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Article 

Absorption and Removal of Composite 
Contaminants in Water Using Thermoplastic 
Polyurethane Nanofiber Membranes with 
Polydopamine–Polyethyleneimine Coatings 

Yan Qin, Jiaoxia Sun *, Yao Zhou, Jianxin Fan and Ying Hu  

School of River and Ocean Engineering, Chongqing Jiaotong University, Chongqing 400074, China 

* Correspondence: sjx@cqu.edu.cn 

Abstract: Dye wastewater containing bisphenol A (BPA) and dyes as pollutants have not been adequately 

studied. Our previous study revealed that thermoplastic polyurethane (TPU) nanofiber membranes (NFMs) 

modified by the addition of polyethyleneimine (PEI) and polydopamine (PDA) satisfactorily adsorb dyes. 

Herein, we first optimized the synthesis conditions for such membranes, noting a PEI:PDA monomer ratio of 

2:2 and a deposition time of 48 h to be optimal. Experiments using these membranes revealed that binary 

systems containing BPA and the dyes (Congo red (CR), Eosin yellow (EY), or sunset yellow (SY)) exhibit three 

adsorption behaviors. CR and BPA compete with each other for adsorption sites, decreasing the maximum 

adsorption capacity (Qmax) for CR 208.3 mg/g (in a monomeric system) to 182.4 mg/g, whereas for BPA, it 

decreased from 26.7 to 22.8 mg/g. The adsorption rates for CR and BPA decreased from 0.002 min−1 and 0.331 

min−1 in the monomeric systems to 8.37 × 10−4 min−1 and 0.072 min−1, respectively, in the binary CR–BPA system, 

exhibiting antagonistic effects. When EY and BPA coexist, Qmax for EY increased from 60.0 (monomeric) to 71.9 

mg/g, whereas that for BPA increased from 35.6 to 43.2 mg/g, showing a synergistic effect due to the possible 

bridging effect. The adsorption sites for SY and BPA are independent of each other. Thus, PDA/PEI TPU NFMs 

exhibit the potential for removal of dye–BPA composites, whereas binary systems containing BPA with 

different dyes are adsorbed differently. 

Keywords: PEI modification; TPU NFM; endocrine disruptor; dye; adsorption mechanism  

 

1. Introduction 

With the acceleration of industrialization, industrial wastewater has tended toward increasing 

complexity [1], often containing multiple heavy metals, multiple inorganic substances, and heavy 

metal–organic micropollutant complexes. In particular, the presence of heavy-metal dye [2–5] and 

heavy-metal–heavy-metal [6] complexes have been widely reported in industrial wastewater. 

However, the management of bisphenol A (BPA)–dye composite wastewater has only been 

addressed recently. BPA detected in dye wastewater is derived from the conversion of the parent 

chemicals, including flame retardants used in certain fabrics and various chemicals in textiles used 

as coatings inside containers [7]. BPA was detected in denim-dyeing wastewater and in textiles [8]. 

This result can be attributed to the fact that BPA is often added as a plasticizer and antioxidant in the 

production of fabrics. Although BPA is found in low concentrations, it is biotoxic and carcinogenic 

and can therefore threaten human health even at low levels. In addition, because of possible 

synergistic effects, contamination from dye–BPA complexes is far more dangerous than that from 

single compounds [2]. Conventional treatment processes in wastewater-treatment plants are not 

efficient in removing endocrine disruptors from composite wastewater for their discharge into 

natural water bodies. Therefore, the development of treatment technologies that can simultaneously 

remove multiple contaminants from wastewater is the only way to deal with today's complex 

wastewater systems and also a major trend in the development of wastewater-treatment 

technologies. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
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Adsorption technology occupies an extensive market share in the field of water treatment due 

to its simplicity, efficiency, and economy. Compared with traditional adsorbent materials such as 

chitosan and activated carbon, synthetic nanofiber materials possess excellent properties, such as 

large specific surface area, high porosity, excellent mechanical properties, adjustable structure, and 

the ability to carry other functionalized modified groups, making them very promising adsorbents. 

However, electrospun nanofiber membranes prepared from a single polymer usually exhibit poor 

separation performance. Therefore, functionalized modifications of the spinning material or of the 

electrospun membrane surface are used to facilitate the separation of contaminants. In particular, 

membrane-modification techniques have been shown to be an effective approach in improving 

membrane performance [9]. Thermoplastic polyurethanes (TPUs) are excellent molding materials, 

and their application as spinning materials can enhance the mechanical strength of membranes. 

Modified nanofiber membranes exhibit excellent adsorption rates and capacities due to their laminar 

structure, and functional modifications of these layers can provide more adsorption sites for specific 

contaminants. 

Polyethyleneimine (PEI), a polyamine polymer rich in repeating units and secondary amine 

groups [10], is often employed in synthetic materials because of its dendritic morphology and water-

soluble properties [11]. Modifying a membrane by adding PEI can thus enrich the surface of the 

material with amino functional groups, consequently enhancing the effect of removal of pollutants, 

especially negatively charged anionic dyes, heavy-metal ions, etc. [12]. For instance, core–shell 

Fe3O4@SiO2 nanoparticles have been modified with PEI, enabling their maximum adsorption capacity 

for methyl orange (MO) and Congo red (CR) to reach 231.0 mg/g and 134.6 mg/g, respectively, under 

neutral conditions. In contrast, their adsorption capacity for methyl blue (MB) was relatively low [13]. 

In addition, graphene oxide aerogels cofunctionalized with polydopamine (PDA) and PEI which 

were rapidly synthesized at room temperature and displayed effective adsorption of the anionic dyes 

MO (202.8 mg/g), amaranth red (196.7 mg/g), and organic solvents [14]. This suggests that PEI and 

dopamine hydrochloride (DA) can be incorporated into TPU NFMs as modifying monomers to 

enhance the adsorption of anionic dyes. Some of the wastewater-treatment methods developed to 

date are predominantly effective for the adsorption of monomeric dyes or BPA [15,16]; however, a 

few studies have considered more complex contamination systems, especially for dye–BPA binary 

complexes.  

Therefore, our aim was to develop a highly efficient adsorbent with a high adsorption capacity 

for BPA–dye composite wastewater and to clarify its adsorption mechanism. Accordingly, we grafted 

low-cost green PEI and DA coatings onto TPU nanofiber membranes using simple electrostatic-

spinning and chemical codeposition methods, achieving efficient synergistic adsorption of BPA and 

dyes. Based on our previous study, which confirmed the excellent adsorption performance of 

PDA/PEI-TPU NFMs on BPA and dyes separately, we optimized the preparation conditions for 

PDA/PEI-TPU NFMs further by employing a dye–BPA composite wastewater system. Subsequent 

investigations considered the adsorption performance of these PDA/PEI-TPU NFMs for dye–BPA 

composite wastewater using adsorption kinetics and adsorption-isotherm experiments. We also 

analyzed the interaction between BPA and various dyes to determine the adsorption mechanisms in 

dye–BPA composite solutions.  

2. Materials and Methods 

2.1. Chemicals and materials 

We used all the chemicals as obtained, without further purification. We purchased BPA (99%), 

PEI (99%), and DA (99%) from J&K Scientific Co., Ltd. (Beijing, China). The TPU powder was 

supplied by BASF Co., Ltd. (Shanghai, China). We purchased dimethyl sulfoxide (DMSO, analytical 

purity) from Tianjin Yongda Chemical Reagent Co. (Tianjing, China). We obtained N, N-

dimethylformamide (DMF, C3H7NO), acetone (C3H6O, AR), aqueous hydrochloric acid (HCl, AR), 

sodium hydroxide (NaOH, AR), CR (C32H22N6Na2O6S2, AR), and Eosin Y (C20H6Br4Na2O5, AR) from 

Chuandong Chemicals Co., Ltd. (Chongqing, China). We purchased sunset yellow (SY) 
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(C16H10N2Na2O7S2, AR) from Shanghai Bide Pharmaceutical Technology Co. (Shanghai, China). We 

obtained tris(hydroxymethyl) aminomethane (C4H11NO3, AR) from Guangdong Guanghua 

Technology Co. Ltd. (Guangdong, China). 

2.2. Characterization and measurement methods 

We measured the surface charge of the TPU NFMs and the PDA/PEI-TPU NFMs at pH 4, 7, and 

10 using a zeta-potential meter (SurPASS, Austria). We measured the concentrations of the dyes 

quantitatively using an ultraviolet spectrophotometer (UV-vis-3150, Kyoto, Japan) from 800 to 200 

nm, using deionized water for the background correction. 

2.3. Optimization of synthesis conditions 

The material-preparation processes have been reported in previous research publications from 

our group [17,18]. The ratio of the reaction monomers (DA and PEI) and the codeposition time affect 

the amount of PDA/PEI co-deposited layers that can be grafted onto the surface of a TPU NFM, which 

in turn affects the adsorption performance of the membrane. Therefore, the concentration of DA was 

fixed at 2 g/L, and the mass ratio of the two in the solution was controlled by varying the 

concentration of PEI. We used the following six concentration ratios: DA:PEI = 2:0, 2:0.5, 2:1, 2:1.5, 

2:2, and 2:3 (g/L: g/L). In addition, the effect of five deposition times (12, 24, 36, 48, and 60 h) on the 

adsorption performance of the membranes was also observed. The effect of these two factors on the 

adsorption performance of the modified membranes was evaluated by the removal efficiency [Eq. 

(1)], using CR–BPA composite wastewater (200 mg/L CR and 50 mg/L BPA) as the target pollutant. 

The adsorption experiments were conducted as follows: First, 20 mg of TPU NFMs were accurately 

weighed and added to 20 mL of the CR–BPA composite wastewater system, and the pH remained 

unchanged to ensure neutrality. The composite wastewater was then shaken at room temperature for 

24 h to reach adsorption equilibrium, and the residual concentrations of CR and BPA were 

determined by UV-vis spectrophotometry. We define the resulting removal efficiency as follows: Removal efficiency = ஼బି஼೐஼బ × 100%, (1) 

where C0 represents the initial absorbance, and Ce represents the absorbance after adsorption 

equilibrium. 

2.4. Kinetic adsorption  

To determine the adsorption capacity of adsorbents for dyes while taking into account the actual 

pH in industrial-dye wastewater, three sets of binary complex wastewater systems were selected for 

adsorption kinetics experiments: CR–BPA (pH = 7), SY–BPA (pH = 2), and EY–BPA (pH = 4).  

The specific experimental procedure was as follows. First, 0.1 g of dried PDA/PEI-TPU NFM 

adsorbent was added to 100 mL of the binary composite wastewater system to produce a dosage of 

1 g/L of adsorbent. The concentration of BPA for all three composite wastewater systems was 50 

mg/L, that of CR was 300 mg/L, and those of SY and EY were 100 mg/L each. The wastewater 

containers were then shaken in a thermostatically controlled shaker at room temperature at 150 rpm, 

and samples were collected at regular intervals. Both SY–BPA and EY–BPA binary effluents were 

diluted five times, following which the concentrations of the remaining contaminants were 

determined. For these experiments, three sets of parallel samples were set up and the results were 

obtained by averaging the outcomes of each experiment. In addition, to compare the different 

adsorption capacities of the adsorbent in the monomeric and in the binary wastewater system, the 

monomeric adsorption experiment was conducted in the same way. To further investigate the 

adsorption process, the experimental data were fitted with pseudo-first-order and pseudo-second-

order kinetic models using the following formulas: 

Pseudo-first-order model:  𝑄௧ = 𝑄ୣሺ1 − eି௞భ௧ሻ, (2) 
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Pseudo-second-order model:  𝑄௧ = 𝑘ଶ𝑄ଶୣt1 + 𝑘ଶ𝑄ୣ𝑡. (3) 

Herein, Qe (mg/g) is the adsorption capacity at equilibrium and Qt (mg/g) is the adsorption 

capacity at time t. The quantity k1 (h−1 ) is the pseudo-first-order model rate constant and k2 [g/(mg·h)] 

is the pseudo-second-order model rate constant. 

2.5. Equilibrium isotherms 

We found remarkable differences in the adsorption capacities of the PDA/PEI-TPU NFMs for 

CR, SY, and EY in the monomeric system [17,18]. In order to more quantitatively analyze the 

adsorption patterns of the PDA/PEI-TPU NFMs for the dye–BPA binary composite wastewater 

system, a gradient setting was applied to the dye and BPA concentrations. As shown in Table 1, the 

concentrations of BPA and EY were within the range 0–100 mg/L, and the concentrations of SY and 

CR were within the range 0–200 mg/L and 0–350 mg/L, respectively.  

Table 1. Pollutant concentrations in the BPA–dye isothermal adsorption experiments in binary 

systems. 

Levels  
Factor B: Concentration of dyes in binary wastewater 

systems (mg/L) 

  C0 C1 C2 C3 C4 C5 

 
Concentration 

of CR 
0 50 100 200 300 350 

 
Concentration 

of SY 
0 50 100 150 200  

 
Concentration 

of EY 
0 20 40 60 80 100 

Factor A: 

Concentrati

on of BPA 

in binary 

wastewater 

systems 

(mg/L) 

0  Qe [0,C1] Qe [0,C2] Qe [0,C3] Qe [0,C4] Qe [0,C5] 

20 Qe [20,C0] Qe [20,C1] Qe [20,C2] Qe [20,C3] Qe [20,C4] Qe [20,C5] 

40 Qe [40,C0] Qe [40,C1] Qe [40,C2] Qe [40,C3] Qe [40,C4] Qe [40,C5] 

60 Qe [60,C0] Qe [60,C1] Qe [60,C2] Qe [60,C3] Qe [60,C4] Qe [60,C5] 

80 Qe [80,C0] Qe [80,C1] Qe [80,C2] Qe [80,C3] Qe [80,C4] Qe [80,C5] 

100 Qe [100,C0] Qe [100,C1] Qe [100,C2] Qe [100,C3] Qe [100,C4] Qe [100,C5] 

The experiment was conducted in three parts as follows: First, 20 mg of dried PDA/PEI-TPU 

NFMs were added to 20 mL of each of the three binary composite contaminant systems—CR–BPA 

(pH = 7), SY–BPA (pH = 2), and EY–BPA (pH = 4)—to achieve a dose of 1 g/L of adsorbent. 

Subsequently, the binary composite wastewater systems were shaken in a thermostatic shaker at 

room temperature at 150 rpm for 24 h. After attaining adsorption equilibrium, the SY–BPA and EY–

BPA composite solutions were diluted five times, and the remaining contaminant concentrations 

were determined using a UV spectrophotometer. The adsorption capacity was calculated using 

equation (4):  𝑄 = ሺ஼బି஼೟ሻ௏௠ , (4) 

where m (g) is the weight of the membrane, C0 (mg/L) is the initial concentration, Ct (mg/L) represents 

the residual concentration at the time interval t, and V (L) is the volume of the dye solution.Three sets 

of parallel tests were conducted simultaneously to determine the mean of each set of data. In order 

to mitigate errors caused by the material and to compare the data for the monomeric and binary 

wastewater systems, the adsorption experiments were conducted for the monomeric wastewater 

system under the same conditions as that used for the binary wastewater systems. 
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In order to compare different adsorption capacities of the monomeric and binary systems in a 

more intuitive way, the adsorption capacity ratio (Rq) was also analyzed using equation (5): 𝑅௤,௜ = ொ೐,೔ொబ,೔, (5) 

where Qe,i is the adsorption capacity of pollutant i in the binary composite wastewater system, and 

Q0,i is the adsorption capacity of the same initial concentration of pollutant in the monomeric 

wastewater system. 

3. Results and discussion 

3.1. Zeta-potential analysis  

Our group previously reported the successful synthesis of TPU NFMs and PDA/PEI-TPU NFMs 

[17,18]. In this study, the zeta potentials of both the TPU support membrane and PDA/PEI-modified 

membrane was measured to determine the type of charge carried by the materials under different 

pH levels, as this parameter is pertinent to the electrostatic adsorption between the materials and the 

contaminants. The zeta potentials of both the original TPU membrane and the modified membrane 

vary with the pH of the electrolyte solution, as shown in Figure 1. In the measured range (pH = 4–

10), the zeta potentials of both the support and modified membranes decreased with increasing pH. 

In other words, the zeta potential was higher under acidic conditions than under alkaline conditions. 

At pH = 4, the maximum zeta potentials of −40.06 and −18.11 mV were achieved for the original TPU 

and PDA/PEI-modified NFMs. This can be attributed to the fact that the TPU material possesses ester, 

ether, and formic-acid ester bonds on its surface, which are deprotonated in weakly acidic, neutral, 

and alkaline environments, resulting in a negative surface charge. Following modification, the PEI 

carries a positive charge due to protonation under acidic conditions because it contains rich imine 

groups and primary amino groups. The amino radical NH2 acquires H+ to form NH3+, which increases 

the zeta potential of the modified membrane [19]. This property also aids in the removal of negatively 

charged contaminants. 

 

Figure 1. Zeta potentials of TPU NFMs and PDA/PEI-TPU NFMs at various pH values. 

3.2. Optimization of synthesis conditions 

3.2.1. PEI/DA monomer ratio 

For the CR monomeric system, the adsorption efficiencies increased gradually with the mass 

ratio of PEI to DA, as shown in Figure 2. When the mass ratio is 2:2, a removal efficiency of 

approximately 100% can be achieved. This occurs because the amino groups in the PEI are positively 

charged by protonation under acidic conditions, which changes the charge distribution on the 
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membrane surface. In turn, CR is adsorbed onto the membrane surface due to electrostatic effects 

[20–22]. However, the amount of PEI grafted onto the membrane surface did not substantially 

promote or inhibit the adsorption of BPA, and its removal rate essentially remained stable at 

approximately 53%. Thus, it is possible to remove BPA and dyes simultaneously with PDA/PEI-TPU 

NFMs. Owing to the fact that an excessive PEI content would reduce the elasticity and tensile 

properties of the membrane, in conjunction with the observation that the CR removal efficiency no 

longer increases substantially at the mass concentration of 2:3, we selected the ratio DA/PEI = 2:2 as 

the optimum concentration of reaction monomers. 

 

Figure 2. Effect of DA/PEI monomer ratio on membrane adsorption performance. 

3.2.2. Effect of deposition time 

The adsorption efficiencies for BPA and CR at different deposition times are shown in Figure 3. 

The removal efficiency of CR increased sharply during the first 12–48 hours, whereas the removal 

efficiency of BPA remained relatively stable. As the deposition time exceeded 48 h, no remarkable 

increase was observed in the removal efficiency of CR; moreover, the removal rate of BPA tended to 

decrease. This result could be attributed to large particle aggregates blocking the membrane pores 

and preventing the BPA adsorption sites on the membrane surface from functioning. The optimal 

material preparation and deposition time is thus 48 h. 

 

Figure 3. Effect of deposition time on membrane adsorption performance. 
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3.3. Adsorption kinetics  

The adsorption capacities of the PDA/PEI-TPU NFMs for the three anionic dyes and BPA in both 

monomeric and binary wastewater systems as a function of time are shown in Figures 4 and 5. The 

data and fitted curves for the adsorption capacity of SY in both the monomeric and the binary systems 

largely overlap, indicating that the presence of BPA does not affect the adsorption of SY. Similarly, 

the presence of SY does not affect the adsorption of BPA, as shown in Figure 5(c). This demonstrates 

that the adsorption processes for SY and BPA are independent of each other. In contrast, the CR–BPA 

and EY–BPA binary wastewater systems exhibited adsorption processes that were markedly distinct 

from that of the SY–BPA binary wastewater system. The former exhibited an antagonistic effect, while 

the latter exhibited a synergistic effect. The presence of CR inhibited the adsorption of BPA, and the 

presence of BPA also reduced the adsorption capacity of CR. In contrast, EY and BPA each promoted 

an increase in adsorption capacity for the other. In particular, BPA substantially increased the 

adsorption capacity for EY. This can be explained by the adsorption force between the adsorbent and 

the dye.  

The adsorption of SY depends on electrostatic interactions, which are related to the amino sites 

of the PEI in the PDA/PEI-TPU NFMs. In contrast, the adsorption of BPA depends on hydrogen 

bonding and on hydrophobic interactions, which are related to adsorption sites such as ether and 

ester bonds within TPU NFMs [23]. Consequently, no competition exists between the two. In contrast, 

the primary adsorption mechanisms of CR are hydrogen bonding (occupying sites inside the TPU 

NFMs) and electrostatic adsorption (occupying amino sites on the surface layers), which possess the 

same adsorption sites for BPA. Thus, a competitive relationship exists between CR and BPA. In 

addition, the large molecular structure of CR may prevent BPA from entering the membrane pores, 

reducing the BPA adsorption capacity. In the EY–BPA binary wastewater system, BPA is a molecular 

compound in an acidic (pH = 4) solution. The –OH in its molecular structure undergoes weak 

interactions with the –COO– and C=O groups on the benzene ring of EY, which allows BPA to adsorb 

some of the EY in the form of bridging. Similarly, EY can adsorb some of the BPA by bridging, which 

promotes the adsorption of both. 

After the adsorption had reached equilibrium, the experimental data were fitted with both a 

pseudo-first-order model and a pseudo-second-order model. These fits revealed that the pseudo-

second-order model better describes the adsorption of dyes and BPA by the PDA/PEI-TPU NFMs in 

both monomeric and binary systems. In fact, all the coefficients of determination were exceeded R2 = 

0.97, indicating that the pseudo-second-order model fitted the experimental data to an appreciable 

degree. The adsorption rates for CR and BPA decreased from 0.002 min−1 and 0.331 min−1 in the 

monomeric systems to 8.37 × 10−4 min−1 and 0.072 min−1, respectively, in the binary CR–BPA system. 

This demonstrates that when BPA and CR coexist in a wastewater system, they compete for 

adsorption sites, which greatly limits the adsorption rates. In contrast, in the SY–BPA and EY–BPA 

binary wastewater systems, the dyes and the BPA had a relatively subdued impact on each other’s 

adsorption rates. However, the adsorption rates of EY and BPA in the binary wastewater system were 

slightly lower than those in the monomeric system, decreasing from 0.079 min–1 and 0.269 min–1 to 

0.012 min–1 and 0.086 min–1, respectively. The decrease in the adsorption rates of BPA was more 

substantial, indicating that there was indeed a bridging effect between EY and BPA. Two scenarios 

were likely to have occurred: either the EY occupied the amino sites on the surfaces of the PDA/PEI-

TPU NFMs and then adsorbed the BPA by bridging, or bridging occurred between the EY and BPA 

before adsorption onto the membrane surface. In either case, the adsorption was slowed down by 

this bridging process. Overall, our experiments confirmed that the mutual presence of BPA with CR, 

SY, or EY in a binary wastewater system affected the adsorption performance, causing considerable 

differences. 
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(a) (b) 

(c) 

Figure 4. Experimental data and fitted curves for adsorption of (a) CR, (b) EY, and (c) SY by PDA/PEI-

TPU NFMs in monomeric  and binary systems. 

  
(a) (b) 
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(c) 

Figure 5. Kinetics and fitted curves for BPA adsorption by PDA/PEI-TPU NFMs in monomeric and 

binary systems. 

Table 2. Kinetic-model parameters for the adsorption of BPA and dyes onto PDA/PEI TPU NFMs in 

monomeric and binary systems. 

Contamina

nts 

Wastewater 

system 

Qe (exp) 

mg/g 

Pseudo-first order Pseudo-second order 

Qe 

(mg/g) 
k1 (min−1) R2 

Qe 

(mg/g) 
k2 (min−1) R2 

CR 

CR (pH = 7) 220.67 182.25 0.160 0.989 214.30 0.002 0.983 

CR–BPA (pH = 

7) 
192.69 198.75 0.307 0.939 213.31 8.37×10−4 0.998 

SY 

SY (pH = 2) 87.60 80.52 1.123 0.943 86.07 0.019 0.993 

SY–BPA (pH = 

2) 
84.92 80.07 0.792 0.975 85.83 0.013 0.994 

EY 

EY (pH = 4) 60.91 57.46 2.732 0.966 60.02 0.079 0.997 

EY–BPA (pH = 

4) 
85.08 81.62 0.747 0.989 88.15 0.012 0.997 

BPA 

BPA (pH = 2) 21.73 21.49 4.082 0.991 23.42 0.256 0.970 

SY–BPA (pH = 

2) 
23.01 22.11 3.715 0.893 22.61 0.305 0.978 

BPA (pH = 4) 24.12 23.49 4.012 0.982 24.77 0.269 0.977 

EY–BPA (pH = 

4) 
27.23 26.27 1.606 0.961 28.40 0.086 0.991 

BPA (pH = 7) 24.95 24.27 4.852 0.980 25.47 0.331 0.996 

CR–BPA (pH = 

7) 
19.94 19.81 1.177 0.999 21.84 0.072 0.984 

3.4. Thermodynamic analysis 

The adsorption capacities of PDA/PEI-TPU NFMs in both monomeric and binary wastewater 

systems are shown in Figure 6. In this figure, the X coordinate represents the initial concentration (C0) 

of another influencing pollutant in the binary system, the Y coordinate is the equilibrium 

concentration (Ce) of the target pollutant, and the Z coordinate is the adsorption capacity.  
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Figure 6. Adsorption capacities of PDA/PEI-TPU NFMs for BPA and dyes in binary systems. In Figure 

6(a),6(b) and 6(c), the X-axis represents the C0 of dyes (CR, SY and EY) in the binary wastewater 

system, the Y-axis represents the Ce of BPA, and the Z-axis represents the Qe of BPA. In Figure 

6(d),6(e) and 6(f), the X-axis represents the C0 of BPA in the binary wastewater system, the Y-axis 

represents the Ce of dyes (CR, SY and EY), and the Z-axis represents the Qe of dyes. 

The quantity Rq,i defined in equation (5) is a measure of the interaction between pollutants. From 

the literature, when Rq,i > 1, other pollutants promote the adsorption of pollutant i; when Rq,i = 1, other 

pollutants have no effect on the adsorption capacity of pollutant i; and when Rq,i < 1, the presence of 

other pollutants inhibits the adsorption of pollutant i [2,24]. We used this parameter to investigate 
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and characterize the performance of PDA/PEI-TPU NFMs for the removal of dyes and BPA under 

binary conditions, as shown in Figure 7. 

The BPA and dyes in binary wastewater systems affect each other’s adsorption; moreover, the 

interactions between the three binary wastewater systems, CR–BPA, SY–BPA, and EY–BPA, were 

distinct. In the CR–BPA binary system, when the concentration of CR was low (<100 mg/L), the 

increase in BPA had a negligible impact on the adsorption of CR (see Figure 6(d)). The isothermal 

adsorption experiments with CR in a monomeric system revealed that the maximum adsorption 

capacity (Qmax)of the PDA/PEI-TPU NFMs for CR was as high as 208.3 mg/g. Therefore, although BPA 

competes with CR for the adsorption sites on the membrane, the membrane did not reach saturation 

capacity for this adsorbent, leaving behind an excess of CR adsorption sites on the membrane. The 

antagonistic effect between BPA and CR gradually appears as the concentration of CR is increased, 

and they compete with each other for adsorption sites. As the concentration of BPA was increased, 

the CR adsorption capacity decreased sharply, indicating that the adsorption of CR was inhibited by 

high concentrations of BPA. Similarly, CR directly inhibited the adsorption of BPA in the binary 

wastewater system, and the higher the concentration, the more obvious the antagonistic effect. Due 

to the fact that the affinity of the adsorbent for BPA is slightly weaker than it is for CR [25], the Qmax 

for BPA decreased from 26.7 to 22.8 mg/g. Therefore, as long as CR partially occupies the BPA 

adsorption sites, the adsorption of BPA will be affected, which is similar to the result obtained in 

previous study [26].  

However, in the EY–BPA binary system, the interaction exhibited a synergistic effect. The 

maximum adsorption capacities for EY and BPA were 60.0 mg/g and 35.6 mg/g, respectively, in the 

monomeric system, and 71.9 mg/g and 43.2 mg/g in the binary system. That is, the adsorption 

capacities in the binary system were higher than those in the monomeric system. In the EY–BPA 

binary system, the values of Rq,i for both EY and BPA were greater than 1, indicating that the 

coexistence of BPA and EY in the solution remarkably promoted the adsorption of both.  

The SY–BPA binary system was slightly different from the first two systems. The SY and the 

BPA behaved independently of each other, and the adsorption process for one compound was less 

influenced by the other. The value of Rq,i for this binary system was also approximately 1. This is 

similar to previous results wherein BPA was mixed with MO and MB, for which the kinetic 

adsorption capacities and adsorption curves were not remarkably different from those of the 

monomeric system [27].  

In conclusion the synergistic or antagonistic adsorption of BPA and various dyes was related 

both to the concentration of BPA and dyes, and the amount of adsorption was different for different 

dyes. These experiments are thus important for understanding the interaction between BPA and 

various dyes and for the application of PDA/PEI-TPU NFMs in the field of multi-dye wastewater 

treatment. 
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Figure 7. Values of Rq.i for the adsorption of binary wastewater systems by PDA/PEI-TPU NFMs. In 

Figure 7(a), 7(b) and 7(c), the X-axis represents the C0 of dyes (CR, SY and EY) in the binary wastewater 

system, the Y-axis represents the Ce of BPA, and the Z-axis represents the Rq of BPA. In Figure 7(d), 

7(e) and 7(f), the X-axis represents the C0 of BPA in the binary wastewater system, the Y-axis 

represents the Ce of dyes (CR, SY and EY), and the Z-axis represents the Rq of dyes. 

3.5. Mechanistic analysis 

The characteristic absorption bands of TPU NFMs at 3355, 1727, and 1061 cm−1 can be assigned 

to the N–H, C=O, and C–O–C stretching vibrations, respectively [28]. After being coated with 

PDA/PEI, the intensity of a broad absorption band at 3100–3650 cm−1 increased compared to its 

intensity in the TPU NFMs. This can be attributed to stretching vibrations of the O–H group in PDA 
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and the N–H group in PEI. In the PDA/PEI-TPU NFMs, a new absorption band was observed at 1659 

cm−1, which can be attributed to stretching vibrations of the C=N bonds formed between PEI and PDA 

[29]. The formation of these C=N bonds indicates the occurrence of Schiff-base reactions and Michael 

additions. 

Due to the covalent cross-linking of DA in a tri-HCl buffer solution with PEI via Michael 

additions and Schiff-base reactions, the deposited layer of PDA/PEI was successfully grafted onto the 

membrane surface [30,31]. The surface layer therefore has many protonated amino adsorption sites, 

as well as the quinone hydroxyl groups in polydopamine, active C=N bonds, etc. [32,33]. The sulfonic 

acid groups in CR, SY, and EY ionize under acidic conditions to form –SO3−, which is adsorbed by 

electrostatic interactions with the positively charged protonated amino groups (as shown in Figure 

8-①). In addition, CR can be adsorbed by hydrogen bonding with the C=N bond in PDA and with 

the functional groups within the PDA/PEI-TPU NFMs (as shown in Figures 8-② and 8-⑤). Many 

studies of the BPA adsorption mechanism have been performed; they have shown that hydrophobic 

interactions and hydrogen bonding are the two main groups of adsorption mechanisms [23,34]. 

Similarly, the adsorption of BPA onto PDA/PEI-TPU NFMs is predominantly driven by hydrogen 

bonding and hydrophobic interactions. Hydrogen bonding occurs primarily between the H atoms in 

BPA and the O atoms in the amine ester groups, ethers, esters, and urea groups within the PDA/PEI-

TPU NFMs. In contrast, for TPU NFMs, the hydrophobic interactions of BPA occur mainly between 

alkyl groups. 

In the CR–BPA binary system, as shown in Figure 8-④, –NH in the CR molecular structure and 

–OH and –COO– in the BPA molecular structure adsorb the contaminant to the material via hydrogen 

bonding. Because BPA and CR share the same adsorption sites, they compete with each other. As 

shown in Figure 8-③, EY is adsorbed onto the surface of the membrane by electrostatic interactions. 

The adsorption of BPA continues due to interactions between the –OH group and EY, such as 

hydrogen bonding or π–π interactions between the BPA and the benzene ring, thus enabling the two 

to synergistically promote each other's adsorption. In contrast, SY and BPA do not interfere with each 

other, and the adsorption sites exist independently. 

 

Figure 8. Illustration of the adsorption mechanisms of PDA/PEI-TPU NFMs for BPA–dye binary 

systems. 
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4. Conclusions 

By optimizing the synthesis conditions of PDA/PEI-TPU NFMs, we obtained the optimal 

monomer ratio DA:PEI = 2:2 and the optimal deposition time of 48 h. Adsorption experiments with 

three different dyes revealed that the dye–BPA binary systems followed three distinct laws. In a CR–

BPA binary wastewater system, the adsorption capacity for BPA and CR decreased, compared with 

that of the respective monomeric systems, because CR and BPA possessed the same adsorption sites 

and competed with each other. Hydrogen bonding between the O atoms in EY and the H atoms in 

BPA, along with π–π interactions involving the benzene rings, enabled the bridging of EY and BPA, 

thus promoting the adsorption of both pollutants. In the SY–BPA binary wastewater system, the two 

pollutants were adsorbed independently of each other. This study demonstrated the potential of 

PDA/PEI-TPU NFMs in removing dye–BPA composite pollutants. Furthermore, it revealed that 

binary systems of BPA with different dyes exhibit different adsorption effects. 
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