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Abstract 

Metallic nanoparticles supported on porous matrices are promising heterogeneous catalysts for 

Fenton-like reaction towards the degradation of organic contaminants in water. Herein, novel 

magnetic nanocomposites (NCs) of metallic nickel (Ni0) nanoparticles and nanotubular 

polyaniline matrix (PANI/Ni0 NCs) was fabricated by simple reductive formation of Ni0 

nanoparticles upon the pre-synthesized PANI nanotubes (NTs) surface and applied as 

heterogeneous Fenton-like catalyst in degrading cationic brilliant green dye (BG) in aqueous 

solution. Various physico-chemical characterization techniques revealed effective supporting 

of soft ferromagnetic well dispersed nano-dimensional Ni0 particles onto the PANI NTs matrix. 

Heterogeneous Fenton-like catalytic performance of PANI/Ni0 NCs for BG degradation in the 

presence of hydrogen peroxide (H2O2) oxidant demonstrated their superiority when compared 

with unsupported Ni0 nanoparticles counterpart. Experiments with a minimum 0.1 g/L of NCs 

and 10 mM of H2O2 displayed complete degradation of 100 mg/L BG within 120 min reaction 

time. Improved BG degradation was observed with increase in the dose of PANI/Ni0, H2O2 

concentration and temperature, whereas it reduced with rise in initial concentration of BG. The 

rate of degradation was well described by the pseudo-first order kinetic model. Six consecutive 

BG degradation experiments confirmed NCs reusability without loss of original (~100%) 

degradation efficiency up to the fifth cycle. Finally, liquid chromatography–mass spectrometric 

(LC–MS) analyses of the BG samples after 120 min degradation time exposed the formation 

of N,N-diethyl aniline as degradation product along with partial mineralization of the other end 

products via the attack of reactive hydroxyl radicals (HO•) produced in the catalytic system. 
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1. Introduction  

Synthetic dyes are one of the major contributors for contaminating aquatic environment 

throughout the world. Among various dyes, brilliant green (BG) is a cationic synthetic dye 

widely used in textile, paper, paints, plastics, and printing industries and has been reported to 

be mutagenic and carcinogenic for human health [1]. Moreover, due to high-water solubility 

industrial effluents containing high levels of BG hinder the photosynthesis cycle of aquatic 

plants, diminishing oxygen levels in water leading to suffocation of both flora and fauna of the 

receiving water bodies [2]. Consequently, safe and economic removal of BG dye from 

wastewater is of prime importance to eliminate its eco toxic hazard effects. A number of 

treatment techniques including, ion-exchange, adsorption, membrane filtration, flocculation, 

electro oxidation and ozone/hypochlorite oxidation are effective for decolourization of organic 

dyes. However, inherent disadvantages associated with high equipment/operation cost, 

secondary pollution occurring from the spent adsorbent or from residual chlorine have made 

these methods less attractive for the treatment of dye effluents [3,4]. Conversely, other 

advanced oxidation processes including photo degradation and Fenton/Fenton-like oxidation 

have recently been captivated tremendous research interest since these methods involve 

generation and application of hydroxyl radical (HO•) and/or sulfate radicals (SO4
•−) in 

removing/degrading noxious organic pollutants into less toxic species and ultimately to 

completely mineralized products viz. CO2, H2O and/or additional inorganic species [5]. 

However, it is worth mentioning that the homogeneous Fenton/Fenton-like process which uses 

metal ions (like Fe2+, Co2+, Mn2+ and Ag+ etc.) and H2O2/persulfates or the UV/H2O2/ 

persulfates system to generate reactive HO• or SO4
•− species for degradation has considerable 

drawbacks associated with the generation of metal ion containing sludge and the treatment of 

the produced sludge requires substantial amount of chemicals resulting in extra costs [6]. The 

innate disadvantages of the homogeneous Fenton or Fenton-like processes could be overcome 
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using heterogeneous catalyst circumventing secondary pollution and catalyst-recovery step. In 

fact, various, magnetic nanoparticles have been employed as heterogeneous Fenton-like 

catalyst for the organic pollutant removal owing to their high catalytic activity, easy phase 

separation and cost effectiveness [7-9]. However, magnetic nanoparticles (NPs) are susceptible 

to air oxidation reducing their reactivity and stability. Moreover, nanosized magnetic 

nanoparticles tend to agglomerate into bigger size particles thereby reducing their reactive 

surface area. Effective supporting/ immobilization or coating onto porous support matrix have 

been proven as potential techniques for enhancing the catalytic activity and stability of the 

magnetic nanoparticles [10-12]. Predominantly magnetic nanoparticles of metallic iron and 

iron oxides supported on various matrices including clay minerals, porous carbon, carbon 

nanotubes, carbon nanofibers and graphene oxide have been explored as heterogeneous 

Fenton-like catalyst for the degradation of organic dyes [13-15]. Although, metallic nickel 

(Ni0) nanoparticles due to their high electron donating ability, environmental benignity, unique 

magnetic properties, and cost effectiveness could efficiently be utilized in catalytic 

decomposition of organic pollutants, studies regarding the use of Ni0 based materials as Fenton-

like heterogeneous catalysts for the degradation of dyes are limited [11, 16,17]. Generally 

nanostructured carbon materials have effectively been utilized for support/immobilization of 

the Ni based magnetic nanoparticles and have been investigated as Fenton-like catalyst towards 

dye degradation [11,16-17]. However, synthesis of nanocarbon based support matrix 

commonly uses pyrolysis and complex chemical methods which are cost intensive and produce 

environmentally hazardous compounds like volatile organics, CO2, and CO etc. as by-products. 

Therefore, it is important to explore new cost-effective support matrix for the 

dispersion/deposition of Ni0 nanoparticles. Meanwhile, it has already been proved that due to 

the exceptional electrical properties conductive substrates are superior for nanoparticle catalyst 

support in comparison with nonconductive one [17]. Consequently, conductive polyaniline 
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nanotubes (PANI NTs) could serve as a promising reactive support matrix for the 

immobilization of catalyst nanoparticles owing to the inherent advantages of simple low-cost 

bulk synthesis method, outstanding suspension ability and environmental benignity [18,19]. 

In the present study, 2-napthalene sulfonic acid doped PANI NTs synthesized via a self-

assembled chemical polymerization technique are employed as support matrix for the facile 

deposition of Ni0 nanoparticles through hydrazine reduction of metal precursor. It is anticipated 

that the as synthesized PANI/Ni0 nanocomposites (PANI/Ni0 NCs) would display superior 

physico-chemical characteristics achieved synergistically from both components of the NCs 

and could be applied as a heterogeneous Fenton-like catalyst for the degradation of dyes. 

Superior heterogeneous Fenton-like reactivity for dye degradation possibly be achieved 

through the catalytic functionality of the as grown Ni0 nanoparticles in the nanocomposite 

structures.  

 Therefore, Fenton-like catalytic performance of the PANI/Ni0 NCs are investigated for 

the degradation of BG dye in the presence of hydrogen peroxide (H2O2) as oxidant. The effects 

of various experimental parameters including initial concentration of dye, PANI/Ni0 NCs dose, 

H2O2 concentration, temperature, radical scavengers on BG degradation are examined in detail. 

Reaction kinetics and mechanistic pathway of BG degradation are also explored.  

2. Materials and experimental methods  

2.1. Materials  

The reagents including aniline (ANI, 99%,), monomer for PANI polymer, 2-

naphthalene sulfonic acid (2-NSA, 70%) used as dopant, ammonium persulfate (APS, 98% 

purity), the oxidant for polymerization were purchased from Sigma Aldrich, USA. Nickel(II) 

chloride hexahydrate, precursor for Ni0 nanoparticles, the reducing agent hydrazine hydrate 

(50–60%), ethylene glycol (EG), the medium for PANI/Ni0 synthesis, brilliant green dye (dye 
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content: 90%), sodium hydroxide, nitric acid, methanol, benzoquinone, t-butanol and all other 

chemicals used were also acquired from Sigma Aldrich, USA.  

2.2. Synthesis of PANI nanotubes 

Nanotubular PANI doped with 2-naphthalene sulfonic acid (2-NSA) was synthesized 

as per the reported synthetic protocols [19]. In a typical synthesis process, ANI (0.2 mL) and 

the dopant 2-NSA (0.208 g) were mixed with 80 mL ultrapure water with magnetic agitation 

(200 rpm) for 30 minutes in an ice bath (temperature <5 °C). Afterwards, precooled aqueous 

solution of APS (0.456 g in 10 mL ultrapure water) was injected into the mixture of 2-NSA 

and ANI. The mixing condition was continued for additional 1 min to evenly distribute the 

reaction sites of polymerization. Subsequently, the reaction mixture for polymerization was 

conserved at 0–5 °C temperature for 24 h without agitation. After completion of polymerization 

reaction PANI nanotubes were separated from the mixture through vacuum filtration followed 

by washing with deionized water and acetone. Finally, the as synthesized PANI NTs were dried 

in a vacuum oven at a temperature of 60 °C for 24 h. 

2.3. Synthesis of PANI/Ni0 nanocomposites  

The synthesis of PANI/Ni0 NCs were performed by supporting Ni0 nanoparticles onto 

the PANI NTs matrix. For the preparation of PANI/Ni0 nanocomposites with ~ 30 wt% Ni0 

nanoparticles loading, NiCl2⋅ 6H2O (0.404 g) was dissolved in 20 mL EG through mechanical 

agitation. Subsequently, dried powder of PANI NTs (0.2 g) were dispersed into the EG/Ni2+ 

mixture and allowed to attach Ni2+ onto the surface of PANI NTs for 3h. 

Immobilization/supporting of Ni0 onto the surface of PANI NTs were accomplished by 

reducing the surface attached Ni2+ ions through the addition of hydrazine hydrate (5 mL) and 

2 mL of a sodium hydroxide (1 M) solution. For completion of Ni0 nanoparticles formation, 
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the reduction reaction was continued for 3h at 60 °C. Afterwards, the as synthesized PANI/Ni0 

NCs were filtered, washed with ultrapure water and ethanol. Finally, the PANI/Ni0 NCs were 

dried in a vacuum oven at 60 °C for 24 h. Following the similar synthetic method (barring the 

use of PANI NTs) bare Ni0 NPs were also prepared for comparison studies.  

2.4. Methods of characterization 

A field emission scanning electron microscope (FE-SEM) from Carl Zeiss, Germany, 

and a high-resolution transmission electron microscope (HR-TEM),) JEM-2100 from JEOL, 

Japan were employed to investigate the surface morphology and size of the prepared materials, 

respectively. The Brunauer–Emmett–Teller (BET) surface area of the PANI NTs, Ni0 

nanoparticles and PANI/Ni0 NCs were determined using the N2 gas adsorption-desorption 

apparatus (model ASAP 2420) of Micromeritics, UK. Functional groups of the PANI/Ni0 NCs 

were determined by analysing the Fourier transform infrared (FTIR) spectra acquired through 

a PerkinElmer (USA) attenuated total reflection (ATR) FTIR Spectrum 100 spectrometer. 

Crystalline structures of the PANI/Ni0 NCs and PANI NTs were examined by X-ray diffraction 

patterns obtained with a PANalytical X’Pert PRO diffractometer. Exploration of the elemental 

compositions and surface oxidation state of Ni0 NPs within PANI/Ni0 NCs were confirmed by 

analysing X-ray photoelectron spectroscopic (XPS) spectrum acquired on an ESCALAB 250Xi 

XPS spectrometer from Thermo Scientific, USA. Magnetic characterization of the NCs was 

achieved by a Physical Property Measurements System (PPMS Evercool-II, Quantum Design, 

USA) in Vibrating Sample Magnetometer (VSM) configuration.  

2.5. BG dye removal experiments  

Preparation of 1000 mg/L BG dye stock solution was accomplished by the dissolution 

of 1000 mg of dye into 1L ultrapure water. Dye removal/degradation experiments were 
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executed in a rotary shaker operated at a speed of 200 rpm. Comparison of dye removal 

performance of various materials were tested through the addition of 0.025 g of PANI NTs, 

Ni0 NPs and PANI/Ni0 NCs into 250 mL 100 mg/L BG dye solution without pH (solution pH 

~ 4.10) adjustment. At regular time intervals, specific volume of aliquots was collected from 

the reaction vessel and filtered by either centrifugation (for PANI) or magnetically for the 

analysis of residual dye concentrations. Determination of dye concentration at different time 

intervals was obtained by noting the UV absorbance value with a UV-1600 PC 

spectrophotometer at a wavelength of 524 nm. BG dye degradation performance of H2O2 

oxidant without and with the presence of catalysts was also tested for comparison.  Various 

experimental parameters such as initial BG dye concentration, PANI/Ni0 dose, H2O2 

concentration, solution temperature, presence of different scavengers affecting the degradation 

performance were examined. For the evaluation of recycling ability of the catalyst towards dye 

removal, 0.5 g/L PANI/Ni0 was experimented with 20 mg/L BG solution at its original pH 

(4.21) containing 10 mM of H2O2. Followed by first degradation experiment PANI/Ni0 catalyst 

was separated from the rection mixture, washed with ultrapure water and ethanol. Finally, it 

was dried and used for the next cycles of degradation experiment. Six consecutive degradation 

cycles were tested using the same amount of PANI/Ni0 NCs. For the assessment of degradation 

products of BG dye, reaction solution before and after complete colour removal of the dye were 

subjected to liquid chromatography–quadrupole-time-of-flight mass spectrometry (LC–

QTOF-MS) analyses with a Waters UPLC-QTOF MS/MS system. The chromatographic 

separation was performed on a YMC Hydrosphere C18 reverse phase column followed by a 

guard column. All the samples were analysed through the electrospray ionization (ESI) method 

with positive ionization mode. 
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3. Results and discussion  

3.1. Characterization  

The FE-SEM image in Fig. 1(a) revealed smooth surfaced nanotubular morphology of 

2-NSA doped PANI polymer with an average diameter of 150 nm. In contrary on supporting 

Ni0 NPs the surface of PANI becomes coarser associated with an increase in average diameter 

~ 210 nm as visualized in Fig. 1(b). Characteristic HR-TEM images of the PANI/Ni0 NCs as 

presented in Fig. 2(a) approves successful immobilization of nano-dimensional Ni0 

nanoparticles onto the PANI NTs matrix. Moreover, observed crystal lattice fringes having 

interplanar spacing ~ 0.203 nm in Fig. 2 (b) suggest (111) crystal planes of the formed Ni0 

nanoparticles [20]. 

The specific surface areas of the homopolymer PANI, bare Ni0 nanoparticles and 

PANI/Ni0 NCs as calculated via N2 adsorption-desorption isotherms (Fig. S1) are found to be 

29.56, 13.34 and 49.84 m2/g, respectively. Considerable increase in the specific surface area of 

the PANI/Ni0 NCs compared to their constituents would provide larger interfacial area for 

solid-liquid interaction during degradation process which ostensibly leads to the superior 

performance of the catalyst. Furthermore, from the pore size distribution data the average pore 

diameters of 6.7, 5.8 and 6.5 for PANI, Ni0 and PANI/Ni0 confirm that all the synthesized 

materials are mesoporous in nature as their pore diameter are in the typical 2-50 nm range.   

The incorporation of emeraldine salt form of 2-NSA doped PANI into PANI/Ni0 

composite nanostructure was confirmed by inspecting the ATR-FTIR spectrum as represented 

in Fig. 3(a). All the observed vibrational bands with wavenumbers at 1591, 1494, 1281 and 

1223, 1163 and 811 cm− 1 are the characteristic stretching vibrations of C=C bonds in quinoid 

(Q) and benzenoid (B) rings, C–N bonds inside B and Q-B-Q units, B-NH+ = Q stretching, 

and C–H bending vibration of aromatic rings within the PANI backbone [21]. The occurrence 
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of bands at 1037 and 693 cm− 1 in the FTIR-spectrum of PANI/Ni0 are typical of sulfonic acid 

(-SO3H-) groups attached to the PANI polymer owing to the doping process during 

polymerization [22].  

Representative XRD patterns of the PANI/Ni0 NCs and PANI homopolymer are 

displayed in Fig. 3(b). The presence of sharp peaks at 2θ of 44.7°, 52.1° and a minor intensity 

peak at 76.7° which are associated with X-ray diffraction from (111), (200) and (220) crystal 

planes of metallic Ni (Ni0) NPs (JCPDS cards No. 65-0380). Meanwhile, the broad diffraction 

peaks detected (Fig. 3b) at 2θ of 20.01° and 25.1° resemble the amorphous 2-NSA doped PANI 

nanostructures [23]. These structural features suggest that crystalline Ni0 NPs are effectively 

supported on the amorphous matrix of PANI NTs. The X-ray photoelectron spectroscopic 

(XPS) survey spectrum representing elemental constituents of PANI/Ni0 nanocomposites is 

depicted in Fig. 4(a). The characteristic C 1s, N 1s and S 1s peaks with their respective binding 

energies appeared in the survey spectrum originated due to the presence of 2-NSA doped PANI 

polymer, while Ni 2p peak pronounces successful incorporation of Ni species in the composite 

nanostructures. The high-resolution N 1s spectrum of PANI/Ni0 as shown in Fig. 4(b) could be 

deconvoluted into three peaks with corresponding binding energies at 398.9 eV, 399.8 eV and 

400.8 eV, respectively. The peak centred at 398.9 eV is the binding energy peak of quinoid 

imine (=NH-) moieties, whereas the peaks at 399.8 eV and 400.8 eV are typical binding 

energies of benzenoid amine (-NH-) and positively charged nitrogen (–N•+) confirming 

formation of 2-NSA doped PANI polymer [24]. The core level Ni 2p spectrum in Fig. 4(c) is 

composed of two main peaks (Ni 2p3/2 and Ni 2p1/2) along with two satellite peaks (sat Ni 

2p3/2 and sat Ni 2p1/2) originated from multielectron excitation. The peaks at 855.8 eV and 

873.5 eV corresponding to Ni 2p3/2 and Ni 2p1/2 in association with their satellite peaks 

recommend the occurrence of Ni2+ ions species on the surface of PANI/Ni0 [25]. Additionally, 

traces of metallic Ni or Ni0 nanoparticles on the surface of PANI/Ni0 was detectable owing to 
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the presence of 2p3/2 binding energy peak centred at 852.5 eV [19]. Ni0 nanoparticles are 

highly susceptible to air oxidation which could leads to the formation of surface oxidized Ni 2+ 

species of Ni in the form of Ni(OH)2. Magnetic property of PANI/Ni0 was determined from 

magnetization vs magnetic field (M-H loop) curve obtained at 300K (room temperature) as 

displayed in Fig. 4(d). A saturation magnetization (Ms) value of 16.6 emu/g can be perceived 

from the M-H curve corroborating soft ferromagnetic behaviour of PANI/Ni0. This weak 

ferromagnetic behaviour would facilitate ease separation of PANI/Ni0 from solution after 

catalytic dye degradation reaction by the application of a simple magnetic field as shown in the 

inset of Fig. 4(d). 

3.2. Catalytic activity assessment of various nanomaterials  

Evaluation of the Fenton-like catalytic activity of PANI/Ni0 NCs along with bare Ni0 

nanoparticles and PANI NTs in presence as well as in absence of H2O2 oxidant was performed 

with BG dye as a model organic pollutant. In order to assess the BG dye degradation ability of 

H2O2 a blank test was also conducted without the use of any catalyst. It can be observed from 

Fig. 5(a) that degradation of BG in presence of H2O2 is insignificant which might be due to the 

low oxidizing power of H2O2 [3]. In the absence of H2O2 both PANI/Ni0 NCs and PANI NTs 

have shown considerable dye removal efficiencies attributable to their high adsorption affinity 

towards BG dye. It is worth mentioning that within the very short period of contact time (1 

min) almost 76% dye removal was achieved while using PANI/Ni0 NCs alone. This can be 

attributed to the high adsorption affinity of PANI/Ni0 NCs towards BG dye which is the most 

crucial aspect of using it as heterogeneous catalyst for dye degradation as rapid adsorption can 

enrich reactant concentration in the proximity of the reaction sites and thereby enhancing the 

degradation performance. Additionally, it can also be pronounced from Fig. 5(a) that almost 

100% decolorization of BG was obtainable with PANI/Ni0 catalyst in presence of H2O2 oxidant 
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in 120 minutes. These results suggest that PANI/Ni0 in presence of H2O2 performs as a Fenton-

like catalyst for the degradation of BG dye. The UV-vis spectra of BG were recorded and 

depicted in Fig. 5(b) for the elucidation of change in structural features of the dye during 

degradation reaction. It can be perceived that the absorbance value of the main peak at 624 nm 

gradually diminishes with the increase in treatment time suggesting adsorption along with 

degradation of the chromophore groups of the BG dye by PANI/Ni0 and H2O2 oxidant system.   

At the same time the reduction in absorbance value at 425 nm might be an indication of 

degradation of the aromatic fragments in the BG cations and its intermediate products. The 

photograph in the inset of Fig. 5(b) visualizing change in colour of the BG dye with increase 

in reaction time is consistent with an obvious decrease in absorbance value of the absorption 

spectra. Meanwhile, a substantial amount of TOC removal as shown in Fig. 5(c) was detected 

during the BG degradation in the PANI/Ni0 and H2O2 oxidant system, revealing around 90.2% 

mineralization degrees at 120 min of reaction time. It can be seen from Fig. 5(a) and Fig. 5(c) 

that although almost 100 % decolorization of BG dye is accomplished within 120 min of 

reaction time, total mineralization (i.e., 100 %TOC removal) of the intermediates (produced 

during the degradation process) are not achieved within the similar time interval.  

Furthermore, the leached Ni2+ ions concentration (560 ppb μg/L) in the reaction 

solution as analysed by an atomic absorption spectrometer (Perkin Elmer, AAS 100) was 

considerably below the maximum allowable limit (700 μg/L) implying that the PANI/N0 NCs 

primarily act as a heterogeneous Fenton-like catalyst by promoting the release of reactive HO• 

radicals as represented by the following Eqs. 

Ni0 + 2H2O → Ni2+ + H2 + 2OH-                                                                                              (1) 

H2O2 + Ni2+ → HO• +OH- + Ni3+                                                                                                                                           (2) 

HO• + BG → Degradation products                                                                                          (3) 
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3.3. Effect of catalyst dose 

The effect of PANI/Ni0 catalyst dose on BG dye degradation efficiency was conducted 

at an initial concentration of 100 mg/L using three different dose and the obtained results are 

exhibited in Fig. 6(a). It is noticeable from the figure that dye degradation efficiency increases 

with an increase in catalyst dose. Specifically, the BG removal efficiencies of 91.72%, 98.00%, 

and 98.43% were achieved at 120 min degradation time by using 0.1, 0.15, and 0.2 g/L, 

PANI/Ni0 catalyst. This could be attributed to facts that increased amount of catalyst provides 

more active sites for dye adsorption as well as for the decomposition of H2O2, which leads to 

higher BG dye removal performance of PANI/Ni0 NCs. Meanwhile, the time to reach 

equilibrium decolorization of BG dye using lower dose of PANI/Ni0 remains more compared 

to the higher amount of dose for a specific initial concentration. This feature might be 

associated with the reduction in total reactive surface area along with active reaction sites 

accessible to the BG dye molecule due to intermolecular competition and coverage of nickel 

oxide species onto the Ni0 nanoparticles surface of the composite nanostructure [26].  

3.4. Effect of H2O2 concentration 

The effect of H2O2 concentration (in the range of 1-15 mM) on 100 mg/L BG dye 

degradation is presented in Fig. 6(b). Improved dye removal efficiency was observed with 

increase in H2O2 concentration. In particular, BG degradation efficiency increased from 

83.62% to 99.12% as the H2O2 concentration varied from 1 to 10 mM. Enhanced reaction 

performance at higher concentration of H2O2 was obtained through the production of higher 

number of reactive hydroxyl radicals (HO•) involve in dye degradation. Nevertheless, further 

increase in H2O2 concentration to 15 mM is not considerably improved the BG removal 

efficiency. Slight reduction in dye degradation performance at 15 mM of H2O2 usage 
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experienced from the excessive peroxide loading which induces favourable hydroxyl radicals 

scavenging effect as follows [27].  

H2O2 +HO• → H2O + HO2
•                                                                                                                                                        (4) 

The HO2
• radicals (have lower oxidation potential than HO•) generated from the above type of 

reaction diminishes the attacking probability of HO• towards oxidation of dye molecules which 

occasionally reduces degradation performance. Considering optimal degradation performance 

10 mM of H2O2 was utilized for all subsequent degradation reactions.  

3.5. Effect of initial concentration of BG 

Initial concentrations of BG solution have significant influence on degradation 

performance of PANI/Ni0 NCs as seen in Fig.7(a). It is detected that BG degradation efficiency 

decreases with increase in initial concentration of dye. A maximum of 99.0% BG dye removal 

efficiency was achieved at an initial 200 mg/L concentration, whereas the removal efficiency 

reduced to 91.9% for the concentration of 300 mg/L within 120 min reaction period. The entire 

removal process of BG could be considered as a two-step heterogeneous reaction which include 

initial dye adsorption onto PANI/Ni0 surface followed by oxidative degradation through the 

combination of PANI/Ni0 and H2O2. Moreover, for a specific amount of PANI/Ni0 the uptake 

of BG is fixed. Therefore, increased BG concentration in bulk solution would govern 

competitive adsorption of BG which subsequently reduces the local concentration of dye 

molecules in the vicinity of reaction sites and thus leading to lower removal efficiency. 

3.6. Kinetic mechanism of BG removal  

For the exploration of kinetic mechanism involved in the current degradation reaction 

the most frequently used pseudo-first-order kinetic model as stated by the Eq. 5 was employed 

to fit the experimental kinetic data. 
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= exp (−𝑘 𝑡)                                                                                                                   (5) 

where, k1 (1/min) stands for rate constant of first-order-kinetic model. The nonlinear fitting of 

kinetic data with pseudo-first-order kinetic model for three different initial concentrations of 

BG dye is demonstrated in Fig. 7(b). Excellent correlation between experimental kinetic data 

and pseudo-first-order kinetic model is perceived with corresponding values of correlation 

coefficients (R2) as 0.995, 0.995 and 0.977 for 200 mg/L, 250 mg/L and 300 mg/L initial 

concentrations of BG. The obtained higher values of R2 signify that kinetic mechanism of BG 

dye degradation using PANI/Ni0 catalyst is governed by pseudo-first order kinetic behaviour. 

This kinetic mechanism for dye degradation using Fenton-like catalyst is in good agreement 

with the already reported data in the literature [3]. Furthermore, the rate constants (k1) of 

pseudo-first-order kinetic model were computed as 0.113/min, 0.048/min, and 0.039/min for 

the respective 200 mg/L, 250 mg/L and 300 mg/L initial concentration of BG. This result 

suggests a reduction in rate constant of degradation with increased initial BG dye 

concentration.  

3.7. Effect of reaction temperature 

The temperature effect on BG dye degradation efficiency of PANI/Ni0 was studied at 

25 °C, 45 °C and 65 °C and the results are shown in Fig. 8(a). It can be noticed that almost 100 

% BG degradation performance was accomplished in 60 min, 30 min and 15 min reaction time 

for the respective 25 °C, 45 °C and 65 °C temperature. Faster rate of degradation at an elevated 

temperature might be attributed to rapid transport of dye molecules towards the reaction sites 

and acquisition of sufficient energy to overcome the activation energy barrier and thereby 

promoting generation of reactive species for oxidative degradation of BG dye molecule [11]. 

Additionally, to determine the activation energy of the current catalytic degradation reaction 
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kinetic rate data obtained at various temperature can be represented in accordance with the 

Arrhenius equation as expressed in Eq.6. 

ln𝑘 = ln𝐴 − 𝐸 [ ]                                                                                                                 (6) 

where k is the pseudo-first order kinetic rate (mg/L/min), A is denoted by frequency factor 

(mg/L/min), 𝐸  specifies activation energy (kJ/mol), R and T are the respective gas constant 

(0.008314 kJ/mol/K) and temperature in the absolute scale (K). The ln k versus 1/T curve in 

Fig. 8(b) was employed to calculate activation energy (𝐸 ) and found to be 22.85 kJ/mol for 

the Fenton-like BG degradation reaction using PANI/Ni0 in the 25-65 °C temperature range. 

Higher values of activation energy were reported in the literature for Fe nanoparticles supported 

materials used for the degradation of dyes in the similar temperature range [3, 28]. The lower 

value of activation energy obtained in the present degradation system confirms with the fact 

that Fenton-like oxidative reaction progressed with a low energy barrier [29].  

3.8. Effect of scavengers 

To confirm the fact that HO• radicals produced due to the PANI/Ni0 catalyst mediated 

decomposition of H2O2 are the reactive oxygen species involved in the degradation of BG dye 

several radical scavengers including methanol (MeOH), tert-butanol (t-BuOH) and benzo 

quinone (BQ) were tested. It can be seen from Fig. 9(a) that ~ 98.2% BG dye was removed in 

the absence of any radical scavengers. In contrary in presence of t-BuOH and BQ the 

degradation efficiency of BG was diminished to ~ 60.5% and 35.5%, respectively. Obvious 

decreases in dye removal performance due to the addition of t-BuOH and BQ is related to their 

high quenching ability towards HO• radicals presented in the bulk solution as well as bounded 

on the surface of the catalyst [30]. However, negligible radical scavenging effect was observed 

for MeOH on degradation of BG using PANI/Ni0. This is indicative of the fact that 
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hydrophilicity of MeOH inhibits it to reach the catalyst surface and thereby restricts to capture 

the surface adsorbed HO• radicals entirely [31]. These findings suggest the participation of HO• 

radicals (generated in the Fenton-like PANI/Ni0+H2O2 system) for the degradation of BG dye 

which are in conformity with recently reported results in the literature [32,33]. 

3.9. Recyclability of PANI/Ni0 NCs  

Recyclability or reusability of the PANI/Ni0 NCs is a prime aspect in assessing its cost 

effectiveness as a catalyst media for dye degradation. With this perspective, consecutive BG 

dye degradation experiments were performed using the same sample media (PANI/Ni0 NCs) 

under similar reaction conditions. Followed by each cycle of BG degradation experiments, 

PANI/Ni0 NCs were separated from reaction medium by filtration, washed with ultrapure water 

and ethanol. The spent PANI/Ni0 NCs were used for the successive cycle of BG removal. The 

BG dye removal performance of the PANI/Ni0 NCs experiencing six degradation cycles is 

demonstrated in Fig. 9(b). It can be perceived that up to 5th cycle almost 100% BG removal 

efficiency was achievable within 120 min of degradation reaction. However, in the 6th cycle 

degradation efficiency decreased to 94.5%, suggesting trivial loss of catalytic activity of the 

PANI/Ni0 NCs. Reduction in BG removal performance can be attributed to the probable 

formation of Ni(OH)2 or NiO in the presence of OH- ions and dissolved oxygen. These 

oxide/hydroxide species of Ni can easily be leached to the solution leaving inner core of Ni0 

for subsequent reaction and thus reducing catalytic activity of the PANI/Ni0 NCs in the 6th 

cycle. Therefore, PANI/Ni0 NCs can be effectively used as catalyst media up to five 

consecutive cycles without sacrificing its original (~100%) degradation efficiency towards BG 

dye. 
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3.10. Degradation products identification and exploration of degradation pathways 

QTOF-LC-MS/MS analyses were conducted in order to identify the degradation 

products of BG dye in Fenton-like reaction using PANI/Ni0 catalyst as well as to explore the 

possible pathways of degradation. Figure 10 displays the obtained chromatograms (along with 

the mass to-charge ratio(m/z) of obtained different molecular species) of the BG solution (50 

mg/L) before and after treatment with PANI/Ni0 (0.1 g/L) and 10 mM of H2O2. The 

chromatogram of blank sample is also presented in Fig. 10A(a) for comparison. Fig. 10A(b) 

shows the chromatogram of BG dye before degradation reaction. A comparison of Fig. 10A(a) 

and 10A(b) revealed that the peak appeared with the m/z value of 385.26 corresponds to the 

cationic BG dye. It can be observed from Fig. 10B(c) that the obtained chromatogram of BG 

after degradation reaction time of 30 min is almost identical with chromatogram of BG (Fig. 

10A(b)) acquired before degradation apart from the appearance of two new peaks with m/z 

values of 357.23 and 254.15, respectively. Increasing the treatment time from 30 min to 120 

min directed to the formation of degradation end product N,N-diethyl aniline with 

characteristic m/z value of 149.02 as demonstrated in Fig. 10B(d). The appearance of new 

peaks is due to the degradation of BG by Fenton-like reaction using H2O2 and PANI/Ni0 NCs 

catalyst. It is worth noticing in Fig. 10B(d) that the abundance of N,N-diethyl aniline (m/z 

value149.02) in the reaction solution become trivial suggesting low molecular weight 

degradation products might reduce to carbon dioxide and water including other inorganics. The 

BG dye degradation products found at m/z ratios of 357.23, 254.15 and 149.02 are consistent 

with the results reported by Rao et al and Rehman et al. [34,35]. 

The active participation of reactive oxygen species, HO• produced in the present 

Fenton-like reaction system could be utilized in order to explore the formation pathways of the 

detected degradation products of the BG dye. The degradation products formation routes are 

presented in the Scheme 1. The degradation product with m/z value 357.23 originated due to 
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the de-ethylation at the side ethyl group of BG by reactive HO• radicals as it has been well 

documented that HO• could play an important role in the elimination of ethyl groups from 

organic compounds [35]. The removal of H atom from ethyl group resulted to the production 

of carbon centred radical which can lead to the formation of peroxy radical in presence of 

oxygen. The exclusion of HO2
· group from peroxy radical followed by the reaction with H2O 

originating the degradation product with m/z value 357.23. Meanwhile, the cleavage of bond 

between position 1 and 2 by HO• followed by hydroxylation mechanism governs to the 

appearance of the degradation product with m/z 254.18. The formation of the final degradation 

product i.e., N,N diethyl aniline with m/z value of 149.02 can be attributed to fact of 

electrophilic attack by HO• at the more nucleophilic central carbon atom of BG [36]. Therefore, 

the LC-MS/MS analyses results suggest that the mechanism towards the production of 

degradation products of BG in the current Fenton- like system using H2O2 and PANI/Ni0 

catalyst primarily proceeds through the direct involvement of the generated reactive HO• 

radicals.  

4. Conclusions 

In this study, nanocomposites of PANI/N0 were synthesized by the reductive deposition 

of Ni0 nanoparticles on the 2-NSA doped PANI NTs surface. The as prepared magnetic 

PANI/N0 NCs possessed improved surface area compared to their constituents enabling 

superior performance towards solid-liquid interfacial reactions. Application of PANI/Ni0 NCs 

as heterogeneous Fenton-like catalyst for the degradation BG dye in aqueous solution with 

H2O2 oxidant showed enhanced degradation performance compared to the bare Ni0 

nanoparticles. Effective supporting of Ni0 nanoparticles onto the reactive PANI NTs matrix 

having strong adsorption affinity towards BG increases the local concentration of the dye at 

the catalytic sites of the NCs thereby attributing to higher degradation performance. The 
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degradation efficiency of PANI/Ni0 was noticeably influenced by the doses of catalyst, initial 

concentration of BG, H2O2 concentration and temperature. The kinetic mechanism of BG 

degradation was well correlated with the pseudo-first order kinetic model. Significantly lower 

activation energy (22.85 kJ/mol) was required for the present degradation reaction. Among 

various radical scavengers’ presence of benzo quinone (BQ) largely affected the BG 

degradation efficiency of PANI/Ni0 NCs. Identification of BG dye degradation products using 

LC–MS/MS method explored that N,N diethyl aniline was the end product yielded after 120 

min of reaction in association with possible fractional mineralization in the form of CO2 and 

H2O. Meanwhile, six consecutive recycling experiments established that the PANI/Ni0 NCs 

could be reused up to fifth degradation cycle without loss of original (~100%) catalytic 

efficiency. Therefore, excellent degradation performance, good recycling ability and easy 

magnetic separation from reaction vessel supports the potential feasibility of PANI/Ni0 catalyst 

for the treatment of industrial wastewater containing recalcitrant organic pollutants.  
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Fig. 1. FE-SEM images of (a) PANI NTs and (b) PANI/Ni0 NCs. 
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Fig. 2.  HR-TEM images of (a) and (b) PANI/Ni0 NCs at two different magnifications, inset 
of (b): crystal lattice fringes of Ni0 nanoparticles within PANI/Ni0 NCs.  
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Fig. 3. (a) ATR-FTIR spectrum of PANI/Ni0 NCs and (b) XRD patterns of PANI/Ni0 NCs and 
PANI nanotubes. 
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Fig. 4. (a) XPS survey spectrum of the PAN/Ni0 NCs before BG degradation (b) N1s core level 
spectrum of PANI/Ni0 NCs, (c) Ni 2p spectrum of the PANI/Ni0 NCs before BG removal and 
(d) Magnetic hysteresis loop of the PANI/Ni0 NCs at 300K (inset: separation of PANI/Ni0 NCs 
after BG treatment). 
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Fig. 5. (a) Comparison of BG degradation efficiencies using various materials, at a dose: 0.1g/L 
for each set, (b) UV–vis spectra of BG at different treatment time using PANI/Ni0 + 10 mM 
H2O2 system (inset: photograph of the corresponding colour change at various reaction times) 
and (c) TOC removal efficiency using PANI/Ni0 NCs + 10 mM H2O2 at selected time intervals. 
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Fig. 6. (a) Effect of PANI/Ni0 NCs dose on the degradation of BG (initial con.:100 mg/L, H2O2 
con.: 5 mM) and (b) effect of H2O2 oxidant concentration on the removal of BG using PANI/Ni0 
NCs (initial con.:100 mg/L, dose: 0.1 g/L). 
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Fig. 7. (a) Effect of initial concentrations of BG degradation using PANI/Ni0 NCs + 10 mM 
H2O2 (dose: 0.2g/L) and (b) pseudo-first-order kinetic model fitting for removal of BG onto 
PANI/Ni0 NCs + 10 mM H2O2. 
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Fig. 8. (a) Effect of temperature on the degradation efficiency of PANI/Ni0 NCs + 10 mM H2O2 
and (b) Arrhenius plot of lnk versus 1/T for the calculation of activation energy of BG 
degradation. 
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Fig. 9. (a) Effects of scavengers on the BG degradation by the PANI/Ni0 NCs + 10 mM H2O2 
system (initial con.: 100 mg/L, dose: 0.1 g/L) and (b) Recycling efficiency of PANI/Ni0 NCs 
towards BG degradation. 
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Fig. 10A. LC–MS/MS chromatograms/mass spectra of (a) blank, (b) BG dye before 
degradation using PANI/Ni0 NCs + 10 mM H2O2 system. 
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Fig. 10B. LC–MS/MS chromatograms/mass spectra of BG dye degradation (c) after 30 min of 
degradation reaction and (d) after 120 min of degradation using PANI/Ni0 NCs + 10 mM H2O2 
system. 
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Scheme 1. Plausible pathways of degradation and chemical structure of the major 
decomposition products of BG before and after treatment with PANI/Ni0 NCs+10 mM H2O2. 
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