

[bookmark: _GoBack] COD removal of binary mixture of dyes by heterogeneous Fenton oxidation: Kinetics, product identification and toxicity assessment








John Elisa Kumar1, Tsungom Mulai 1, Wanshanlang Kharmawphlang1, Rajeshwar Nath Sharan2, Mihir Kumar Sahoo1*
1Centre for Advanced Studies in Chemistry, Department of Chemistry, North-Eastern Hill University, Shillong– 793 022, India
2Radiation & Molecular Biology Unit, Department of Biochemistry, North-Eastern Hill University, Shillong– 793 022, India





*Corresponding author: Tel.: +91-364-2722632; Cell: +91-9436706767;
                                 Fax: +91-364-2551634
E-mail id: mksahoo@nehu.ac.in; mihirs2107@gmail.com












Abstract

COD removal of mixture of two azo dyes, Acid blue 29 and Ponceau xylidine was studied by heterogeneous Fenton and Fenton-type processes using hydrogen peroxide (HP) and sodium persulphate (SPS) as oxidants and nano and micro-particles as catalysts. The nano-particles were characterized using various analytical techniques, viz. FT-IR, TEM, EDX, powder XRD and VSM. Effect of pH, catalyst load, nature of oxidant, and particle size of catalysts on the COD removal efficiency () was established. Although nano-/HP system was found to be most effective, satisfactory result was obtained till 2nd cycle. The mechanisms of formation of different ions and the intermediate products were proposed and the variation of  with residual HP on was established. It was established that the COD removal and consumption of HP proceed through an initial slow followed by a fast process, each following pseudo first order kinetics. Based on our result of toxicity assay using V. fischeri and E. coli, we recommend that the nature of recipient water body for wastewater disposal should be primarily considered before choosing either of the two toxicity assays.
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1.	Introduction

The wastewater generated by the textile industry usually contain higher concentration of Chemical Oxygen Demand (COD), Biochemical Oxygen Demand (BOD), alkalinity and Colour1 which should be removed before being released into the water bodies. Advance Oxidation Processes (AOPs), which involve in situ generation of hydroxyl radicals have been able to achieve the above goals to a great extent.2-4 The oldest AOPs, which involve the activation of HP and SPS to generate of hydroxyl and sulphate radicals5-7 using  as catalyst, are popularly known as Fenton (/HP) and Fenton-type process (/SPS) (Eqs. (1) and (2)). Apart from simple operation, high efficiency and requirement of no electrical energy, the other important advantage of /HP process is that only a catalytic amount of  is required as it is regenerated from the  ion in a process called Fenton-like reaction (Eq. (3)).8 
			(1)
 +  →  + S + S			(2)
                                       (3)
However, these advantages have been masked by its narrow operational pH range and the generation of sludge at the end of the process.5,9 So, a search for a low cost and stable catalyst, which can be easily separated from the reaction medium and can run in successive cycles, thereby reducing the cost of operation, was felt necessary by the environmental chemists. A heterogeneous catalyst has been shown to meet the above mentioned requirements and therefore, can be used in Fenton process, the heterogeneous Fenton process. Among the various heterogeneous catalysts, zero-valent iron nano-particles,10,11 and iron oxide minerals12-15 have been widely used for environmental remediation processes. Iron is fixed in the structure of heterogeneous catalyst and activates the oxidant (Eq. (4)) over a broad range of pH values depending on the point of zero charge (PZC) of the catalyst.16 The advantage of heterogeneous over homogeneous Fenton process is that the catalyst can be separated from the solution by an external magnet. 
	(4)
The objective of the present work is to investigate the colour and  of binary mixture of dyes, viz. Acid Blue 29 (AB) and Ponceau Xylidine (PX), by heterogeneous Fenton and Fenton-type processes using two types of iron oxide particles as catalysts: nano-(synthesised, average particle size 26-35 nm) and micro-particles (commercially available, < 5 µm) and two different oxidants, i.e. HP and SPS. AB and PX were selected as the model dye pollutants because of their extensive use in textile industries for dyeing wool, cotton, silk, polyester and rayon etc. and to a less extent in paint, ink, plastic and leather industries. Moreover, both the dyes are recalcitrant in nature. Although the literature is rich in reports on degradation of individual dyes by different AOPs, that for mixture of dyes is scanty even though textile industries invariably use mixture of dyes. Since the activation of HP and SPS depends on the specific surface area of the catalyst, we proposed to investigate the ability of iron (III) oxide nano-particles (n-) and micro-(m-) particles to decompose HP and SPS and produce hydroxyl and sulphate radicals. The influence of catalyst loading, HP dosage, as well as pH on the efficiency of the process was also considered in the study. As it is known that HP interference results in the over estimation of COD values,17 we have calculated the actual COD values at optimum parameters by eliminating the interference due to HP. The COD values presented in the text are inclusive of the HP factor (represented as m-COD) unless otherwise stated. Nevertheless, the result gives a qualitative idea about the COD value, which would obviously be higher than the value obtained after eliminating the HP factor. The COD removal kinetics was also determined. Different ions and end products formed in the process were analysed by Ion chromatography. The degradation mechanism of mixture of dyes based on end product analysis and supported by literature data has been proposed. 
	Determination of toxicity of treated samples is an integral part of any wastewater treatment process. Two methods are used by researchers to assess the toxicity of treated wastewater solutions. One is by monitoring the growth inhibition assay (reduction of colony forming unit) of Escherichia coli (E. coli) and the other is by measuring inhibition of luminescence (light loss) in marine bacterium Vibrio fischeri (V. fischeri) when exposed to a given test sample.7,18-21 The bacterium, V. fischeri emits light as a natural part of their metabolism. When exposed to a toxic chemical, a disruption of the respiratory process of the bacteria and hence reduction in the emitted light intensity is observed. We have compared the results of toxicity assessments of the samples by these two methods at different stages of treatment.    

2.	Materials and Methods
2.1	Chemicals and materials

The diazo dye, Acid Blue 29 (Synonym: Amacid Navy Blue B; Cetil Black M; Fabracid Navy S-BL; Mordant Blue 82; C.I. number: 20460; molecular formula:; molecular weight: 616.49 ();  = 602 nm; pH of the dye solution in water: 6.7) and the anionic diazo dye, Ponceau Xylidine (Synonym: 1-(2,4-xylylazo)-2-naphthol-3,6-disulphonicacid, disodiumsalt; C.I. number: 16150; molecular formula:; molecular weight: 480.42 ();  = 504 nm; pH of the dye solution in water: 6.2) were procured from Sigma Aldrich (Germany). The molecular structures of AB 29 and PX are shown Fig. 1.


Figure 1. Structures of Acid blue 29 (a) and Ponceau xylidine (b). 

The other chemicals viz. sulphuric acid (, GR), sodium hydroxide (NaOH, GR), hydrogen peroxide (, 30% w/w, purified), Sodium peroxodisulphate (, for analysis), iron (II) sulphate (, GR), Iron (II) Chloride anhydrous (, purified), Iron (III) Chloride tetra hydrate (), Hydrochloric Acid (HCl, min 35% GR), Nitric Acid ( min 65% GR), Methanol () were obtained from Merck. Ethanol (Absolute, 99.9%) was obtained from Changshu Yangyuan Chemical china. Iron (III) oxide power (< 5µm), i.e. m- used as one of the catalysts in the heterogeneous process was supplied by Sigma-Aldrich. Solution 1’ (mercuric sulphate and sulphuric acid) and ‘Solution 2’ for low range COD (silver sulphate, chromic acid, sulphuric acid and demineralised water) required for the determination of COD was supplied by HACH, USA. The chemicals used for ion chromatographic analysis were sodium hydroxide (NaOH, 50-52% in water, Sigma), methane sulphonic acid (, HIMEDIA), acetonitrile ( HPLC grade, HIMEDIA), ammonium acetate (, Merck, Emparta ACS). All the chemicals were used as received without further purification. Luria Bertani (LB) agar, LB broth and ampicillin used in detoxification experiment were acquired from Himedia, India. The lyophilized luminescent bacteria, V. fischeri used for toxicity assessment was supplied by Modern Water Inc, USA. 

2.2	Synthesis of  nano-particles

Iron (III) oxide nano-particles (n-) were synthesised by chemical co-precipitation of Fe(II) and Fe(III) ions as described earlier.22 Briefly, 3.1 g of  and 5.2 g of  (molar ratio of 1:2) were successively added to 25 ml of deionized water acidified with 0.85 mL of 12.1 N HCl with constant stirring. The resulting solution was added drop wise to 250 mL of 1.5 M NaOH solution under vigorous stirring when an instant black precipitate was observed. The paramagnetic character of the particles was checked in situ by placing a magnet near the precipitate. The precipitate was filtered in a vacuum pump after continuous stirring for 6 hrs, washed with deionized water until neutral pH was achieved. Finally, the precipitate was washed with ethanol, dried and stored after grinded. The black precipitate turned light brown after drying due to calcination. 

2.3	Characterization of n-

The surface functional groups of the prepared n- particles were qualitatively identified using FTIR spectrum (Bruker, Model: Alpha II). The morphology of the synthesized n- was determined by transmission electron microscopy (TEM) with an instrument (JEOL, JEM-2100) operating at 200 kV. The purity of n- was confirmed by energy dispersive X-rays (EDX) analysis. The EDX was analysed using the TEM instrument. To check the crystallinity, powder X-ray diffraction (XRD) patterns of the dried  n- were recorded in reflection mode using a high resolution diffractometer (GNR Analytical Instrument, Explorer, Italy) with CuKα radiation ( = 1.54 Å) within the 2θ values ranging from 20–8 with a step size of  and step time of 2 min. The operating voltage and current are 40 kV and 35 mA, respectively. The vibrating sample magnetometry (VSM) analysis was performed using Vibrating Sample Magnetometer (Lakeshore, 7410 series) to confirm the paramagnetic nature of the prepared nano-particles. 

2.4	Adsorption experiment

100 ml of mixture of dyes ([AB] = [PX] = 0.15 mM) was taken in a 250 ml RB. The pH was adjusted to 3 by adding 5 mM  followed by the addition of n-so as to make the concentration of nano-particles 400 mg/L. The content was stirred for different time intervals. The concentration of each component of the dye solution, after a certain reaction period, was measured after centrifuging for 5 min at 4800 rpm and separating from the nano-particles.  The concentration was measured by following Beer-Lambert law. It was observed that the concentration of each component of the dye solution remains constant from 60 min onwards. So, it was decided to carry out the adsorption experiment for 90 min before the start of the experiment to ensure complete adsorption and establishment of equilibrium.

2.5	Heterogeneous Fenton Procedure 

Stock solutions of AB and PX of desired concentration were prepared separately by dissolving in required amount of Millipore water (Elix3 Century, Millipore India, Bangalore). Equal volume of both the dyes (15 ml each) were taken in a volumetric flask and the volume was adjusted to 100 ml. The concentrations of both the dyes in the mixture were calculated to be 0.15 mM each. The content in the volumetric flask was transferred to 250 ml round bottom flask (RB). After adjusting the pH to desired value, 4.0 g/L n-were added to the mixture. The mixture was stirred for 90 min when complete equilibrium was established. The equilibrium point was established by measuring the concentration of the dyes from time to time until no change in concentration was observed. The reaction was started by adding 0.5 ml of HP of desired concentration after equilibration was achieved. The mixture after centrifuging for 6 min at 4800 rpm after desired reaction period was used for decolorisation and COD removal studies.     
All reactions were carried out in the presence of air and at room temperature (varying between 19 and 25 ). The body and the mouth of the RB were wrapped with aluminium foil to prevent passage of light. Two holes were pierced through aluminium foil covering the mouth to allow free passage of air. It may be mentioned that the temperature was not controlled during course of the experiments. Each RB was designated to be sacrificed for analysis after a predetermined time interval. The initial pH of the solution was adjusted to the desired value with  (the strength varying between 0.05-0.35N depending on the pH required) or  (the strength varying between 0.025-0.125N depending on the pH required) using a digital pH meter (Eutech instrument pH-Tutor). All solutions used in this study were freshly prepared except the dye solution, which was stored at  and used within three days. 

2.6	Analytical Methods
Since the colour of the solution is due to the contribution of both the dyes, i.e. AB and PX, the decolorisation studies were carried out by measuring the absorbance at 539 nm (for PX) and 604 nm (AB 29) with the help of a UV-vis spectrophotometer (HACH, USA; DR 6000). The procedure for the determination of COD was supplied by HACH, USA [2]. In short, 2 ml of a given sample mixed with 0.25 ml of ‘Solution 1’ and 2.8 ml of ‘Solution 2’ (low range) was first digested in a COD digester (HACH, USA; DRB 200) at 150  for 2 hrs. The digested sample after cooling to room temperature was analysed at 420 nm with the help of a UV-vis spectrophotometer (HACH, USA; DR 6000) for measurement of COD of the samples. 
Decolorisation and  are calculated according to the following equations:


Where, , and  are the initial absorbance and COD respectively and , and  are absorbance, and COD at time ‘t’ respectively. 
The COD value for the samples containing  was corrected quantitatively using Eq. (5), as proposed by Kang et al.17 The degradation rate constant in terms of COD removal was determined according to the pseudo-first-order rate laws (Eq. (6)). 
 		(5)

Where  is the measured COD (mg/L)

.t 								 (6)

Where,  is the initial COD at time t=0 and COD is its value at any time t (min). The first order rate constant () for COD removal is the slope of the straight line obtained by plotting  vs. time. The kinetics of HP consumption was determined by replacing COD with HP and  with  in Eq. (6), where  the initial [HP] at time t=0 and HP is its value at any time t (min).
Anions, cations, organic acids, phenols and concentration of residual HP were analysed using Ion Chromatography System (ICS) supplied by Thermo Scientific, USA (Dionex, ICS-1100). For anions and organic acids, IonPac AS11 analytical column (4 x 250 mm) with a suitable guard column and an automatic electrolytic suppressor (AERS 500, 4 mm) was used. The current of the suppressor was maintained at 30 mA for anions and 38 mA for organic acids. The mobile phase was NaOH (12 mM for anion and 15 mM for organic acids) with a flow rate of 1 ml . Cations were analysed using IonPac CS17 analytical column (4 x 250 mm) with a suitable guard column and an automatic electrolytic suppressor (CERS 300, 4 mm) with a current of 15 mA. The mobile phase was 5 mM MSA with a flow rate of 1 ml . Concentration of residual HP was analysed using CarboPac PA20 analytical column (3 x 150 mm) with a suitable guard column and an electro chemical detector (ED 50A). The mobile phase was 50 mM NaOH with a flow rate of 0.5 ml . Phenols were analysed using a VWD variable wavelength absorbance UV-vis detector (cell path length: 10mm; cell volume: 11 µL). The wavelengths selected for the purpose were 270 nm and 320 nm. The mobile phase was 0.1 M ammonium acetate solution with a flow rate of 1 ml . It was prepared by mixing appropriate amount of ammonium acetate to a mixture of water and acetonitrile (1:1). All the experiments were repeated at least three times and the error was always found to be within ± 5%. The data presented in the text and figures were analysed by standard deviation using ‘Origin 7’ (Microcal Inc.) and has been rounded up to significant values.
The iron content of the catalysts was determined by ICP-OES (ICP-OES: Model No. iCap 7600 Duo, Thermo Fisher). The sample preparation involves solubilising 0.02 g of the catalyst in 5 mL conc.  HN by heating and evaporating to less than 1 ml. After solubilisation, the samples were diluted to 100 mL with distilled water and submitted for analysis by ICP-OES.23 

2.7	Toxicity assessment of the treated solutions
We have adopted two methods for the toxicity assessment of the treated solutions. The first method is based on the on E. coli growth inhibition (metabolic inhibition)     bioassay.7,18 The procedure involves dissolving 40 g of LB agar in 1000 ml of water followed by autoclaving for 30 min. Upon cooling down to about 40 oC, Ampicillin (1 µL for each ml of LB agar solution) was added, mixed, and aliquots of approximately 10 ml of the medium was poured into sterilized Petri plates. LB broth (25 g) was separately dissolved in 1000 ml of water, aliquoted (9 ml) in 100 ml conical flasks and sterilized by autoclaving for 30 min. To the sterilized LB broth, 10 µL of ampicillin, 100 µL of the E. coli culture inoculum and 1 ml of the dye or other test solution were added and the cultures were grown at 37 oC overnight in a rotary shaker. The following day, the mid-log phase culture was diluted 10,000 times and 10 µL of the diluted culture was spread over the LB agar plates prepared earlier. The plates were incubated for 16 h in a 37  incubator as described earlier.24 Colony forming units (CFUs) formed in each plate was counted after 16 hrs. All the experiments were performed under sterilized conditions. The relative toxicity, measured as a reduction in CFU, of the treated solutions presented in the study were with respect to the control. 
In the other method, the toxicity was measured using Microtox FX test system (Modern Water Inc, USA). This method is based on the principles suggested by ISO (2007).25 The relative toxicity of each sample was measured by using 81.9% screening test, the procedure of which was supplied by Modern Water Inc, USA. The optical density (OD) of the samples were checked to ensure that the absorbance is not greater than 1.0 at 490 nm. A pre-dilution is required to get it below 1.0 in order to avoid the interference of colour with the readings. The test was conducted at 15-22  by adding osmotic adjusting solution (OAS) containing 22% NaCl to the samples to allow normal cellular activity of V. fischeri and emission of luminescence. The pH of the samples in the present case varies between 2.6 to 5.9 and therefore, were adjusted to ≈6 by using 5N NaOH (for fine adjustment 0.5N NaOH was used) before adding OAS. The samples were centrifuged at 4500 rpm for 3 min to remove the precipitate formed after the adjustment of pH. Microtox SOLO reagent (V. fischeri bacterium) were reconstituted by adding 300 µL Microtox diluent (3.5% NaCl) and were incubated for 15 min followed by the addition of samples containing OAS. The inhibition of luminescence or light loss (%) by the bacterium was analyzed by the Microtox FX photometer. The light loss (%) was used as a measure of the relative toxicity of the samples.  


3.	Results and discussion
3.1	Characterization of n- catalyst

The size and characteristics of the synthesised nano-particles were determined by FTIR, TEM, EDS, powder XRD and VSM. The FTIR spectrum of the prepared n- particles is shown in Fig. 2. The peak at 604  in the spectrum is assigned to Fe-O stretching band indicating the presence of   and that at 3446  to the characteristic stretching vibrations of  moieties, probably belonging to the adsorbed water molecules on the surface during the preparation process of the catalyst. Besides, the peak at 1647  may be assigned to vibrations due to  bending at 𝛾- surface.26-28 The weight (%) of iron and oxygen on the surface of n- as analysed by EDX was found to be 83.71 and 16.29% respectively (Fig. 3). As there are no peaks other than those corresponding to Fe and O atoms in the EDX data, it may be concluded that the synthesised particles are pure and contains no impurity. The morphology of the nano-particles (TEM image), particle size distribution, powder XRD and VSM are shown in Fig. 4 It is observed that the shape of the particles is spherical. The size of the particles as calculated using image j software was found to vary from 5-65 nm and the average particle size lies within 26-35 nm. In order to confirm the nature of the nano-particles, powder XRD and VSM studies were carried out. The XRD diffractogram of nano-particles shows diffraction peaks at angles 2θ = 30.22°, 35.64°, 43.25°, 53.75°, 57.45°, 62.98° which correspond to the 220, 311, 400, 422, 511, 440 planes of  NPs.18 No other peak corresponding to any impurity was detected. Based on the XRD pattern and on the Joint Committee on Powder Diffraction Standards (JCPDS) data, it may be concluded that the synthesised  particles are 𝛾-.28 The VSM analysis suggested that the synthesised nano-catalyst possess super paramagnetic property with a saturation magnetization of 57.05 emu/g.

[image: ]
Figure 2. FTIR spectrum of n- particles.

[image: ]

Figure 3. EDX analysis of n- particles.
[image: ]
Figure 4. Characterisation of n- particles: a. TEM image; b. Particle size distribution; c. XRD diffractogram; d. Magnetization curve.

3.2	Optimization of operational parameters for n-system

The optimization of catalyst load was initially done on the basis of decolorisation efficiency. The concentration of the nano-particles were increased from 0.1 to 1.0 g/L keeping other parameters constant:    [HP] = 7.0 mM; [AB] = [PX] = 0.15 mM; pH= 3; treatment period= 90 min. It was observed that decolorisation remained practically constant (95.0 and 91.4% for AB and PX respectively) from 0.4 g/L onwards. 
The effect of pH on decolorisation at the optimum load of the nano-particles (0.4 g/L) was also considered and found that it was highest at pH 3 (95.0 and 91.4% for AB and PX respectively) and no decolorisation was observed at pH ≥ 5.9 (the natural pH of the mixture of dyes). Decolorisation study at high acidic media, e.g. pH 1 was not undertaken considering the large amount of acid that is required to get the desired pH. Further at pH 1, HP is protonated to generate a stable oxonium ion,  (Eq. (7)) which is expected to reduce the activation of HP with  and restrict the regeneration of  as per Eq. (3), thereby decreasing the generation of hydroxyl radicals and hence .29,30 The higher efficiency at pH 3 may be due to the higher oxidation potential of  radicals, leaching of more iron species into the solution and formation of catalyst-pollutant inner sphere complexes, which promotes the reaction.31-33 The higher decolorisation efficiency at lower pH and least at higher pH may also be attributed to the surface properties of the catalyst. As it is known that degradation in heterogeneous catalysis takes place at the surface of the catalyst and therefore, the adsorption of the target molecule on the surface of the catalyst plays an important role in the degradation process. The adsorption depends on the charge on the target molecule and surface of the catalyst. The point of zero charge (PZC) of a catalyst is the pH at which the surface is neutral. Therefore, the surface is acidic at pH < PZC and basic at pH > PZC. Since, AB and PX are anionic dyes, they are attracted towards the surface at pH < PZC. In case of n-, the PZC lies in between 6.0-6.834 and therefore AB and PX are attracted towards the surface at pH < 6, i.e. in acidic pH.16 Since there is no adsorption of the dyes on the catalyst at pH > 6, no decolorisation was observed at pH ≥ 5.9. The reduced decolorisation at higher pH may also be attributed to the oxidation of NaOH by HP (Eq. (8)).35
							(7)
				(8)
The optimization of HP was done by varying its concentration from 5.0 to 9.0 mM. The decolorisation with respect to both the components of the dye solution was found to increase up to 7 mM, beyond which a decrease was observed. This is evident from the UV-vis spectra of the dye solution at different concentrations of HP keeping other parameters constant ([AB] = [PX] = 0.15 mM; pH =3; [n-] = 0.4 g/L) (Fig. 5). With increase in HP concentration, a decrease in absorption was observed till 7 mM, beyond which an increase was observed. This shows the adverse effect of higher concentration of HP on decolorisation. Thus, the optimum parameters for decolorisation in n-system are: [AB] = [PX] = 0.15 mM; pH =3; [n-] = 0.4 g/L; [HP] = 7.0mM. The initial increase in decolorisation with HP is due to the higher generation of hydroxyl radicals and decrease at higher conc. is due to the self-scavenging of hydroxyl radicals as well as by HP (Eqs. (9) and (10)).35 Apart from being less reactive than , the resulting hydroperoxyl radicals () further reduce the availability of   (Eq. (11)), a factor which is responsible for lower degree of decolorisation.36
 +  → 			(9)
+  →  + O			(10)
 +  → O +  						(11)
[image: ]
Figure 5. Effect of [HP] (a) and catalyst loading (b) on the absorption spectra: [AB] = [PX] = 0.15 mM; pH= 3; treatment period = 90 min; equilibrium period = 90 min.




3.3	Optimization of operational parameters for n-system 

In order to optimise the parameters for decolorisation with n- system, the optimum conc. of HP (7.0 mM) in n-system was taken as the optimum conc. of SPS in order to have a better comparison between equimolar conc. of oxidants. To find the effect of catalyst loading, decolorisation studies were carried out at different concentrations of n- ranging from 0.1 to 1.0 g/L. It was noticed that maximum decolorisation of was observed at 0.6 g/L with the absorbance for AB corresponding to  = 604 nm decreasing from 3.678 to 0.109 representing a decolorisation of 97.0% and that for PX corresponding to   = 539 nm decreasing from 3.801 to 0.325 representing a decolorisation of 91.4%. This is evident from the UV-vis spectra of the dye solution at different concentration of catalyst keeping other parameters constant (Fig. 5). With increase in catalyst concentration, a decrease in absorption was observed till 0.6 g/L, beyond which an increase was observed. This shows the adverse effect of higher concentration of catalyst on decolorisation.
The effect of pH on decolorisation was established by carrying out the reaction at pH 3.0, 5.9, 9.0 and 11.0. The decolorisation of PX component slowly decreases from 91.4% at pH 3 to 82.8% at pH 9. On the other hand, within the same pH range the decolorisation of AB component remained practically constant varying between 97.0 to 94.2%. On further increasing the pH to 11, a sharp decrease in decolorisation to and 25.6 and 3.0% respectively for AB and PX was observed. On the basis of above observations, the optimum parameters for decolorisation are: [AB] = [PX] = 0.15 mM; pH =3; [n-] = 0.6 g/L; [SPS] = 7.0 mM. A comparison of decolorisation in both the systems (HP and SPS) shows that both the systems have equal efficiency at their optimum parameters even though a higher concentration of catalyst is required for SPS system than for HP. 

3.4	COD removal study at optimum parameters for n- and n- systems

In order to find  of both the systems at their respective optimal parameters, we have varied the treatment period up to 300 min. To our surprise, the  was found to be very low (1.4 and 6.8% respectively for HP and SPS systems) at 300 min of reaction even though complete decolorisation was achieved under the present conditions. So, it was decided to increase the catalyst load further to see if there is any increase in .  The reaction with catalyst load varying from 1.0 to 6.0 g/L was carried out under optimum parameters, i.e.  [HP] = 7.0 mM; treatment period = 300 min: [AB] = [PX] = 0.15 mM; pH= 3; equilibrium period = 90 min. Although complete decolorisation was obtained from 0.4 g/L onwards, an increase in m- from 45.6% to 72.1% at 300 min was observed when the load was increased from 1.0 to 4.0 g/L. A slight decrease in the value was observed when the load was increased to 6.0 g/L (Fig. 6). Thus, 4.0 g/L was taken as the optimum concentration of n-throughout the study. This initial increase in m- may be attributed to the acceleration of iron leaching and HP activation generating more  radicals due to an increase in the number of active sites on the catalyst surface area available for degradation and the decrease at higher catalyst concentration may be due to the agglomeration of nano-particles. Another reason may be due to the scavenging of  and  (from Eq. (10)) radicals on the oxide surface (Eqs. (12) – (14)).37-40 As already discussed earlier, the presence of HP in the solution results in the over estimation of COD and hence, there is a need to eliminate the interference due to HP. 
 +  →   + 			(12)
 +  →   + 			(13)
 +  →   +  + 			(14)
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Figure 6. Effect of catalyst load on the m-of mixture of dyes (AB+PX): [HP] = 7.0 mM; [AB] = [PX] = 0.15 mM; pH= 3; equilibrium period = 90 min; treatment period= 90 min.

With an aim to see the increase in m- pattern with time, we have carried out the reaction from 10 to 360 min. Fig. 7 shows the effect of HP on the m- of the process. It is thus apparent that presence of HP leads to a reduction of m- values and therefore, our result is in good agreement with the findings of Kang et al.17 It is apparent from Fig. 7 that the COD removal process takes place in two stages – a slow induction period (1st stage) followed by a fast degradation process (2nd stage). During the induction period the  practically remained constant and lasts up to 60 min of the reaction (31.3% in 10 min to 35.7% in 60 min) beyond which an increase was observed and the value reached to 83.8% in 360 min. This is also evident from the consumption of HP, which follows the same trend as  (Inset of Fig. 7). On the other hand, complete decolorisation was achieved at 120 min of the reaction. From Table 1 it is evident that 67.2% of HP is consumed in 60 min with a corresponding  of 35.7%. On the other hand, rest of the HP was consumed in the next 300 min for an additional 45.4% . Thus, the HP consumption was rapid during the initial stage of the reaction up to 60 min, which was mostly utilized towards the decolorisation.
Previous studies have suggested that iron leaching from the surface of n- into the solution forms the rate determining step of this reaction41,42 and therefore, the slow leaching of iron takes place in the first stage, i.e. induction period. It appears that during the induction period sufficient amount of  radicals are not formed through the activation of HP by n-. Further, part of the  radicals might be recombined or scavenged quickly in the presence of high conc. of HP (Eqs. (9)–(10)) and large active surface (Eq. (12)) and partly might be engaged to a great extent in breaking the N=N bond leading to decolorisation and to lesser extent in removing the dyes and intermediate products and hence COD. The second and fast process mostly involves the interaction of  radicals, generated through the activation of HP with dissolved iron () (Eq. (4)), with the dyes leading to their degradation. The  radicals generated during process are involved in the color and COD removal process by acting in two different ways: by attacking the  chromophore or the carbon attached to the azo bond.43,44  In both the cases the dye molecules are fragmented causing colour and COD removal. 
Heterogeneous Fenton-type reactions (n-) were carried out with 4.0 g/L of in the presence of SPS as oxidant. To study the effect of equimolar concentration of oxidants, we have considered the concentration of SPS as 7.0 mM. The other parameters taken were same as with heterogeneous Fenton process, e.g. [AB] = [PX] = 0.15 mM; pH= 3, equilibrium period = 90 min. Under these operational parameters,  was found to be only 28.5% in 360 min. (without correction due to interference of HP). The effect of pH was also studied on this system and it was observed that  was highest at pH 3 and negligible at other pHs. 
[image: ]
Figure 7. Effect of residual HP on  of mixture of dyes (AB+PX). Inset: consumption of HP with time. [AB] = [PX] = 0.15 mM; [n-] = 4.0 g/L; [HP] = 7.0 mM; pH= 3; equilibrium period = 90 min.
Table 1. COD removal efficiency of mixture of dyes (AB+PX): [AB] = [PX] = 0.15 mM;   [n-] = 4.0 g/L; [HP] = 7.0 mM; pH= 3; equilibrium period = 90 min;  = 147 mg/L.
	Treatment period
(Min)
	Decolorisation (%)
	Consumption of [HP]
(%)
	m- (%)
	 (%)

	
	AB
	PX
	
	
	

	10
	71.6
	65.3
	64.0
	4.1
	31.3

	30
	83.6
	77.6
	64.0
	6.1
	33.2

	60
	97.9
	96.9
	67.2
	10.9
	35.7

	120
	100.0
	100.0
	76.3
	29.3
	45.1

	180
	100.0
	100.0
	87.3
	47.4
	58.8

	240
	100.0
	100.0
	95.4
	55.7
	74.9

	300
	100.0
	100.0
	98.9
	72.1
	83.1

	360
	100.0
	100.0
	99.8
	78.2
	83.8



m- – COD removal efficiency in the presence of residual HP
 – COD removal efficiency in the absence of residual HP
3.5	Effect of particle size on  of mixture of dyes

In order to establish the effect of particle size of particles on the , we have used particles with two different sizes. The effect of n-has already been described in earlier section. The other iron oxide used in this work is m- particles with particle size <5 µm. The oxidants used in this reaction were HP and SPS.  The same operational parameters as used in n- was employed in this reaction ([m-] = 4.0 g/L; [HP] = 7.0 mM; [AB] = [PX] = 0.15 mM; pH= 3; equilibrium period = 90 min). m-, with a value of 51% in 360 min in the presence of HP, was completely inhibited in the presence of SPS. It may be noted that under similar conditions, m- was 78.2% in n- system. A comparison of the effectiveness of all the systems at their optimum parameters is shown in Fig. 8. It is apparent from the figure that SPS inhibits m- in both the systems (n- and m-), more so in m- than n-. Hence, study with only n- system was considered further. 

3.6	Reusability of n-in Heterogeneous Fenton Reaction
The economy of the heterogeneous Fenton process lies in the stability and reusability of the catalyst in multiple cycles. The catalysts after each cycle of reaction under optimum parameters were separated from the solution with the help of a vacuum pump. The particles were then washed with 500 ml water followed by 250 ml methanol repeatedly till the pH of the solution after washing was maintained at 7. At the end the particles were washed with 1000 ml water to make them free of methanol. The particles were dried in an oven for 8 hours, cooled at room temperature, grinded and stored for the next cycle of reaction. Four cycles of reaction was performed and the result is presented in Fig. 8. It is observed that the m-remains constant till the 2nd cycle after which a rapid decrease in the efficiency was observed and the value reached to 11.6% in 4th cycle. The lowering in efficiency from 3rd cycle onwards may be attributed diverse factors such as lower leaching of iron resulting in a lower contribution to homogeneous Fenton process,  catalyst surface area reduction due to agglomeration, deactivation of active sites by adsorption of organic intermediates etc.33,37, 45 The nano-particles lose their colloidal stability due to dipole-dipole interaction causing them to agglomerate.46 As seen in Fig. 9, the number of black spots increases in each cycle indicating the occurrence of agglomeration. As the number of agglomeration increases with treatment period, a decrease in the number of nano-particles and hence surface area is observed. This explains the decrease in m- in successive cycles. Nevertheless, complete decolorisation was achieved in all the cycles. To verify the amount of iron leaching from n-, the samples at the end of each of the four cycles were analysed by ICP-OES and was found to be 8.3, 41.1, 42.3, and 50.1% respectively.  
[image: ]
Figure 8. Effect of particle size of catalyst on m- (a) and reusability of catalyst (b): [AB] = [PX] = 0.15 mM; equilibrium period = 90 min; pH= 3.
[image: ]
Figure 9. TEM images of n- particles after different cycles of treatment: [AB] = [PX] = 0.15 mM; [n-] = 4.0 g/L; [HP] = 7.0 mM; treatment period = 300 min; pH = 3.

3.7	Kinetics of COD removal and HP consumption in n-/HP system
As discussed before, the COD removal process consists of a slow and a fast process. Both the processes have been shown to follow pseudo first order kinetics (Fig. 10). The slow process takes place within first 60 min of the reaction with a rate constant of 1.49 and 1.32 () from 0-60 min with and without HP interference respectively and the corresponding values of the faster process from 120-300 min are 7.94 and 6.73 () respectively (Table 2). Data beyond 300 min was not considered for kinetic study as no appreciable change in  value was observed and the reaction appeared to have completed with ≈99% consumption of HP (Table 1 and Fig. 7 (inset)). The higher rate constant with HP interference in comparison to that without HP interference established the influence of HP on COD removal process. As discussed before, the HP used in the process was almost completely consumed in 300 min of the treatment. The kinetics of HP consumption and the rate constants during 0-60 and 120-300 min are given in Fig. 11 and Table 2 respectively.
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Figure 10. COD removal kinetics in n-/HP system: (a) with interference due to HP from 120 min to 300 min (inset: from 0-60 min); (b) Without interference due to HP from 120 to 300 min (inset: from 0-60 min).

Table 2. COD removal and HP consumption rate constants for mixture of dyes (AB+PX) by n- / HP system at different time intervals
	Time scale
	Rate constant ()
	

	
	COD removal rate constants

	
	HP interference
	No HP interference 
	HP interference
	No HP interference 

	0-60 (min)
	1.49
	1.32
	0.98555
	0.99926

	120-300 (min)
	7.94
	6.73
	0.98394
	0.99036

	Time scale
	HP consumption rate constants

	0 - 60 min
	1.96
	0.8813

	120 -300 min
	17.17
	0.9684


[image: ]
Figure 11. Kinetics of HP consumption in n-/HP system from 120 min to 300 min. (Inset: from 05 min to 60 min)
3.8	Analysis of ions and intermediate products formed in n-/HP system
Different ions and intermediate products identified by ion chromatography during the degradation process are listed in Table 3. Both AB and PX have two sources of nitrogen: four azo nitrogen atoms on AB and two on PX, one on AB as - substituent. The formation of   as the dissociation product of both AB and PX and , formed as a result of  substitution of  group by , radicals has been identified.47-49 The aryl radical formed after the elimination of  gets converted to hydroxyaromatic compounds on interacting with  radicals.50 Apart from these ions, ,  and  are identified in the process. The  ions are reported to have been formed from the azo bonds. In the first step azo bonds are attacked by  radicals and convert them into - groups, which accounts for the formation of aromatic amino derivatives. It may be noted that in the present case the azo group attached to nitrophenyl group of AB is electron deficient and hence the   radicals attack the other azo bond attached to unsubstituted phenyl group preferentially.50 In the next step - groups undergo protonation and subsequent attack of  radicals at the nitrogen bearing carbon of the aromatic ring are converted into  ions.48,51. This accounts for the formation of phenols.  There is report that  is generated by the attack of  radicals on the azo bond bearing carbon of the aromatic ring,48 which accounts for an additional route to the formation of aromatic hydroxyl derivatives. The conversion of  to ,  as a result of attack of  radicals was suggested by Reddy and Mahajani.52 All these sequence of events are presented in Scheme 1. The formation of  ions indicates the partial, if not complete mineralisation of the dyes to carbon dioxide.
The different intermediate products identified during the process are phenol, 2- and 3-aminophenol (Table 3). A peak appeared at retention time (R.T) 2.95, but could not be identified using ion chromatography. Although we have been able to identify nitro aromatic compounds in other studies (data not published), the presence of these products couldn’t be established in this study. Besides these products, smaller aliphatic acids like formic acid, malonic acid, maleic acid and fumaric acid were also identified. The presence of these acids indicates that the dyes are not completely mineralised. As per another report, the attack of  radicals to azo bond takes place with ~60% probability leading to decolorisation. Successive attack on azo bond by  radicals leads to the formation of nitroso (Scheme 1) followed by nitro aromatic compounds.53 The formation of aromatic amino compounds has been described earlier. Since complete decolorisation was achieved at 360 min with a  of 83.8% by consuming 100% HP (Table 1), it may be concluded that the azo bonds have broken completely forming aromatic amines and other products (Scheme 1). Further attack of  radicals on nitro aromatic compounds leads to the formation of hydroxybenzenes, which ultimately generate the aliphatic acids through the formation of quinones.54 The displaced radical in its term undergoes oxidation to form .55 The attack of  radicals onto the nitro group may also result in the formation of  ,50,56 in addition to an aromatic radical, which on further interaction with  radicals generate aromatic hydroxyl derivatives (Scheme 1). The absence of nitro derivatives suggests that all the nitro groups are immediately substituted by  radicals as soon as they are formed and generate aromatic hydroxyl derivatives. It is observed that phenol is obtained at 120 min and 2- and 3-aminophenol at 60 min of the reaction. This is an indication that phenol is not formed from aminophenols, rather they are formed in different routes. Based on the above analysis and with support from literature data,53,57,58 a mechanism of degradation of mixture of dyes (AB+PX) has been proposed (Scheme 2).

Table 3. Ions and intermediate products identified by ion chromatography 

	
Sr. No. 
	Ions
	Intermediate products

	
	R.T (min)
	Name
	R. T (min)
	Name

	1
	4.27
	
	1.54
	Formic acid

	2
	4.54
	
	2.63
	Malonic acid

	3
	2.12
	
	2.81
	Maleic acid

	4
	3.65
	
	3.37
	Fumaric acid

	5
	4.26
	
	2.95
	Not identified

	6
	5.56
	
	3.86
	3- Amino phenol

	7
	---
	---
	4.57
	2- Amino phenol

	8
	---
	---
	7.91
	Phenol



(a) Formation of  and 




(b) Formation of Phenol,  , ,  








(c) Conversion of azo bond to , - N=O group  and 


(d) Conversion of –N=N- to phenolic group 




(e) Formation of phenols and amines 



Scheme 1. Mechanism of formation of different ions and products from azo compounds



Scheme 2. Mechanism of degradation of mixture of dyes (AB+PX)





3.9	Comparison of toxicity by CFU and light loss
The relative toxicity of the pure dye separately as well as their solutions after different treatment periods were measured in n- /HP systems as a function of CFU and light loss percentage. A comparison of the results by the two methods is presented in Fig. 12. It is clearly evident that different levels of relative toxicity were obtained when measured with V. fischeri and E.coli. As seen from the figure, the untreated dye solution was toxic in both test systems. A sharp decrease in relative toxicity with increasing treatment period was observed with former (V. fischeri based assay) than the later (E. coli based assay) method, where a gradual decrease was observed indicating that both assay systems possessed differential sensitivities towards the chemical toxicity. The V. fischeri based test measured by loss of emitted fluoresce or light was much more sensitive than the E. coli, based test measuring the reproductive ability expressed as CFU.  Thus, the results in Fig. 12 suggest that depending on the need and circumstances, either of the two parameters may be applied to measure the extent of dye detoxification. While complete detoxification was apparently achieved in 360 min based on the loss of light assay utilizing V. fischeri test system, the later test system based on E. coli CFU measurements showed that the detoxification was not complete in 360 min and the solution still possessed about 37% relative toxicity. The different levels of sensitivity of the two test systems may be attributed to assay of different end points of biological parameters. Looking at the slopes of the two toxicity curves for loss of light and loss of CFU, one may postulate that E. coli, a fresh water bacterium, may be more resistant to the aromatic intermediates formed during the beginning of the reaction (Scheme 1) than V. fischeri, a marine bacterium, which could be more resistant to organic acids formed at the end of the reaction.20 
Thus, the selection of an assay or a test system for the measurement of toxicity should be decided based on the nature of microorganisms present in a given water body to which the treated wastewater has to be released. Thus, applying the measurement with V. fischeri could be preferred in marine environment and E. coli for fresh water bodies. Further, the cost involvement in both cases has to be taken care of while deciding the preferred method of assessment. While measurement by V. fischeri requires costly Microtox photometer and other reagents, that with E. coli requires simple and common chemicals & instruments. Thirdly, the time required for performing the test should also be a factor in the consideration. While it takes just about 20 min for the V. fischeri fluorescence loss assay, it takes up to 3 days for the E. coli CFU assay. 

[image: ]
Fig. 12. CFU and light loss (%) in n- / HP system:  [AB] = [PX] = 0.15 mM; pH of treatment = 3; pH of E. coli growth = 7; [n-] = 4.0 g/L; [HP] = 7.0 mM.

4.	Conclusions
Colour and COD removal studies of mixture of two dyes (AB+X) were carried out by heterogeneous Fenton process using two different types of iron oxides: n-and m- particles and two different oxidants (HP and SPS). n- and HP were found to be efficient catalyst and oxidant respectively. Although, m-causes very low COD reduction in the presence of HP, it is completely inhibited in the presence of SPS. Decolorisation and therefore, COD removal was accelerated in acidic pH and inhibited at pH > 6 due to surface characteristics of the nano-particles. The over estimation of COD values due to interference of  has been verified and our results are in good agreement with the results reported earlier.  The COD removal is a two-stage process, a slow induction period and a fast degradation process, each following pseudo first order kinetics. The rate constants for  were found to be 1.32 () and 6.73 () during 0-60 and 120-300 min respectively after eliminating the interference due to HP and those for HP consumption during 0-60 and 120-300 min were found to be 1.96 and 17.17 (). The efficiency of the catalyst is decreased from 3rd cycle onwards due to various factors such as such as lower leaching of iron resulting in a lower contribution to homogeneous Fenton process, catalyst surface area reduction due to agglomeration, deactivation of active sites by adsorption of organic intermediates etc. Hence, more work is required to identify the causes of deactivation and find some regeneration measures and restore the catalyst efficiency. The different ions formed during the process were identified as , , ,  and  and the intermediate products as phenol, 2- and 3-aminophenol, formic acid, malonic acid, maleic acid and fumaric acid. Using two different bio-toxicity assays measured either by V. fischeri test system based on measurement of fluorescence or E. coli test system based on CFU measurement, we find differential expression of relative toxicities for the same solution. Therefore, based on the results of bio-toxicity assays, it appears that choice of assay system should be based on several considerations. They should include, the nature of recipient water bodies for wastewater disposal, as well as the time, fund and infrastructure at disposal for performing the tests, based on the inclusive considerations, either of the two toxicity assays may be chosen and applied. 
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