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Abstract 

Water remediation by adsorption and photocatalysis present unique advantages and limitations that 

can make them complementary: while adsorption is a cheap and fast process that simply transfers 

the pollutant to another phase, photocatalysis is a slow and costly procedure that however can 

degrade recalcitrant pollutants. Here, we propose a sequential treatment based on reversible and 

selective adsorption, followed by heterogeneous photocatalysis. In particular, the reversible and 

selective adsorption of dye molecules was achieved by polyaniline (PANI)-based hybrid 

adsorbents. The role of the dye content, adsorbent dose, solution pH and electrolyte composition 

was investigated. By tuning the adsorption pH, an effective regeneration of the spent adsorbent 

could be achieved by the triggered release of the adsorbate in an aqueous solution and mild 

conditions. Moreover, the separation of multi-dye mixtures (methyl orange and methylene blue) 

was proved, also in consecutive cycles. The selective recovery of one of the components could 

enable dye recycling. An ensuing photocatalytic step using a commercial photocatalyst could be 

adopted to either degrade the leftover solution or the regeneration solution. The latter approach was 

here demonstrated as an example. The release of a single pollutant in aqueous solvent, with 

controlled composition and tunable concentration, allows performing photocatalysis more 

efficiently. This combined approach enables a fast and effective treatment of the effluent and an 

easy regeneration of the spent adsorbent with ensuing treatment of the regeneration solution for a 

zero-waste strategy. 
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1. Introduction 

Water pollution is a major issue affecting our society[1–5]. Among the largest producers of 

industrial wastewaters, there are textile manufacturing industries[6,7]: more than 7 × 10
5
 tons of 

dyestuff are produced worldwide annually[8–11] and a daily production in an average textile mill in 

India consist of around 600,000 m of fabric[9,12]. Alarmingly, half of the adopted dye is likely to 

be present in the discharged waters[12]. Most part of the synthetic dyes are carcinogenic, highly 

stable organic molecules[13,14] and therefore, dye-containing effluents are a severe cause of 

concern for ecosystems[15–18] and human health[9,19–21].  

Biological treatment, due to their cost-effectiveness, have been widely adopted in urban sewage 

treatment plants. However, the activity of microorganisms is hindered by high concentrations of 

contaminants as well as by the presence of refractory pollutants[21–24]. These limitations, along 

with the biological treatment complexity and duration, hamper its application in industrial effluents 

from textile industries. In this context, alternative strategies for improved removal of contaminants 

have been researched for decades[23,25].  

Separation treatments, such as adsorption, can achieve a very fast and cost-effective removal of 

water pollutants[23,26–28], but these processes transfer the contaminants from water to another 

phase (usually a solid substrate)[29], which will then necessitate additional treatment and/or 

disposal, leaving the user with a waste to manage[30]. For instance, the most widely used 

adsorbents for water treatment, activated carbons, require high temperatures or toxic organic 

solvents to be regenerated. 

On the other hand, degradation methods, such as advanced oxidation processes (AOPs), can lead to 

the oxidation of organic contaminants to harmless compounds[31]. Among AOPs, heterogeneous 

photocatalysis has proved effective in degrading a wide range of recalcitrant pollutants[32–35], but 

its real-world application is still limited to few pilot plants[36]. One of the main limitations of this 

technique lies in the long duration needed to achieve a complete pollutant degradation, with ensuing 

high energy costs and accumulation of hazardous reaction intermediates[37–39]. Another unsolved 

issue of photocatalysis is its lower efficiency in complex water matrices. It is well known that 

electrolytes, such as bicarbonates, can act as scavengers of the reactive radical species generated 

during photocatalysis, thus considerably lowering the process efficiency[40,41]. 

Generally, both adsorption by activated carbon and heterogeneous photocatalysis are non-selective 

remediation techniques. For instance, oxidizing radicals generated by photocatalysis 

indiscriminately attack dissolved organic species. This is generally considered an advantage as it 

provides a broad response to a wide range of pollutants, but it can also represent a limit. The lack of 
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selectivity implies that the photocatalyst does not distinguish between highly recalcitrant pollutants 

and quickly biodegradable compounds, unnecessarily increasing treatment costs in the case of 

multi-pollutant mixtures. Moreover, from a circular economy perspective, industrial wastewater 

should be considered as a potential source of useful chemicals to turn remediation costs into saving 

of raw materials. In the case of effluents from textile industries, multi-component dye mixtures, 

often in complex matrices, limit dye recycling. This issue could be tackled by developing reversible 

and selective adsorbents.  

Here, we propose an integrated system based on the combination of different technologies, which 

has the potential to improve the general performance of wastewater treatment of dye-containing 

effluents. A fast, reversible and selective adsorption pre-treatment was coupled with heterogeneous 

photocatalysis to obtain easy recyclability of the adsorbent and a tailored advanced oxidation step. 

In particular, polyaniline (PANI)-based adsorbents were chosen for their environmental 

stability[23], high pollutant uptakes[42–45], and potential for selective adsorption due to 

protonation reversibility[23,46]. We adopted PANI-TiO2 composites from a photoactivated 

synthesis developed by some of us[47,48], which avoids the formation of toxic and carcinogenic 

by-products involved in the conventional oxidative synthetic pathway. Tests performed in dye 

aqueous solutions showed excellent performance also in the presence of different electrolytes, high 

selectivity in multi-contaminant mixtures, and tunability of adsorption by modulating the pH 

conditions. The spent adsorbent could be easily regenerated by a fast treatment in aqueous solution 

and mild conditions, which releases the adsorbed dye to be then possibly recycled. A separate 

photocatalytic test can either be employed to degrade the leftover solution or the regeneration 

solution to implement a zero-waste strategy. Here we demonstrate, as an example, the second 

approach showing that the simplified effluent composition allows performing photocatalysis more 

efficiently. 

 

2. Experimental section 

All of the reagents were purchased from Merck, unless specified otherwise, and adopted without 

further purification. Solutions and suspensions were prepared with Milli-Q water. PANI-TiO2 

composites used as adsorbents were synthesized according to a previously reported 

procedure[47,48] reported in Section S1. 

 

2.1 Adsorption ad release tests 

Adsorption tests were performed at 25 °C and at controlled pH in a jacked reactor equipped with 

magnetic stirring. Tests were carried out on methyl orange (MO) aqueous solutions in a 
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concentration range from 10 to 600 ppm, at different pH values (3.0-4.0 range, adjusted by addition 

of HCl and NaOH solutions) and with PANI-TiO2 suspension either 0.5 g/L or 2.5 g/L. Different 

types of water matrices were tested: milliQ water and aqueous solutions of several electrolytes 

(NaCl, Na2SO4, MgCl2, MgSO4, 0.01M cation concentration). The adsorbent was recovered by 

centrifugation. The amount of dye adsorbed and released in the supernatant solution was evaluated 

via UV-vis absorption at the maximum absorption wavelength (Shimadzu UV-2600). 

Release tests were conducted by suspending the saturated adsorbent (after multiple adsorption tests 

on MO solutions in water) in NaOH solution (pH 9, 0.5 g adsorbent/L) at 25 °C under magnetic 

stirring. The regenerated material was readopted for further consecutive adsorption tests in acidic 

conditions. 

Selectivity tests were performed on a mixture of 10 ppm MO and 10 ppm methylene blue (MB), 

using 2.5 g/L of adsorbent and a contact time of 10 min. Eight consecutive adsorption tests were 

performed without adjusting the pH nor adding new adsorbent, and then the dye release was 

conducted in an alkaline solution (pH 9 by NaOH, 1.0 g/L adsorbent dose, 25 °C, 10 min). 

 

2.2 Photocatalytic tests 

Photocatalytic tests were performed towards the degradation of MO, either in ad hoc prepared 

solutions and in solutions from released tests (as described in Section 2.1), with a concentration 

ranging from 10 to 50 ppm. Tests were carried out in different pH conditions and water matrices 

(ultrapure water and simulated tap water prepared according to a standard protocol[48]). 

Photocatalytic tests were performed in a jacketed reactor at 25 °C under magnetic stirring, in 

aerated conditions by O2 bubbling and under UV irradiation. Commercial ZnO from Sigma Aldrich 

was adopted as photocatalyst: the physicochemical characteristics of the oxide are reported in 

Tab.S2. The oxide was preirradiated for 1h before the photocatalytic test, then 0.5 g/L of 

photocatalyst was suspended in the MO solution for 30 min in the dark to achieve adsorption-

desorption equilibrium. UV irradiation was performed by a halogen lamp (Jelosil HG500 lamp, 

320-400 nm, effective power density 30 mW/cm
2
). Photolysis was also determined by separate 

tests. The dye disappearance was monitored by UV-vis spectroscopy measuring the intensity at the 

maximum absorption wavelength.  

 

3. Results and Discussion 

3.1 Optimization of the adsorption step 

A PANI-TiO2 composite was adopted as adsorbent for dye removal tests: the main physicochemical 

properties of this material are reported in Tab.S1. The hybrid photocatalytic synthetic procedure, 
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initiated by TiO2, gives rise to a composite characterized by a relatively large surface area (almost 

50 m
2
/g, Fig.1b), high porosity in the mesoporous range (Fig.1c), and by a rod-like morphology of 

the PANI matrix, as highlighted by SEM images (Fig.1a). Elongated morphologies have been 

previously reported to be beneficial for pollutant adsorption by PANI materials[49].  

 

 

Fig.1. Morphology of PANI-TiO2 adsorbent: a) SEM images, b) N2 adsorption–desorption isotherm 

of N2 in subcritical conditions and c) pore size distribution. 

 

Firstly, PANI-based composites were tested towards the removal of an anionic dye, methyl orange 

(MO). The effect of initial MO concentrations on adsorption was studied by adsorption isotherms. It 

is indeed well known that the initial concentration represents a driving force to overcome mass 

transfer resistance between the adsorbent and the solution. Fig.S1 reports the adsorption isotherm of 

MO onto PANI-TiO2 composite with 0.5 g/L adsorbent dose in a dye concentration range 10-200 

ppm. Experimental data were fitted according to the Langmuir, Freundlich and Temkin isotherm 
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models (Section S2). By considering linear regressions (Fig.S1, inset), experimental data are best 

described by a Langmuir model. 

The adsorption kinetics was also investigated. Fig.S2a reports an adsorption kinetic test performed 

with 0.5 g/L adsorbent in 100 ppm dye solution. MO uptake increased with the sorption time until 

equilibrium was reached between the solid adsorbent and solution. Data were fitted using Pseudo 

First Order (PSO), Pseudo Second Order (PSO), Intra-Particle Diffusion (IPD) and Elovich kinetic 

models (Section S3)[50]. On the grounds of correlation coefficients (Tab.S4), the model that best fit 

the experimental data was a pseudo-first-order kinetics (R
2
=0.99526), with qe=154 mg/g. The 

linearized IPD plot reported in Fig.S3 clearly shows two distinct linear regions, which on the 

grounds of the IPD model can be related to film diffusion and to the intra-particle diffusion stage, 

respectively. 

In order to tailor the required contact time to achieve satisfactory dye removal, the adsorbent dose 

can be modulated to increase the easily accessible surface sites[23]. By increasing the adsorbent 

dose to 2.5 g/L, a very fast adsorption kinetics can be obtained even using highly concentrated dye 

solutions (600 ppm). As shown by Fig.S2b, 88% of the dye in solution was removed in just 1 min 

and equilibrium conditions (93%) were reached in less than 10 min. 

The role of the solution pH was also investigated: this parameter is indeed well known to affect the 

sorption process by influencing both the ionization degree of the adsorbate and the adsorbent 

surface charge. Fig.2a reports the dye removal as a function of solution pH: higher dye uptakes are 

observed at pH values lower than 3.5, whereas dye removal drops at higher pH values. Further 

increases in pH lead to even lower adsorption (vide infra). These observations can be traced back to 

the pKa of methyl orange (3.47) and the acid-base forms of polyaniline (Figs.S4-S5). Fig.3a shows 

a schematic representation of the interactions between PANI chains and MO molecules in different 

pH ranges. At pH values lower than the pKa of MO (green arrow in Fig.3a), both π-π stacking 

between aromatic rings (red dotted line), electrostatic interactions between the -SO3
-
 and -NH

+
= 

groups (green dotted line) and H-bonds between -NH- groups (blue dotted line) can occur. By 

increasing the pH between MO pKa and the adsorbent isoelectric point (yellow arrow in Fig.3a), H-

bonds between PANI and MO are lost, while electrostatic and π-π interactions are still present. A 

further increase in pH leads to the deprotonation of PANI: in this scenario, where both MO and 

PANI are in their alkaline forms (red arrow in Fig.3a), only π- π interactions can occur between the 

polymer chains and the dye molecule. It must be noted that, at pH values higher than PANI-TiO2 

isoelectric point (i.e., pH>4.8), the composite material is negatively charged, thus electrostatic 

repulsion occurs between the adsorbent and MO molecules (vide infra). 
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Fig.2. a) Role of pH on dye adsorption (0.5 g/L of adsorbent, 100 ppm MO solutions, 30 min); the 

pKa of methyl orange is highlighted as a red vertical line. b) Schematic representation of the 

PANI-methyl orange interactions occurring in different pH ranges. 

 

Besides the solution pH, the electrolyte content of the adsorbate solution can affect the adsorption 

properties via interfering with adsorbate-adsorbent electrostatic interactions[52]. This aspect is 

crucial for applying the PANI-TiO2 adsorbent in complex water matrices. Therefore, the dye 

adsorption capacity of PANI-TiO2 composite was tested in the presence of different electrolytes at 

constant concentration. Fig.2a,b shows the dependence of MO adsorption on the water matrix 

composition and the solution ionic strength. A slight decrease in MO removal was observed upon 

electrolyte addition, particularly in the case of monovalent ions (Fig.2a). Elecrolytes can indeed 

compete with the anionic dye for adsorption at the active sites by electrostatic interactions. No clear 

trends can be observed at increasing the solution ionic strength (Fig.2b). Nonetheless, in all the 

tested water matrices, the dye removal was always higher than 85%, thus proving the robustness of 

the PANI-TiO2 adsorption capacity also in the presence of different electrolytes.  

The pH sensitivity of adsorption equilibria of our adsorbent can be exploited to achieve pH-

triggered desorption. Methyl orange release tests were optimized by varying the solution pH (pH 9-
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concentration (0.5 g/L and 2.5 g/L). It should be noted that literature studies propose far more 

severe regeneration conditions in terms of acid/base concentrations[23,51] or the addition of 

organic solvents[52–57]. Results showed that, even in mild conditions and for short release time 

(0.5 mg/mL adsorbent, 30 min, 25°C, pH 9), the material released up to 60% of the adsorbed dye, 

which proved sufficient to restore the activity of the regenerated adsorbent to values fully 

comparable to the pristine adsorbent ((96±3)% and (92±3%), respectively). This release capacity 

can thus be exploited in order to regenerate the spent adsorbent after consecutive adsorption cycles. 

It should be noted that the presently adopted mild regeneration conditions make it easier to perform 

subsequent treatments on the released dye solution.  

A key feature for the applicability of the present adsorption system to multi-pollutant wastewaters is 

its selectivity. The acid-base sensitivity of the adsorption process opens the door to the pH-driven 

selectivity towards anionic/cationic dyes. Here, adsorption tests were carried out on a mixture 

solution of cationic (MB) and anionic (MO) dyes. Fig.3c,d shows UV-visible spectra and pictures 

of the starting solution (green line) and of the same solution after adsorption (blue line). It is 

noteworthy that the peak of MO at 514 nm nearly disappears after adsorption, while the main peak 

of MB at 670 nm is almost unvaried. Fig.3e reports consecutive adsorption tests in the MB and MO 

mixed solution. A high degree of selectivity is observed towards the anionic dye due to the strong 

interactions (electrostatic, H-bond and π- π stacking) between MO and the PANI chains, while the 

cationic dye is repelled by same charge electrostatic interactions. The same procedure was repeated 

for 8 consecutive tests without adjusting the solution pH (Fig.3f) and without making up for any 

adsorbent loss. The average selectivity over the first 5 cycles was 93% and remained >68% in all 

consecutive runs (Fig.3f). A minor decrease in selectivity (both in terms of increased MB removal 

and decreased MO adsorption) could be observed only when the solution pH approached a value of 

4.0. This result is expected based on the previously discussed role of solution pH on PANI 

adsorption features and could be further exploited to reverse the selectivity towards cationic dyes. 

Indeed, MB adsorption could be achieved by adopting an alkaline pH (84% MB removal using pH 

9.0, 50 ppm MB, 10 min, 2.5 g/L adsorbent). 

At the end of the selective adsorption tests for the removal of MO, the retrieved adsorbent was 

suspended in an alkaline solution (pH 9.0). Fig.3c,d show the UV-vis spectrum and photo of the 

release solution (orange line): while the peak of MO at 514 nm is clearly appreciable, no absorption 

peak ascribable to MB can be observed. The selectivity in the adsorption process coupled with the 

ability of the material to release the adsorbed molecule in mild condition, led to a selective MO 

recovery that could enable its recycling in a circular economy perspective. 
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Fig.3. Dye adsorption percentage in function of a) type of water matrix, b) solution ionic strength; 

Conditions: 2.5 g/L of adsorbent; 50 ppm MO solutions in the presence of different 

electrolytes (0.01 M cation concentration), 30 min, pH 3.0). c) UV-vis spectra and d) photos 

of a mixture solution of 10 ppm MO and 10 ppm MB dyes as prepared, after selective 

adsorption and of the solution released by the adsorbent; e) Dye removal in consecutive 

selective adsorption tests and f) relative selectivity (green squares) and solution pH (red 

crosses).  

 

3.2 Photocatalytic degradation of the released dye 

Before discharge, leftover solutions need further treatment. In this respect, a separate photocatalytic 

test can be adopted to completely degrade recalcitrant dyes. Here we propose, as an example, the 
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photocatalytic treatment of the regeneration solution to show the simple implementation of the AOP 

step after the adsorption cycle in mild conditions.  

In these regards, it must be considered that PANI-TiO2 did not show any significant photoactivity 

under UV irradiation in water media. Therefore, in the present study, a commercial ZnO powder 

was adopted as photocatalyst. Zinc oxide is a large-band gap oxide semiconductor[58,59], which is 

attracted increasing interest from the scientific community[59,60]. This photocatalyst was here 

selected on the grounds of previous works[61–63] showing a higher photoactivity of ZnO in 

complex water matrices with respect to a benchmark TiO2 samples. This observation was here 

confirmed by tests performed with MO solutions in different water matrices (ultrapure water and 

simulated tap water): as reported by Fig.S6, the presence of multiple electrolytes does not hinder 

ZnO photodegradation activity.   

The role of the solution pH and starting dye concentration was also investigated. Fig.S7 reports 

photocatalytic degradation tests of MO by ZnO at neutral pH, as a function of the initial dye 

concentration. In all cases, dark adsorption is negligible (<10%). As expected, increasing the dye 

amount leads to longer degradation times. While 10 ppm solutions are completely degraded in ca. 

60 min, 50 ppm solutions require more than 3 hours to remove the day completely. For the sake of 

comparison, adsorption tests could achieve the abatement of 50 ppm solutions in less than 10 min. 

In this respect, this selective and reversible adsorption system could also be proposed to quickly 

remove a pollutant of main concern from the effluent, while photocatalysis could be used to treat 

the solution obtained by the adsorbent regeneration containing only the target contaminant. 

Fig.4a reports the effect of the solution pH on MO degradation: increasing the pH value to 9 has a 

marked detrimental effect on MO disappearance with respect to tests performed at neutral pH. This 

observation is in agreement with literature results[64], showing better performance of MO 

degradation by ZnO photocatalysts at neutral conditions with respect to acidic or alkaline 

environments. This dictates the importance of restoring a pH value close to neutrality after dye 

release before photocatalytic degradation. 

Photocatalytic tests were also performed on the dye solution obtained upon release from nine 

adsorption tests of MO at 50 ppm. The final pH was neutralized using HCl addition and the 

concentration was adjusted to 15 ppm. Fig.4b reports the results in terms of dye degradation. For 

the sake of comparison, Fig.4b also shows the MO removal curves by photocatalysis and photolysis 

of ad hoc prepared MO solutions in ultrapure water with the same initial dye concentration (15 

ppm) and solution pH.  
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Fig.4. a) Photocatalytic tests performed with 10 ppm MO solutions at different pH values; b) 

Photocatalytic and photolytic tests of 15 ppm MO solutions at pH 7.5 compared to 

photocatalytic degradation of the MO released solution at the same starting MO 

concentration and pH. Data are fitted with pseudo-first order kinetic model. 

 

Photolysis of MO in the adopted irradiation conditions is very low (<20% in 3 hours). Both tests in 

the presence of ZnO photocatalyst showed complete degradation of the dye molecule within 120 

min. The test performed on the ad hoc prepared solution showed the fastest disappearance (k = 

(4.53±0.06)×10
-2

 min
-1

) with respect to the photocatalytic abatement of the released solution (k = 

(3.31±0.04)×10
-2

 min
-1

). This difference could be attributed to the presence of electrolytes or of 

traces of organic residues in the solution from the adsorbent regeneration. However, both tests 

resulted in >80% dye removal in 60 min, confirming the applicability of the photocatalytic 

approach for the treatment of the solution from the adsorbent regeneration. 
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photocatalytically treated, achieving a complete molecule disappearance with a photocatalytic 

performance only mildly affected compared to the treatment of the same dye concentration in 

ultrapure water. 

In conclusion, the ease of regeneration of the PANI-based adsorbent reduces waste production by 

prolonging the useful life of the solid adsorbent. Moreover, the separation of multi-dye mixtures 

enables the selective recovery and potential reuse of raw materials. Finally, the simplified effluent 

composition allows performing a second photocatalytic step in a more efficient way to fully 

degrade the recalcitrant dye before discharge. Future studies will extend this approach to other dye 

molecules, as well as to other classes of charged pollutants, and to immobilized adsorbents and 

photocatalysts for easier recovery.   
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