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Abstract 18 

In this research, a simple oxidation chemical process was applied for the synthesis of 19 

novel PANI@ZnO nanocomposite. The prepared nanocomposites were characterized by XPS, 20 

XRD, FTIR, SEM, TGA and N2 adsorption-desorption isotherms. Thereby, PANI@ZnO 21 

highest SBET values (about 40.84 m2.g−1), total mesoporous volume (about 3.214 cm3.g−1) and 22 

average pore size (about 46.12 nm). Afterwards, the prepared nanomaterial was applied as 23 

novel nanoadsorbent for the adsorption of Congo Red (CR) and Methylene Blue (MB) dyes 24 

from aqueous solutions at 298 K and pH 5.0. Besides, the pseudo-second-order model was 25 

obtained the best for the adsorption of both dyes. In the case of isotherm models, the Freundlich 26 

model showed the best fit. After removal, the spent adsorbent was regenerated. With the 27 

regeneration repeated five cycles, the PANI@ZnO regeneration efficiency remained at a very 28 

adequate level. 29 

 30 
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1. Introduction 40 

Dye effluents are one of the most dangerous chemical product classes found in 41 

industrial textile waste to the environment. These dyes can cause dermatitis, allergy and too 42 

provoke cancer [1-3]. Therefore, its elimination from different aqueous wastes is required and 43 

necessary to protect environment and human health. Generally, membrane filtration process, 44 

precipitation, coagulation, biological treatment, precipitation, adsorption, ion exchange, 45 

electrochemical process, photocatalytic degradation and ozonation are adequate candidates for 46 

such purpose [4-11]. In addition, adsorption treatment is the most effective method because 47 

providing the simplicity in employment, flexibility and low cost [12]. 48 

Similarly to conducting polymer, polyaniline (PANI) is a popular. This conductive 49 

product also has other appealing features such as good environmental stability, simple 50 

synthesis, ability to dope with protonic acids, and the being of amine groups in its structure and 51 

higher electrical conductivity [13-15]. The polyaniline has been prepared via chemical 52 

oxidative polymerization and electropolymerization process [16-19]. Generally, the usage of 53 

PANI is presently limited, due to its poor mechanical property. The PANI nanocomposites with 54 

different inorganic materials greatly ameliorate their physical and structural properties for 55 

pertinent applications [20-22]. Among the inorganic nanomaterials, ZnO nanoparticles have 56 

received vast interest in exclusive electrical, photocatalytic, adsorption, electronic and optical 57 

properties due to their wide bandgap (3.31 eV) as well as their low cost [23, 24]. Several 58 

synthesis methods have been widely used for the synthesis of the hybrid materials of PANI 59 

with ZnO [17]. Additionally, PANI@inorganic hybrid is already an established adsorbent of 60 

organic pollutants in aqueous solution, such as Orange G, Methyl orange, Methylene blue, 61 

Malachite green, Congo red, Amido black 10B [25-29], etc. 62 
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This investigation aims to demonstrate the synthesis and application of PANI@ZnO by 63 

in-situ chemical oxidative process. The adsorbent product was characterized by different 64 

techniques XPS, XRD, FT-IR, SEM, TGA and BET. The removal of Congo red (CR) and 65 

Methylene blue (MB) using PANI@ZnO adsorbent was studied. The process of adsorption was 66 

established through the kinetics, isotherm and regeneration results. 67 

2. Experimental 68 

2.1. Materials 69 

Congo red (CR) and Methylene blue (MB), Aniline (ANI), Ammonium persulfate 70 

(APS), Zinc oxide ZnO (> 99%), Hydrochloric acid 37% and Ethanol 96% made by Merck 71 

Company. Deionized H2O was used for all experiments. 72 

2.2. Measurements 73 

FTIR Spectrometer (Bruker-Inc., Model-Alpha spectrophotometer) was applied to 74 

determine the functional groups. XRD (Bruker-CCD Apex instrument) was applied to 75 

determine the structural properties of samples. Calculation of the specific surface area was 76 

performed by N2 adsorption & desorption analysis (Autosorb-6-Quantachrome equipment). 77 

UV-Spectrophotometer (Hitachi U-3000 Spectrophotometer) was applied to measure the MO 78 

concentration. (SEM) images of the products were taken using (FEI Quanta 400 FEG). 79 

Thermogravimetry Analyze (TGA) (Hitachi STA7200 Instrument) was used to determine the 80 

thermal and/or oxidative stabilities of materials as well as their. X-ray photoelectron 81 

spectroscopy analysis (XPS) was controlled by (VG Microtech Multilab 3000-electron) 82 

spectrometer. [20, 30]. 83 

2.2.1. Porous texture characterization 84 
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The microscopic pore structure property of adsorbent was characterized by physical 85 

adsorption of gases (nitrogen at 77K & Carbon dioxide at 273K) using Micromeritics ASAP-86 

2020M system. Correspondingly, N2 adsorption is mainly to gain the information on total 87 

micropores volume (VDR) applying the Dubinin–Radushkevich (DR) formula and to determine 88 

the specific surface area according to the BET law (SBET) [25, 31]. 89 

2.3. Synthesis of adsorbent material 90 

Adsorbent material was synthetized by insitu polymerization of ANI 220 mol in HCl 91 

dispersions of ZnO nanoparticles. 1.0 g of ZnO was added to a 0.5M HCl and sonicated using 92 

probe ultrasound for 30 min. Thereafter, the ANI was added, and the solution was sonicated 93 

also 30 min to prepare stable suspension. Finally, APS dissolved in 0.5M of HCl was added 94 

dropwise to solution of ANI with ZnO under constant stirring (the molar ratio of ANI to APS 95 

was 1:1). The preparation was carried out at 298 K for 24h. The final produced were filtered, 96 

washed with deionized H2O and then dried in oven at 333 K for 24h [20, 30-32]. The PANI 97 

was synthetized in similar way mentioned above but in absence of ZnO. 98 

2.4. Adsorption tests 99 

The 1000ppm stock dyes (CR or MB) solution was synthesized through dissolving 1.0 g 100 

of CR powder in 1 L of deionized H2O. Then, through dilution, the solution was synthesized 101 

with the required initial concentrations of dyes from 5 to 200 ppm. 102 

2.4.1. Batch adsorption experiments 103 

Kinetics of batch adsorption experiments were considered to investigate the time to 104 

reach equilibrium and carried out at dyes (CR or MB) solution concentrations of 5ppm, 10ppm, 105 

50ppm, 100ppm, 150ppm and 200ppm with 10 mg of the PANI@ZnO adsorbent in the ambient 106 

temperature. The CR and MB solution concentration was identifying by UV–Vis 107 
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spectrophotometer in wavelength of maximum absorbance of 497 nm and 664 nm, respectively. 108 

A calibration curve of concentration-vs-absorbance was determined by Beer–Lambert’s 109 

equation. The quantity of dyes adsorbed at equilibrium, Qeq (mg.g–1), was established applied 110 

formula below: 111 𝑄𝑒𝑞 = (𝐶0−𝐶𝑒𝑞)𝑉𝑚       112 

Here, m (g) is the amount of adsorbent; C0 and Ceq (mg.L–1) are the initial and equilibrium 113 

concentrations of dye, respectively; V (mL) is dye volume; Qeq (mg.g-1) is the quantity of dye 114 

adsorbed by adsorbent at time t. 115 

The needful properties of the Langmuir model can be proved in terms of a 116 

dimensionless separation factor (RL) are obtained by the following: 117 

𝑅𝐿 = 11 + 𝐾𝐿𝐶0 118 

Here, C0: the dye concentration at equilibrium (mg.L−1) and KL: the Langmuir constant 119 

(L.mg−1). RL shows the state of isotherm to be either unfavorable for RL > 1, favorable (0 < RL < 120 

1), linear for RL = 1 or irreversible for RL = 0 [33]. 121 

In conformity with the Freundlich isotherm, the adsorbed molecules cannot be greater 122 

than of active sites number, and the layer formed on nanoadsorbent surface authorized 123 

development of following layers [34]. The isotherm is determined by the next law: 124 

𝑙𝑜𝑔𝑄𝑒𝑞 = 𝑙𝑜𝑔𝐾𝐹 + 1𝑛 𝑙𝑜𝑔𝐶𝑒𝑞 125 
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Here, KF : Freundlich-constant (L.mg−1) ; 1 𝑛⁄ : intensity of adsorption constant ; Qeq : 126 

adsorption capacity of dye adsorbed at equilibrium (mg.g−1) and Ceq : equilibrium concentration 127 

of dye (mg.L−1). 128 

Adsorption kinetic isotherms were used to describe adsorptive molecules transfer 129 

behavior and investigate factors affecting reaction rate. In the current work, pseudo first order 130 

(PFO) and pseudo second order (PSO) kinetics models were applied to research the batch 131 

adsorption performance. 132 

PFO: 133 

log(𝑄𝑒𝑞 − 𝑄𝑡 = 𝑙𝑜𝑔𝑄𝑒𝑞 − 𝑘𝑙2.303 134 

PSO: 135 1𝑄𝑡 = 1𝑘2𝑄𝑒𝑞2 + 1𝑄𝑒𝑞 𝑡 136 

 137 

Here, Qeq is quantity of dye adsorbed (mg.g−1) ; Qt is dye quantity on adsorbent surface at every 138 

time t (mg.g−1) and k is equilibrium speed-constant of the PFO. 139 

2.4.2. Adsorbent regeneration test 140 

From the operational perspective and environmental goals, adsorbent regeneration and 141 

reuse constitute one of the important and innovative aspects of economic feasibility. To 142 

investigate PANI@ZnO adsorbent regeneration performance, 0.1 g of the prepared adsorbent 143 

was poured in 25 ml of dye (CR or MB) solution with a concentration of 150ppm at 298 K 144 

under stirring for 2 h. The residue dye solution concentration was determined by UV-Vis 145 

spectrophotometer and dye adsorption capacity by PANI@ZnO was investigated. 146 
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After that, the adsorbent was removed from the solution and placed in 40 ml of nitric 147 

acid 0.05 molar as elution solvent on a stirrer for 10 minutes. Afterwards, the PANI@ZnO 148 

adsorbent was washed with deionization H2O and placed in dye solution with the same 149 

condition and these stages were repeated for 5 cycles. 150 

3. Results and Discussion 151 

3.1. Adsorbent characterization 152 

To further characterize micromorphology and molecular structure of the products, XPS, 153 

XRD, FITR, TGA, SEM and BET measurements were carried out.  Fig. 1-a show the XPS 154 

wide survey-spectra of the ZnO sample give the characteristic peaks of Zn3d, Zn3p, Zn3s, C1s, 155 

O1s, Zn2p3 and Zn2p1 with the corresponding binding energies of 21.41 eV, 72.94 eV, 141.57 156 

eV, 285.57 eV, 532.22 eV, 1021.35 eV and 1044.83 eV, respectively [35]. As demonstrated in 157 

Table 1, the high resolution XPS spectrum of Zn2p3 presented shows three evident signals 158 

located at 1021.69 eV, 1022.45 eV and 1023.62 eV are arising from the Zn metal, Zn–O and 159 

Zn(OH)2, respectively. Moreover, the XPS spectrum of PANI shows the C1s, N1s and O1s. On 160 

the one hand, analysis of the high-resolution N1s spectra using a peak of deconvolution (Table 161 

1), revealed two functional groups around 399.70 eV (=N–) and 400.74 eV (–NH–). 162 

Furthermore, the C1s spectrum contained three contributions at 284.60 eV (C–H, C–C or C=C), 163 

285.92 eV (C–O/C–N) and 287.22 eV (N–C=N). These assignments of the mentioned 164 

functional groups are in agreement with the literature [21]. Likewise, the XPS spectra confirm 165 

that Zn and N elements exists mainly in the form PANI@ZnO surfaces, this indicating to 166 

successful formation of hybrid materials 167 
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Fig. 1-b. display the FT-IR spectrum of synthesized PANI, it can be seen a series of 168 

characteristic peaks including C=C stretching vibration of benzenoid units at 1500 cm−1 and 169 

1589 cm–1 of PANI are presented [20, 21], which makes clear that the PANI is in semi-170 

oxidation state. The band at 1239 cm−1 is attributed to C–N stretching vibration of secondary 171 

aromatic amino structures [36]. The main characteristic band at 750 cm−1 is belonging to the 172 

aromatic N–H stretching vibration of secondary aromatic amine bending vibration. Moreover, 173 

the main band at 1111 cm−1 is attributed to the out-of-plane bending vibration of C–H within 174 

the stretching vibration of C–N of the secondary aromatic amine structures bending vibration. 175 

Besides, the ZnO nanoparticles display one maximum at 537 cm−1 [37, 38]. Additional 176 

absorption bands were attributed to organic impurities originating from reaction intermediates, 177 

whilst one at 3438 cm−1 was ascribed to the OH-group on ZnO surface. Moreover, the FTIR 178 

spectra of PANI@ZnO are which fully match PANI spectra. Therefore, the bands at 1602 and 179 

1500 cm−1 are ascribed to vibrations of quinoid & benzene rings, respectively. The other 180 

characteristic bands at 1302, 1104, 792 and 697 cm−1 can be attributed with the C–N stretching 181 

of the secondary aromatic amine, aromatic C–H in-plane and out-of-plane bending, 182 

respectively. Furthermore, the band of ZnO at 537 cm−1 are shifted to 569 cm−1, indicating the 183 

formation of PANI@ZnO hybrid. Generally, this results show a clear shifting of wavenumbers 184 

indicating the interaction between PANI and the surface of the ZnO 185 

The XRD patterns of the PANI, ZnO and PANI@ZnO samples, respectively (Fig. 1-c). 186 

The ZnO shows peaks at 2θ = 31.78º, 34.38º, 36.24º, 47.53º, 56.63º, 62.87º and 67.91º belong 187 

to (100), (002), (101), (102), (110), (103) and (112) crystal planes according to JCPSD card no. 188 

01-007-2551. Moreover, the PANI, being semi crystalline in nature, showed two sharp bands 189 

centered at 2θ = 7.43º and 24.17º corresponding to (002) and (200) crystal planes, with and a 190 
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broad band indicating that the majority of PANI chains were oriented in these crystal planes. 191 

Also, broad a peak are observed between 2θ = 13.18º to 18.28º indexed to (011) and (020). On 192 

the other hand, PANI@ZnO shows two peaks at 2θ = 31.81º and 36.24º corresponding to the 193 

reflections due to the ZnO (100) and (101) planes. The peak at 2θ = 7.78º of hybrid material 194 

also coincided with the (002) peak of pure PANI, but in contrast to PANI, the XRD peak of 195 

PANI@ZnO converted to a broad amorphous peak that is observed between 2θ = 15.54º to 196 

30.53º. By comparing the XRD patterns of the hybrid adsorbent and ZnO, it is assured that ZnO 197 

nanoparticles has retained its structure even though it is dispersed in polymer matrix during 198 

synthesis reaction. 199 

The TGA curve of PANI, ZnO and PANI@ZnO were showed in Fig. 1-d. PANI 200 

displayed the initial weight loss (10.21%) below 266 ºC, which was attributed to the loss of 201 

H2O and solvents molecules. The second weight loss (42.51%) in the range from 266 ºC to 447 202 

ºC was due to the removal of structural organic ligands from their frameworks. At 900 ºC, the 203 

total weight loss of PANI was 66.21%, while PANI@ZnO was 50.51%. The reason is that the 204 

presence of PANI on the surface of ZnO promoted the growth of the crystal. It was concluded 205 

that PANI@ZnO had better thermal stability than polymer, mainly due to the introduction of 206 

ZnO in PANI matrix. 207 

The SEM images of samples are shown in Fig. 2. The ZnO nanoparticles were grain and 208 

it has the shape of faceted crystals [39]. This material is characterized by adequate porosity. 209 

While, PANI shows a classically cauliflower-like morphology [40]. Whereas that, the SEM 210 

images clearly exhibit the dual structure of PANI@ZnO hybrid that is comprised of spherical 211 

particles are surrounded by polymer matrix and hence it appears as agglomerated 212 

macromolecules [41]. 213 
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The textural properties of PANI and PANI@ZnO were calculated by BET Nitrogen 214 

adsorption-desorption isotherms determined and the obtained values is described in Table 2 and 215 

Fig. 3-a. It is found that the measurement SBET of PANI@ZnO was increased in some extent 216 

due to existence of ZnO nanoparticles, indicating large ratio of macropores in hybrid adsorbent. 217 

The textural characteristic of PANI@ZnO is more favorable to the adsorption of dyes [42]. 218 

3.2. Adsorption of MO 219 

3.2.1. Influence of pH 220 

The effect the pH solution has on the dyes (CR or MB) removal was investigated by 221 

modifying the reaction solution pH from 4 to 11 and conserving all other parameters constant 222 

by PANI@ZnO adsorbent. Herein, lower pHs were not tested due to the instability of CR 223 

below pH 5 [43]. Fig. 3-b shows the effect pH has on removal efficiency. It is clear that 224 

PANI@ZnO performed better in the adsorption of CR from aqueous solution at various values 225 

of pH compared with MB dye. As observed, the adsorbent hybrid has a high potential for both 226 

dyes removal on the pH between 5 and 6. Furthermore, as Emeraldine-Salt (ES) and 227 

Emeraldine-Base (EB) formulas of the PANI in adsorbent hybrid occur at lower acidic and 228 

higher basic pH values respectively, the ES form get passed to EB about pH 7 [44]. 229 

Accordingly, the decrease in the dyes removal efficiency is may be related to this phenomenon 230 

that the surface of the PANI@ZnO adsorbent becomes less positive when pH increased from 5 231 

to 11. The negative charge on the surface of adsorbents promotes repelling of negatively 232 

charged dyes. Therefore, pH 5 was selected for further experiments. 233 

3.2.2. Effect of adsorption time on adsorption efficiency 234 
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Fig. 3-c. exhibits a comparison of the CR and MB dyes adsorption capacity by 235 

PANI@ZnO adsorbent and removal efficiency with time. The results displayed that the 236 

%removal of CR increased with increasing time from 10 to 40 min where reached 19.23 % at 237 

40 min. Thereafter, the %removal of CR increased to 81.37 % when the time changed from 40 238 

to 60 min. Also, the influence of time on the adsorption capacity of PANI@ZnO adsorbent 239 

toward MB was performed in the time range of 10-120 min. The results also showed that the 240 

adsorption capacity toward MB increased with increasing time from 10 to 60 min where 241 

reached 59.23 mg.g−1 (76.48 %) at 60 min. Hence, longer times had no significant effect on the 242 

results which revealed a relatively fast adsorption process. Based on the obtained results, a time 243 

of 60 min was selected as the equilibrium time for further experiments. 244 

To prepare information about factors affecting reaction rate, it is necessary to determine 245 

mechanisms that control the adsorption process such as surface adsorption, chemical reaction, 246 

and kinetics assessment infiltration mechanisms. PFO and PSO models have widely used for 247 

investigation of the adsorption process. In Table 3, the parameters related to studied kinetic 248 

models are presented. Accordingly, the PSO kinetic model provided the best results regarding 249 

R2 value which proposes a physiochemical adsorption process and an intraparticle diffusion 250 

mechanism for both dyes. The obtained R2 values for PSO model were 0.977 and 0.991 for CR 251 

and MB dyes, respectively. Also, the calculated value of Qeq.Cal obtained from the PSO model 252 

is close to the experimental value of Qeq.Exp. Hence, the kinetics of adsorption is best defined by 253 

the PSO kinetic model for both dyes used in this study. 254 

3.3. Adsorption isotherms of dyes 255 
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Fig. 3-d. displays the adsorption isotherms of both dyes (CR or MB) by PANI@ZnO 256 

nanoadsorbent calculated at 298 K. The matching result of sorption isotherms using Langmuir 257 

and Freundlich models are summarized in Table 4. The data show that the removal process of 258 

dyes was fitted well with the Langmuir isotherm. Likewise, this isotherm model indicates 259 

heterogeneous and multilayer adsorption sites. Further, the removal capacity toward CR and 260 

MB by PANI@ZnO are 69.82 mg.g−1 and 56.23 mg.g−1, respectively. To compare the present 261 

method with other reported studies for the adsorption of CR or MB, adsorption capacity of the 262 

methods is summarized in Table 5. Thus, the present study provided better adsorption capacity 263 

in comparison with other reported methods using adsorbent. One possible reason for the better 264 

performance of the prepared adsorbents is the adsorption mechanism, which occurs in both 265 

anion exchange and surface adsorption by H-bonding with π-π liaison. 266 

3.4. Reuse of adsorbent 267 

Regeneration and reusability of an adsorbent material is an important factor to assess 268 

the feasibility for workable applications. Therefore, this adsorbent product was used for several 269 

adsorption-regeneration cycles with removal over 60 min. In this study, washing of employed 270 

adsorbent with C2H5OH and distilled H2O was used to regenerate the adsorbent PANI@ZnO. 271 

As shown in Fig. 4. the adsorbent present suitable capabilities for recovery and reuse. Besides, 272 

the adsorbent recovery at some steps showed a stable adsorbent capacity in dye removal which 273 

this result can illustrate that C2H5OH is an exceptional detergent for adsorbent recovery. On the 274 

other hand, the continuous decrease in quantity adsorbed and reusability efficiency could 275 

suggest that some dyes remained on adsorbent material next each reusability or that the 276 

adsorbent structure was changing. 277 
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4. Conclusions 278 

In this research, PANI@ZnO nanocomposite was facilely prepared by in-situ oxidative 279 

polymerization. After the characterization of the synthesized nanocomposite by XPS, XRD, 280 

FTIR, TGA, SEM and BET analyses, this hybrid material were applied as novel adsorbent for 281 

removal of CR and MB dyes from aqueous solution. The effect of important experimental 282 

parameters including solution pH, contact time, dyes concentration, kinetics, and isothermal 283 

analysis was investigated. The novel prepared nanoadsorbent showed significant adsorption 284 

performance toward both dyes. Moreover, the kinetic analysis detected that PSO rate formula 285 

executed better than PFO rate law, this promoting the formation of physiochemical adsorption 286 

process and an intraparticle diffusion mechanism. For isothermal studies, the Freundlich model 287 

showed the best fit based on R2 values. Finally, maximum adsorption capacities of 69.82 288 

mg.g−1 and 59.23 mg.g−1 were obtained for CR and MB dyes, respectively, by PANI@ZnO 289 

adsorption. Additionally, the obtained nanoadsorbent exhibited an adequate cyclability to a 290 

range between 77.14% and 40.34% after 5 cycles. 291 
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Captions 483 

Fig. 1. (a) : Survey XPS spectra ; (b) : FTIR adsorption spectra ; (c) : XRD patterns and (d) : 484 

Thermogravimetric analysis obtained in N2 atmosphere at 10°C.min-1 of ZnO, PANI and 485 

PANI@ZnO. 486 

Fig. 2. SEM images of materials synthetized: (a) ZnO ; (b) PANI and (c) PANI@ZnO. 487 

Fig. 3. (a) : N2 adsorption & desorption isotherm of adsorbents materials fabricated ; (b) : 488 

Effect of pHs on the adsorption capacity of dyes by PANI@ZnO materials (adsorbent dose: 10 489 

mg; dye (CR or MB): 25 mL; T: 298 K) ; (c): Contact Time (C0: 150 mg.L-1; pH: 5.0; T: 298K; 490 

adsorbents dose: 10 mg) ; (d): Adsorption isotherms of dyes by nanomaterial (adsorbent dose: 491 

10 mg; dye (CR or MB): 25 mL; T: 298 K; pH: 5.0). 492 

Fig. 4. Adsorbent capacity changes and initial dyes (CR and MB) in consecutive cycles 493 

(adsorbent dose: 10 mg; dye (CR or MB): 25 mL; T: 298 K; pH: 5.0). 494 
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Figure 1

(a) : Survey XPS spectra ; (b) : FTIR adsorption spectra ; (c) : XRD patterns and (d) : Thermogravimetric
analysis obtained in N2 atmosphere at 10°C.min-1 of ZnO, PANI and PANI@ZnO.



Figure 2

SEM images of materials synthetized: (a) ZnO ; (b) PANI and (c) PANI@ZnO.

Figure 3



(a) : N2 adsorption & desorption isotherm of adsorbents materials fabricated ; (b) : Effect of pHs on the
adsorption capacity of dyes by PANI@ZnO materials (adsorbent dose: 10 mg; dye (CR or MB): 25 mL; T:
298 K) ; (c): Contact Time (C0: 150 mg.L-1; pH: 5.0; T: 298K; adsorbents dose: 10 mg) ; (d): Adsorption
isotherms of dyes by nanomaterial (adsorbent dose: 10 mg; dye (CR or MB): 25 mL; T: 298 K; pH: 5.0).

Figure 4

Adsorbent capacity changes and initial dyes (CR and MB) in consecutive cycles (adsorbent dose: 10 mg;
dye (CR or MB): 25 mL; T: 298 K; pH: 5.0).


