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Adsorption of Aniline from Aqueous System by Highly Fluorinated Polymers of Intrinsic 

Microporosity (PIM-2)  

Bekir SATILMIŞ1* 

ABSTRACT: Polymers of Intrinsic Microporosity (PIMs) are documented as suitable materials for 

organic adsorption applications. Intrinsic porous structure along with a solution-processability behaviour 

make them attractive for the adsorption of organic contaminants from water. In this research, PIM-2 

powder was synthesised and the exploitation of PIM-2 for aniline removal was studied using a batch 

adsorption process. The effect of several variables were explored including initial aniline concentration, 

adsorption time and temperature. Adsorption reached the equilibrium after five hours and experimental 

adsorption capacity (qe, exp) was found as 79.7 mg g-1 for aniline at pH 6 and 298K. Isotherm (Langmuir, 

Freundlich and Liu) and kinetic models (pseudo first order and pseudo second order) and elovich model 

were applied using non-linear regression analysis. In addition, various errors analysis approaches were 

used to determine the most appropriate isotherm and kinetic models. Pseudo second order model and 

Liu isotherm fitted well for aniline adsorption. Maximum adsorption capacity (qm) were computed as 

82.4 mg g-1 for aniline at pH 6 and 298 K based on the Liu adsorption model. Thermodynamic studies 

revealed that the adsorption process was physical, spontaneous and exothermic.  

Keywords: Polymers of Intrinsic Microporosity (PIM-2), aniline, adsorption, kinetic, isotherm, 

thermodynamic. 
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INTRODUCTION 

Aniline is a broadly employed organic precursor for producing polymeric materials, 

pharmaceuticals, rubber accelerators, pigments, and dyes (Rahdar et al., 2020; Yi et al., 2020). It is an 

extremely toxic compound that can cause serious damage on human body as it can react with the blood 

and convert haemoglobin into methaemoglobin. Long-term exposure to aniline may cause a blood 

disorder for the human body (Midda et al., 2018). It also poses a threat to the aquatic environment since 

it is a persistent chemical with bio-accumulative potential (Zeng and Huang, 2020). In recent years, 

aniline demand has increased in parallel with the industrial developments. Increased usage of aniline has 

also raised its emission into the aquatic environment (Gao et al., 2015). Thus, the removal of aniline 

from water has a practical significance. Various removal methods have been proposed including 

adsorption (An et al., 2010), biodegradation (Gheewala and Annachhatre, 1997) and oxidation (Sriprom 

et al., 2014). Adsorption by porous materials is a commonly used method due to the simplicity and 

efficiency against other methods.  

Polymers of intrinsic microporosity (PIMs) are novel polymeric compounds which display 

excellent properties due to their rigid and contorted assemblies (Budd et al., 2004). They exhibit high 

surface area and high free volume (Budd et al., 2005; McKeown et al., 2005). They also show solution-

processability which makes them distinguishable against other porous materials since most of the porous 

adsorbents are insoluble. A number of PIM polymers have been synthesised but PIM-1 has gained the 

main attention as it can be synthesised using commercially available monomers. It can also be generated 

in different forms owing to the high molecular weight (Budd et al., 2008). Recently, PIM-1 has been 

used for aniline removal from air and water in the form of fiber, powder and film (Satilmis and Uyar, 

2018). The study shows that powder and fiber adsorption capacities and kinetics are quite close to each 

other while the film form shows slower adsorption. Additionally, handling simplicity makes the fiber 

more practical for real-time applications. Recently, we have synthesised high surface area PIM-2 

polymer using commercially available monomers; Decafluorobiphenyl (DFBP) and 5,5’,6,6’-

Tetrahydroxy-3,3,3’,3’-tetramethyl-1,1’-spirobisindane (TTSBI) by improving the previous synthesis 

method (Sato et al., 2018; Satilmis and Uyar, 2019). PIM-2 is soluble in common laboratory solvents 

such as tetrahydrofuran, chloroform and tetrachloroethane. Hence, we have presented the successful 

production of electrospun PIM-2 fibers (Satilmis and Uyar, 2019) and PIM-2 dense membranes (Fuoco 

et al., 2020). Since the membrane production of PIM-2 was not possible until recently, its adsorptive 

properties have not been examined in detailed yet.  

Therefore, in the present research, we synthesised PIM-2 polymer and subsequently the aniline 

adsorption performance of PIM-2 from water was explored. To our knowledge, no one has studied the 

aniline removal efficiency of PIM-2 from water. As we predicted, PIM-2 can effectively remove aniline 

from an aqueous system. Ability to produce PIM-2 in dense and fibrous membrane forms may enable 

its practical use in various separation applications. Furthermore, the effect of operating conditions on 

the adsorption process was studied prior to determining adsorption isotherms, kinetic models and 

thermodynamic constants.  

MATERIALS AND METHODS 

Materials 

5,5’,6,6’-Tetrahydroxy-3,3,3’,3’-tetramethyl-1,1’-spirobisindane (98%, TTSBI) and potassium 

carbonate (99.0%, anhydrous, K2CO3) were purchased from Alfa Aeser. TTSBI was recrystallized based 

on the reported procedure (Satilmis and Uyar, 2019). Decafluorobiphenyl (99%, DFBP), methanol 
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(≥99.9%, MeOH), aniline (99%) and dimethylformamide (99.8%, DMF), were received from Sigma 

Aldrich and used as purchased. 

Synthesis and characterization of PIM-2 

Synthesis and characterization of PIM-2 polymer was carried out as described in our previous 

study (Satilmis and Uyar, 2019). Briefly, TTSBI, K2CO3, and anhydrous DMF were mixed in a flask 

under argon atmosphere. Then, complete dissolution was achieved by heating the mixture to 100 °C. 

Meanwhile, DFBP was dissolved in anhydrous DMF and this solution was injected into the reaction 

mixture. The reaction was executed at 100 °C for 48 h and the product was treated with an aqueous HCl 

(5% v/v) before drying at 150 oC for overnight.  

Methods 

FT-IR spectrum was recoded on a Bruker Vertex 70 FT-IR spectrometer. 1H NMR spectrum was 

compiled using a Bruker (DPX-400 MHz) NMR spectrometer in CDCl3. Thermal changes of PIM-2 

powder were investigated using TA Q500 thermogravimetric analyser under nitrogen atmosphere. 

Quantitative determination of aniline was accomplished by Genesis10s UV-Vis spectrometer. 

Sorption studies 

Aniline stock (500 mg L-1) was prepared in deionized water. Genesis 10s UV-Vis spectrometer 

was used to record the absorbance values of calibration solutions at 280 nm (λmax). Adsorption 

experiments were conducted in 20 mL aniline solutions in the concentration ranging from 50 to 500 mg 

L-1 using a batch process. 10 mg PIM-2 powder was placed in aniline solutions and stirred for 5h. 100 

µL solution was taken and diluted by water. Adsorbed aniline, qe (mg g-1), was calculated using equation 

1. 

 𝑞𝑒 =
(𝐶0 − 𝐶𝑒) × 𝑉

𝑤
 (1) 

   

where, C0 (mg L-1), and Ce (mg L-1) exhibits the solution concentrations at the initial and at the 

equilibrium, respectively. V (L) is the volume of aniline solution and w (g) represents the amount of 

PIM-2. All adsorption experiments were conducted as triplicates and mean values were used. 

The effect of contact time was studied using 50 and 500 mg L-1 aniline solution for 5 h. The impact 

of initial concentration was investigated in the range of 50 to 500 mg L-1. The effect of temperature was 

explored using the solution temperatures of 283, 298, 313 K at natural pH. 

Non-linear regression analysis method was applied to calculate the constants of isotherms and 

kinetic models. Microsoft Excel (Solver add-in) was operated to predict the data. As stated recently 

(Lima et al., 2019), the non-linear method is indispensable for obtaining correct parameters, particularly 

for thermodynamic parameters. Experimental and calculated equilibrium data was also compared by 

means of the correlation coefficient (R2), chi-square test (χ2) and the relative error (q) methods as 

displayed in Equation 2-5 (Günay et al., 2007; Foo and Hameed, 2010).  

 

 

𝑆𝑆𝐸 = ∑(𝑞𝑒,𝑐𝑎𝑙 − 𝑞𝑒,𝑒𝑥𝑝)𝑖
2

𝑛

𝑖=1

 

 

(2) 

 𝑅2 =
(𝑞𝑒,𝑒𝑥𝑝 − 𝑞𝑒,𝑐𝑎𝑙)

2

∑(𝑞𝑒,𝑒𝑥𝑝 − 𝑞𝑒,𝑐𝑎𝑙)2 + (𝑞𝑒,𝑒𝑥𝑝 − 𝑞𝑒,𝑐𝑎𝑙)2
 (3) 



Bekir SATILMIŞ  10(3): 1886-1898, 2020 

Adsorption of Aniline from Aqueous System by Highly Fluorinated Polymers of Intrinsic Microporosity (PIM-2) 

 

1889 

 𝜒2 =  ∑
(𝑞𝑒,𝑐𝑎𝑙 − 𝑞𝑒,𝑒𝑥𝑝)2

𝑞𝑒,𝑒𝑥𝑝

𝑛

𝑖=1

 (4) 

 ∆𝑞 (%) = √∑
[(𝑞𝑒,𝑒𝑥𝑝 − 𝑞𝑒,𝑐𝑎𝑙)/𝑞𝑒,𝑒𝑥𝑝]2

𝑁 − 1
× 100 (5) 

 

where (qe, exp), (qe, cal) and (qe, cal) represent experimental, calculated and the mean value of calculated 

equilibrium capacities, respectively. The number of measurements was denoted by N.  

RESULTS AND DISCUSSION 

Characterization of PIM-2 

Polymers of intrinsic microporosity (PIMs) have attained adequate consideration owing to their 

high surface area and high free volume. Although the first-generation PIM polymers (PIM-(1-6)) have 

been reported in 2004, the reported procedure only enables the production of PIM-1 with a high 

molecular weight. PIM-1 could be produced using commercially available monomers and it is soluble 

in common laboratory solvents such as chloroform and tetrahydrofuran. A combination of high 

molecular weight and solution-processability enable the production of PIM-1 in different forms 

including powder (Budd et al., 2008), fiber (Satilmis and Uyar, 2018) and film forms (Budd et al., 2008). 

Hence, various application opportunities are possible for PIM-1 including adsorption, catalysis, gas 

separation and sensor (McKeown and Budd, 2006). Although PIM-2 shows similar properties with PIM-

1 such as synthesis from commercial monomers (Figure 1a), solubility in common organic solvents, high 

surface area (600 m2 g-1) and high free volume, the production of PIM-2 with a high molecular weight 

was managed only recently (Satilmis and Uyar, 2019). Therefore, the adsorptive properties of PIM-2 

have not been investigated in detail yet. For this reason, we have first synthesised and characterized 

PIM-2 based on the reported procedure (Satilmis and Uyar, 2019). The purity of PIM-2 was confirmed 

using FT-IR and 1H NMR spectroscopies and TGA technique. 

 
Figure 1. (a) Synthesis path of PIM-2, (b) FT-IR and (c) 1H NMR spectra and (d) TGA of PIM-2 

 

FT-IR spectrum of PIM-2 is presented in Figure 1b showing aliphatic C-H peaks (~3000 cm-1), 

aromatic C-C stretches (1491 cm-1), C-O (1299 cm-1) and C-F (1076 and 995 cm-1) vibrations (Sato et 
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al., 2018). 1H NMR spectrum of PIM-2 is displayed in Figure 1c exhibiting characteristic PIM peaks 

arise from TTSBI units which are aliphatic protons (1.0 to 2.5 ppm: H1 and H2) and aromatic protons 

(6.1-7.0 ppm: H3, H4) (Sato et al., 2018; Satilmis and Uyar, 2019). Moreover, thermal behaviour of 

PIM-2 was studied using TGA to ensure no residuals remain in the polymer. As displayed in Figure 1d, 

PIM-2 shows no weight loss before 500 oC after which backbone degradation occurs (Satilmis and Uyar, 

2019). Following that we have examined the affinity of PIM-2 against aniline in a batch adsorption 

process.  

Effect of contact time 

The relationship between the contact time and aniline uptake onto PIM-2 is demonstrated in Figure 

2a using two different initial aniline concentrations (50 and 500 mg L-1). It is apparent that the adsorbed 

amount increased instantly with the time. Approximately 56% of adsorption occurred at the first 30 min 

and the equilibrium was accomplished within 300 min after which the adsorption remained almost 

constant. This behaviour could be interpreted by the vacancy of the active sites on the PIM-2. Initially, 

active sites were unoccupied and the availability was reduced by the time (Harrache et al., 2019; Igberase 

et al., 2019).  

 

 
Figure 2. (a) Effect of contact time and applied kinetic models, (b) effect of initial aniline concentration 

and (c) effect of temperature on the adsorption of aniline onto PIM-2. (d) FT-IR spectra of PIM-2, aniline 

and PIM-2 after in contact with aniline. 

 

Effect of initial concentration 

Figure 2b illustrates the relationship between initial aniline concentrations and equilibrium 

adsorption capacity of PIM-2 at three different temperatures. As displayed in Figure 2b, increasing the 
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initial concentration causes a marked increase in the adsorption. When it was elevated from 50 to 500 

mg L-1, the maximum uptake was raised from 25.2 to 79.7 mg g-1 at 298 K. Similar trends were also 

observed at 283 and 313 K temperatures. 

Impact of temperature 

The effect of temperature on the adsorption was assessed at 283, 298 and 313 K. Adsorption 

capacities reduced with increased temperature at various concentrations, as depicted in Figure 2c. The 

equilibrium capacity reduced from 85.1 to 71 mg g-1 at 500 mg L-1 aniline concentration when the 

solution temperature was elevated from 283 to 313 K. This indicates that low temperature favors the 

aniline removal by PIM-2 and is exothermic in nature. 

Adsorption kinetics 

The adsorption kinetic is a vital parameter for choosing optimum operating conditions. Figure 2a 

exhibits the relationship between equilibrium adsorption (qe) capacity and contact time. Finding the 

variables by linear regression method brings some drawbacks as it presumes that the scatter around the 

line obeys Gaussian distribution. On the other hand, using a non-linear regression method provides more 

reliable data but it also requires a more complex mathematical approach. Therefore, in the present study, 

three non-linear kinetic models were employed; pseudo-first-order (PFO) (Lagergren, 1898), pseudo-

second-order (PSO) (Ho and McKay, 1999), and Elovich equation (McLintock, 1967) models. Applied 

equations for the stated models are presented in Table 1.  

The interaction between adsorbent (PIM-2) and adsorbate (aniline) could be deduced from the best 

fitting kinetic model. When one aniline molecule interacts with one active site of PIM-2, this is usually 

described by PFO model (Liu et al., 2017; Khan et al., 2018). On the other hand, if it interacts with two 

active sites of PIM-2, it usually follows the PSO model. Elovich equation is mostly valid for 

heterogeneous surfaces and is used to describe chemisorption kinetic (McLintock, 1967). Calculated 

kinetic parameters and their error analysis data are demonstrated in Table 1. It has been stated that the 

comparison of kinetic data by a single analysis method may cause misinterpretation of the data (Lima et 

al., 2015). Thus, using a combination of these analysis methods is necessary to detect the best model. In 

general, the highest value of R2 and the lowest values of SSE, χ2 and Δq would reveal the best model. In 

the beginning, the adsorpion kinetic was studied using 500 mg L-1 initial aniline concentration to 

distinguish the best kinetic model. However, PSO model and Elovich model could not be distinguished 

within the precision of data presented in Figure 2a. As displayed in Table 1, while the highest value of 

R2 and the lowest value of Δq are obtained in the PSO model, Elovich model shows the lowest values 

of SSE and χ2. A possible reason for this inconsistency was thought to be originated from diluting 

problems. Therefore, we have performed the same experiments with 50 mg L-1 initial aniline 

concentrations to reduce the error from the experiment. However, the precision of the data was still 

insufficient to distinguish between the two models. Since we are aiming to measure small concentration 

differences in a short time, the solubility or the volatility of the aniline in water may affect the UV results. 

Consequently, we used FT-IR spectroscopy to understand whether the interaction between PIM-2 and 

aniline is physical or chemical. In the case of chemical interactions (chemisorption), new vibrations 

should be observed in aniline adsorbed PIM-2 spectrum. Figure 2d shows the FT-IR spectra of PIM-2, 

aniline and PIM-2 after in-contact with aniline samples. As can be seen, no new vibrations or shifts can 

be distinguished from the spectra, which suggests that the interaction between PIM-2 and aniline is 

physical. Thus, we have concluded that the PSO model is more suitable for defining the adsorption 

process.   
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Table 1. Kinetic equations and obtained data for aniline adsorption onto PIM-2 using 50 and 500 mg L-1 initial 

aniline solutions. 

Kinetic model Equation* Parameter Aniline (500 mg L-1) Aniline (50 mg L-1) 

  qe, exp.(mg g-1) 78.0 25.6 

Pseudo First 

Order Model 

  
𝑞𝑡 = 𝑞𝑒,𝑐𝑎𝑙(1 − exp (−𝑘1𝑡) 

k1 (min-1) 0.029 0.037 

qe-model (mg g-1) 72.5 24.0 

SSE 101.3 10.9 

R2 0.943 0.927 

χ2 1.91 0.65 

 ∆q (%) 9.1 9.3 

Pseudo Second 

Order Model 
𝑞𝑡 =

𝑞𝑒,𝑐𝑎𝑙
2 𝑘2𝑡

1+𝑞𝑒,𝑐𝑎𝑙𝑘2𝑡
  

k2 (g mg-1 min-1) 0.0004 0.0018 

qe-model (mg g-1) 83.5 26.9 

SSE 13.9 1.0 

R2 0.999 0.999 

χ2 0.24 0.10 

 ∆q (%) 3.0 3.8 

Elovich 𝑞𝑡 =
1

𝑏
𝑙𝑛𝑎𝑏 +

1

𝑏
𝑙𝑛𝑡  

β (g mg -1) 0.062 0.216 

a (mg g-1 min-1) 7.61 4.61 

SSE 10.2 1.9 

R2 0.994 0.986 

χ2 0.22 0.09 

 ∆q (%) 3.3 3.1 

*: qe, cal represents calculated adsorption capacity. The uptake at time t is denoted by qt . k1, k2, and ki are the rate constants. α and b are 

the rate constants of the Elovich model 

 

Adsorption isotherms 

Aniline adsorption onto PIM-2 was determined as a function of aniline concentration at the 

equilibrium (Figure 3) to explain the adsorption process (Ahmadi et al., 2019). Data was analyzed by 

three isotherm models (Langmuir (Langmuir, 1916), Freundlich (Freundlich, 1906), and Liu (Liu et al., 

2003)) using the non-linear approach. The non-linear equations, values of estimated isotherm constants 

and their statistical parameters are represented in Table 2 for respective isotherm models. Figure 3 

displays the experimental and calculated aniline uptakes by PIM-2 for three different temperatures; 

283K, 298K and 313K.  

 

 
Figure 3. Comparison of adsorption isotherms for aniline adsorption on PIM-2 at (a) 283K, (b) 298K and (c) 313K  
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Table 2. Isotherm equations and obtained data for aniline adsorption onto PIM-2 

Isotherm  Equation* Parameters 

Aniline 

Temperature (K) 

283 298 313 

Langmuir 𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
  

qm (mg g-1) 98.1 96.0 89.3 

KL (L mg-1) 0.016 0.012 0.009 

RL 
0.11 0.14 0.18 

0.55 0.63 0.69 

SSE 57.92 42.22 31.18 

R2 0.977 0.983 0.986 

χ2 1.606 1.136 0.971 

 ∆q (%) 9.00 7.76 7.78 

Freundlich  𝑞𝑒 = 𝐾𝐹𝐶𝑒
1 𝑛⁄

 

1/n 0.31 0.36 0.41 

KF (L g-1) 13.78 9.30 6.23 

SSE 260.78 219.46 159.09 

R2 0.904 0.919 0.932 

χ2 6.38 5.55 4.68 

 ∆q (%) 17.40 16.88 16.97 

Liu 𝑞𝑒 =
𝑞𝑚(𝐾𝐿𝑖𝑢𝐶𝑒)𝑛𝐿𝑖𝑢

1+(𝐾𝐿𝑖𝑢𝐶𝑒)𝑛𝐿𝑖𝑢
  

qm (mg g-1) 86.36 82.36 75.19 

KLiu (L mg-1) 0.020 0.016 0.013 

nLiu 1.54 1.51 1.46 

SSE 16.92 4.58 5.19 

R2 0.993 0.998 0.998 

χ2 0.342 0.067 0.106 

 ∆q (%) 3.67 1.33 2.01 

*: qm is the equilibrium uptake, Ce (mg L-1) is the aniline concentration at the equilibrium. KL, KF, KLiu are the constants. 

nLiu is the model exponent of Liu isotherm. 1/n is the adsorption intensity 

 

Regarding isotherm models, Langmuir and Freundlich are the most used two-parameter isotherm 

models. Langmuir isotherm proposes that the adsorption happens merely a single layer on the 

homogenous adsorbent surface. Hence, following the monolayer formation no further adsorption takes 

place. Freundlich isotherm suggests the heterogeneity of the adsorbent surface (Foo and Hameed, 2010). 

Additionally, Liu isotherm is a three-parameter isotherm model which incorporates Langmuir and 

Freundlich models (Liu et al., 2003; Lima et al., 2015). Thus, the infinite adsorption by Freundlich and 

the monolayer adsorption by Langmuir are discarded by Liu model. Besides, Liu model does not have 

any limitation considering the exponent value (nLiu), which can be any positive value unlike other three-

parameter isotherm models such Sips and Redlich-Peterson isotherms exponents (Lima et al., 2015). 

Therefore, these three isotherm models were selected to investigate the most appropriate model for 

aniline adsorption onto PIM-2. Considering the isotherm models, Liu isotherm model have the greatest 

correlation coefficients (R2) and the lower statistical errors compared to Langmuir and Freundlich 

models. The experimental and calculated values show the best correlation in Liu model, which indicates 

the coexistence of heterogenous and monolayer surface conditions. Table 2 shows the calculated qm 

values and isotherm parameters for aniline adsorption at different temperatures.  
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Adsorption thermodynamics 

Studying adsorption in different temperatures provides valuable information about thermodynamic 

parameters (Gibbs free energy; ΔGo, enthalpy change; ΔHo, and entropy change; ΔSo) and, thus, the 

practicality of the adsorption process. The estimation of these parameters is usually achieved using the 

Van’t Hoff equation (Equation 6) (Ghosal and Gupta, 2017; Lima et al., 2019). Thus, the basic 

requirement for obtaining correct thermodynamic parameters is to use correct equilibrium constant 

values (K). 

 ∆𝐺𝑜 = −𝑅𝑇𝑙𝑛𝐾  (6) 

where R indicates the gas constant, T shows temperature (K) and K represents thermodynamic 

equilibrium constant. 

Equation 6 can be combined with Equation 7 by considering the 3rd principle of the thermodynamics to 

derive Equation. 8.   

 

 ∆𝐺𝑜 = ∆𝐻𝑜 − 𝑇∆𝑆𝑜 (7) 

 
𝑙𝑛𝐾 =  −

∆𝐻𝑜

𝑅𝑇
+

∆𝑆𝑜

𝑅
 

(8) 

 

Ultimately, enthalpy (ΔHo) and entropy (ΔSo) values could be deduced from the plot of ln K versus 

1/T. Adsorption literature provides various ways to obtain equilibrium constants. However, as reported 

recently (Lima et al., 2019), most of these methods may generate incorrect equilibrium constants. Lima 

et al. (Lima et al., 2019) have demonstrated that correct equilibrium constant could only be attained by 

acquiring adsorption isotherms at various temperatures and then generating their non-linear fittings. 

Then, the dimensionless equilibrium constant could be derived from the equilibrium constant of the best 

fitted isotherm (Equation 9).  

 

 
𝐾 =

𝐾𝐿 × 1000 × 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒

𝛾
 

(9) 

 

According to isotherm data, Liu isotherm gave the best fit for the adsorption of aniline onto PIM-

2. Hence, equilibrium constants (K) were derived from Liu constants (KLiu). Plots of ln K against 1/T 

(Figure 4) provides ΔH° and ΔS° values (Table 3) based on the Equation 8. The negative value of ΔH° 

(-10.8 kJ mol-1) reveals that the adsorption is an exothermic process. The positive value of ΔS° (24.4 J 

K-1 mol-1) denotes an improved randomness at the solid/solution interface. Additionally, ΔGo values 

were in the range of -17.7 to -18.4 kJ mol-1 showing the adsorption of aniline onto PIM-2 is spontaneous 

and physical as the free energy change is lower than 40 kJ mol-1 (Satilmis, 2020). 

Consequently, the present study showed that PIM-2 exhibits similar adsorption properties with 

PIM-1 polymer which showed high aniline uptake reported recently (161.2 mg g-1) (Satilmis and Uyar, 

2018). The previous study with PIM-1 was mainly focussed on the adsorption capacity rather than the 

kinetic and thermodynamic studies. Regarding the equilibrium time, both polymers can reach the 

maximum aniline uptake within the 5h. Although PIM-2 capacity is lower than that of PIM-1, it displays 

greater adsorption capacity than many other adsorbents. Indeed, Table 4 displays the most promising 

polymer-based materials/resins and their maximum adsorption capacities for the removal of aniline. As 

can be seen, the adsorption capacity (qm) of these polymers can reach up to 1059 mg g-1 (AZO-POP-1) 

(Zhou et al., 2018). However, all these polymeric adsorbents are produced by crosslinking which makes 

resulting material insoluble and unprocessable. Thus, they can only be used in the powder form. One of 
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the most remarkable features of PIMs is that they could be produced in the fiber form which provides a 

significant advantage over other insoluble adsorbents in practical applications (Satilmis and Uyar, 2019). 

PIM-1 and PIM-2 could be used as promising supports for these high-performance materials for further 

application purposes. Moreover, PIM-2 could be considered even better material than PIM-1 since the 

fiber production by electrospinning can be scaled up easily with respect to PIM-1 (Satilmis and Uyar, 

2019).  

 
Figure 4. Plot of ln K versus 1/T for aniline adsorption on PIM-2 

 

Table 3. Calculated values of K and thermodynamic parameters. 

Isotherm  Parameters 

Aniline 

Temperature (K) 

283 298 313 

Liu 

ln K 7.52 7.29 7.08 

 ∆H (kJ mol-1) -10.8 

 ∆S (J K-1 mol-1) 24.4 

 ∆G (kJ mol-1)  -17.70 -18.06 -18.43 

 

Table 4. Comparison of polymer-based adsorbents for aniline removal. 

Adsorbent 

Experimental 

conditions qm (mg g-1) Ref 

T (K) pH 

β-CD polymer crosslinked by citric acid (P1) 303 n.a 9.69 (Zhao et al., 2009) 

PMMA/SiO2  273 8 140 (An et al., 2010)  

Calix[6]-1,4-crown-based polymer 298 6-10 214.2 (Guo et al., 2012) 

Hyper-cross-linked resin modified with phenolic hydroxyl 

group (GQ03) 
293 n.a 188.3 (Xiao and Long, 2012)  

Sawdust-β-CD polymers 288 7 84 (Hu et al., 2014)  

Molecularly imprinted polymers (MIPs) 298 7 0.76 (Huang et al., 2014)  

Phenol-modified hyper-cross-linked resins (HCP-P-5%) 298 n.a 169.2  (Kuang et al., 2017) 

Azo-linked porous organic polymers (AZO-POP-1) 293  n.a 1059 (Zhou et al., 2018)  

Electrospun PIM-1 fiber  293 6 161.2  (Satilmis and Uyar, 2018) 

ST-DVB-WH57 303 n.a 327.5  (Yu et al., 2018) 

Porous hyper-cross-linked polymers modified with phenolic 

hydroxyl groups (PHBA-HCLP) 
298 n.a 184.8 (Wang et al., 2018) 

Polydivinylbenzene cryogels 298 n.a 333.3  (Guo et al., 2019) 

PS-PH-HCP 303 n.a 178.8 (Gan et al., 2019) 

Anisole-modified hyper-cross-linked resin (PS-AI-HCLR)    200.6 (Zeng and Huang, 2020)  

PIM-2 powder 298 6 82.4  This work 
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CONCLUSIONS 

PIM-2 was assessed as a potential adsorbent for aniline removal from water. Adsorption isotherm 

and kinetic models were analysed by non-linear regression analysis method. Additionally, obtained data 

were compared using several error analysis methods to determine the best model. Liu isotherm offers 

the highest accuracy for predicting the adsorption of aniline onto PIM-2. The equilibrium adsorption 

capacity (qm) was determined as 82.4 mg g-1 at pH 6 and 298K. The kinetic process can be predicted by 

the pseudo second-order kinetic model. Calculated thermodynamic parameters suggested spontaneous 

and exothermic process and adsorption is more favorable at low temperature. 
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