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Abstract  16 

The occurrence of diverse pollutants in water resources across the globe, including organic 17 

micropollutants and heavy metals, has challenged the efficacy of many existing water treatment 18 

processes. Various materials and media have been developed for removal of these compounds, but few 19 

have the capacity to remove multiple contaminants which are typically present in real water sources. 20 

Here we report on a novel sorbent (PANI@PCDP) for the simultaneous removal of organic 21 

micropollutants and heavy metals during a single process. Cr(VI) and bisphenol A (BPA) were selected 22 

as target pollutants due to their frequent occurrence in aquatic environments and the significant health 23 

risks they pose. PANI@PCDP exhibited a high level of performance for removal of BPA and total Cr at 24 

pH 6 for initial concentrations of 0.5-100 mg L-1 for Cr(VI) and 0.228-22.8 mg L-1 for BPA. Up to 98% 25 

Cr was removed at pH 6 through the adsorption and reduction of Cr(VI), followed by the sequestration 26 

of the generated Cr(III). In addition, BPA could be captured by PANI@PCDP at an adsorption rate of 27 

1.4×10-1 g mg-1 min-1 as a result of the fast formation of complexes with the media. When the 28 

PANI@PCDP media was tested on a wider variety of emerging organic micropollutants, including 29 

chlorinated aromatic compounds, simple aromatics, and pharmaceuticals, good removal was observed. 30 

Such performance benefits arise from the integration of porous β-cyclodextrin polymers with polyaniline, 31 

which provides the PANI@PCDP with multiple binding sites for contaminant removal. In addition, the 32 

PANI@PCDP can be regenerated at least five times without loss in performance using a facile procedure, 33 

providing evidence for its practical application in water treatment. 34 
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1. Introduction  37 

Pollution of water resources from heavy metals and organic micropollutants is widespread across the 38 

globe [1–7]. The contamination of natural water resources mainly arises from the unrestricted discharge 39 

of industrial effluents and wastewater, both of which pose considerable risks to aquatic ecology and 40 

human health [8,9]. Hexavalent chromium (Cr(VI)) is commonly present in the effluents from 41 

electroplating, tannery, and paint manufacturing industries, with concentrations ranging up to thousands 42 

of milligrams per liter [10–12]. Cr(VI) has been recognized as being carcinogenic and mutagenic [13]. 43 

The consumption of Cr(VI)-contaminated water is one of the major exposure pathway to humans, which 44 

can cause serious life-threatening diseases such as renal impairment, liver dysfunction, and even lung 45 

cancer [14,15]. Bisphenols analogues are chemicals that are largely used during the industrial 46 

manufacture of plastic and food/beverage containers [16]. Bisphenol A (BPA) is the most frequently 47 

detected species found in aquatic environments at concentrations that range from a few nanograms per 48 

liter up to hundreds of micrograms per litre in water [17,18] BPA has been associated with significant 49 

human health risks, including prostate cancer [19]. Both Cr(VI) and BPA have been widely detected in 50 

river basins such as the Pearl River in China, the Mississippi River in the United States, and the Danube 51 

River in Europe [1,2,4–7]. However, conventional water treatment processes exhibit limited efficacy for 52 

simultaneous removal of multiple categories of micropollutants. As a result, some recalcitrant 53 

micropollutants can end up in treated water. 54 

Significant efforts have been made to develop advanced water treatment technologies to address the 55 

issues regarding the combined pollution. However, many water treatment processes targets only a single 56 

chemical, or a small group of similar pollutants. For example, reduction-precipitation and ion exchange 57 

have applied for Cr(VI) [20,21], and biodegradation and advanced oxidation processes have been used 58 



for BPA removal [22,23]. Adsorption is widely acknowledged as one of the most achievable and reliable 59 

techniques for removal of both heavy metals and organic micropollutants from drinking water, municipal 60 

sewage, and industrial effluents [24,25]. Activated carbon [26], clay minerals [27], and polymers [28,29] 61 

are commonly used as adsorbents for both heavy metals and organic micropollutants. Polyaniline (PANI) 62 

has attracted considerable attention with regard to the removal of heavy metals because it has high 63 

stability, is non-toxic, is inexpensive to produce and, importantly, has a high affinity towards heavy 64 

metals, including Cr(VI) [30–33]. In addition, PANI in the emeraldine salt state contains reduced 65 

benzenoid units and oxidized quinoid units [34]. This feature enables the reductive transformation of 66 

Cr(VI) to Cr(III) after the adsorption of Cr(VI) to PANI. This process considerably alleviates the 67 

environmental risks associated with Cr(VI) toxicity because Cr(III) is 2–3 orders of magnitude lower in 68 

toxicity than Cr(VI) and has reduced mobility when compared to the oxidized form [35]. One of the 69 

problems associated with using PANI is its propensity to self-aggregate [36]. In turn, this reduces the 70 

potential for it to remove pollutants and be recycled [37]. As a result, recent research has focused on the 71 

immobilization of PANI inside various substrates to form composite materials. Substrates used include 72 

clay [30,38], magnetite nanoparticles [32,39], graphene [40] and polystyrene [33,41]. However, most of 73 

these studies have focused on the adsorption and reduction of Cr(VI), while the generated Cr(III) was 74 

overlooked. As a result, a high level of total Cr remained in the treated effluent, meaning additional 75 

treatment for Cr(III) removal was required in order to meet the water quality objectives (for example, the 76 

WHO maximum concentration limit for total Cr in drinking water is 0.05 mg L-1 [42]). In addition, these 77 

media have not addressed the removal challenge when both metal and organic pollutants are present, as 78 

few of these composites have active sites for organic micropollutant capture.  79 



To realize the synchronous removal of micropollutants, an advanced strategy was developed in this 80 

study through the anchoring of PANI onto the selected polymer of β-cyclodextrin. Cyclodextrin is a 81 

promising adsorbent for the separation of various water contaminants, including endocrine-disrupting 82 

chemicals [43–48], dyes [48,49], pesticides [50], and rare earth elements [51]. Recently, Alsbaiee et al. 83 

(2016) proposed a type of porous β-cyclodextrin (P-CDP) which contained polymers crosslinked by rigid 84 

aromatic structures for eliminating organic micropollutants. Porous polymer materials are considered 85 

ideal substrates owing to their tunable chemistry and processable structure [52]. It was therefore 86 

hypothesized that the incorporation of PANI into P-CDP would endow the resulting composite with the 87 

capacity for simultaneous removal of multiple contaminants from water. 88 

With this in mind, the aim of this study was to develop and test a novel PANI@PCDP media with the 89 

intention of targeting both metals and organic micropollutants. Cr(VI) and bisphenol A were selected as 90 

target pollutants due to their frequent occurrence in water resources and their significant health risks. The 91 

media adsorption performance in removing Cr and BPA was benchmarked against utilization of PANI 92 

and P-CDP in isolation. The impacts of pollutant concentrations on the adsorption by PANI@PCDP were 93 

assessed over a wide range of pollutant concentrations (0.5-200 mg L-1 for Cr(VI) and 0.2–24 mg L-1 for 94 

BPA). The more general application of this media was assessed by testing against a broader range of 95 

emerging organic micropollutants with different physicochemical properties. In addition, the application 96 

of PANI@PCDP in practice was evaluated in three types of real water matrices (i.e., surface water, 97 

wastewater, tap water) and the recycling of PANI@PCDP was studied.  98 



2. Material and Method  99 

2.1 Reagents 100 

β-cyclodextrin (≥99%), tetrafluoroterephthalonitrile (≥99%), tetrahydrofuran (THF), N,N- 101 

dimethylformamide (DMF), 1,5-diphenylcarbazide, K2CO3, CrCl3·6H2O, ammonium persulfate, aniline 102 

and BPA were purchased from Shanghai Macklin Biochemical Co., Ltd. K2Cr2O7 was purchased from 103 

Sinopharm Chemical Reagent Co. Ltd., Shanghai, China. All reagents were used as received. 104 

Hydrochloric acid solution (0.001−0.1 mol L−1) and sodium hydroxide solution (0.001 mol L−1) were 105 

used to adjust the pH of solutions.  106 

2.2 Media Preparation 107 

2.2.1 Synthesis of P-CDP 108 

The synthesis of P-CDP was performed following the method reported by Alsbaiee et al. [28]. A glass 109 

regent bottle containing 80 mL of anhydrous THF/DMF (9:1 by volume) equipped with a magnetic stir 110 

bar was charged with β-cyclodextrin (2 g), tetrafluoroterephthalonitrile (1 g), and K2CO3 (0.3 g). The 111 

mixture was bubbled with N2 for 3 minutes. Then, the N2 inlet was removed, and the bottle was 112 

immediately sealed with a cap. The mixture was placed on a hot stirring plate (85 °C) and stirred at 500 113 

r.p.m. for 2 days. After the orange suspension was cooled and filtered, 1 mol L-1 HCl was used to remove 114 

the residual K2CO3. The yellow solids were recovered and soaked twice in 10 mL of Milli-Q water (18.25 115 

MΩ) for 15 minutes twice in 10 mL of THF for 30 minutes, and once in 15 mL of dichloromethane for 116 

15 minutes. Finally, the solid was soaked in a liquid nitrogen bath for 5 minutes and freeze-dried under 117 

a high vacuum for 3 hours. The final light-yellow solid was stored at 4 °C.  118 



2.2.2 Preparation of PANI@PCDP 119 

PANI was synthesized using the chemical oxidation method [34]. A certain amount of P-CDP was 120 

dispersed in 80mL of 1 mol L-1 HCI under rapid stirring for 30 minutes in a round-bottom flask. 0.5 mL 121 

of aniline was added to the flask and stirred constantly at ambient temperature for 3 hours to ensure the 122 

complete adsorption of aniline into the P-CDP. Then, 1 mol L-1 HCl with 1.254 g of ammonium 123 

persulfate was added to the mixture by pumping. The suspension was held in a stirred an ice bath (<2 °C) 124 

for 5 hours. The dark-green suspension was filtered, and the recovered dark-green solid was isolated and 125 

washed with Milli-Q water (18.25 MΩ) and absolute ethanol until the filtrate became colorless. Finally, 126 

the dark-green solid was freeze-dried under a high vacuum overnight. The effect of the PANI/P-CDP 127 

mass ratio (mg/mg) on the adsorption performance of the composite was investigated by preparing 128 

PANI@PCDP with different ratios of 2:1, 3:1, and 4:1. Preliminary experiments were undertaken to 129 

determine the most appropriate mass ratio for further testing. In these experiments, solutions of 52 mg 130 

L-1 Cr(VI) (equivalent to 1 mmol L-1) and 22.8 mg L-1 BPA (equivalent to 0.1 mmol L-1) were used to 131 

test solution at a sorbent dose of 1 g L-1 at pH 6.0. The removal of Cr(VI) rose as the mass of PANI in 132 

the composite increased. However, the adsorption of BPA on the composite decreased when the mass 133 

ratio was higher than 3. The PANI@PCDP media with a mass ratio of 3:1 was therefore the preferred 134 

choice for all experiments.  135 

2.3 Characterization 136 

The morphology of the sorbents was observed using scanning electron microscopy (Gemini SEM 300, 137 

ZEISS, Germany). The functional groups of the sorbents were characterized using Fourier transform 138 

infrared spectrometry (FT-IR) (Thermo Scientific Nicolet iS20, USA). The zeta potentials of the sorbents 139 

were measured using a laser zeta analyzer (Malvern, Zetasizer ZS90, UK). The elemental chemical 140 



composition states of the sorbents were characterized using X-ray photoelectron spectroscopy (XPS, 141 

Thermo Scientific K-Alpha, USA). 142 

2.4 Batch Adsorption Experiments 143 

Adsorption experiments were performed in 30 ml scintillation vials equipped with magnetic stirrer bars. 144 

20 mg of the sorbent was mixed with 20 mL of the pollutant solutions, giving a sorbent dose of 1g L-1. 145 

All studies were conducted on a hot plate which controlled water temperature at 25 °C using a stirring 146 

rate of 300 rpm.  147 

The adsorption performance of PANI, PCDP and PANI@PCDP was tested with the solution 148 

containing Cr(VI) or BPA. To evaluate the impact of pH on the adsorption performance of the sorbents, 149 

the pH of test solution was adjusted to 1.0, 2.0, 3.0, 4,0, 5.0 and 6.0. These pH conditions were chosen 150 

to prevent precipitation from interfering with the measurement of Cr(III) [33]. The time to reach 151 

adsorption equilibrium for Cr(VI) and BPA was 3 hours and 0.5 hours, respectively. The concentration 152 

of total Cr was determined using an inductively coupled plasma-optical emission spectrometer (ICP-153 

OES, 5110, Agilent, US). The residual concentrations of Cr(VI) were determined based on the diphenyl 154 

carbazide method using a HACH DR6000 UV–vis spectrophotometer (Loveland, US) at 540 nm, and 155 

1,5-diphenylcarbazide was used as the chromogenic reagent [53]. The residual concentrations of Cr(III) 156 

were measured using the UV–vis spectrophotometer at 585 nm [33]. The concentration of BPA was 157 

measured using high-performance liquid chromatography (HPLC-2010, SHIMAZU, Kyoto, Japan). 158 

More details on the HPLC parameters for BPA analysis are provided in Text S1. The data analysis 159 

regarding the efficiency of pollutant removal by the sorbents and the resultant adsorption capacity of the 160 

sorbents is given in Text S2. The data are reported and presented as the average and standard deviation 161 

of three replicates.  162 



  Impacts of initial concentrations of Cr and BPA on the adsorption performance of the PANI@PCDP 163 

were tested at a sorbent dose of 1g L-1 at pH 6.0. The pollutant concentration varied between 0.5 and 100 164 

mg L-1 for Cr, and 0.228 and 22.8 mg L-1 (equivalent to 0.001 and 0.1 mmol L-1) for BPA.  165 

Adsorption of Cr(III) to sorbents (PANI, PCDP, and PANI@PCDP) was carried out by mixing 50 mg 166 

of the sorbent with 50 mL of a solution containing 50 mg L-1 of CrCl3·6H2O at pH 6.0 for 3 hours. The 167 

Cr(III) and total Cr were measured after filtration. 168 

The kinetics of adsorption of pollutants onto PANI@PCDP was studied separately at an initial Cr(VI) 169 

concentration of 112 mg L-1 or BPA concentration of 32 mg L -1with a sorbent dose of 1g L-1 at pH 6.0 . 170 

At time intervals, samples were taken using a syringe followed by filtration through a 0.22 μm membrane 171 

filter. Kinetic data were fitted to a pseudo-second-order adsorption mode from Ho and McKay [54] 172 

(described in full in Text S3). 173 

Thermodynamic studies of Cr(VI) and BPA adsorption onto PANI@PCDP were conducted using 174 

different initial concentrations of the pollutants in the range of 10–200 mg L-1 for Cr(VI) or 2.28–31.73 175 

mg L-1 (equivalent to 0.01 and 0.139 mmol L-1) for BPA, respectively, with a sorbent dose of 1g L-1 at 176 

pH 6.0. After the corresponding adsorption time, the suspension was filtered through a 0.22 μm 177 

membrane filter. Equilibrium adsorption data were applied to the Langmuir isotherm model (described 178 

in Text S4).  179 

In the binary systems (Cr(VI) and BPA spiked together), the initial concentrations of Cr(VI) and BPA 180 

were in the range of 30–100 mg L-1 for Cr(VI) and 6.8–22.8 mg L-1 (0.03–0.1 mmol L-1) for BPA, 181 

respectively, at pH 6.0. Tests were carried out following a full factorial design (Table S1). An extended 182 

contact time of 6 hours was selected for the binary experiments to achieve equilibrium adsorption. Mono-183 

pollutant adsorption experiments were carried out as control tests. 184 



2.5 Column Adsorption Experiments  185 

Dynamic adsorption experiments were carried out in a column (∅	12mm × 	240	mm) filled with 2.5 mL 186 

of PANI@PCDP (0.38 g). Therefore, 1 bed volume was 2.5 mL. The mixed binary solution (10 mg L-1 187 

for Cr(VI) and 4.56 mg L-1 for BPA, pH 6.0) flowed through the column. The empty bed contact time 188 

was 10 min. The analysis of Cr(VI), Cr(III), total Cr, and BPA was performed after filtration. 189 

2.6 PANI@PCDP Recycling Studies 190 

20 mg of pristine sorbent was first mixed with 20 mL of the binary pollutant solution (100 mg L-1 for 191 

Cr(VI) and 22.8 mg L-1 for BPA). After adsorption, the sorbent was collected and regenerated firstly by 192 

soaking in 0.1 mol L-1 NaOH (20 mL) first, then in 0.5 mol L-1 HCl (20 mL) for 3 hours successively, 193 

followed by recovery by filtration. After washing with distilled water, the sorbent was rinsed with MeOH 194 

(20 mL) for 15 minutes. The adsorption-desorption cycle test was repeated five times.  195 

2.7 Evaluation of Adsorption Performance of PANI@PCDP in Real Water 196 

The PANI@PCDP was then applied in various real water matrices. Tap water was collected from Tongji 197 

University (Shanghai, China), surface water was collected from a reservoir in the south of China and 198 

treated sewage was collected from the secondary wastewater effluent of a municipal water treatment 199 

plant in Shanghai. The characteristics of these real water samples are shown in Table S2. The samples 200 

of the real water were spiked with Cr(VI) and BPA from stock solutions. 30 mg of PANI@PCDP was 201 

mixed with 30 mL of the real water containing Cr(VI) (50 mg L-1) and BPA (22.8 mg L-1) for 3 hours 202 

under rapid stirring at pH 6.0. The analysis of the pollutants was carried out after filtration. 203 

2.8 Adsorption of Anthropogenic Contaminants to PANI@PCDP  204 

The applicability of PANI@PCDP for removal of a wider range of organic micropollutants was assessed 205 

by testing against 2,4-dichlorophenol, 2,4,6-trichlorophenol, 2-naphthol, sulfamethoxazole, and 206 



amoxicillin separately. Cu(II) was chosen to represent the heavy metal cation. Adsorption experiments 207 

for 2,4-dichlorophenol, 2,4,6-trichlorophenol, 2-naphthol, sulfamethoxazole, and amoxicillin were 208 

performed in the same way as these for BPA and Cr(VI) (1 g L-1 sorbent, 0.1 mmol L-1 organic absorbate, 209 

55 mg L-1 Cu(II)), except for sulfamethoxazole (0.04 mmol L-1 sorbate) due to its lower water solubility. 210 

The concentrations of the organic micropollutants before and after adsorption-filtration were analyzed 211 

using a UV–vis spectrophotometer (Table S3). The concentration of Cu(II) was determined using ICP-212 

OES. 213 

3. Results and Discussion  214 

3.1 Synthesis and Characterization of PANI@PCDP 215 

PANI@PCDP was prepared by using a pre-adsorption in-situ oxidative polymerization method resulting 216 

in β-cyclodextrin becoming crosslinked with rigid aromatic groups. The generated P-CDP was utilized 217 

as the substrate to support PANI. Aniline was pre-adsorbed onto the substrate so that the polymerization 218 

of aniline occurred both on the surface and in the pores of P-CDP (Fig. 1). Scanning electron microscopy 219 

(SEM) images confirmed a coral-like structure of PANI agglomerates (Fig. 1a) and the typical three-220 

dimensional porous structure of P-CDP (Fig. 1b) which has been reported previously [46,55]. For 221 

PANI@PCDP, the SEM image shows that PANI was uniformly coated onto the inner pore and the outer 222 

surface of P-CDP (Fig. 1c). Thus, the three-dimensional P-CDP acts as the host framework for the 223 

support of the PANI. In turn, this largely alleviates the spontaneous agglomeration of PANI, which 224 

increases the available active sites on PANI@PCDP. The chemical structures of these three sorbents 225 

were verified by FT-IR spectroscopy (Fig. 1d). The FT-IR spectrum of PANI@PCDP exhibits almost all 226 

of the characteristic absorbance profiles of PANI and P-CDP, though some signals show attenuation. 227 

This was attributed to the interaction between the reagents and the materials during the in-situ oxidative 228 



polymerization. These results provide strong evidence for the effective incorporation of PANI into the 229 

P-CDP framework and its associated structural integrity [28,32]. Measurement of the media surface 230 

charge using zeta potential showed that for PANI@PCDP and PANI, this was dependent on proton 231 

concentrations with the point of zero charge at pH 8.8 for PANI@PCDP and 9.1 for PANI (Fig. 1e). This 232 

was evidence for the protonation of the amino groups associated with PANI. The P-CDP was negatively 233 

charged at all pH values tested. The electrostatic interaction between the positively charged PANI and 234 

the negative P-CDP was the main driving force for the incorporation of the polymer onto the host 235 

materials. The chemical state of the nitrogen functional group on PANI@PCDP was analyzed using XPS. 236 

The N 1s core-level spectrum of PANI@PCDP (Fig. 3d) was deconvoluted into three peaks 237 

corresponding to quinonoid imine (=N-), benzenoid amine (-NH-), and the doped imine/amine (N+) 238 

electronic state [56]. The confirmation of the benzenoid amine (-NH-) group in the media was supportive 239 

of its ability to be able to convert Cr(VI) to Cr(III) due to its strong reductive capacity [34].  240 

【Figure 1】 241 

3.2 Adsorption Performance of PANI@PCDP  242 

To explore the impacts of pH on the adsorption of micropollutants using PANI@PCDP, it was tested 243 

alongside PANI and P-CDP in insolation. PANI showed a strong adsorptive affinity for Cr(VI) but an 244 

extremely low uptake for BPA (Figs. 2a and 2b), while P-CDP removed most of the BPA but almost no 245 

Cr(VI) was adsorbed (Figs. 2c and 2d). In contrast, PANI@PCDP exhibited a high uptake capacity for 246 

both BPA and Cr(VI) (Figs. 2e and 2f). The removal of BPA by PANI@PCDP was negatively correlated 247 

with the proton concentration, increasing removal from 66% at pH 1.0 to 88% at pH 6.0. It is worth 248 

noting that the inclusion complexes associated with the β-cyclodextrin polymer are primarily responsible 249 

for BPA adsorption [55]. At lower pH, the formation of inclusion complexes was hypothesized to be 250 



negatively impacted when the β-cyclodextrin moieties were in the protonated state. The P-CDP when 251 

used in isolation results in marginally higher BPA removal (78%–92%) than was seen for the combined 252 

PANI@PCDP sorbent (66%-88%). However, given that the effective mass of β-cyclodextrin in 253 

PANI@PCDP was approximately 25% of that in the pure P-CDP systems, the BPA removal observed for 254 

the composite media was impressive. In terms of Cr(VI) removal, more than 99% of Cr(VI) was removed 255 

by PANI@PCDP in the pH range of 1.0–6.0. This applicable range of pH is significantly wider than that 256 

for other reported PANI-based composites [30,31,57,58], clay minerals [13,59] and carbon-based 257 

composites, for example, graphene [60,61], and carbon nanotubes [62,63]. Most of these media exhibited 258 

efficient adsorption of Cr(VI) under extremely acid conditions (pH 1.0–3.0) but poor removal of Cr(VI) 259 

at pH 6.0. The detection of small amounts of Cr(III) in the filtrate verified that the media was able to 260 

reduce Cr(VI). The uptake of Cr(III) and total Cr by PANI@PCDP were positively associated with 261 

increasing pH. The main species of the residual total Cr was Cr(III), which primarily exists in the form 262 

of hydrated cations (i.e., Cr(OH)2+, Cr2(OH)24+) at pH below 6.0 [61]. As the pH reduces, the protonation 263 

of amino groups leads to an overall increase in the positive charge density of the PANI@PCDP, which 264 

in turn increases the electrostatic repulsion between PANI@PCDP and Cr(III) cations. Therefore, the 265 

maximum sequestration of Cr(III) was achieved at pH 6.0, mainly through its chelation with amine/imine 266 

groups on the sorbent [13,32]. Most previous studies on Cr(VI) adsorption have typically adopted acidic 267 

conditions (pH 1.0–3.0) for highly efficient removal of Cr(VI). As a result, a large portion of Cr(III) was 268 

released back into solution resulting in poor removal of total Cr [31,32,60–62]. In this study, up to 98% 269 

of total Cr was removed by PANI@PCDP at pH 6.0 showing that efficient removal of total Cr could be 270 

achieved in a single process under mild pH conditions. Although the effective mass of PANI in the 271 

combined media (PANI@PCDP) was less than that of the control PANI system (around 75% in 272 



PANI@PCDP), the composite media performed as effectively as PANI for Cr(VI) removal (Figs. 2b and 273 

2f). Taking the adsorption capacity of the sorbents at pH 6 as an example, the adsorption capacity of 274 

PANI and PANI@PCDP for Cr(VI) was 54.22 mg g-1 and 54.95 mg g-1, respectively. However, when 275 

considered on an effective mass of PANI basis, the adsorption capacity of PANI@PCDP was 73.26 mg 276 

g-1 PANI. This was explained by the immobilization of PANI inside the substrate material, which 277 

considerably alleviates the agglomeration of PANI and increases the number of available active sites.  278 

【Figure 2】 279 

Impacts of initial concentration of Cr ([Cr]0) and BPA ([BPA]0) on the adsorption performance of 280 

PANI@PCDP were investigated to assess the applicability of this media in various contaminated 281 

scenarios (see Fig. 3). Over 99% of Cr(VI) was removed in the [Cr]0 range of 0.5–60 mg L-1 at pH 6.0, 282 

while the removal decreased to 85% as [Cr]0 rose to 80 mg L-1. For BPA, PANI@PCDP removed more 283 

than 99% of BPA in the cases of low [BPA]0 (0.228–2.28 mg L-1) at pH 6.0. As [BPA]0 increased to 22.8 284 

mg L-1, the removal of BPA decreased to 87%. The declining removal of the pollutants at high 285 

concentration resulted from the insufficient binding sites on the sorbent. These results suggested that the 286 

efficient removal of Cr and BPA using PANI@PCDP is achievable in most environmental-related cases, 287 

while a higher dose of PANI@PCDP is needed when treating highly contaminated water.  288 

【Figure 3】 289 

The adsorption kinetics of BPA and Cr(VI) to PANI@PCDP both followed the pseudo-second-order 290 

model (see Fig. S1), indicating that the adsorption processes were through chemisorption mechanisms 291 

[58,60,64]. The pseudo-second-order rate constant (kobs) for BPA adsorption to PANI@PCDP was 292 

1.4×10-1 g mg-1 min-1, which was 10 times lower than that was reported for PCDP [28]. This could be 293 

associated with the decreased surface area due to the loading of PANI. However, this value was 3-700 294 



times higher than that seen for other reported sorbents, including β-cyclodextrin-based sorbents 295 

[46,48,65–68] and carbon-based composites [69–72] (shown in Table 1). The uptake of BPA by 296 

PANI@PCDP was relatively rapid in the first 10 minutes before gradually approaching equilibrium in 297 

the later 20 minutes (Fig. S1a). PANI@PCDP reached nearly 75% of its equilibrium uptake of BPA 298 

within one minute. The kobs of Cr(VI) adsorption to PANI@PCDP at pH 6.0 was 8.8×10-3 g mg-1 min-1 299 

(Fig. S1b). It was worth noting that the oxidizing capacity of Cr(VI) and the proton doping degree of 300 

PANI could be higher at a lower pH value, where the adsorption and reduction of Cr(VI) using PANI-301 

based sorbents could be improved [33,34]. However, the kobs of Cr(VI) adsorption to PANI@PCDP at 302 

pH 6.0 was 6-44 times higher than that reported for other PANI-based sorbents (Table 1), which were 303 

determined from experiments undertaken at pH 1.5 or 2 [31,32,73,74], and 2.5-17.6 times higher than 304 

that seen for other novel composites [13,60,62,75]. These results demonstrated that the binding sites for 305 

both BPA and Cr(VI) of PANI@PCDP were readily accessible. 306 

The equilibrium adsorption data for PANI@PCDP fitted the Langmuir model for both the metal and 307 

organic pollutant (see Fig. S2), indicating the homogeneous distribution of active adsorption sites on the 308 

PANI@PCDP for both BPA and Cr(VI) [58,76]. For Cr(VI), the qmax, e was 81 mg g-1 when considered 309 

based on the mass of PANI@PCDP. This value was not as high as the qmax, e reported in some previous 310 

studies, which varied between 100 and 700 mg g-1 (shown in Table 2). However, these high qmax, e values 311 

from previous research were determined from adsorption experiments undertaken at pH 1.0-2.0, where 312 

Cr(VI) is more easily absorbed and reduced when using the PANI-based sorbents. The maximum 313 

adsorption capacity at equilibrium (qmax, e) for BPA was 36 mg g-1 for PANI@PCDP, while the equivalent 314 

figure for P-CDP was 88 mg g-1 [55]. The qmax, e of PANI@PCDP for BPA was much lower than that 315 

reported for other β-cyclodextrin-based sorbents (90-400 mg g-1) [46,48,65–67]. This difference arose 316 



from the lower effective mass of β-cyclodextrin in the PANI@PCDP in comparison to P-CDP or other 317 

sorbents. However, PANI@PCDP reached the equilibrium for BPA and Cr(VI) adsorption within 30 318 

mins when compared to other sorbents (Table 2).  319 

3.3 Effects of Binary Systems on Specific Pollutant Uptake  320 

The impact of a binary system on the specific pollutant uptake was investigated using mixed solutions 321 

with various [BPA]0 and [Cr(VI)]0 (see Fig. 4). The ratios of the adsorption capacities, Rq, were 322 

calculated to represent the effect of the binary system on the specific pollutant uptake (see Fig. S3):  323 

Rq=
!!,#
!$,#

  324 

where qb,i and qm,i are the equilibrium uptake of contaminant i in the binary system and mono-component 325 

system with the same initial concentration, respectively.  326 

An Rq >1 indicates enhanced adsorption of contaminant i in the presence of coexisting contaminants, 327 

while an Rq <1 is indicative of the inhibition of adsorption for contaminant i. If the coexisting contaminant 328 

has no impact on the adsorption of contaminant i then Rq is equal to 1 [77]. The uptake of BPA was not 329 

affected by the coexistence of Cr(VI) in all tested scenarios owing to the specific complexation between 330 

BPA and β-cyclodextrin moieties (1≤ Rq <1.03, Fig. 4a and S4a) [76,78–80]. For Cr(VI), the impacts of 331 

concurrent BPA depended on both [Cr(VI)]0 and [BPA]0 (Fig. 4b and Fig. S4b). In the case of low 332 

[Cr(VI)]0 (for example, 30 and 60 mg L-1), BPA had no effect on Cr(VI) adsorption (1≤ Rq <1.004), or 333 

for Cr(III) (Fig. 4c) and total Cr (Fig. 4d). For a higher [Cr(VI)]0 of 100 mg L-1, the equilibrium uptake 334 

decreased by 15% as the [BPA]0 increased from 0 to 22.8 mg L-1. This shows that the presence of BPA 335 

negatively affected the adsorption of Cr(VI) at high [Cr(VI)]0 (0.85< Rq <1). A plausible explanation for 336 

this being that the adsorption of BPA to PANI@PCDP involves other non-specific interactions such as 337 

the formation of hydrogen bonds between the amine groups of PANI@PCDP and the hydroxy groups of 338 



BPA, which in turn induces a steric repulsion effect against Cr(VI) [79,81]. In addition, it is worth noting 339 

that the qmax, e for Cr(VI) was 81 mg g-1 (calculated based on the Langmuir model), meaning that there 340 

were insufficient binding sites for adsorption when the [Cr(VI)]0 was 100 mg L-1 and the sorbent dose 341 

was 1 mg L-1. Thus, the interactions between the BPA and the amine groups intensified the Cr(VI) 342 

competition for binding sites, leading to an overall reduction in Cr(VI) uptake. Furthermore, a maximum 343 

decline of 24% in the Cr(III) formation was observed in the presence of BPA, while the residual [Crtotal] 344 

increased by up to 18% as [BPA]0 rose to 22.8 mg L-1, which principally resulted from the decreased 345 

adsorption of Cr(VI). These results show that the adsorption of BPA and Cr(VI) to PANI@PCDP were 346 

virtually independent of one another at low pollutant concentrations that would be more typical of 347 

concentrations observed in environmental systems [82,83]. There was a limited impact of BPA on the 348 

adsorption of Cr(VI) at extremely high contaminant concentrations, that would not typically be observed 349 

in real polluted water sources or industrial effluents.  350 

【Figure 4】 351 

 352 

3.4 Versatile Applicability Wider application of PANI@PCDP  353 

3.4.1. Dynamic Adsorption of PANI@PCDP  354 

A column adsorption experiment was performed using a mixed solution of BPA and Cr(VI) at pH 6.0. 355 

The breakthrough curves of PANI@PCDP for BPA, Cr(VI), and Cr(III) are shown in Fig. 5a. BPA and 356 

Cr(VI) started to be detected in the effluent at 500 and 800 bed volumes (BV), respectively (breakthrough 357 

taken as 0.050 mg L-1 for Cr(VI) and 0.228 mg L-1 for BPA). Hence, the effective treatment volume was 358 

500 BV for the binary system investigated here. In addition, the resulting Cr(III) was completely captured 359 

within the filter bed without any leakage throughout the duration of the experiment, indicating that no 360 



additional measure would be required for sequestration of the Cr(III) sequestration. This result confirmed 361 

the potential of the PANI@PCDP media to water treatment.  362 

3.4.2 Recycling Study of PANI@PCDP  363 

A facile process was used for PANI@PCDP regeneration at ambient temperature (25°C). First, 0.1M 364 

NaOH was applied as the desorption agent for Cr(VI), and then 0.1 M HCl was used to desorb Cr(III) 365 

and also to regenerate benzenoid amine groups on the sorbent. After washing with distilled water, BPA 366 

was easily desorbed from PANI@PCDP by rinsing the composite with MeOH. Five consecutive 367 

adsorption-desorption cycles were performed for the binary system with almost no decline in adsorption 368 

observed for BPA and Cr(VI) adsorption was observed (Fig. 5b). Some limited detection of Cr(III) was 369 

measured in the effluent, reaching a maximum concentration of 1.9 mg L-1 after 5 cycles. The mild 370 

regeneration process and steady consistent removal performance following regeneration for 371 

PANI@PCDP provided good evidence for potential implementation of the novel media. 372 

3.4.3 Adsorption Performance in Real Water  373 

Given the interference of potential competing ions and substances in real water, the selectivity of 374 

PANI@PCDP for BPA and Cr(VI) was investigated using real water samples spiked with Cr(VI) and 375 

BPA (see Fig. 5c). More than 99% of Cr (VI) was removed from all water samples without Cr(III) 376 

remaining in the effluents, indicating the strong selectivity of PANI@PCDP towards Cr(VI). 377 

Furthermore, PANI@PCDP removed 88.9%, 86.1%, and 81.5% of BPA from tap water, surface water, 378 

and sewage, respectively. The natural organic matter and co-existing ions in tap water and surface water 379 

showed no noticeable impacts on the adsorption of BPA. The interior cavity of β-cyclodextrin, with a 380 

diameter of 0.78 nm, is considered a natural sieve [84]. As a result, large organic molecules are excluded 381 

from the binding sites in the interior cavity of the polymer and thus do not bind with the sorbent media. 382 



This size-exclusive exclusion behavior sets PANI@PCDP apart from the common activated carbon-383 

based adsorbents, which tend to be blocked or fouled by natural organic matter when treating real water. 384 

The slight decline in removal efficiency of BPA by PANI@PCDP in wastewater was likely to have been 385 

induced by the competition of with other coexisting micropollutants that could access the interior cavity 386 

of β-cyclodextrin. 387 

3.4.4 Adsorption Performance in Removing Other Contaminants 388 

The potential of the general application of PANI@PCDP was tested against a broader range of organic 389 

micropollutants of different molecular size and hydrophobicity (Fig. S5), including chlorinated aromatic 390 

compounds, simple aromatics, and pharmaceuticals, as well as another heavy metal (Cu2+) (Fig. 5d). 391 

Chlorophenols are widely used in agriculture and industrial production and are considered carcinogens, 392 

among which 2,4-dichlorophenol and 2,4,6-trichlorophenol have been detected in groundwater and 393 

surface water [85,86]. 2-naphthol was a representative of polycyclic aromatic hydrocarbon contaminants, 394 

frequently used as a biomarker for exposure. Sulfamethoxazole and amoxicillin, two of the most 395 

commonly used antibiotics, have frequently been detected in the aquatic environment [87,88]. Cu2+ is 396 

another common heavy metal pollutant detected in aquatic systems [89,90]. Copper contamination is 397 

primarily caused by human activities, such as the application in bactericides and animal feed additives, 398 

and the metal electroplating industry (Li et al., 2021; Li et al., 2023). Among those organic 399 

micropollutants, sulfamethoxazole had the lowest removal efficiency of 60%, while amoxicillin showed 400 

the highest removal efficiency of 99%. 85% of 2-naphthol was adsorbed, which was slightly higher than 401 

that seen for chlorophenols. Differences in the removal for different compounds might be related to the 402 

structure and hydrophobicity of those compounds. The removal of Cu2+ was unsatisfying (<50%), 403 

indicating limited chelation of the metal with the amine/imine group. This suggests that the synergic 404 



effects of electrostatic attraction and chelation enable PANI@PCDP to remove metal anions more 405 

effectively than metal cations.  406 

【Figure 5】 407 

3.5 Adsorption Mechanisms 408 

The superior performance of PANI@PCDP for the simultaneous removal of multiple micropollutants 409 

can be explained by the unique structure and the versatile functional groups on the media. A step-by-step 410 

strategy was adopted to elucidate the essential mechanisms involved in the adsorption process. The 411 

complete adsorption process and the underlying mechanisms are illustrated in Fig. 6. 412 

According to the analysis above, the mechanism for the uptake of organic micropollutants by 413 

PANI@PCDP followed a multistage process. Firstly, the organic molecules must access the binding sites 414 

of the interior cavity, a process that excludes large molecules by size exclusion. This intrinsic size-sieving 415 

effect contributes to the efficient removal of micropollutants from real water without fouling by, for 416 

example, natural organic matter. Next, the organic substances are partially or entirely anchored in the 417 

cavity of β-cyclodextrin as a guest molecule, forming host-guest complexes. This process is mainly 418 

driven by hydrophobic interactions. The three-dimensional cavities of β-cyclodextrin are well-matched 419 

with both the planar and non-planar aromatic compounds. In addition, as PANI@PCDP contains a large 420 

number of oxygen/nitrogen-containing groups (for example, -OH, -NH2), hydrogen bonding might also 421 

support the adsorption of organics to PANI@PCDP.  422 

For Cr(VI) removal, three processes occur when using PANI@PCDP. Firstly, the metal is adsorbed 423 

onto the media surface, accompanied by reduction of Cr(VI), before the sequestration of the in-situ 424 

formed Cr(III). To explore the underlying processes of Cr(VI) adsorption and reduction, the chemical 425 

states of N and Cr on the sorbent surface before and after Cr(VI) adsorption at pH 2.0 and pH 6.0 were 426 



analyzed using XPS (see Fig. 7). The appearance of the Cr 2p XPS signal verified the adsorption and 427 

reduction of Cr(VI) (Fig. 7a). The signal profiles at the binding energies of 577 eV and 587 eV are 428 

assigned to the Cr 2p3/2 orbital and Cr 2p1/2 orbital, respectively, both of which can be deconvoluted 429 

into two peaks at two close binding energies, corresponding to Cr(III) and Cr(VI), respectively [93,94]. 430 

The higher percentage of Cr(III) on PANI@PCDP at pH 2.0 (compared with that at pH 6.0) can be 431 

attributed to the fact that the oxidation capacity of Cr(VI) reduces with decreasing proton concentration 432 

(Figs. 7b and 7c) [95]. In addition, the ratio of =N- to -NH- after adsorption at pH 6.0 increased from 433 

0.19 (for the pristine sorbent) to 1.09, indicating that -NH- was oxidized to =N- after reduction of Cr(VI). 434 

This ratio rose to 1.77 after Cr(VI) adsorption at pH 2.0 owing to the enhancement of the Cr(VI) oxidation 435 

potential under acidic conditions (Figs. 7d-f). Moreover, in comparison to the PANI alone, the 436 

PANI@PCDP exhibited higher uptake and reduction capacity for Cr(VI) when considered on an 437 

effective mass of PANI basis. This can be attributed to the structure of this composite, where the 438 

immobilization of the PANI inside the substrate material considerably alleviates its agglomeration, 439 

leading to an increase in the frequency of binding sites for Cr(VI). With respect to the process of Cr(III) 440 

adsorption, the adsorption capacity of these sorbents for Cr(III) was tested using CrCl3·6H2O solution at 441 

pH 6.0 as treatment targets. The Cr(III) uptake followed the order of PANI@PCDP (3 mg g-1) ≈	PANI 442 

(3.2 mg g-1) < P-CDP (15 mg g-1) (Fig. S6). According to the concentrations of Cr(VI) and Cr(III) in the 443 

effluent and the Cr species distribution on the PANI@PCDP after adsorption process (Figs. 2f and 7c), 444 

it was estimated that the adsorption capacity of PANI@PCDP for the Cr(III) generated from the reduction 445 

of Cr(VI) was 36.6 mg g-1. This result suggests that Cr(III) generated from the redox reaction between 446 

Cr(VI) and -NH- can immediately chelate in situ with imine groups instead of being released into the 447 

bulk solution where it may reach a high level of hydration [96]. Furthermore, the higher uptake of in situ 448 



formed Cr(III) by PANI@PCDP (compared to the bulky PANI alone) indicates the possibility of there 449 

being a negatively charged environment in the inner structure of PANI@PCDP, given that the internal 450 

framework of the P-CDP might still carry negative charges as a result of confinement [37]. This would 451 

then contribute to the electrostatic attraction between the in situ formed Cr(III) cations and the media 452 

framework. Based on the analysis above, the overall process begins with the adsorption of Cr(VI). The 453 

subsequent reduction of Cr(VI) was the rate-limiting step for Cr(III) sequestration because a small 454 

portion of Cr(VI) remained on PANI@PCDP at equilibrium.  455 

【Figure 6】 456 

 457 

【Figure 7】 458 

4. Conclusions 459 

In summary, this work developed a novel composite sorbent, PANI@PCDP, based on low-cost aniline 460 

and β-cyclodextrin. PANI@PCDP exhibited excellent versatility in removing multi-contaminants in one 461 

single process. Such performance benefits arise from the integration of porous β-cyclodextrin polymers 462 

with PANI, which provides PANI@PCDP with multiple binding sites for contaminant removal. PANI 463 

plays a major role in the adsorption and reduction of Cr(VI), while the P-CDP host material not only 464 

supports the PANI but also plays an essential role in the adsorption of organic micropollutants. The 465 

synergistic effects enable the PANI@PCDP to remove Cr(VI) and organic micropollutants 466 

simultaneously with high efficacy, affinity, and kinetics under conditions relevant to water purification. 467 

Furthermore, PANI@PCDP maintains excellent performance in real matrices (for example, surface water 468 

and wastewater) and can be recycled over five times using a facile approach with no loss in performance. 469 

Therefore, PANI@PCDP has great potential for addressing complex contamination in aquatic 470 



environments. 471 
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Table 1 Comparison of pseudo-second-order rate constant for BPA or Cr(VI) by other reported 821 

adsorbents. 822 

Materials C0 

mg/L 

kobs (g mg-1 min-1) Temperature 

°C 

pH Reference 

Cr BPA 

PANI@PCDP 32  0.14 25 6 This study 

reduced graphene oxide-β-cyclodextrin aerogel 15  0.002 25 7 [46] 

amphoteric β-cyclodextrin-based adsorbent 50  0.0015 25 4 [48] 

sulfhydryl-richβ-cyclodextrin polymer 150  0.000145 25 6 [65] 

β-cyclodextrin polyurethane 200  0.0002 25 - [66] 

β-cyclodextrin/ZrO2 nanocomposite 100  0.079 25 6 [67] 

β-cyclodextrin-derived sorbent 68  0.05 25 - [68] 

Defect-rich porous carbon 50  0.0002 25 7 [69] 

amino group-functionalized covalent organic frameworks 100  0.0046 24.85 - [70] 

magnesium ascorbyl phosphate graphene-based monolith 10  0.008 25 7 [71] 

Magnetic biochar 10  0.00039 25 - [72] 

PANI@PCDP 112 0.0088  25 6 This study 

Folic Acid-PANI Hybrid Hydrogel 20 0.00102  25 2 [31] 

PANi@faujasite composite 100 0.0002  25 2 [73] 

PANI/γ-Fe2O3 100 0.00075  - 2 [32] 

PANI@WO3 100 0.00134  20 2 [74] 

polydopamine@zeolitic idazolate frameworks-8 30 0.0079  20 5 [39] 

Polypyrrole magnetic nanocomposite 100 0.0034  33 2 [75] 

polypyrrole/calcium rectorite composite 100 0.0020  25 1.5 [13] 

NH2-graphene sponge 110 0.0020  25 2 [60] 

Polypyrrole-carbon nanotubes nanocomposites 100 0.0005  25 2 [62] 

 823 
 824 

 825 



Table 2 Comparison of maximum adsorption capacity of PANI@PCPD for BPA or Cr(VI) against 826 

other reported adsorbents. 827 

Materials Equilibrium time 

min 

qmax (mg g-1) Temperature 

°C 

pH Reference 

Cr BPA 

PANI@PCDP 30  36 25 6 This study 

reduced graphene oxide-β-cyclodextrin aerogel 300   346 25 7 [46] 

amphoteric β-cyclodextrin-based adsorbent 300  94.1 25 6.5 [48] 

sulfhydryl-richβ-cyclodextrin polymer 480  287.875 25 6 [65] 

β-cyclodextrin polyurethane 700  422.7 25 - [66] 

β-cyclodextrin/ZrO2 nanocomposite 100  175 25 6 [67] 

β-cyclodextrin-derived sorbent 20  93.5 25 - [68] 

defect-rich porous carbon 90  874 25 7 [69] 

amino group-functionalized covalent organic frameworks 360  47.33 24.85 - [70] 

magnesium ascorbyl phosphate graphene-based monolith 900  324.27 25 7 [71] 

Magnetic biochar 120  29.66 25 - [72] 

PANI@PCDP 20 81  25 6 This study 

Folic Acid-PANI Hybrid Hydrogel 250 171.2  25 2 [31] 

PANi@faujasite composite 400 384.6  25 2 [73] 

PANI/γ-Fe2O3 60 195.7  - 2 [32] 

PANI@WO3 120 549.37  20 2 [74] 

polydopamine@zeolitic idazolate frameworks-8 480 136.56  20 5 [39] 

Polypyrrole magnetic nanocomposite 90 208.77  33 2 [75] 

polypyrrole/calcium rectorite composite 100 714.29  25 1.5 [13] 

NH2-graphene sponge 600 166.46  25 2 [60] 

Polypyrrole-carbon nanotubes nanocomposites 150 294.1  25 2 [62] 

Zero-valent iron@chlorella-derived biochar 120 26.67  25 5 [97] 

 828 



Figures 829 

Figure 1 830 

 831 

Fig. 1. The synthetic route of PANI@PACD and SEM images of PANI (a), P-CDP (b), and PANI@PCDP 832 

(c). FT-IR spectra of the sorbents (d). Zeta potentials of the sorbents as a function of pH (e).833 



Figure 2 834 

 835 

Fig. 2. Impacts of pH on the uptake of BPA (25 mg L-1) by (a) PANI, (c) P-CDPs, and PANI@PCDP at 836 

a sorbent dose of 1 g L-1. Impacts of pH on the adsorption and reduction process of Cr(VI) (55 mg L-1) 837 

on (b) PANI, (d) P-CDPs, and (f) PANI@PCDP at a sorbent dose of 1 g L-1.838 



Figure 3 839 

 840 

Fig. 3. Removal of (a) Cr(VI) (0.5-100 mg L-1) and (b) BPA (0.228-22.8 mg L-1) by PANI@PCDP (1 g 841 

L-1) at pH 6.0 as a function of initial concentrations of pollutants.  842 



Figure 4 843 

 844 

Fig. 4. Adsorption performance of PANI@PCDP (1 g L-1) at pH 6.0 in binary system. (a) Effect of Cr(VI) 845 

on the BPA adsorption; (b) Effect of BPA on Cr(VI) adsorption and reduction process, on (c) Cr(III) 846 

sequestration, on (d) total Cr removal. 847 



Figure 5 848 

 849 

Fig. 5. (a) Column adsorption test with a binary solution (Cr(VI) 10 mg L-1, BPA 4.6 mg L-1, 0.38 g 850 

PANI@PCDP, pH 6.0). (b) Regeneration study for PANI@PCDP. (c) Removal of BPA (22.8 mg L-1) and 851 

Cr(VI) (50 mg L-1) using PANI@PCDP (1 g L-1) at pH 6.0 in real matrices. (d) Removal of typical 852 

emerging micropollutant using PANI@PCDP at pH 6.0 (sorbent 1 g L-1, Cu(II) 55 mg L-1, 853 

sulfamethoxazole 0.04 mmol L-1, other organic absorbates 0.1 mmol L-1).  854 

 855 

 856 



Figure 6 857 

  858 

Fig. 6. Mechanisms for simultaneous removal of BPA, Cr(VI) and Cr(III) by PANI@PCDP. 859 



Figure 7 860 

  861 

Fig. 7. XPS scan spectra of PANI@PCDP before and after Cr(VI) adsorption at pH 2.0 and pH 6.0 (a). 862 

XPS spectra of Cr 2p spectra for PANI@PCDP after Cr(VI) adsorption at pH 2.0 (b) and pH 6.0 (c). XPS 863 

spectra of N 1s for PANI@PCDP before (d) and after Cr(VI) adsorption at pH 2.0 (e) and pH 6.0 (f). 864 
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Text S1 Analysis of BPA 20 

The concentration of BPA was measured using high-performance liquid chromatography (HPLC-2010, 21 

SHIMAZU, Kyoto, Japan) with a UV detector and an Agilent Shim-pack C18 column (250 mm × 4.6 22 

mm, 5 μm). The Injection volume was 20 μL. The mobile phase contained acetonitrile and Milli-Q 23 

water (18.25 MΩ) (3: 2, v/v). The flow rate was 1.0 mL min-1, and the detection wavelength was 285 nm. 24 

 25 

Text S2 Data Analysis  26 

The efficiency of pollutant removal (in %) by the sorbent was calculated by the following equation: 27 

Removal efficiency = 𝐶𝐶0−𝐶𝐶𝑡𝑡
𝐶𝐶0

 × 100 28 

where 𝐶𝐶0 (mmol L-1 for BPA, mg L-1 for Cr) and 𝐶𝐶𝑡𝑡 (mmol L-1 for BPA, mg L-1 for Cr) are the initial 29 

and residual concentration of pollutant in the solution and filtrate, respectively.  30 

The adsorption capacity of the sorbent was determined by the following equation: 31 

𝑞𝑞𝑡𝑡 =
(𝐶𝐶0 − 𝐶𝐶𝑡𝑡) 𝑉𝑉

𝑚𝑚
 32 

where 𝑞𝑞𝑡𝑡 (mg L-1) is the amount of pollutant adsorbed per gram of sorbent at time t (min). 𝐶𝐶0 (mmol 33 

L-1) and 𝐶𝐶𝑡𝑡 (mmol L-1) are the initial and residual concentration of pollutant in the solution and filtrate, 34 

respectively. m (g) is the mass of sorbent used in each experiment. In the case of BPA, 𝑞𝑞𝑡𝑡 multiplying 35 

by Mw (g mol-1), the molar mass of the pollutant, obtains the final adsorption capacity (mg L-1).  36 

 37 

Text S3 Kinetics study 38 

The experimental data of PANI@PCDP kinetic study was best described by Ho and McKay’s pseudo-39 

second-order adsorption model.[1] 40 



𝑡𝑡
𝑞𝑞𝑡𝑡

=
𝑡𝑡
𝑞𝑞𝑒𝑒

+
1

𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 𝑞𝑞𝑒𝑒2
 41 

Where 𝑞𝑞𝑡𝑡 and 𝑞𝑞𝑒𝑒 are the adsorption capacity (mg g-1) at time t (minute) and at equilibrium, respectively, 42 

and 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 is a second-order rate constant (g mg-1 min-1). 43 

 44 

Text S4 Adsorption Isotherms 45 

The experimental isotherm data of PANI@PCDP thermodynamic study was best fitted with the Langmuir 46 

model, which was generated by plotting 1/𝑞𝑞𝑒𝑒  versus 1/c according to the following equation: 47 

1
𝑞𝑞𝑒𝑒

=
1

𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚,𝑒𝑒
+

1
𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚,𝑒𝑒  𝐾𝐾𝐶𝐶𝑒𝑒

 48 

where 𝑞𝑞𝑒𝑒  (mg/g) is the adsorption capacity of the sorbent at equilibrium, 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚,𝑒𝑒  (mg g-1) is the 49 

maximum adsorption capacity of adsorbent at equilibrium, 𝐶𝐶𝑒𝑒 (mol L-1) is the residual concentration of 50 

the pollutant at equilibrium, and 𝐾𝐾 (1 mol-1) is the equilibrium constant. 51 

 52 

Table S1 Experimental design for the simultaneous adsorption of Cr(VI) and BPA to PANI@PCDP 53 

Factor A: initial concentration of BPA, mmol L-1 

Factor B: initial 

concentration of 

Cr(VI), mg/L 

 0 0.03 0.06 0.1 

0 - 𝑞𝑞𝑒𝑒(0.03, 0) 𝑞𝑞𝑒𝑒(0.06, 0) 𝑞𝑞𝑒𝑒(0.1, 0) 

30 𝑞𝑞𝑒𝑒(0, 30) 𝑞𝑞𝑒𝑒(0.03, 30) 𝑞𝑞𝑒𝑒(0.06, 30) 𝑞𝑞𝑒𝑒(0.1, 30) 

60 𝑞𝑞𝑒𝑒(0, 60) 𝑞𝑞𝑒𝑒(0.03, 60) 𝑞𝑞𝑒𝑒(0.06, 60) 𝑞𝑞𝑒𝑒(0.1, 60) 

100 𝑞𝑞𝑒𝑒(0, 100) 𝑞𝑞𝑒𝑒(0.03, 100) 𝑞𝑞𝑒𝑒(0.06, 100) 𝑞𝑞𝑒𝑒(0, 100) 

54 



Table S2 Characteristics of real water samples 55 

 Dissolved organic matter (mg L-1) Turbidity (NTU) pH 

Tap water 1.5 0.06 7.1 

Surface water 5.3 5.5 7.9 

Wastewater 14 12.0 8.3 

56 



Table S3 Analysis of organic micropollutants using a HACH DR6000 UV–vis spectrophotometer. 57 

Micropollutants Wavelength 

2,4-dichlorophenol  284 

2,4,6-trichlorophenol  280 

2-naphthol  273 

Sulfamethoxazole  262 

Amoxicillin  270 

 58 
 59 
 60 
 61 
 62 
 63 
 64 
 65 
 66 
 67 
 68 
 69 
 70 
 71 
 72 
 73 
 74 
 75 
 76 
 77 
 78 
 79 
 80 
 81 
 82 
 83 
 84 



Figure S1  85 

 86 

Fig. S1. Pseudo-second-order kinetic model fit for the (a) BPA (32 mg L -1) adsorption and (b) Cr(VI) 87 

adsorption (112 mg L-1) onto PANI@PCDP (1g L-1) at pH 6.0. 88 

 89 

  90 

Figure S2 91 

 92 

Fig. S2. Langmuir isotherm of (a) BPA (2.28–31.73 mg L-1, equivalent to 0.01-0.139 mmol L-1) 93 

adsorption and (b) Cr(VI) (10–200 mg L-1) adsorption by PANI@PCDP (1g L-1) at pH 6.0. 94 

(a) (b) 

(a) (b) 



Figure S3  95 

 96 

Fig. S3. Ratio of adsorption capacity versus the initial pollutant concentrations in the binary systems for 97 

simultaneous removal of Cr(VI) and BPA.  98 

(a) (b) 



Figure S4  99 

 100 

Fig. S4. Residual concentration of BPA (a) and Cr(VI) (b) versus the initial pollutant concentrations in 101 

the binary systems. ([BPA]0: 6.85 mg L-1, 13.70 mg L-1, and 22.83 mg L-1, PANI@PCDP 1 g L-1, pH 6.0)102 



Figure S5  

 

Fig. S5. Structure of the emerging pollutants. 

Figure S6  

 

 

Fig. S6. Removal of Cr(III) from CrCl3 solution (50 mg L-1) by the sorbents (1 g L-1) at pH 6.0. 
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