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Abstract: UV/H2O2 reactor was operated to decolourize an azo dye (CI Reactive Red 195A) from textile wastewater. In the present study, the UV radiation source was a low-pressure mercury arc lamp (60W emitting at 253.7nm). The effects of initial hydrogen peroxide dosage and UV irradiation were examined to evaluate the process applicability, an estimation of the main operating costs, in particular the electric power for UV irradiation and the H2O2 addition. In general, the result demonstrates that the UV irradiation time had a major influence on the overall treatment cost and therefore had to be kept to a minimum. To achieve the required colour removal efficiency, increased addition of H2O2 was required. 
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I.  INTRODUCTION
Textile wastewater is a multi-component waste with a strong colour, high pH, high temperature, high COD and low biodegradability, Kim, T.S., [1], Ozer, A., [2]. In many cases it contains toxic metabolic products due to the use of azo dyes in the dyeing processes, Meric [3], Peterne [4]. 
In addition, the characteristics of the effluent, especially flow rate and composition are extremely variable, daily or even hourly, depending on the type of dye, fibres, operation techniques and chemicals employed, O’Neill, C., [5], Carvalho, G., [6].The textile industry uses large volumes of water for its wet processes. As a result, the textile industry is well-known as one of the most water-consuming industrial sectors and is among the greatest polluters of water resources, Vandevivere [7], Fan, H.J.,[8]. 

Significant quantities of unfixed dyes (10-40%) are released in the textile wastewater due to the incomplete fixation in the dyeing process, Lavez-Grimau, V., [9]. The particular process used in the industry will determine the type and concentration of synthetic dyes utilized in the operation. 
Therefore, the composition of the dyeing effluents differs with the textile produced. The concentration of synthetic dyes used in the dyeing process generally varies from 10 to 1000 mg/l, Ince, N.H., [10]. A particular concern is also that the presence of synthetic dyes in effluent released from industries is highly visible even at very low concentrations (10-50 mg/l), Banat, I.M., [11].

The homogenous UV/H2O2 method of treating textile wastewaters shows the potential to degrade toxic and/or carcinogenic compounds effectively, Nemtu, M [12]. In addition, compared to other AOPs, such as Fenton, ozone, UV/TiO2, etc., the UV/H2O2 method offers several advantages as H2O2 is quite stable, fully dissolves in water at all concentrations without any phase transfer problems, is readily available, easy to transport and store, and relatively inexpensive to generate (especially when compared to ozone), Colonna G.M., [13]. Furthermore, the UV/H2O2 method also offers simplicity of operation, can be carried out under ambient conditions, lower investment costs, and the oxygen formed in the process is also useful for aerobic biological process, Slokar, Y.M., [14], El-Dein, A.M., [15], Muruganandham [16]. However, the specific effectiveness in colour and COD removal and the dosage required both H2O2 and UV irradiation are not well studied in the literature so far.

The main objective of this present work is to investigate the chemical and electrical energy consumption per order (EEO) of a textile dye decolourization using UV/H2O2 method to obtain information relevant for the possible scale-up of the degradation process.

II.  MATERIAL AND METHODS
2.1.  Reagents

Colour Index (CI) Reactive Azo Red 195A (Recochem, Australia) was selected as a model dye. CI RR195A is a vinylsulphone mono azo dye. The chemical structure and characteristics of the dye are shown in Figure 1 and Table 1.

[image: image2.wmf]N

N

N

N

N

S

O

3

H

S

O

3

H

S

O

3

H

O

H

S

O

3

H

N

H

Cl

N

H

S

O

2

C

H

2

C

H

2

O

S

O

3

H


Figure 1  
Chemical structure of CI Reactive Red 195A
Table 1
The characteristics of CI Reactive Red 195A

	Generic name
	Formula
	(max 
	M.W.
	Dye contents

	Reactive Red 195A
	C31H24N7O19S6Cl
	542 nm
	1025 Da
	70%


The dye (in powder form) was obtained from the Logan Textile Company, Queensland, Australia, as a commercial product that is regularly utilized by the company without further purification. Analytical grade H2O2 solution (30% w/w) was obtained from Merck (Germany). Analytical grade catalase solution (C-100) from cow liver (Sigma Aldrich, Germany) in K2HPO4 buffer solution (0.05 M, pH 7) was used to remove all residual H2O2 from the samples. H2SO4 and NaOH were used to adjust the pH to the desired value. All the other chemicals were at reagent grade quality and solutions were prepared with MilliQ® water

2.2. Photoreactor 

The photoreactor is an Ultraviolet Technology of Australasia (UVTA) model LC-20 with the total volume of 585ml, which is marketed mainly as a UV disinfection unit by UVTA Pty. Ltd. (Australia). The photoreactor is protected by a metal casing. The UV light irradiates the water as it flows through the activated fluoropolymer (AFP840) tubing within the unit. The AFP840 teflon type tube is transparent, non-wettable, and chemically inert. The photoreactor is fitted with a fixed low-pressure mercury lamp (60W emitting at 253.7nm) achieving a UV dosage of more than 40 mWs/cm2. The UV lamp and the AFP tube are covered by a metal casing. The UV intensity was kept constant during all experiments. The lamp was warmed up for a few minutes before the experiment was started to ensure a constant UV flux and eliminate temperature variations. 

2.3. Electrical Energy per Order

Economics is frequently considered as an important factor in selecting a waste treatment technology. Given that the electric energy required for the UV/H2O2 process can contribute a major part of the operating costs, it is important and informative to estimate the electric energy consumption, using an approach such as the electrical energy per order (EEO). 

EEO is the electrical energy required to degrade the contaminant concentration by one order of magnitude (one log, or 90%) per unit volume (e.g.: 1 m3 or 1000 US gallons of water), Bolton, J.R., [17]. The EEO metric is the standard unit recommended by the Photochemistry Commission of the International Union of Pure and Applied Chemistry (IUPAC) and is commonly used in industry for UV-photolysis/UV-oxidation applications, Trojan  [18].

The EEO values can be calculated using the following formula, Metcalf  [19], Parsons [20]:
	EEO (kWh/m3/order) = {UV dose (kWh/m3) / log (Co/Ct)}/ UV system 

efficiency (%)                                                                         Eq. 1

	UV dose (mJ/cm2 = mW.s/cm2) = UV intensity (mW/cm2) • t (s)


	              Eq. 2


The formula used for calculating the electricity cost based on the UV dose is given in Eq. 3 [20]:
Electricity cost (A$/ m3) = UV dose (kWh/m3) • Power cost (A$/kWh)                           Eq. 3

The lower the EEO values, the lower the electricity costs will be for a given treatment performance. The EEO value is very specific for the reactor/process type and/or pollutant. The EEO can also be used for cost estimations in the scale-up to a full scale design. In general, the relative performance of different reactor types can be compared by applying the EEO without the need to consider specific details about the design or type/arrangement of the lamps.
2.4. Analytical Methods 

In the textile dyeing process, reactive dyes have to be hydrolysed to promote the reaction between the dye and fibre. In the present study, the hydrolysed dye stock solution was prepared according to the common dyebath application conditions recommended by the textile company. Five grams of powdered dye and 40 g of NaOH pellets were dissolved in approximately 500 ml of MilliQ® water and the pH adjusted to 12 with 1 M H2SO4 solution. 
The solution was stirred for 1 hour at 80ºC. After cooling to room temperature, the solution was neutralized to pH 7 with H2SO4 and diluted to 1 litre with MilliQ® water. The dye was used as the sole organic compound in these tests with a concentration of about 100 mg dye/L, corresponding to 90 to 100 mg sCOD/L. 

A spectrophotometric method, APHA [21], using Photometer SQ 118 (Merck, Germany) with a wavelength of 550nm was used to measure the dye concentration of filtered samples from the influent and effluent of the photoreactor. 

The H2O2 solution was diluted and added directly to the influent just before entering the photoreactor. The initial and residual concentrations of H2O2 were determined by Reflectoquant Peroxide test strips (Merck, Germany). 

Chemical oxygen demand (COD) was measured according to the Standard Methods [21] using a Thermoreactor TR 300 (Merck, Germany) and absorbance measurements were made using the Photometer SQ 118 (Merck, Germany). Residual H2O2 was eliminated using catalase solution before the sCOD measurement to avoid incorrect results. 

500(l of catalase (aqueous suspension) was added to 100ml of 0.05M potassium phosphate buffer, pH 7, Koh,I.O., [22]. 100μl of this catalase-K2HPO4 buffer solution was then added to each sample after neutralization with NaOH or HCl to remove any remaining H2O2 from the samples as this could otherwise interfere with the COD measurements.

Temperature and pH levels were measured using a Metrohm 744 pH sensor. Samples were taken every 2.5 minutes. All samples were filtered using a syringe filter (0.22 μm Millex® GP, Bedford, USA) and diluted when necessary before analysis. Simulated wastewater was prepared freshly before each irradiation experiment. Control experiments were carried out under UV irradiation without H2O2 in the solutions and with H2O2 but without UV irradiation.

III.  RESULTS AND DISCUSSION 

3.1. Power Consumption for UV Photoreactor

The UV dose of the photoreactor used in this work was 40 mW.s/cm2 as stated by the manufacturer [23]. The specified maximum flow rate of the LC-20 unit was 25 L/min, UVTA [23]. Given the irradiated volume of 492 ml (based on measured dimensions of the irradiated part of the reactor), the hydraulic retention time (HRT) at the maximal flow rate is 1.18 s. 
Therefore we can calculate the UV intensity of the system as follows:
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We can also calculate the UV-light power imposed on the irradiated tubes (2 tubes with 2.7cm diameter and 43 cm length, assuming irradiation only on one half of tube surface):

Power 
= Intensity • Irradiated area


= Intensity • (2 • 0.5 • ( • diameter • length)


= 33.9 mW/cm2 • (( • 2.7cm • 43cm)


= 12.4 W

Therefore, the efficiency of the UV system is:

Efficiency (%)  = 
(UV Power through tubes / Electrical power of the system) • 100%

 
= 
(12.4 / 60) • 100%


= 
20.6 %

This indicates that the present lab reactor system has an efficiency of about 21% in converting the electrical power to UV power that is irradiated through the water containing tubes. This value is considered reasonable given the non-optimal arrangement in this UV reactor where the UV lamp is located between the two irradiated tubes with a substantial fraction of the UV light not emitted towards the tubes but being absorbed or partially reflected at the metal housing. A large scale system with submerged UV lamps is expected to have a much higher power conversion efficiency. 

To calculate the power consumption for the proposed UV treatment process and the electric energy per order EEO, the required irradiation time has to be considered based on the experimental results presented above. This calculation is demonstrated for a typical case with the following characteristics: 300 mg/L H2O2, 30 min irradiation, initial dye concentration 95.7mg/L, final dye concentration 5.7 mg/L. The UV dose received by the wastewater in this case can be calculated as follows:
UV dose(30 min) 
=  UV intensity • UV irradiation time

=  33.9 mW/cm2 • 30 min • 60s/min

= 61020 mWs/cm2 • 10-6 kW/mW • (1/3600 h/s) • 104 cm2/m2
=   0.169 kWh/m2
To calculate the EEO, the UV dose needs to be converted into power consumption per volume of treated (irradiated) water (kWh/m3):

Vol.UV dose(30 min)
= Vol. UV dose (kWh/m2) • Surface irradiated area (m2) / 

Irradiated volume (m3)

= 0.169 • (2 • 0.5 • ( • diameter • length) / 

   (2 • ( • (diameter/2)2 • length)

= 0.169 / (0.5 • diameter)

= 12.5 kWh/m3
Based on the efficiency of the current laboratory system, the electrical energy consumption per order of magnitude reduction in contaminant concentration in 1m3 of treated water is:

EEO(30 min)   = 
Vol.UV dose (kWh/m3) / log (initial dye concentration/final dye concentration) / UV Power Efficiency (%)

= 
12.5 / log (95.7/5.7) / 20.6%


= 
12.5 / 1.225 / 20.6%


= 
48.6 kWh/m3/order

The electricity costs per order (ie. 94% colour removal) for the UV irradiation can be calculated as follows:
Electricity cost(30 min)
= EEO (kWh/m3/order) • Power cost (A$ / kWh) 


= 48.6 • 0.1 


= A$ 4.86 /m3/order

Note: assuming 1 kWh cost A$ 0.100 (0.050 - 0.150) for industrial users 

As mentioned above, full-scale systems are expected to have a far higher UV power efficiency. Therefore, assuming a 60% power efficiency the power consumption for a full-scale system would be in the order of 17 kWh/m3/order with associated costs of A$ 1.7/m3/order. It needs to be considered that this would only give a 94% colour removal and does not account for the costs of the H2O2 addition. This is further considered in the following section.

3.2. Evaluation of Power and Chemical Costs for Treatment

To evaluate the overall optimal process operation and performance, the impact of both the irradiation time (and hence power consumption) and the H2O2 addition needs to be considered. Due to the large electricity costs compared to the chemical costs, a shorter UV irradiation time of 17.5 minutes (at initial peroxide dosage of 900 mg H2O2/L) was chosen in this calculation to obtain a lower total costs. 
Therefore, the EEO of the system at 17.5 minutes of UV irradiation is calculated as follows,

UV dose(17.5 min)
= UV intensity • UV irradiation time


= 33.9 mW/cm2 • 17.5 min • 60s/min


= 35569.1 mWs/cm2 • 10-6 kW/mW • (1/3600 h/s) • 104 cm2/m2

= 0.1 kWh/m2
Vol.UV dose(17.5 min)
= UV dose (kWh/m2) • Surface irradiated area (m2) / Irradiated volume (m3)


=   0.1 / (0.5 • diameter)


=   7.4 kWh/m3
Assuming 60% power efficiency of the UV system, the electrical energy consumption per order of magnitude reduction in contaminant concentration in 1m3 of treated water is:

EEO(17.5 min)    = Vol.UV dose (kWh/m3) / log (initial dye concentration/final dye concentration) / UV Power Efficiency (%)

= 7.4 / log (95.4/6.4) / 60%


= 7.4 / 1.17 / 0.6


= 10.5 kWh/m3/order

Therefore, the electricity cost per order (ie. 93% colour removal) for the UV irradiation is: 

Electricity cost(17.5 min)
=   EEO (kWh/m3/order) • Power cost (A$ / kWh) 


=  10.5 • 0.1 


=  A$ 1.05 /m3/order

From the calculation above, it can be concluded that both the EEO value and electricity costs for 17.5 minutes of UV irradiation at the initial dosage of 900 mg H2O2/L were lower than for 30 minutes irradiation at 300 mg H2O2/L. A shorter period of UV irradiation had resulted in the significant reduction of power consumption and electricity costs, although chemical consumption was increased.
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Figure 
2
shows the EEO and H2O2 consumption per volume per order as a function of the initial H2O2 
dosage at 17.5 minutes of UV irradiation.
The EEO value decreased rapidly with increasing initial H2O2 concentration from 50 to 300 mg H2O2/L due to the higher degree of colour removal. At higher H2O2 concentration more radicals were generated and enhanced the removal of colour, thus resulting in the lower EEO values. However, the decrease of the EEO values were slowed down in the range of 300 to 900 mg H2O2/L and levelled off from 900 to 3000 mg H2O2/L due to the scavenging effect of hydroxyl radicals in the dye decolourization. It can be concluded that increased peroxide addition to the concentration of 3000 mg H2O2/L and more was not effective and only resulted in higher costs. 
The figure also indicates that the general trend of the H2O2 consumption per order increased with increasing H2O2 dosage. The two trends are clearly opposing as a minimal H2O2 dose would provide the most efficient peroxide usage, but is least efficient in terms of power consumption and vice versa.
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Figure 3
EEO and H2O2 consumption values as a function of different initial H2O2 
dosage at 17.5 minutes of UV irradiation

Figure 3 demonstrates the cost estimation of RR195A decolourization using the UV/H2O2 system as a function of different initial H2O2 dosage at 17.5 minutes of UV irradiation time. In general, the electricity costs exceed the chemical costs. Lower chemical costs resulted in higher electricity costs as the system needs more power (longer irradiation time) to remove the colour at low concentration of H2O2. 
The opposite condition occurred for the higher chemical costs due to sufficient amounts of peroxide, hence less power is needed to irradiate the wastewater. Overall, the chemical costs were slightly increased when increasing the initial H2O2 dosage. This is due to the addition of more peroxide in the system, which will reduce the electricity cost to generate power for the UV system substantially. However, the amount of chemical used in the system should be carefully considered to avoid high residual peroxide remained in the treated effluent. 

We can also see from the figure that the total costs are mainly influenced by the electricity costs. Higher total costs of the system happened at lower initial dosage of peroxide due to the energy consumption needed to generate sufficient amounts of hydroxyl radicals for the dye degradation. 
Rapid reduction of the total costs also occurred at lower initial peroxide dosages up to 300 mg H2O2/L, and then levelled off between 300 and 900 mg H2O2/L. After that, the total costs went up again for higher initial dosages of peroxide as more chemical was added, but at the same time only little electrical power was used. Overall, it can be concluded that lower total costs occurred at the initial concentration of 600-900 mg H2O2/L for 17.5 minutes of UV irradiation time.
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Figure 4
Cost estimation of RR195A decolourization as a function of different initial H2O2 
dosage at 17.5 minutes of UV irradiation

Figure Error! No text of specified style in document. illustrates the estimation of costs needed for RR 195A removal process as a function of different UV irradiation times at the initial concentration of 900 mg H2O2/L. Overall, at fixed initial dosage of peroxide, lower costs took place at higher UV irradiation time. 
Insufficient active radicals were produced at shorter irradiation time and resulted in higher total costs of the process as more chemicals and energy were needed. The total costs significantly declined with prolonging the irradiation time particularly from 2.5 to 12.5 minutes. It then slightly decreased from 12.5 to 17.5 minutes and became steady afterward. The removal of colour has reached about 93% at 17.5 minutes, therefore after this irradiation period very little chemical and power was needed for decolourization.
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Figure Error! No text of specified style in document.
Cost estimation of RR195A decolourization as a function of different UV
 irradiation times at the initial H2O2 dosage of 900 mg H2O2/L

Note: 
a. Assuming 1 kWh cost A$ 0.100 (0.050 - 0.150) for industrial users  
      

b. H2O2 price = A$ 0.95/kg H2O2 (bulk costs; Solvay Interox, Australia, 2006)

c. Assuming 60% power efficiency was applied in the system.

3.3. COD Removal

A limited evaluation of the COD removal was performed under conditions that were assumed to be the most appropriate based on the experimental results above. The UV/H2O2 process was run with an initial H2O2 concentration of 300 mg/L, dye concentration of 100 mg/L, pH = 8 and at 30oC. Even though 94% of the dye was removed from the wastewater under these conditions after 30 minutes, only about 35% COD removal was achieved. Additional removal of the intermediates created from the dye degradation is needed to further mineralize the organics in the wastewater. 

Some approaches to achieve further degradation could include the extension of the reaction time or combining the UV/H2O2 method with other technologies that are able to remove the COD effectively. Based on theoretical and experimental studies in various industries, the treatment efficiency and cost-effectiveness can possibly be enhanced by integrating chemical and biological processes. In previous studies, a combined AOPs and biological oxidation process was found to be effective, Krull [24], Chan, C.Y.T., [25], Bijan, L., [26]. Biological processes are generally more efficient and cost-effective to treat smaller, biodegradable molecules which are thought to be produced from AOPs. However, the most beneficial integration of these different methods is not obvious and further research is needed to determine optimal process combinations.
IV. CONCLUSION
The experimental results demonstrate that the The EEO value of the system was quite high due to the required high UV dose (48.6 kWh/m3/order), indicating high electricity costs for the treatment process. Even under these conditions, approximately 65% of the COD (all breakdown products of the dye as this was the only organic compound added) was still remaining when the dye was almost completely removed from the solution.  This shows clearly that further research is required into the integration the UV/H2O2 method with a secondary COD removal process, e.g. biological treatment to achieve a more complete mineralization of this textile dye. 
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