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1. Introduction

A fiber-optic bundled array reactor(OFR) as a means of light transmission to a solid supported P-25 Degussa TiO2 semiconductor was constructed. This reactor configuration enhances the uniformity and distribution of the light activated catalyst within a given reactor volume relative to conventional fixed bed reactor designs. This results in reduced mass transfer limitations to photochemical conversion and allows for higher processing capacities. The system can be operated in both gas- and aqueous-phase modes. In addition, the OFR system allows for remote delivery of light over a distance upto several kilometers, therefore it could be used for the in-situ treatment of contaminated underground sites.  MTBE (Methyl tert-butyl ether) has been used as a gasoline additive to reduce volatile organic carbon emission from vehicles. The environmental fate of MTBE has become a subject of renewed interest due to the large quantities of this compound that are now being used to oxygenate gasoline. However, MTBE has had negative environmental impacts on water quality due to the leakage petroleum products from the underground storage tanks, which is highly soluble (e.g., 0.35 - 0.71M) and has been detected at high concentrations in ground water. The objective of this work was to illustrate the feasibility of photocatalysis with pulse illumination as a means of complete or partial destruction of MTBE with OFR .

2. Experimental 

MTBE(99.9% purity; EM Science), tert-butyl formate(99% purity; Aldrich), tert-butyl alcohol(99% purity; EM Science) and other chemicals were used without further purification. All photocatalyses were performed in water purified by a Milli-Q UV Plus system(R > 18M cm). Various initial concentrations of MTBE solution in the range of 0.05 - 0.1mM, were prepared with 100mM MTBE stock solution that was stored at 4oC in the refrigerator.
(1) OFR reactor
The OFR system consists of a 1 kW Xenon-arc UV radiation source (Oriel 6295), a 10 cm water filter, a 310 - 375nm band pass filter, a focusing lens, a 4.2 L cylindrical pyrex reaction vessel, and a TiO2-coated fiber optic bundle. Light is focused into the bundle and transmitted through the fibers using a quartz focusing lens (Rolyn Optics) from the light source. The fiber bundle consists of 573 1-mm diameter, 1.3m long quartz optical fibers (3M). A 30cm length of fibers was stripped to expose the quartz core. After bundling, the stripped portion of the fibers were coated with a 15wt% aqueous suspension of P-25 TiO2 and allowed to air dry for 24h.  Sample port is located at the middle of the vessel and is fitted with a Teflon-coated septum screw caps. Samples were taken regularly with a 10mL syringe for sample analysis.
(2) Pulse Illumination
In this work, square pulse was generated with the control of pulse-on time and -off time by using an oscilloscope and a pulse wave form generator(ALTECH). The generated pulse signal was delivered to a shutter through a shutter driver(UNIBLITZ Model D122). 

(3) Measurement and Analysis
For the routine kinetics runs, MTBE and its identifiable oxidation by-products were extracted into the gas phase of head-space sample in a HP 7694 Headspace sampler. And then they were injected automatically into a HP 5890 series II GC-FID equipped with a HP-624 capillary column (30m x 0.32mm x 1.8m). By-products of MTBE were identified by injecting 100 L of the extracted head space sample into a Hewlett-Packard 5890 series II gas chromatograph connect to a quadruple-type mass spectrometer (HP 5989A). 
4. Results and Discussions

(1) Light intensity
Actinometry flux measurements were carried out to determine the input light intensity into the OFR. Total fluxes of 68±11μEmin-1, where E stands for Einstein, was measured for the artificial light source of 1 kW Xenon arc lamp. The measured light intensity on the polished surface of optical fiber bundle was 10μE/min L.
(2) Effect of initial concentration of MTBE

First order plots of ln ([MTBE]/[MTBE]o) vs illumination time for representative kinetic runs were observed with different initial concentrations of MTBE, [MTBE]o at continuous illumination. Four different [MTBE]o = 0.025, 0.05, 0.1, 0.5mM were used to study kinetics and to compare reaction constant in this work. Pseudo-first order kinetics of [MTBE]o= 0.05mM is shown in Fig. 1. Calculated reaction constants are tabulated in Table 1. 
(3)  Effect of pH on k
The effect of pH on k has been studied with two different initial concentrations of MTBE, 0.05 mM and 0.1 mM, respectively. As-prepared sample solutions have almost same pH ~ 6.0, and after adjust pH to the desired pH values there was marginal change in pH of sample solution during the photocatalysis of MTBE. First order plots of ln ([MTBE]/[MTBE]o) vs continuous illumination time for representative kinetic run were obtained for each initial concentrations of MTBE at different pH. Reaction coefficient of each pseudo first order kinetics was also obtained from the slope. The evaluated results are listed in Table 2. 

(4) Effect of duty cycle on MTBE degradation rate
Since there was no remarkable change in k at different pH values, no pH-adjust was made for the pulse illumination test. All pulse illumination tests were performed without pH adjust at two different initial concentration of MTBE, 0.05 mM and 0.1 mM.  All reactions exhibited pseudo first order kinetics, and average light intensity, duty cycle, reaction constant, reaction rate, and photocatalytic MTBE degradation efficiency were evaluated in Table 3 and Table 4.

In Table 3, we observed 1,500% increase in photonic efficiency of MTBE degradation with 1/20 of duty cycle by using a 50 ms illumination time followed by a 950ms off time, when [MTBE]o = 0.05mM. This photonic efficiency decreases as the duty cycle decreases. However, it was observed that k was increased until the duty cycle reached 4/5 then decreased. 

(5)  Identification of by-products
Intermediates and by-products of the oxidative degradation of MTBE were identified by GC-MSD. Tert-butyl formate (TBF), tert-butyl alcohol (TBA) were major intermediates identified by GC-MSD. The proposed reaction path is described as follows;

        
           h 


H2O  -------->   .OH + H . 

       
         TiO2

O2  +  H   ------>  . HO2 

(CH3)3COCH3  +  .OH    ------->  (CH3)3COCH2 . +  H2O
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The subsequent hydrolysis of TBF yields TBA and HCOOH as follows: 


(CH3)3COCHO  +  H2O   ------>   (CH3)3COH  + HCOOH

    
       (TBF)


     (TBA)

(CH3)3COH   +  .OH  ------->   (CH3)3CO .  + H2O

(CH3)3CO .  +  .OH    ------->   (CH3)3COOH  
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       Table 1  Comparison of pseudo first order k for various initial concentration of MTBE                      

              [MTBE]o                         k

                    mM                       x10-3/min

0.025                          2.6+- 0.4

0.05                            2.7+- 0.3

0.1                              3.4+- 0.1

0.5                              2.9+- 0.2
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                    Fig. 1.  Pseudo 1st order kinetics at [MTBE]o = 0.05 mM
                              Table 2  pH effect on k at different [MTBE]o
                               [MTBE]o = 0.05 mM          [MTBE]o = 0.1 mM

  no pH adjust              k = 3.1 x 10-3                     k = 3.0 x 10-3
 pH = 9.2 – 9.7               = 2.4 x 10-3                        = 2.4 x 10-3
 pH = 3.1 – 3.2               = 3.2 x 10-3                                        = 2.6 x 10-3

Table 3  Results for oxidation of [MTBE]o = 0.05 mM with different pulse on and off time
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Table 4 Results for oxidation of [MTBE]o = 0.1 mM with different pulse on and off time
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