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Chapter 3 

Comparative study on the reactivity of zero valent iron 

nanoparticles (Fe0) and bimetallic iron-based nanoparticles for 

the removal of Cr(VI) and dyes from water 

3.1  Introduction 

The high potential of Fe0 nanoparticles for the remediation of water contaminants has been 

discussed thoroughly in chapter 1. Even though the Fe0 nanoparticles show good efficiency 

for contaminant removal, the formation of the surface passive layer decreases the capacity 

of Fe0 nanoparticles in the aqueous medium. Gradual reduction of reactivity over time, 

narrow pH range and low stability of the nanoparticles due to leaching are the additional 

drawbacks of monometallic nanoparticles. One of the efficient methods to overcome these 

problems and improve the efficiency of Fe0 nanoparticles is incorporating a second metal 

on the surface of Fe0 nanoparticles. The characteristics properties of bimetallic iron-based 

nanoparticles have differed from monometallic Fe0 nanoparticles. The previous studies 

suggest that the iron-based bimetallic nanoparticles show high catalytic activity, increased 

selectivity, upgraded stability and less cost than monometallic Fe0 nanoparticles. Iron-

based bimetallic nanoparticles also followed adsorption, reduction, oxidation, including 

advanced oxidation mechanisms similar to Fe0 nanoparticles in removing organic, 

inorganic and heavy metal contaminants from water and wastewater[1].  

Generally, the preparation of bimetallic nanoparticles can be done through two methods - 

co-reduction and successive reduction of two metal salts. In the co-reduction method, two 

metal salts are mixed in a suitable solvent and simultaneously reduced using an appropriate 

reducing agent. It is similar to the preparation of monometallic nanoparticles. If the two 

metal ions have different redox potentials, the metal ion with the highest redox potential 

reduces fast, precipitates and forms the core and the second metal ion forms a shell on the 

core metal ion. If the two metal ions have similar redox potential, metal alloys will be 

formed due to simultaneous reduction. Successive reduction method is used to prepare 

core-shell bimetallic nanoparticles. At first, core metal nanoparticles are prepared through 

reduction using a potent reducing agent and then the second metal gets deposited on the 

surface of the core metal. This is due to the galvanic couple generated between the two 
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metals which in turn cause the reduction of the second metal by the core metal having a 

more negative reduction potential[2,3].  

Bimetallic combinations such as Fe/Ni, Fe/Cu, Fe/Zn, Fe/Al and Fe/Ag were already 

reported earlier. However, the formation and reactivity towards contaminants are not 

established well. Tamer et al. compared the efficiency of Fe0 and Fe/Cu nanoparticles to 

treat the radioactive caesium through adsorption. The result shows that the sorption 

process in Fe/Cu nanoparticles was kinetically faster and more efficient than in Fe0. It is 

important to note that Fe0 and Fe/Cu nanoparticles show high selectivity towards caesium 

in the presence of competing cations like Na+, K+, Ca2+ and Mg2+[4]. Reductive 

detoxification of halogenated hydrocarbons, nitroaromatics and metalloids like Cr(VI) is 

a unique property of Fe0. Bimetallisation of Fe0 improves reduction capacity and prevents 

the formation of toxic byproducts. Fe0 acts as the anode in dehalogenation reaction and 

gets oxidised, while the second metal catalyses electron transfer and hydrogen 

generation[5–7]. Tee et al. studied the role of Ni/Fe nanoparticles on the degradation of 

trichloroethylene. They found that Ni/Fe nanoparticles rapidly degraded the 

trichloroethylene and ethane was the main degradation product. They also noted that the 

Ni/Fe nanoparticles show a higher reaction rate than Fe nanoparticles and the degradation 

rate increases with an increase in Ni percentage from 2 wt % to 25 wt %. With the increase 

in nickel percentage, due to the formation of a less-reactive nickel-rich surface layer, the 

extent of trichloroethylene degradation gets decreases.  

The degradation of p-nitrophenol using Fe/Cu nanoparticles under aerobic and anaerobic 

conditions was investigated by Xiong et al. Under anaerobic conditions, the reduction 

capacity of Fe/Cu bimetallic nanoparticles is higher than Fe0 since the metal additives like 

Cu increase the steady-state concentration of atomic hydrogen at the surface or near-

surface of the iron-based reductant and improves the electron transfer from Fe0 to the 

pollutant resulting in the degradation of p-nitrophenol to p-aminophenol. Under the 

aerobic condition, the produced atomic hydrogen is consumed by the dissolved oxygen 

and decrease the reduction capacity of Fe/Cu nanoparticles. However, under aerobic 

conditions, the dissolved oxygen could be reduced into H2O2 by Fe0 and these H2O2 

provide hydroxyl radicals by the Fenton-like reaction. The strong oxidant, hydroxyl 

radical, could degrade the organic pollutant into mineralised form. They suggest that for 

Fe/Cu bimetallic nanoparticles, the aerobic condition would be the best method to treat 

pollutants since the Fe/Cu bimetallic nanoparticles not only break the benzene ring and     
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–NO2 group of p-nitrophenol but also mineralised most of the intermediates into CO2 and 

H2O[8].  

As previously mentioned, iron-based nanoparticles were used to treat water contaminants. 

In this study, dyes and hexavalent chromium were selected as model pollutants to examine 

the effectiveness of iron-based nanoparticles. Chromium naturally exists in the 

environment and it has many potential health risks for living organisms. Leather tanning, 

electroplating, painting and metallurgy industries use various forms of Cr as raw 

material[9]. Among the different oxidation states (-2 to +6), Cr(III) and Cr(VI) are the 

most commonly occurring oxidation states[10,11]. Cr(III) is an essential component for 

sugar and fat metabolism. Insufficient Cr(III) intake causes symptoms similar to diabetes 

and cardiovascular diseases[12]. A low Cr(III) concentration in plants promotes growth 

and increases yield. Cr(III) is more toxic than Cr(VI) due to its high oxidising potential, 

high solubility and mobility across the membranes in living organisms. Cr(VI) is 

carcinogenic and a powerful epithelial irritant. Cr(VI) also affects humans' well-being by 

causing diseases such as liver damage, pulmonary congestion, vomiting, and severe 

diarrhoea[13]. It is also noted that Cr(VI) is toxic to aquatic organisms and plants. Usually, 

Cr(VI) is seen in the environment as chromate (CrO4
2−), dichromate (Cr2O7

2−) and CrO3, 

while Cr(III) is seen as oxides, hydroxides and sulphates which are less toxic, relatively 

insoluble in water, exhibit less mobility and shows a high tendency to bound to organic 

matter. Cr(III) forms hydroxide and precipitates with Fe in ground water[14]. 

Nevertheless, in the presence of high concentrations of oxygen or oxides of Mn, the Cr(III) 

can be oxidised to Cr(VI)[15].  

Dyes are a noteworthy class of organic compounds used in the textile, paper, cosmetic and 

food industries. Many dyes and their degradation products are toxic, mutagenic and 

carcinogenic to living organisms. They reduce sunlight penetration, leading to the 

decreased photosynthetic activity of the aquatic life even at low concentrations. So, the 

treatment of dye-containing water is necessary before releasing them into the 

environment[16]. Malachite green (MG) is a basic, cationic triphenylmethane dye 

produced by the polymerisation of benzaldehyde and dimethylaniline in the presence of 

concentrated sulphuric acid. In aquaculture, MG is used as an insecticide and fungicide. It 

is also used as a dye in the silk, wood, cotton, leather, paper and acrylic industries due to 

its low cost, good efficiency, lack of suitable alternatives and easy availability. MG has a 

complex aromatic structure which may cause its degradation problematic. MG decreases 
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the sunlight penetration in the water bodies, affecting the photosynthetic activity and 

productivity of the aquatic system. MG is environmentally persistent and shows 

teratogenic, mutagenic and carcinogenic effects. It may cause detrimental effects in the 

liver, gill, kidney, intestine and gonads in aquatic organisms. In humans, it may cause 

tumours by inhibiting human glutathione-S-transferase activity and irritating the 

gastrointestinal tract due to ingestion. Skin contact with MG causes irritation, pain and 

redness. The adverse effects of MG make its effective removal mandatory[17–19].  

Methyl blue (MB) is an anionic triphenylmethane dye used as a biological colouring agent 

and pH indicator. It is also applied for leather and cotton. MB dye is harmful if swallowed 

and lead to skin, eye and respiratory tract irritation. As per literature, very little study has 

been reported about the toxicity and removal of MB from aqueous media[20,21]. Methyl 

orange (MO) is an anionic azo dye commonly applied in chemical, textile and paper 

industries. It has a mono-azo bond and the sulphonic and azo groups present in the 

molecular structure cannot be degraded easily, which harms the environment. It is 

poisonous when swallowed and causes allergic reactions like skin eczema if contacted to 

the skin[22–25]. Methylene blue (MLB) is a cationic thiazine dye generally used in paper, 

textile and dye industries. It will cause nausea, vomiting and diarrhoea when ingested 

through the mouth[26,27]. The detrimental effects of dyes make it a great concern from an 

environmental and healthy point of view.  

Although many researchers investigated the effectiveness of bimetallic iron-based 

nanoparticles, there is a lack of information about Cr(VI) reduction and dye degradation. 

This study examined the most effective bimetallic combination and the optimum 

percentage of the second metal deposition. The objectives of this study are (i) synthesis of 

Fe0 nanoparticles and bimetallic Fe based nanoparticles, (ii) characterisation of the 

prepared nanoparticles by HRTEM, XRD and EDAX (iii) optimisation of second catalytic 

metal loaded on the Fe0 nanoparticles, (iv) determine the effectiveness of prepared 

nanoparticles for the decolourisation of four different dyes and hexavalent chromium (v) 

investigate the effect of various parameters including nanoparticle dosage, initial 

concentration of pollutant, solution pH and the contact time in pollutant removal (vi) to 

find out the MG degradation mechanism through analysing the degradation products.  
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3.2  Experimental details 

3.2.1 Synthesis of Fe0, Fe/Ni, Fe/Cu and Fe/Zn nanoparticles 

Monometallic Fe0 and bimetallic Fe/Ni, Fe/Cu and Fe/Zn nanoparticles were prepared by 

the liquid-phase reduction method under nitrogen atmosphere using sodium borohydride 

as the reducing agent. Ferric solution is prepared by dissolving 1 g of FeCl3.6H2O in 10 

mL ethanol-water (1:1) solution and stirred for 15 minutes under the nitrogen atmosphere. 

Sodium borohydride (0.5 g) was dissolved in 50 mL water and added dropwise to ferric 

chloride solution. The appearance of a black precipitate indicates the formation of Fe0 

nanoparticles (as shown in equation 3.1) which was then collected through vacuum 

filtration. After washing with ethanol, the nanoparticles were lyophilised and stored in 

airtight bottles. Figure 3.1 show the preparation of Fe0 nanoparticles using NaBH4. 

         2𝐹𝑒𝐶𝑙3 + 6𝑁𝑎𝐵𝐻4 + 18𝐻2𝑂 → 2𝐹𝑒0 + 6𝐵(𝑂𝐻)3 + 6𝑁𝑎𝐶𝑙 + 21𝐻2 ↑             (3.1) 

 

Figure 3.1 Photographs of the preparation of Fe0 

The method for preparing bimetallic nanoparticles was similar to the monometallic 

synthesis. In the preparation of Fe/Cu and Fe/Ni bimetallic nanoparticles, 10 mL metal salt 

solutions of either NiSO4.6H2O or CuSO4.5H2O of specific concentration were prepared 

and added dropwise to the freshly prepared iron particle suspended in absolute ethanol. 

The solution is rapidly stirred for 30 minutes to achieve bimetallic nanoparticles with 

specific second metal loading. Fe/Zn nanoparticles were prepared by the co-reduction 

method by mixing solutions with a specific concentration of FeCl3.6H2O and 

Zn(NO3)2.6H2O and reducing them simultaneously under the nitrogen atmosphere. The 

prepared bimetallic nanoparticles were vacuum filtered, lyophilised and stored in airtight 
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bottles. Bimetallic nanoparticles with 5, 10 and 15 weight % of second metal were 

prepared by changing the concentration of the second metal salt solution. The reaction of 

Fe0 with Ni2+and Cu2+ is shown in equations 3.2-3.3.   

                                               𝑁𝑖2+ + 𝐹𝑒0 → 𝑁𝑖0 + 𝐹𝑒2+                                       (3.2) 

                                               𝐶𝑢2+ + 𝐹𝑒0 → 𝐶𝑢0 + 𝐹𝑒2+                                      (3.3) 

3.2.2 Batch experiments 

Cr(VI) removal studies 

The method followed for the batch experiments of Cr(VI) removal were already given in 

chapter 2. In the present study, various parameters investigated for the removal of Cr(VI) 

are nanoparticle dosage (1-8 g/L), initial concentration of Cr(VI) (1-7 mg/L), initial pH of 

the solution (4-10) and contact time (5-20 min). 1.0 M NaOH and 1.0 M H2SO4 were used 

to adjust the pH of the solution. All experiments were performed with a duplicate.    

Dye removal studies           

Malachite green (MG), methyl blue (MB), methylene blue (MLB) and methyl orange 

(MO) dye solutions were prepared by dilution of stock solution just before use. Dye 

removal experiments were carried out in 100 mL beakers with 20 mL of dye solution. 

Firstly, 0.5 g/L of nanoparticles were added to the 50 mg/L of the dye solution in a beaker 

and rapidly agitated using a bath sonicator. The samples were collected after 15 minutes 

and the absorbance was measured using a UV-visible spectrophotometer. Samples without 

the addition of nanoparticles have been examined under identical conditions and no 

significant changes were observed. The MG dye removal was investigated thoroughly by 

changing nanoparticles dosage (0.25–1 g/L), initial concentration of the dye (10–50 mg/L), 

pH (5-7) and contact time (5-30 min). To study the effect of pH, the initial pH of the dye 

solution was adjusted using 1.0 M NaOH and 1.0 M H2SO4. All experiments were 

performed with a duplicate. 

3.2.3 Characterisation and analytical techniques used     

The prepared nanoparticles were characterised by HRTEM, EDAX and XRD techniques. 

Details of characterisation techniques are discussed in chapter 2. Elemental analysis and 

mapping of the Fe0, Fe/Ni, Fe/Cu and Fe/Zn nanoparticles were done by EDAX (Jeol 

6390LA/OXFORD XMX N). EDAX analysis using Bruker Nano GmbH, XFlash detector 
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6/100 were done to find out the presence of chromium in Fe0, Fe/Ni, Fe/Cu and Fe/Zn 

nanoparticles which is treated with the hexavalent chromium solution. The degradation 

products of MG dye was analysed by LC-MS/MS and GC-MS/MS. The aqueous solution 

of MG dye after treating with Fe0 nanoparticles was collected, filtered through a 0.22 µm 

membrane filter and divided into two equal volumes. The first part is used for LC-MS/MS 

analysis and the second part was used for GC-MS/MS analysis. 

To determine the volatile MG degradation products in the solution using GC-MS/MS, the 

samples were centrifuged at 5000 rpm for 15 minutes and the supernatant solution was 

extracted twice with ethyl acetate (10 mL). Then the extract was concentrated to 1 mL and 

filtered using a 0.22 µm syringe filter. Gas chromatography coupled with triple quadrupole 

tandem mass spectrometry (GC-MS/MS) analysis of the MG dye degradation products 

were carried out using TSQ 8000 GC-MS/MS. The separation of compounds has been 

done using the DB-5MS capillary column (30 m × 0.25 mm × 0.25 µm). The carrier gas 

was helium with a flow rate of 1mL/min. The column oven temperature was programmed 

from an initial temperature of 40ºC (hold 1 min) to 100ºC (hold 1 min) then to 150 ºC 

(hold 1 min) and finally to 250ºC (hold 1 min) each at 10ºC min-1. The injection volume 

was 1 mL and the oven running time was 25 minutes. The ionisation energy applied was 

70 eV. Data acquisition was started after a solvent delay of 4 minutes, with the mass 

spectrometer operating in full-scan mode.  Compounds were identified using the National 

Institute of Standards and Technology (NIST) MS search 2.0 Library. 

The MG dye degradation products identification was also carried out on an LC-MS/MS 

system. Liquid chromatography was performed using a Dionex Ultimate 3000 (Thermo) 

micro-LC equipped with C18, 150 x 4.6 mm, 5 μm reversed-phase column operated at 

25oC. The UV detection wavelength was 254 nm. The mobile phase consisted of water (A) 

and acetonitrile (B) containing 0.1 % formic acid. The gradient program was (time (min), 

% B): (0.00, 1); (5.00, 1); (30.00, 20); (45.00, 40); (60.00, 95); (74.00, 95); and (75.00, 1) 

and the flow rate was 300 μL/min. Impact HD (Bruker) ESI QTOF high-resolution mass 

spectrometer was used for MS/MS analysis in the positive ions mode and the mass range 

was 100-2000 m/z. The ESI conditions were as follows: capillary voltage, 4500 V; the 

nebuliser pressure, 60 psi; drying gas flow, 12 L min–1; temperature, 220 °C. 
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3.3  Results and discussion 

3.3.1 Characterisation of Fe0, Fe/Ni, Fe/Cu and Fe/Zn nanoparticles 

HRTEM 

 

Figure 3.2 shows the HRTEM images of monometallic Fe0 nanoparticles and bimetallic 

Fe/Cu, Fe/Ni and Fe/Zn nanoparticles. All the prepared nanoparticles show a tendency for 

agglomeration, primarily as chain clusters due to the electrostatic and magnetic 

interactions. The dark colour in the HRTEM image indicates the heavier atomic 

mass/high-density particles and the bright colour indicates the lighter atomic mass/low-

density particles. The results show that the major composition of the prepared 

nanoparticles has a core of highly dense Fe0 particles and a shell of low dense iron oxides. 

The structure of bimetallic nanoparticles is complicated and varies from core-shell 

segregated structures to intermetallic/alloyed structures. The characteristics of the second 

Figure 3.2 HRTEM images of a) Fe0 b) Fe/Cu c) Fe/Ni d) Fe/Zn nanoparticles and 

e) HRTEM image of Fe/Cu nanoparticles enlarged. 
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metal do not significantly influence the morphology of the nanoparticles. Two factors 

influencing the bimetallic formation are the surface energies of the metals involved and 

the atomic radii of the metals. The element with low surface energy is deposited on those 

with high surface energy. The particle size distribution of prepared nanoparticles is shown 

in table 3.1. 

Nanoparticle Particle size range Average particle size 

Fe0 21.9 - 45 nm 30.9 nm 

Fe/Cu 14.4 – 50.2 nm 37.0 nm 

Fe/Ni 17.7 - 71.0 nm 41.8 nm 

Fe/Zn 19.2 - 85.7 nm 43.2 nm 

  

 

The selected area electron diffraction (SAED) pattern of the prepared nanoparticles is 

shown in figure 3.3. The SAED pattern shows that the particles have crystalline and 

amorphous nature. The bright spots in the SAED pattern indicate the crystalline nature of 

Fe0 and bimetal whereas the faded rings indicate the presence of amorphous iron oxide 

particles. 

 

 

 

 

Table 3.1 Average particle size and particle size distribution of Fe0, 

Fe/Ni, Fe/Cu and Fe/Zn nanoparticles 

 

Figure 3.3 SAED pattern of a) Fe0 b) Fe/Cu  c) Fe/Ni and 

d) Fe/Zn nanoparticles 
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XRD  

Figure 3.4 (a, b, c & d) shows the XRD pattern of Fe0, Fe/Ni, Fe/Cu and Fe/Zn 

nanoparticles prepared by chemical reduction method. All the samples exhibit the 

characteristic peak of Fe0 and peaks due to the formation of iron oxides. In Fe0 

nanoparticles, the peak at 44.7º corresponds to the (110) plane of Fe0[28]. The peak at 

31.51º matched with the (210) plane of γ-FeO(OH)[29] and the peak at 34.95º confirmed 

the presence of Fe2O3 ((201) plane)[30]. In the case of bimetallic nanoparticles, there was 

a shift in the characteristic peak of the Fe0. The prepared Fe/Ni, Fe/Cu and Fe/Zn bimetallic 

nanoparticles exhibit the characteristic peak of Fe0 at 44.9º, 45.1º and 45.2º respectively. 

It may be due to the stress-induced deviation due to nickel, copper or zinc deposition over 

the template Fe0 nanoparticles. However, the weight percentage of the second metal loaded 

on the Fe0 nanoparticles was too low to detect any characteristic peak of Cu, Ni or Zn.  The 

peaks due to the oxidation of Fe0 nanoparticles were seen in the XRD spectra of prepared 

nanoparticles. The peaks at 30.5º and 35.2º correspond to the (220) and (311) planes of 

Fe3O4[31]. In addition, impurities due to the addition of reducing agent NaBH4 were 

causing some peaks in the XRD spectra of prepared nanoparticles. 
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Figure 3.4 XRD pattern of (a) Fe0, (b) Fe/Ni, (c) Fe/Cu and (d) Fe/Zn 

nanoparticles 
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EDAX 

 

 

 Figure 3.5 EDAX spectra of (a) Fe0, (b) Fe/Cu, (c) Fe/Ni and (d) Fe/Zn nanoparticles 
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EDAX was used to analyse the elemental composition of Fe, O and second metal (Cu, Ni 

and Zn) in the prepared nanoparticles composition. As shown in figure 3.5, the weight 

percentages of 7.89 % (Cu), 6.97 % (Ni) and 3.32 % (Zn) of second metal successfully 

plated on the surface of the iron nanoparticles. The weight % of the second metal in Fe/Zn 

is less compared to other bimetallic nanoparticles. The presence of O in the nanoparticles 

indicates that the prepared nanoparticles tend to form metal oxide by contact with the air. 

Compared to monometallic nanoparticles, the weight percentage of oxygen is less in 

bimetallic nanoparticles. It indicates that the addition of second metal on the surface of Fe0 

reduce the rapid oxidation of Fe0 nanoparticles. 

3.3.2 Cr(VI) removal studies  

Cr(VI) removal efficiency of Fe0 and bimetallic nanoparticles has been studied using 5 

mg/L Cr(VI) solution and depicted in figure 3.6. The UV-visible spectra of the removal 

study show that Fe/Ni nanoparticles exhibit the highest removal efficiency followed by 

Fe/Cu, Fe0 and Fe/Zn nanoparticles respectively. Figure 3.7 represents the Cr(VI) removal 

photographs using prepared nanoparticles. 

Typically Fe0 exhibits three mechanisms for removing Cr(VI) - reduction, adsorption and 

co-precipitation. During the reduction process, Cr6+ was reduced into Cr3+ and precipitated 

as Cr(OH)3 as represented by equations 3.4 and 3.5. 

            2𝐹𝑒0 + 𝐶𝑟2𝑂7
2− + 8𝐻+ ⟶ 3𝐹𝑒2+ + 2𝐶𝑟(𝑂𝐻)3 + 𝐻2𝑂                     (3.4) 

          6𝐹𝑒2+ + 𝐶𝑟2𝑂7
2− + 8𝐻+ ⟶  6𝐹𝑒3+ + 2𝐶𝑟(𝑂𝐻)3 + 𝐻2𝑂                    (3.5) 

The reduced Cr3+ also form mixed Cr3+ ̶ Fe3+ hydroxides by reacting with Fe3+ and H2O 

represented in equations 3.6 and 3.7. 

                        𝑥𝐶𝑟3+ + (1 − 𝑥)𝐹𝑒3+ + 3𝐻2𝑂 → 𝐶𝑟𝑥𝐹𝑒1−𝑥(𝑂𝐻)3 + 3𝐻+                  (3.6) 

                         𝑥𝐶𝑟3+ + (1 − 𝑥)𝐹𝑒3+ + 2𝐻2𝑂 → 𝐶𝑟𝑥𝐹𝑒1−𝑥𝑂𝑂𝐻 + 3𝐻+                   (3.7) 

Along with this, the FeO(OH) formed by reacting the Fe2+/3+ with water molecules acted 

as a suitable adsorbent for Cr(VI). The formation of the oxide/hydroxide layer of Fe along 

with the Cr species causes self-inhibition of electron transfer from Fe0 to Cr(VI) and 

eventually leads to the shortfall in the reductive precipitation of Cr(VI)[2].  

The prepared Fe/Ni and Fe/Cu bimetallic nanoparticles show better efficiency than Fe0 

and Fe/Zn. It is probably due to more reductive precipitation of Cr(VI) since 
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bimetallisation of Fe0 nanoparticles improves the electron transfer of Fe0 core to the 

Cr(VI). During the iron corrosion of bimetallic nanoparticles, molecular hydrogen formed 

on the surface of catalytic metal along with ferrous iron production. Cr(VI) was adsorbed 

onto the surface of Fe/Ni and Fe/Cu nanoparticles and reduced by the electron transfer 

from Fe or second metal (Ni or Cu). The decreased efficiency of Fe/Zn nanoparticles 

owing to the rapid oxidation of the Zn due to their high reactivity[32]. 
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Figure 3.6 UV-visible spectra of Cr(VI) after treating Fe0, Fe/Ni, Fe/Cu and 

Fe/Zn nanoparticles 

 

Figure 3.7 Photographs of Cr(VI) removal using Fe0, Fe/Ni, Fe/Cu and 

Fe/Zn nanoparticles 
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EDAX analysis 

 

 

 

 

 

Figure 3.8 EDAX spectra and mapping of (a) Fe0, (b) Fe/Ni, (c) Fe/Cu and (d) 

Fe/Zn nanoparticles after treating with Cr(VI) solution 
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The precipitation of Cr(VI) on the surface of Fe0 and bimetallic nanoparticles were further 

confirmed by EDAX. Figure 3.8 shows the EDAX spectra and mapping of Fe0, Fe/Ni, 

Fe/Cu and Fe/Zn nanoparticles after reacting with Cr(VI) solution. All the samples show 

a significant amount of Cr, which confirms the precipitation of Cr(VI) on the surface of 

prepared nanoparticles. It was also observed from the mapping image that all the elements 

are homogeneously distributed in the matrix.  

Effect of the nanoparticle dosage 

The influence of nanoparticle dosage on Cr(VI) removal was examined using different 

nanoparticles dosage (1-8 g/L), keeping the initial Cr(VI) concentration (5 mg/L) and 

contact time (10 min) as constant. As shown in figure 3.9a, the higher nanoparticle dosage 

lowers the Cr(VI) concentration in the solution. Fe/Ni nanoparticles have shown the 

highest removal efficiency and the lowest by Fe/Zn nanoparticles. Fe/Ni nanoparticles 

attained 88 % removal efficiency using a nanoparticle dosage of 2 g/L. At the same time, 

Fe/Cu, Fe0 and Fe/Zn show 83 %, 73 % and 66 % Cr(VI) removal efficiency only. It is 

important to note that all the samples attained 100 % removal efficiency while using a 

nanoparticle dosage of 8 g/L. As the dosage of nanoparticles increases, there will be an 

increase in the number of reactive sites for Cr(VI). It will eventually lead to more reduction 

and adsorption[33]. 

Effect of the initial concentration 

Figure 3.9b shows the effect of the initial concentration of Cr(VI) on the removal of Cr(VI) 

from water at constant contact time (10 min) and nanoparticles dosage (2 g/L). The initial 

Cr(VI) concentration varies from 1 to 7 mg/L. As expected, Cr(VI) removal efficiency 

increases with a decrease in the initial concentration of Cr(VI). All the nanoparticles show 

100 % removal efficiency at 1 mg/L solution. But in the initial concentration of 7 mg/L, 

the nanoparticles show 71 %, 65 %, 61 % and 56 % removal efficiency for Fe/Ni, Fe/Cu, 

Fe0 and Fe/Zn nanoparticles respectively. The binding sites available for Cr(VI) removal 

were fixed at a definite amount of nanoparticles dosage. As the concentration increases, 

the insufficient availability of reactive sites decreases the Cr(VI) removal. Along with that, 

the rapid formation of Fe3+-Cr3+ hydroxide on the surface of nanoparticles suppresses the 

Cr(VI) reduction in higher Cr(VI) concentration[33]. 
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Effect of contact time 

The effect of contact time on the removal of Cr(VI) has been studied by keeping 

nanoparticles dosage (2 g/L) and initial concentration of Cr(VI) (5 mg/L) as constant. 

Fe/Ni nanoparticles completely removed Cr(VI) from the solution within 20 minutes of 

reaction time. As indicated in figure 3.9c, Cr(VI) removal efficiency was maximum in the 

first 15 minutes, which may be attributed to the presence of enormous available binding 

sites for Cr(VI). After 15 minutes of contact time, the nanoparticles slightly move to the 

equilibrium state owing to the decrease in the vacant binding sites and precipitation of 

Fe3+-Cr3+ hydroxide on the surface of nanoparticles[34]. 

Effect of pH  

One of the significant parameters influencing the effective removal of Cr(VI) is the pH of 

the solution. In this study, the influence of the solution pH 4, 7 and 10 has been studied 

(figure 3.9d) by taking other parameters such as initial Cr(VI) concentration (5 mg/L), 

contact time (10 min) and nanoparticle dosage (2 g/L) as constant. The results show that 

all the nanoparticles show 100 % removal efficiency at pH 4. When the pH of the solution 

increases, different nanoparticles show different Cr(VI) removal capacities. Under neutral 

pH, Fe/Ni nanoparticles show the highest removal efficiency followed by Fe/Cu, Fe0 and 

Fe/Zn nanoparticles. Fe/Ni and Fe/Cu nanoparticles show higher removal efficiency at pH 

10 than Fe0 nanoparticles and Fe/Zn nanoparticles. Fe/Zn nanoparticles are drastically 

influenced by the pH of the solution and reduce its efficiency to 34 % at pH 10. 

The high removal efficiency of Cr(VI) at low pH is attributed to the electrostatic attraction 

between negatively charged Cr(VI) anions with the positively charged nanoparticle 

surface. The formed passive iron oxide layer due to the oxidation is effortlessly removed 

at low pH. This creates more reactive sites for Cr(VI) reduction and adsorption. Along 

with that at acidic pH, the predominant Cr(VI) species present in the solution was HCrO4
− 

which is more susceptible for adsorption compared with CrO4
2-. In higher pH, the 

prevalent Cr(VI) forms are CrO4
2- and Cr2O7

2-. Electrostatic repulsion and competition 

between Cr(VI) anions and OH- ions are the major reasons behind the less removal of 

Cr(VI) at higher pH[32–35]. 
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Effect of second metal deposition on Fe0 

Effect of second metal loading on the removal of Cr(VI) has been studied (as shown in 

figure 3.9e) by keeping all other parameters such as initial Cr(VI) concentration (5 mg/L), 

nanoparticle dosage (2 g/L) and contact time (10 min) constant. The results inferred that 

Fe/Ni nanoparticles are highly reactive than Fe/Cu and Fe/Zn bimetallic nanoparticles. The 

optimum bimetal percentage for the better Cr(VI) removal was 10 %. At 15 % of bimetal 

concentration, the Cr(VI) removal efficiency does not significantly improve compared to 

10 % second metal loading. 

 

Figure 3.9 (a) Effect of nanoparticle dosage (b) Effect of initial concentration 

of Cr(VI) (c) Effect of contact time (d) Effect of pH (e) Effect of second metal 

loading in Cr(VI) removal using  Fe0, Fe/Ni, Fe/Cu and Fe/Zn nanoparticles 
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3.3.3 Dye removal studies  

Effect on different dyes 

As shown in figure 3.10, four commonly used organic dyes (MG, MB, MO and MLB) 

were used to check the reactivity of Fe0 and three bimetallic nanoparticles (Fe/Ni, Fe/Cu 

and Fe/Zn). In the decolourisation experiment, the 50 mg/L of freshly prepared dye 

solutions were treated with 0.8 g/L of nanoparticles for 15 minutes. It was observed that 

Fe/Cu and Fe/Ni bimetallic nanoparticles show better removal efficiency compared to Fe0 

and Fe/Zn nanoparticles. It was noteworthy that the iron-based nanoparticles effectively 

removed cationic and anionic triphenylmethane dyes compared to azo or thiazine dyes. It 

may be due to the differences in structure and functional groups of dyes.  
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MG removal using Fe0, Fe/Ni, Fe/Cu and Fe/Zn nanoparticles 

MG was selected as a model pollutant among four different dyes to study the effect of 

different parameters on iron-based nanoparticles. Figure 3.11 demonstrates the UV-visible 

spectra of MG after reacting with iron-based nanoparticles and figure 3.12 represents the 

corresponding reaction photographs. The characteristic peak of MG was observed at 617 

nm, which corresponds to the -C-N- functional groups of MG. The absorptions observed 

at 424 nm, 316 nm and 248 nm are due to the conjugated framework of MG comprising 

Figure 3.10 Comparison of percentage removal of MG, MB, MO 

and MLB dyes using Fe0, Fe/Ni, Fe/Cu and Fe/Zn nanoparticles 
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of aromatic rings. After adding iron-based nanoparticles, the peaks at 617 nm, 424 nm and 

316 nm were alarmingly decreased and a new peak emerged at 360 nm. The emergence of 

a new peak indicated the degradation of the MG dye molecule. According to Du et al, the 

peak at 360 nm confirms the presence of 4-dimethylamino benzophenone, a significant 

degradation product formed by the attack on the central carbon of MG. The peak at 248 

nm corresponds to the single benzene absorption, which is enhanced after the addition of 

iron-based nanoparticles and it also suggests the degradation of the MG dye molecule[18]. 

Fe/Cu shows the highest removal efficiency among the four iron-based nanoparticles 

followed by Fe/Ni, Fe0 and Fe/Zn nanoparticles. Better electron transfer and production of 

reactive oxygen species could be the reason for enhanced decolourisation of MG dye 

solution. 
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Figure 3.11 UV-visible spectra of MG dye after treating with Fe0, 

Fe/Ni, Fe/Cu and Fe/Zn nanoparticles 

 

Figure 3.12 Photographs of MG dye removal using Fe0, Fe/Ni, 

Fe/Cu and Fe/Zn nanoparticles 
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Effect of nanoparticle dosage 

Effect of nanoparticle dosage on MG dye removal has been studied using Fe0, Fe/Ni, Fe/Zn 

and Fe/Cu nanoparticles in different nanoparticle dosages varying from 0.25 g/L to 1 g/L 

by keeping MG concentration (50 mg/L) and contact time (15 min) as constant. As shown 

in figure 3.13a, the highest removal efficiency was exhibited by Fe/Cu bimetallic 

nanoparticles, followed by Fe/Ni, Fe0 and Fe/Zn nanoparticles. At the dosage of 0.5 g/L, 

73 %, 65 %, 59 % and 53 % of dye molecules were decolourised using Fe/Cu, Fe/Ni, Fe0 

and Fe/Zn nanoparticles respectively. With the increase in nanoparticle dosage, the 

availability of active reactive sites and total surface area increase, it was eventually leading 

to more decolourisation of dye molecules. All bimetallic nanoparticles showed the same 

trend. However, in the dosage of 1 g/L, there will be a decrease in the rate of dye 

decolourisation. It implies that at higher nanoparticle dosage, aggregation and overlapping 

of nanoparticles reduced the active surface area and eventually leads a decline in the 

decolourisation of dye molecules[36].  

Effect of the initial concentration of MG 

The effect of the initial concentration of MG in the dye decolourisation has been studied 

in 10-50 mg/L dye solutions by keeping nanoparticle dosage (0.5 g/L) and contact time 

(15 min) constant. As shown in figure 3.13b, 10 mg/L dye solutions were removed more 

efficiently than 50 mg/L dye solutions. The Fe/Cu, Fe/Ni, Fe0 and Fe/Zn nanoparticles 

show 82 %, 69 %, 68 % and 59 % of removal efficiency respectively for MG dye solution. 

The remarkable decrease in dye removal efficiency with concentration is mainly attributed 

to the increased electrostatic repulsive interaction between the adsorbed cationic molecules 

with concentration. 

Effect of contact time 

The removal efficiency of nanoparticles was greatly influenced by the interaction time 

between nanoparticles and dye molecules. In this study, the effect of contact time on dye 

removal has been studied (figure 3.13c) by varying the contact time (5- 30 min) between 

the nanoparticles and dye molecules by keeping all other parameters constant. The result 

shows that the nanoparticles removal efficiency increases with increasing contact time 

upto a specific time and after that the percentage removal efficiency tends to an 

equilibrium point. Initially, the number of surface active sites was more for adsorption and 

degradation, leading to the rapid decolourisation of dye molecules. After some time, the 
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surface passive layer was formed due to iron corrosion and the surface adsorptive sites 

were filled with dye molecules. This leads to a decrease in the decolourisation rate of dye 

molecules[37].  

Effect of pH 

The effect of pH on dye removal has been studied and shown in figure 3.13d. The results 

envisage that acidic pH was preferred by the iron-based nanoparticles for better removal 

efficiency. There is not much significant difference in removal efficiency from neutral to 

alkaline pH. Fe/Cu bimetallic nanoparticles show the highest removal efficiency in acidic 

pH. The removal efficiency of 58 %, 68 %, 74 % and 78 % were shown by Fe/Zn, Fe0, 

Fe/Ni and Fe/Cu nanoparticles respectively. At acidic pH, the electron transfer and 

production of reactive species were enhanced causing the better degradation of MG dye 

molecules. However, there may be a chance for a decrease in the adsorption of dye 

molecules due to the electrostatic repulsion between the positively charged surface of iron 

nanoparticles and cationic MG dye molecules. When the pH of the solution increases, there 

will be a decrease in electrostatic repulsion, promoting the adsorption of the dye molecules. 

Nevertheless, the formation of the surface passive layer in the surface of the iron 

nanoparticles reduces the electron transfer from the Fe0 core in basic pH. In this case, the 

high removal efficiency at acidic pH inferred that degradation is the major mechanism for 

dye removal compared to adsorption[36–38].   

Effect of second metal deposition on Fe0 

The percentage of second metal deposition in the Fe0 has a vital role in removing dye 

molecules. The effect of the second metal dosage on dye removal has been studied (figure 

3.13e) by changing the second metal dosage from 5 % to 15 % by keeping all other 

parameters such as initial dye concentration (50 mg/L), nanoparticle dosage (0.5 g/L) and 

contact time (15 min) constant. The results show that 10 % bimetal loading shows better 

removal efficiency than 5 % and 15 % bimetal loading. This shows that 5 % bimetal 

loading was not sufficient to improve the property of Fe nanoparticles. When the second 

metal % increases, more electron transfer and formation of reactive oxygen species occur, 

leading to more removal efficiency. However, the excess quantity of the second metal led 

to increased nanoparticle agglomeration and decreased the interaction between iron 

nanoparticles and dye molecules. It will eventually cause a decrease in the removal 

efficiency[39]. 
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GC-MS/MS analysis 

To determine the volatile degradation product of MG, GC-MS/MS study has been 

performed after complete decolourisation of dye solution using Fe0 nanoparticles. GC-

MS/MS analysis identified two possible degradation products using the NIST library. 

Mass spectra of the identified products are shown in figure 3.14(a&b). One possible 

intermediate eluted at 7.83 min was identified as cyclohexa-2,5-diene-1,4-dione (MW 

108) and another degradation product eluted at 19.90 min was confirmed as 

diphenylmethanone (MW 182). The two degradation products indicated by GC-MS/MS 

Figure 3.13 (a) Effect of nanoparticle dosage (b) Effect of initial concentration 

of MG  (c) Effect of contact time  (d) Effect of pH (e) Effect of second metal loading 

in MG dye removal using  Fe0, Fe/Ni, Fe/Cu and Fe/Zn nanoparticles 
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could result from the destruction of the entire conjugated chromophore structure of MG. 

The area covered by diphenylmethanone was 4.30, implying that it was the major 

degradation product. The formation of these stable compounds results from the interaction 

of reactive oxygen species and other active species with dye molecules. 

 

 

LC-MS/MS analysis 

In order to provide the supportive information for the proposed degradation mechanism of 

MG dye molecules, LC-MS/MS study has been carried out in the solution of MG. Figure 

3.15 shows the MG solution's LC-MS/MS chromatogram after being treated with Fe0 

nanoparticles. MG has been detected in retention time (Rt) 69.79 min with m/z 330. The 

degradation products identified and their m/z values and Rt are listed in table 3.2. All the 

identified compounds did not show an apparent peak in the LC-MS/MS chromatogram but 

were detected by mass spectrometry.  

Figure 3.14 Mass spectra of MG degradation products identified by GC-MS/MS    

analysis a) cyclohexa-2,5-diene-1,4-dione and b) diphenylmethanone. 
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Compound IUPAC name Rt 

(min) 

m/z 

MG 4-[4-(dimethylamino)phenyl]-phenyl-

methylene]cyclohexa-2,5-dien-1-

ylidene]-dimethyl-ammonium 

69.79 330.3359 

MG-CH2 dimethyl-[4-[[4-(methylamino)phenyl]-

phenyl-methylene]cyclohexa-2,5-dien-1-

ylidene]azanium 

58.6 316.2841 

MG-2CH2 dimethyl-[4-[[4-(methylamino)phenyl]-

phenyl-methylene]cyclohexa-2,5-dien-1-

ylidene]ammonium 

65.28 302.3052 

MG-3CH2 [4-[(4-aminophenyl)-phenyl-

methylene]cyclohexa-2,5-dien-1-

ylidene]-methylazanium 

61.74 288.2888 

MG-4CH2 [[4-[(4-aminophenyl)-phenyl-

methylene]cyclohexa-2,5-dien-1-

ylidene]azanium 

50.74 274.2735 

MG-2CH2-NH2 4-(dimethylamino)tritylradical 56.0 287.1552 

LMG 4-[[4-(dimethylamino)phenyl]-phenyl-

methyl]-N,N-dimethyl-aniline 

46.63 331.2081 

LMG-CH2 4-[[4-(dimethylamino)phenyl]-phenyl-

methyl]-N-methyl-aniline 

60.1 317.1720 

LMG-3CH2 4-[[4-(methylamino)phenyl]-

phenylmethyl]aniline   

33.74 289.1259 

LMG-4CH2-NH2 4-benzhydrylaniline 57.95 260.2579 

LMG-4CH2-2NH2 benzhydrylbenzene   60.74 245.0781 

LMG+OH 4-[bis[4-

(dimethylamino)phenyl]methyl]phenol   

37.31 347.1304 
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LMG+2OH 5-[bis[4-

(dimethylamino)phenyl]methyl]benzene-

1,3-diol 

68.90 363.3090 

LMG+OH-CH2-CH3 N-[4-[[4-(dimethylamino)phenyl]-

phenylmethyl]phenyl]hydroxylamine   

69.1 319.2836 

LMG+OH-4CH2 4-[bis(4-aminophenyl)methyl]phenol 60.4 290.2696 

DLBP [4-(dimethylamino)phenyl]-

phenylmethanone   

62.6 226.1229 

DLBP -CH2 [4-(methylamino)phenyl]-

phenylmethanone   

60.05 212.1069 

DLBP +OH [4-(dimethylamino)phenyl]-(4-

hydroxyphenyl)methanone   

65.30 242.2841 

DLBP +OH -CH2 [3-hydroxy-4-(methylamino)phenyl]-

phenylmethanone 

63.46 228.2679 

DLBP +OH -2CH2 (4-aminophenyl)-(4-

hydroxyphenyl)methanone 

58.3 214.2528 

DLBP +2OH -2CH2 (4-aminophenyl)-(2,4-

dihydroxyphenyl)methanone 

52.3 230.2467 

C8H11N N,N-dimethylaniline   70.07 122.0965 

C9H11O2N 4-(dimethylamino)benzoic acid 51.8 166.0866 

Table 3.2 Products identified by LC-MS/MS 

Compared to GC-MS/MS analysis, more degradation products were identified by LC-

MS/MS analysis since several volatile degradation products are too low to be eluted under 

the gas chromatographic conditions used. Mass spectra of some degradation products are 

shown in figure 3.16. 
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Figure 3.15 LC-MS/MS of MG degradation products after treating with Fe0 

nanoparticles 
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Proposed mechanism for the degradation of MG using Fe nanoparticles 

The degradation of MG involves both reductive and oxidative pathways along with the 

adsorption of the dye molecules. The reductive degradation of MG depends on the Fe0 

content and H+ in the solution. During the reductive pathway, the MG molecules may 

adsorb onto the iron surface and degradation occurs through direct electron transfer or 

adsorbed H*. The two adsorbed atomic hydrogen can combine to form H2[40]. These 

reactions in the reductive pathway are shown in equations 3.8-3.11. 

                                                           𝐹𝑒0 → 𝐹𝑒2+ + 2𝑒−                                                           (3.8) 

                                    2𝐹𝑒0 + 2𝐻+ + 2𝑒− → 2𝐹𝑒 − 𝐻∗ → 2𝐹𝑒 + 𝐻2                        (3.9) 

                                             𝐷𝑦𝑒 + 𝑒− → 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠                          (3.10) 

                                     𝐷𝑦𝑒 + 2𝐹𝑒 − 𝐻∗ → 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠                      (3.11) 

During the reductive degradation of MG dye, the MG was first reduced into leuco MG. 

After the initial stage of the degradation process, the degradation mechanism prevailed by 

oxidative pathway since the MG dye removal experiment did not take place in anaerobic 

Figure 3.16 Mass spectra of some MG degradation products identified by LC-MS/MS 

analysis. (A) [4-[[4-(dimethylamino)phenyl]-phenylmethylidene]cyclohexa-2,5-dien-1-

ylidene]-dimethylazanium; (B) 4-[[4-(dimethylamino)phenyl]-phenylmethyl]-N,N-dime 

thylaniline; (C) [4-[(4-aminophenyl)-phenylmethylidene]cyclohexa-2,5-dien-1-ylidene] 

azanium; (D) 4-[[4-(methylamino)phenyl]-phenylmethyl]aniline; (E) benzhydrylbenzene ; 

(F) 4-[bis[4-(dimethylamino)phenyl]methyl]phenol; (G) [4-(dimethylamino)phenyl]-

phenylmethanone; (H) [4-(methylamino)phenyl]-phenylmethanone; (I) N,N-dimethyl 

aniline;(J) (4-aminophenyl)-(4-hydroxyphenyl)methanone;(K) 4-(dimethylamino)benzoic 

acid 
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system. In the presence of dissolved oxygen, the iron oxide layer formed quickly and 

decreased the probability of reductive degradation. The addition of second metal (Ni, Cu) 

changes the faith of Fe0 nanoparticles upto an extent. Deposition with a second metal 

improves iron corrosion and hydrogen generation and prevents the blocking of the iron 

surface through the formation of oxide film[41]. The reductive removal of MG with 

bimetallic nanoparticles were shown in equation 3.12-3.14. The second metal (Ni or Cu) 

loses the electrons while reacting with the dye molecule. The formed nickel or copper ion 

was galvanically protected by electrons released from Fe/Fe2+ and Fe2+/Fe3+ redox 

reactions and turned into metallic Ni or Cu again. This process will continue until there is 

an electronic bridge between the two metals. Along with the direct electron transfer, the 

hydride formation with deposited metal would also play an essential role in reductive dye 

degradation in bimetallic nanoparticles. Nickel hydride or copper hydride was formed by 

reacting with the atomic hydrogen. These hydride formations reductively degrade the MG 

molecules (as shown in equation 3.15-3.18) and during this time, a new hydride free 

surface formed in iron-based bimetals[41,42].  

                                                      𝐹𝑒0 → 𝐹𝑒2+ + 2𝑒−                                          (3.12) 

                                             𝑁𝑖2+/ 𝐶𝑢2+ + 2𝑒− → 𝑁𝑖0/𝐶𝑢0                                (3.13) 

                     𝑁𝑖0/𝐶𝑢0 + 𝑀𝐺 + 𝐻2𝑂 → 𝑁𝑖2+/ 𝐶𝑢2+ + 𝑀𝐺𝑟𝑒𝑑𝑢𝑐𝑒𝑑 + 𝑂𝐻−           (3.14) 

                                                2𝐻2𝑂 + 2𝑒− → 2𝐻∗ + 2𝑂𝐻−                                (3.15) 

                                                            𝑁𝑖 + 𝐻∗ → 𝑁𝑖 − 𝐻∗                                           (3.16) 

                                                            𝐶𝑢 + 𝐻∗ → 𝐶𝑢 − 𝐻∗                                          (3.17) 

           𝑁𝑖 − 𝐻∗/ 𝐶𝑢 − 𝐻∗ + 𝑀𝐺 → 𝑁𝑖/𝐶𝑢 + 𝑀𝐺 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠         (3.18) 

The oxidative removal of MG dye prevailed over time than reductive removal conditions. 

The iron nanoparticle acted as a heterogeneous Fenton-like catalysts since the iron 

nanoparticles react with dissolved oxygen in water and form reactive oxygen species like 

hydrogen peroxide, hydroxyl radical etc.[43–45] as shown in equations 3.19-3.23. 

                                          𝑂2 + 2𝑒− + 2𝐻+ → 2 ∙ 𝑂𝐻                                              (3.19) 

                               2𝐹𝑒0 + 𝑂2 + 2𝐻2𝑂 → 2𝐹𝑒2+ + 2𝐻2𝑂2                                      (3.20) 

                                     𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ + ∙ 𝑂𝐻 + 𝑂𝐻−                                   (3.21) 
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                                     𝐹𝑒3+ + 𝐻2𝑂2 → 𝐹𝑒2+ + ∙ 𝑂𝑂𝐻 + 𝐻+                                     (3.22) 

                                      𝐹𝑒3+ + ∙ 𝑂𝑂𝐻 → 𝐹𝑒2+ + 𝑂2 + 𝐻+                                      (3.23) 

Hydroxyl radical formed by the reaction was reacted with the MG dye molecule and 

degraded them into smaller fragments. Bimetallic composition in the iron-based 

nanoparticles will improve the formation of hydroxyl radicals. For example, the formation 

of hydroxyl radical by Fe/Cu bimetallic nanoparticles[1] has been shown in equation 3.24. 

                  𝐹𝑒2+ + 𝐶𝑢2+ + 3𝐻2𝑂2 → 3 ∙ 𝑂𝐻 + 𝐻𝑂2 ∙ +𝐻2𝑂 + 𝐹𝑒3+ + 𝐶𝑢2+           (3.24) 

The MG and its degradation products are adsorbed onto the surface of Fe0 and iron oxides 

as shown in equations 3.25 and 3.26.  

                                                 𝐹𝑒0 + 𝑀𝐺 → 𝐹𝑒0 − 𝑀𝐺                                            (3.25) 

         𝐹𝑒𝑥𝑂𝑦 𝐹𝑒𝑂𝑂𝐻⁄ + 𝑀𝐺 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠              →

                                             𝐹𝑒𝑥𝑂𝑦 𝐹𝑒𝑂𝑂𝐻⁄ − 𝑀𝐺 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠                (3.26) 

The degradation pathway of MG by Fe0 nanoparticles is shown in scheme 3.1. A few 

undetected degradation products are also depicted in scheme 3.1, including b2, b4, c4, d2, 

d8, e1, e2 and e4. Even though these degradation products were not detected in GC-

MS/MS and LC-MS/MS analysis, the presence of some other compounds inferred the 

existence of these compounds. 
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Scheme 3.1 Degradation pathways of MG using Fe0 nanoparticle 

MG degradation pathway shows that the attack by hydroxyl radical leads to the N-

demethylation and deamination of MG and MG degradation products. N-demethylation 

has gradually occurred until the total elimination of the 4 methyl groups and deamination 

removes the amino group in the MG[18]. In the scheme, a1-a4, b1-b6 and d1-d3 represent 

the N-demethylation and deamination of MG and its degradation products. The next set of 

reactions that occurred in MG is hydroxyl addition reactions. The addition of hydroxyl 

radical happened in MG degradation products due to the non-selectivity of hydroxyl 

radical[46]. The products c-c4 and d4-d7 represent the results of hydroxyl addition 

reactions in MG and MG degradation products. The hydroxyl radical attacked the central 
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carbon leading to the destruction of the conjugated structure. The c4 so formed gets 

degraded in two ways, (1) N,N-dimethylaniline (e) and [4-(dimethylamino)phenyl]-

phenylmethanone (d),  and (2) phenol (e4) and bis[4-(dimethylamino)phenyl]methanone 

(d8)[18,47]. N-demethylation, deamination and hydroxyl addition reactions occurred in 

N,N-dimethylaniline leading to hydroquinone formation. These formed hydroquinone 

molecules were suddenly transferred into cyclohexa-2,5-diene-1,4-dione in the presence 

of H2O2[48–50]. The bis[4-(dimethylamino)phenyl]methanone is further degraded into 

N,N-dimethylaniline and 4-(dimethylamino)benzoic acid (e5) by reacting with hydroxyl 

radical[18]. There will be a chance for further degradation and mineralisation of MG 

degraded products, but not detected by LC-MS/MS since below m/z 100 was not examined 

in this study.  

3.4  Conclusions  

In this study, zero valent iron nanoparticles and bimetallic iron-based nanoparticles were 

prepared through the liquid-phase reduction method using NaBH4 as the reducing agent. 

The characterisation of the prepared nanoparticles has been done using XRD, HRTEM and 

EDAX and confirmed the formation of Fe0, Fe/Ni, Fe/Zn and Fe/Cu nanoparticles. The 

reactivity of prepared nanoparticles was studied for Cr(VI) and dye removal and found 

that Fe/Cu and Fe/Ni bimetallic nanoparticles were more efficient than Fe0 and Fe/Zn 

nanoparticles. The better efficiency of Fe/Cu and Fe/Ni bimetallic nanoparticles was due 

to their better direct electron transfer, hydride formation and formation of reactive oxygen 

species. The effect of various parameters such as initial concentration of the dye, 

nanoparticle dosage, initial pH of the solution, contact time and deposition of second metal 

has been examined in this study. Both MG dye and Cr(VI) removal preferred acidic pH 

and a second metal deposition of 10 %. Iron-based nanoparticles effectively removed the 

triphenylmethane dyes compared to azo and thiazine dyes. EDAX confirmed the reduction 

of Cr(VI) by prepared nanoparticles and the degradation of MG dye molecules was 

confirmed by GC-MS/MS and LC-MS/MS techniques. Thus, Fe/Ni and Fe/Cu bimetallic 

nanoparticles can be used as a cost-effective and practical material for Cr(VI) and MG dye 

removal. 
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