCl, 37.0%), sodium hydroxide (NaOH, 98.0%),  

choline chloride (ChCl, 98.0%), methanol (CH3OH, 

99.8%), cellulose acetate (CA), and acetone (CH3 

COCH3, 99.5%) were purchased from Sigma Aldrich 

(MERCK).  

 

2. Instruments 

 

Fourier transform infrared spectroscopy was used to 

identify the key functional groups of CA and HDES-

MIP between 4000-400 cm-1 (PerkinElmer FTIR 

Spectrum 100). The morphology was studied using 

scanning electron microscopy (SEM, JOEL JSM 

7600F, USA). 

 

3. Preparation of DES-MIP Particles 

 

DES-MIP was created by mixing 0.032 g of BPA, as 

a template, with 10 ml of acetonitrile, which contained 

0.757 ml of DES, as a monomer; 0.894 ml of EGDMA, 

as a crosslinker; and an initiator (0.15 g). The  

mixture was sealed and polymerized for 24 h in a 

water bath at 70°C, after purging with nitrogen for 5 

min. Crushed and pulverized polymers were obtained. 

Next, a 1:2 (v/v) methanol-acetic acid solution was 

used to thoroughly wash the template out of the 

polymer [26]. 

 

4. Hybridization of DES-MIP with CA 

 

Phase inversion was used to hybridize DES-MIP 

particles with cellulose acetate (CA) to synthesize the 

HDES-MIP membrane. 1.00 g of CA was dissolved in 

30.00 mL of acetone. 0.05 g of DES-MIP was added 

to the CA solution and the mixture was continuously 

agitated at 50°C to obtain a homogenous mixture. 

Following the protocol by Yusof et al. (2013), with 

modifications, the resulting mixture was spread on a 

glass plate and allowed to dry overnight at room 

temperature [27]. Figure 1 shows a schematic of the 

preparation of the HDES-MIP membrane. 
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Figure 1. Schematic diagram for preparation of HDES-MIP membrane. 

 

 

5. Binding Capacity of BPA by HDES-MIP 

Membrane 

 

It is important to compare the adsorption capacities of 

the HDES-MIP and CA membranes. 10 mg/L BPA 

solutions with 0.012 g of HDES-MIP and CA 

membranes, respectively, were incubated for 1 h.  The 

membranes were then carefully removed from the 

solutions. The binding capacities of the HDES-MIP 

and CA membranes were measured using solution–vis 

spectrometer. The binding capacity was calculated 

using Eq. (1): 

 

 𝑄 =
(𝐶0 − 𝐶𝑓) × 𝑣

𝑤
 (1) 

 

Where Q (mg/g) is the amount of BPA adsorbed by 

HDES-MIP and CA membranes respectively. 𝐶0 

(mg/L) and 𝐶𝑓  (mg/L) are the initial and equilibrium 

concentrations of BPA solution, respectively, w (g) is 

the added amount of HDES-MIP, and v (L) is the 

volume of the initial BPA solution and CA membranes. 

 

6. Adsorption Studies 
 

Adsorption studies were performed in batch experiments 

to determine the maximum adsorption capacity of the 

HDES-MIP membrane. Kinetic, isothermal, and pH 

tests were conducted for this purpose. 

 

6.1. Study of pH Effect 
 

HDES-MIP and CA membranes were shaken for an 

hour in 10 mL of 10 ppm BPA solutions of different 

pH from 1 to 12. Basic and acidic pH values were 

adjusted using NaOH and hydrochlor ic acid ,  

respectively. The HDES-MIP and CA membranes were 

incubated in the BPA solutions for 1 h at room 

temperature. The optimal pH for maximal sorption 

was determined after the analysis of the BPA solution 

filtrate.  

 

6.2. Kinetic Study  

 

To 10 mg/L BPA solutions, 0.012 g of HDES-MIP and 

CA membranes were added, respectively, and the 

mixtures were mixed for various incubation durations 

(5, 10, 15, 20, 25, 30, 40, and 50 min). The final BPA 

concentration was determined to evaluate the optimal 

period for BPA removal using HDES-MIP and CA 

membranes. The following equation was used to  

calculate the adsorption capacity of HDES-MIP and 

CA over time (t): 

 

 𝑄𝑡 =
[(𝐶0 − 𝐶𝑡) × 𝑣]

𝑤
 (2) 

 

Here, CA and HDES-MIP adsorption capacities 

are denoted by 𝑄𝑡 (mg/g). The final and initial 

concentrations of the BPA solution are represented as 

Ct and C0, respectively (mg/L). The mass of HDES-

MIP and CA and the volume of the solution are  

denoted by w (g) and v (L), respectively.  

 

6.3. Adsorption Kinetic Models 

 

Pseudo second and first order models were applied to 

analyze the kinetics of BPA adsorption onto CA and 

HDES-MIP. Correlation coefficient (R2) was used to 

express the agreement between experimental and 

predicted values. When comparing the values, a higher 

number near or equal to one is used to denote the 
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kinetic model that best fits the data [28]. Based on the 

pseudo-first-order model, the rate of change in solute 

intake over time is proportional to the difference 

between the saturation concentration and the amount 

of solid absorbed over time. The following equation 

can be used to explain the pseudo-first-order model 

[29]. 

 

 log(𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 −
𝑘1𝑡

2.303
 (3) 

 

Equation 4 represents the pseudo-second-order.  

 

 
𝑡

𝑞𝑡

=
1

𝑘2𝑞𝑒2
+

𝑡

𝑞𝑒

 (4) 

 

6.4. Adsorption Isotherm Study 

 

To determine the equilibrium adsorption isotherm 

at  the opt imum t ime,  var ious star t ing BPA 

concentrations (5, 10, 15, 20, 25, 30, 35, 40, and 50 

mg/L) were investigated at 298 K. Mechanical  

shaking was used to mix 0.012 g of HDES-MIP and 

CA, respectively, with  varied BPA solution 

concentrations. Each experiment was performed a 

maximum of three times, and the average of the three 

results was used to analyze the outcome. The 

following equation can be used to compute the binding 

capacity of BPA at equilibrium, which is represented 

by the symbol Qe (mg/g) [30]. 

 

 𝑄𝑒 =
[(𝐶0 − 𝐶𝑒) × 𝑣]

𝑤
 (5) 

 

The binding capacities of CA and HDES-MIP 

are represented by Qe (mg/g). The equilibrium and 

initial concentrations of the BPA solution are  

represented by Ce (mg/L) and C0 (mg/L), respectively. 

v (L) represents the volume of BPA solution and the 

mass of MIP particles and DES-MIP is shown by w 

(g) [31]. 

 

6.5. Adsorption Isotherm Models 

 

The ability of the linearized two-parameter equations 

of Langmuir and Freundlich to reflect equilibrium 

sorption data was investigated [32]. These parameters 

provided useful information regarding the affinity, 

surface characteristics, and sorption mechanisms of 

the adsorbent. The Langmuir isotherm model was 

designed based on the idea that the adsorbent has a 

homogenous structure, with all sorption sites being 

comparable and energetically equivalent. The general 

equation for the Langmuir isotherm model is as  

follows: 

 

 
𝐶𝑒

𝑞𝑒

=
1

𝑏𝑞𝑚

+
𝐶𝑒

𝑞𝑚

 (6) 

 

Reversible adsorption is explained using the 

Freundlich isotherm model, which is not only confined 

to monolayer formation but also the process of 

sorption on heterogeneous surfaces from aqueous 

solutions. The general equation for the Freundlich 

isotherm model is as follows: 

 

 log 𝑞𝑒 = log 𝑘𝑓 +
1

𝑛𝑓

log 𝐶𝑒 (7) 

 

6.6. Thermodynamic Study 

 

Adsorption thermodynamics is  important for 

determining the behavior of HDES-MIP and CA 

with respect to temperature. Three measurements of 

HDES-MIP and 0.012 g of CA were performed at 298, 

318, and 338 K. Following the removal of HDES-MIP 

and CA from the solutions, the eluates were examined 

using a UV-visible spectrophotometer to determine 

the adsorption capacity. To evaluate the spontaneity of 

the reaction, the thermodynamic characteristics are 

crucial. To apply the adsorption process, changes in 

enthalpy (H°), Gibbs free energy (G°), and entropy 

(S°) were regarded as actual pointers. The degree of 

spontaneity of the reaction (G°) is given by Equation 

(8): 

 

 𝛥𝐺𝜊 = 𝛥𝐻𝜊 − 𝑇𝛥𝑆𝜊 (8) 

 

Equation (9) was used to determine the change in 

entropy (S°) and enthalpy (H°). 

 

 𝑙𝑛 𝐾 =
−𝛥𝐻0

𝑅𝑇
+

−𝛥𝑆0

𝑅
 (9) 

 

Where R is the ideal gas constant (8.314 J/mol/K) 

and K (g/L) is the equilibrium constant or distribution 

coefficient. The temperature in Kelvin is T [33]. ΔS° 

and ΔH° can be recognized from the Van’t Hoff plot 

(ln 𝐾 vs. 1/T) by calculating the intercept’s slope. 

 

RESULTS AND DISCUSSION 

 

Characterization of DES-MIP and Membranes 

 

The prepared HDES-MIP was characterized using 

scanning electron microscopy (SEM) and Fourier 

transform infrared (FTIR) spectroscopy for comparison 

with DES-MIP particles and CA membranes. 

 

1. Analysis of Functional Groups  

 

Figure 2 shows the FTIR spectra of HDES-MIP, CA, 

and DES-MIP powders. C-O-C and C=O stretchings 

were detected in the spectrum of the CA membrane at 

1735 cm-1 and 1032 cm-1, respectively. The C-O-C and 

C=O stretching vibrations were altered to shorter  

wavenumbers in the spectrum of the HDES-MIP 

membrane. The C=O and -C-O-C- stretching bands 
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changed from 1735 cm-1 to 1732 cm-1 and 1032 cm-1 

to 1035 cm-1, respectively. Furthermore, the -OH 

stretching band at 3371 cm-1 and the -CH3 stretching 

band at 2956 cm -1 vanished in the HDES-MIP 

membrane. These changes in the FTIR spectra  

revealed that the DES-MIP and CA membranes 

interacted. The spectra shifted from those of the CA 

membrane to those of the HDES-MIP membrane. The 

successful hybridization of the DES-MIP particles 

with the CA polymer-producing HDES-MIP membrane 

was demonstrated by the shifts in the spectra from the 

CA membrane to the HDES-MIP membrane. 

 

2. Morphological Analysis 

 

The morphologies of the HDES-MIP and CA membranes 

are shown in Figure 3. The morphologies of the 

HDES-MIP and CA membranes were quite different. 

The CA membrane exhibited a consistently smooth 

structure owing to the absence of cavities.  This 

observation is attributed to the absence of DES-

MIP particles, and the smooth structure of the CA 

membrane was changed by the addition of the 

DES-MIP par t ic le s  fo rmed by  HDES -MIP,  

resulting in a rougher surface with cavities. This 

demonstrates the dependability and effectiveness 

of the hybridization of DES-MIP particles with the 

CA membrane in solution. The morphology of the 

HDES-MIP membrane suggests that the DES-MIP 

particles hybridized well with the CA membrane. 

A similar study was conducted by Yusof et al., 

2013 [27]. 

 

 

Table 1. Functional groups of CA, DES-MIP and HDES-MIP with respect to wavelength. 

 

Material 
C-O-C Stretching 

(cm⁻¹) 

C=O Stretching 

(cm⁻¹) 

-OH Stretching 

(cm⁻¹) 

-CH₃ Stretching 

(cm⁻¹) 

CA 1032 1735   

DES-MIP   -3371 2956 

HDES-MIP 1035 1732 3371  

 

 

 
 

Figure 2. FTIR spectra of DES-MIP particles and HDES-MIP and CA membranes. 
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Figure 3. SEM images of the cross-section of (a) CA and (b) HDES-MIP membranes at 5000X magnification. 

 

 

3. Study of pH Effect 

 

The adsorption of BPA onto the HDES-MIP and 

CA membranes is shown in Figure 4. The adsorption 

capacity of the HDES-MIP membrane increased 

progressively as the pH of the BPA solution increased, 

reaching a maximum at pH 8. This is because 

hydrogen bonds and ionic interactions are the main 

binding forces between BPA and the HDES-MIP 

membranes. The concentrations of H+ and OH- 

were minimal only in the nearly neutral solution, 

which reduced their impact and binding force 

between the sites. The target molecule and BPA 

binding capability of the CA membrane were 

lower than those of the HDES-MIP membrane. 

The adsorption capacity of the CA membrane did 

not follow any predictable pattern, because it 

lacked reactive sites. The increased solubility of 

BPA on the HDES-MIP membrane compared with 

that on the CA membrane may be the result of 

stronger interactions between the two compounds. 

These interactions include dipole-dipole interactions 

between the HDES-MIP membrane and the adsorbate, 

as well as van der Waals forces.  

 

 

 
Figure 4. Effect of pH on the binding capacity of BPA to HDES-MIP and CA membranes. 

 

 

(CA

) 

  (HDES-MIP) 
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Figure 5. Adsorption kinetics of HDES-MIP and CA membranes. 

 

 

4. Kinetic Study 

 

It is important to consider sorption kinetics when 

evaluating the calibration of the sorbent and the 

effectiveness of the removal process. The reaction was 

performed at pH 8. The binding capacities of the 

HDES-MIP and CA membranes were calculated as a 

function of time. The results are shown in Figure 5. 

The HDES-MIP membrane grew rapidly during the 

first 10 min, before settling to equilibrium. This is 

because, at the start of the reaction, there were more 

sites on the HDES-MIP membrane’s surface. It was 

easier for equilibrium to develop over time, as more 

locations were occupied. The CA membrane, on the 

other hand, did not exhibit a clear pattern of BPA 

absorption. The CA membrane exhibited very low 

adsorption capacity owing to the absence of specific 

cavities. It is evident that the dynamic adsorptive 

separation of a solute from a solution onto adsorbents 

requires an accurate depiction of the equilibrium 

separation between the two phases. The general 

understanding is that the highest level of absorption 

occurs when there is a fully saturated monolayer of 

sorbents on the adsorbent surface and the energy of 

absorption remains constant without any surface 

migration [26], [34]. 

 

4.1. Pseudo-first-order Kinetic Model  

 

The rate constants of the HDES-MIP and CA membranes 

are listed in Table 2. The k1 and R2 values of the 

HDES-MIP membrane based on the pseudo-first-

order model were determined to be 0.0012 min-1 and  

0.2494, respectively, as shown in Figure 6. The k1 and 

R2 values of the CA membrane were calculated as 

0.0006 min−1 and 0.7265, respectively. The qe values 

of the HDES-MIP and CA membranes were calculated 

as 2.873 and 0.6891 mg/g, respectively. The calculated 

R2 values of the HDES-MIP and CA membranes were 

0.2494 and 0.7265 mg/g, respectively. Based on 

the experimental and calculated values and the R2 

values, it was concluded that the HDES-MIP and 

CA membranes did not fit the pseudo-first-order 

kinetic model.  

 

4.2. Pseudo-second-order Model 

 

The k2 and R2 values of the pseudo-second-order 

model of the HDES-MIP membrane were calculated 

as 0.8344 min-1 and 0.9986, respectively. The k2 

and R2 values of the CA membrane were calculated 

as 0.6816 min -1 and 0.9936, respectively. The 

calculated  qe values (qe cal) of the HDES-MIP 

and CA membranes were 2.7679 and 0.7013 mg/g, 

respectively, which are very close to the experimental 

qe values (qe exp) of 2.7821 and 0.6891 mg/g, 

respectively (Table 2). The pseudo-second-order 

model and kinetic studies of the HDES-MIP membrane 

were in good agreement. The chemisorption of BPA 

on the HDES-MIP membrane was described by a 

pseudo-second-order model that can be applied to 

the full sorption process. The rate-limiting phase 

of chemical sorption may be due to the valence 

forces resulting from the sharing or exchange of 

electrons between the sorbent and the sorbate. A 

similar report had been published previously [35]. 
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Figure 6. Pseudo-first-order model of HDES-MIP and CA membranes. 

 

 

 

 
 

Figure 7. Pseudo-second-order model of HDES-MIP and CA membranes. 
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Table 2. Kinetic parameters for the sorption of BPA by HDES-MIP and CA membranes. 

 

Pseudo-first-order kinetic Pseudo-second-order kinetic 

Membranes 
qe exp 

(mg/g) 
R2 

qe cal 

(mg/g) 
k1 R2 

qe cal 

(mg/g) 
k2 

HDES-MIP 2.7821 0.2494 0.0981 0.0012 0.9986 2.7679 0.8344 

CA 0.6891 0.7265 0.2491 0.0006 0.9936 0.7013 0.6816 

 

 

 
Figure 8. Effect of concentration on the adsorption capacity of HDES-MIP and CA membranes. 

 

 

5. Isotherm Study 

 

BPA was absorbed at various doses (10, 15, 20, 25, 30, 

35, 40, 45, 50, and 60 mg/L) onto the HDES-MIP and 

CA membranes. With increasing BPA concentration, the 

adsorption value of the HDES-MIP membrane steadily 

increased until equilibrium was reached, as shown in 

Figure 8. The HDES-MIP and CA membranes reached 

the highest adsorption capacities of 2.56 and 0.41 

mg/g, respectively. This is because the HDES-MIP 

membrane had BPA-imprinted cavities. In contrast, 

the CA membrane exhibited no distinct change in 

adsorption as the concentration was changed. It can be 

said that the HDES-MIP membrane effectively absorbed 

BPA compared to the CA membrane. Various isothermal 

models, such as the Freundlich and Langmuir models, 

were used to identify the adsorption behavior of BPA 

on both membranes. 

5.1. Langmuir Isotherm Model 

 

The sorp tion  mechanism of  the  HDES -MIP 

membrane  i s  exp la ined using the  Langmuir  

isotherm model. Higher R2 values of 0.9188 for the 

HDES-MIP membrane and 0.7425 for the CA 

membrane were obtained in the Langmuir plots  

(Figure 9) (Table 3). The superior R2 value of the 

HDES-MIP membrane demonstrates that the  

Langmuir isotherm model predicts adsorption. The 

computed values (qm cal) of HDES-MIP and CA 

were 2.5610 and 0.4031 mg/g, respectively. These 

values are close to the experimental data (qm exp) 

of the CA (0.2802 mg/g) and HDES-MIP (2.5101 

mg/g) membranes. In addition, the dimensionless 

(RL) for HDES-MIP and MIP, respectively, was 

between 0 and 1, support ing the successful  

implementation of BPA. 
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Figure 9. Langmuir isotherm model of HDES-MIP and CA membranes. 

 

 

 
Figure 10. Freundlich isotherm model of HDES-MIP and CA membranes. 

 

 

Table 3. Isothermal parameters for the sorption of BPA by HDES-MIP and CA membranes. 
 

Langmuir isotherm model Freundlich isotherm model 

Membrane qm exp (mg/g) R2 qm cal  

(mg/g) 

RL R2 1/n Kf 

HDES-MIP 2.5101 0.9188 2.5610 0.2645 0.7791 0.8262 0.1234 

CA 0.2802 0.7425 0.4031 0.4307 0.0498 0.1240 0.1251 
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5.2. Freundlich Isotherm Model 

 

The Freundlich isotherm model assumes that sorption 

occurs on heterogeneous surfaces and that the absorption 

capacity is dependent on the equilibrium BPA  

concentration. The R2 values for the HDES-MIP 

and CA membranes were 0.77917 and 0.049982, 

respectively, as shown in Table 3, and in accordance 

with the Freundlich isotherm (Figure 10). The Kf 

values of the HDES-MIP and CA membranes were 

0.123 and 0.125, respectively. It was determined that 

the sorption procedure was unsuitable because of the 

high Kf value. Therefore, the Langmuir isothermal 

model was used for the HDES-MIP membranes. 

 

6. Thermodynamic Study 

 

Figure 11 shows the relationship between ln k values 

at three distinct temperatures (298, 318, and 338 K) 

and the reciprocal of the absolute temperature. With 

an R2 value of 0.9856, the HDES-MIP membrane 

exhibited a straight line at a reciprocal temperature of 

1/T. The graph demonstrates the relationship between 

the adsorption of BPA and temperature, as well as the 

relationship between temperature and adsorption 

of the HDES-MIP membrane. The slope and linear 

intercept of ln k versus 1/T were used to obtain the 

values of Ho and So. Table 4 lists the values of Go, Ho, 

and So. The results indicated the exothermic nature of 

BPA adsorption on the HDES-MIP membrane, with 

the calculated values of ΔHo and ΔSo being -39.785 

kJ/mol and -151.28 J/Kmol, respectively, indicating 

that the adsorption of BPA on the HDES-MIP membrane 

was more effective [ 28]. The adsorbate molecules and 

adsorbent surface interacted strongly as a result of the 

H0 of the HDES-MIP membrane having a greater value. 

A spontaneous process in the HDES-MIP membrane, 

which does not require input energy from outside the 

system, was also indicated by the lower value of G0 

at 298 K. A lower G0 value indicates a stronger 

adsorption driving force, which increases adsorption 

capacity. As temperature increased, absolute G0 values 

shifted towards more positive values, indicating that 

BPA adsorption was less advantageous [37]. The 

adsorbed BPA was more advantageous and had a 

stronger adsorptive affinity for the DES-MIP membrane 

according to the reasoning given above; however, the 

CA membrane exhibited the same BPA sorption 

activity. The amount of BPA that adhered to the CA 

membrane was not significantly affected by the  

temperature change. As shown in Figure 10, the CA 

membrane displayed an R2 value of 0.4810 in a 

nonlinear graph. In addition to the Ho and So values, 

the Go values were also calculated. According to the 

computed values of Ho and So, which were -5.7123 

kJ/mol and 18.0348 J/Kmol, respectively, BPA  

was adsorbed onto the CA membrane and was less 

effective.  

 

 

 
 

Figure. 11. Thermodynamic effects of HDES-MIP and CA membranes.  
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Table 4. Thermodynamics of BPA adsorption onto HDES-MIP and CA membranes at different temperatures. 

 

Membranes Temperature 

(K) 

Enthalpy ΔH° 

(kJ/mol-1) 

Entropy  

ΔS° (J/Kmol) 

Gibbs energy 

ΔG° 

(kJ/mol-1) 

 

R2 

HDES-MIP 298 -39.785 -115.228 5.434 0.9856 

 318   7.954  

 338   11.527  

CA 298 -5.7123 18.0348 10.367 0.4801 

 318   11.306  

 338   10.994  

 

 

CONCLUSION 

 

DES-MIP particles were successfully synthesized via 

bulk polymerization using BPA as the template, and 

successfully hybridized with CA to obtain a HDES-

MIP membrane. Changes in the fundamental groups 

and differences in morphology were confirmed by 

FTIR and SEM. The HDES-MIP membrane showed 

maximum binding capacity at pH 8.  The adsorption 

kinetic and isothermal studies were in good agreement 

with the pseudo-first-order kinetic and Langmuir 

isotherm models, respectively. Thermodynamic studies 

indicated that the adsorption of BPA on the HDES-

MIP membrane was exothermic. The negative enthalpy 

values in thermodynamics also indicate that the  

HDES-MIP membrane underwent exothermic and 

spontaneous reactions. These findings suggest that 

HDES-MIP has excellent potential for BPA removal. 

Thermodynamic analyses indicated that the adsorption 

process was exothermic and spontaneous. These 

findings highlight the potential of HDES-MIP as an 

effective and environment-friendly solution for the 

removal of BPA contaminants, which is important for 

addressing pollution concerns and advancing sustainable 

materials. This study contributes to the field of  

environmental remediation and offers a promising 

approach for mitigating BPA pollution. 
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