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1. INTRODUCTION

Pyrene is a polyaromatic hydrocarbon (PAH) consists of four fused benzene rings.  Result in a flat aromatic system. It forms during incomplete combustion of organic compounds1.
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It has many toxic effects on environment. US EPA has listed sixteen PAHs as priority pollutants2. Pyrene is one of them. It is hydrophobic and bioaccumulating in nature e.g. it accumulate in soil and sediment which results soil contamination problems3. It is an important mutagen prevalent in contaminated soils. So for protection of environment it is necessary to degrade these toxic PAHs.

1.1 How photocatalytic reaction degrade Pyrene:

There have been many studies investigating the photolysis of PAHs in aqueous solutions4. A number of studies on the adsorption of PAHs on silica, alumina have been studied. The TiO2-photocatalyzed degradation of a variety of organic substrates has attracted much attention. Photocatalysis might be also an efficient way to eliminate PAHs. However, few studies investigated the photocatalytic degradation of PAHs in aqueous TiO2 suspensions. Under the irradiation, TiO2 particles absorb UV light whose energy equal or greater than 3.2 eV of the band gap energy and generate electron/hole pairs (Eq.(1)). The holes (h+) in valence band are subsequently trapped by OH- ions or H2O to yield .OH radicals (Eq. (2)), while the electrons (e-) in the conduction band are trapped by preadsorbed O2 molecules to yield superoxide radicals (O.-2 species) which can interact with protons to generate .OOH radicals (Eqs. (3) and (4)) 5: 
                                  TiO2 + hv      (           TiO2 (e-eb + h+vb)            (1) 

                                  h++ H2O        (           .OH + H+                                     (2) 
                                  e-eb + O2        (            O2.-                                                  (3) 
                                  O2.- + H+       (           .OOH                               (4)

The hole .OH and .OOH have strong oxidation activity. They can oxidize and even completely mineralize almost all of the organic compounds. In the suspensions .OH and .OOH radicals play a major role in the photocatalytic oxidation, while the electron/hole pairs may also directly react with the organic substrate on the surface6. 

1.2   Degradation by preadsorption method:
The photocatalytic degradation of the pyrene preadsorbed on the TiO2 particles (Py/TiO2). Almost all the molecules were adsorbed on the surface of TiO2 during the whole reaction process due to its extremely low solubility7 in water and strong adsorption8 on TiO2. This is a good way to study the photodegradation of insoluble organic compounds. The factors effecting photocatalytic degradation are: pH, different concentrations, ratio of Py/TiO2: water, effect of different metal ions were examined. The reaction process and the intermediates were monitored by UV–VIS spectrophotometer, infrared (IR) spectrometer. 
1.3   Degradation of pyrene in aqueous suspension of TiO2: 
As pyrene is not soluble in water so small amount of pyrene dissolved in methanol and then diluted with distilled water. TiO2 was added and stir this mixture for 30 min in dark. Suspension of Py/TiO2 irradiated under UV light for different time9. The reaction process and the intermediates were analyzed by UV–VIS spectrophotometer, infrared (IR) spectrometer. 

1.4 Degradation of pyrene by incineration method:
Incineration is a process, which employs thermal decomposition via thermal oxidation at high temperatures to destroy organic fraction of the waste. However it results into toxic organic and inorganic emissions. During thermal decomposition of pyrene propargyl (C3H3.) and cyclopentadienyl (C5H5.) radicals10 play a significant role in the formation of aromatic rings11. Degradation of PAHs is reported but degradation of a single PAH (pyrene) by incineration method is not reported till now. 

2. LITERATURE SURVEY

2.1   Bio-degradation methods:

2.1.1   Using Mycobacterium vanbaalenii PYR-1:
Mycobacterium vanbaalenii PYR-1 was the first bacterium isolated by virtue of its ability to metabolize the high-molecular-weight polycyclic aromatic hydrocarbon (PAH) pyrene12. 
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2.1.2   By microorganisms: 
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Microorganisms which are able to degrade pyrene were isolated from both seawater and sediment samples collected from a polycyclic aromatic hydrocarbon (PAH) polluted environment. Microorganisms enriched with phenanthrene as the sole carbon and energy source also degraded pyrene readily. A metabolite, pyrene cis-4,5-dihydrodiol was observed from pyrene degradation, and this metabolite was further degraded after pyrene was utilized by the microorganisms13. 
Pyrene can also be degraded by using Mycobacterium sp. strain AP114, Mycobacterium sp. strain KR215, By yeasts and filamentous fungi16, By Mycobacterium sp. Strain S6517.

2.2   Photocatalytic degradation:

2.2.1 Photocatalytic reactions of pyrene at TiO2/water interfaces:
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The photocatalytic oxidation of pyrene preadsorbed on TiO2 is examined in aqueous suspension under UV irradiation. During the oxidation processes, the ring-open reaction, hydroxylation and ketolysis occurred to produce some intermediate products (4-oxapyrene-5-one, 1,6- or 1,8-pyrenediones, 4,5-phenanthrenedialdehyde)9. 
2.2.2 Degradation of pyrene by UV light and ozone:
The photocatalytic degradation of pyrene on soil surfaces in the presence of TiO2 using ultraviolet (UV) light source was investigated in a photo chamber, in which the temperature was maintained 300C. Catalyst TiO2 accelerated the photodegradation. In acidic or alkaline conditions, the photocatalytic degradation rates of the PAHs were greater than those in neutral conditions18. Ozone also used for degradation of pyrene. It shows oxidation reaction as reported19. 
2.3 Flameless incineration:
At 200 °C, pyrene was only slightly decomposed but as the temperature increased to 250 °C and then to 280 °C, carbonization and thermal cracking became prevalent leading to decomposition of pyrene to phenanthrene, and later naphthalene. Rapid dissolution and oxidation of the organic species started occurring from 300 °C or at high temperature20.
3. OBJECTIVE

Pyrene is a highly toxic compound so it is necessary to degrade pyrene which present in air, soil etc. Pyrene can be degraded by incineration method and photo catalytic degradation method. As discussed above photocatalytic degradation is one of the best methods.  
If pyrene comes in contact by breathing or by food then it cause decrease in the weight of the kidney,   an increase in the weight of the liver21. It also causes cancer. 
There are many methods reported for degradation of pyrene but no one is able to degrade pyrene in totally non toxic compounds. Many intermediates are formed during degradation and these methods like biodegradation methods take long time to degrade PAHs.

More efficient methods for degradation are: 
Incineration and photo catalytic degradation.
In both methods end product is mainly H2O, CO and CO2 but some other products also formed but less toxic than pyrene. 
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In photocatalytic degradation UV light irradiated (greater than band gap energy) on TiO2. During irradiation process electrons of valance band are excited and jump in to conduction band where electron hole pairs are generated. After some time electron come back in the valance band. This process is known as recombination if some metal ion or reactant (oxidant or reductant) present then it trap electrons or holes22 so recombination not possible. High oxidation potential of valance band hole of TiO2 is responsible for degradation.  Oxidation potential of its valance band is high i.e. 3.2eV.  When UV light of wavelength 387 nm fall on it then it trap H2O or OH​​​− ion and yields OH.  which have highest oxidation potential (2.8 eV) among all the oxidizing agents.

Another objective of present study is to find out various PAHs formed during incineration of pyrene.

4. EXPERIMENTAL WORK AND RESULTS AND DISCUSSION
4.1   Photocatalytic degradation of pyrene:
4.1.1   Materials: 
TiO2 photocatalyst (P25), pyrene, FeCl3.6H2O, Cu(NO3)2.2H2O, Ni(NO3)2.6H2O, AgNO3, HAuCl4.xH2O. Distilled water was used throughout this study.
4.1.2 Photocatalytic Reactor:
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The photoreactor23 has two glass tubes arranged concentrically, one having a larger diameter than the other, the tubes thus defining an inner channel and an outer channel. The inner channel contains an elongated light source, such as a bulb which irradiating light. There are two openings at the top, one for water inlet and the other water outlet. On the sides, there is an air inlet and an exhaust outlet. 
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Photocatalytic reaction was done in test tube which kept 2-3 cm apart from UV light after removing the outer jacket. 5 ml solution was added in test tube under magnetic stirring and irradiated using 50 mg of         catalyst in presence of a UV lamp of power 125 W and the intensity measured was 10.4 mW/cm2. The whole set up was placed in a wooden box to prevent the radiations from escaping as well as a safety measure. 

4.1.3 Preparation of preadsorbed pyrene:
Preadsorption of pyrene onto TiO2 particles (Py/TiO2) was carried out as follows: 1 gm of pyrene dissolved in methanol (250 ml) then  TiO2 powder was added into a methanolic solution of pyrene, then solvent was volatilized completely under the magnetically stir at room temperature. Owing to the strong adsorption on TiO2 and the low solubility in water, pyrene was adsorbed on the surface of TiO2 particles. Py/SiO2 and Py/Al2O3 were also prepared with the same method. 

4.1.4   Preparation of pyrene in aqueous suspension of TiO2: 
Small amount of pyrene (.01 gm) added into 2.5 ml of methanol and dissolve it completely. Transferred the solution into volumetric flask of 250 ml and distilled water was added. On addition of water, the solution becomes milky. 
4.1.5 Metal ion impregnation of TiO2: 

1 gm P-25 TiO2 was taken in a beaker and 50 ml of distilled water was added to it and stirred it. Different weight percentages of metals were impregnated in TiO2 by addition of equimolar amounts of solution of metal salts. Metal ion solution added in to a beaker and stirred for 1 hr. Solution filtered and dried. After drying 1%, 2%, 3% weight percentages prepared was subjected to sintering temperature 500oC in the muffle furnace for a period of 5 hrs.
4.1.6   Method photodegradation of pyrene:
4.1.6.1   Degradation of preadsorbed pyrene on TiO2:
· 50 mg of preadsorbed pyrene added in to a test tube and 5 ml of distilled water was added. Stirred it for half an hour in dark. Then all samples irradiated all for different times 0 min, 30 min, 60 min, 90 min, 120 min, 180 min, 240 min. After irradiating solution filtered and analyzed.
· 50 mg of preadsorbed pyrene added in a test tube. 5 ml of different metal ion (Fe3+, Ni2+, Cu2+, Ag+ & Au3+) solution (0.1M) added.  All samples irradiated for two hrs under UV light. UV spectra was analyzed.
4.1.6.2   Degradation of pyrene in aqueous suspension of TiO2: 
· 5 ml of methanolic solution of pyrene added in test tube. 50 mg of TiO2 powder was added in the test tubes. All samples stirred for half an hour in dark and irradiated for different times 0 min, 30 min, 60 min, 90 min, 120 min, 180 min, 240 min. After irradiation solution was filtered and analyzed.

· 5ml of methanolic solution of pyrene added in different test tubes.  50 mg of different weight percentage Au3+ impregnated TiO2 catalysts added and irradiated under UV light. UV-VIS spectra analyzed.
4.2 Result and discussion:
4.2.1  Changes in UV – VIS spectra:
4.2.1.1  Preadsorbed pyrene on TiO2, SiO2 and Al2O3:
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The figure (1a) peak shows effect of photocatalyst on intensity of absorption of pyrene (230 nm) which gradually decreases with increasing time of UV light irradiation. There are also two small peaks observed at wavelength 275 nm and 330 nm. All peaks disappeared after irradiating it for 240 min which indicates that there is no pyrene left after photocatalytic degradation. This is because of presence of photocatalyst TiO2 which is a good oxidizing agent.
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Following figure shows effect of thermal catalyst SiO2. There is no change in intensity of absorbance peak (230 nm) of pyrene. Small peaks at wavelength 275 nm and 330 nm also observed. So there is no degradation of pyrene as expected
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Figure (1c) shows effect of Al2O3. There is no change in absorption maxima (230 nm) of pyrene. Intensity of absorption peak almost same. Small peaks also observed at wavelength 275 nm and 330 nm. So there is no degradation of pyrene as expected
4.2.1.2   Comparison between thermal catalyst and photocatalysts:
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Following figure shows comparative study of photocatalyst TiO2 and thermal catalyst SiO2 and Al2O3. From this figure it is evident that TiO2 gives the highest degradation rate as compared to SiO2 and Al2O3. After 90 minutes of irradiation concentration of pyrene is  almost zero in case of TiO2 and it remains almost same in case of SiO2 and Al2O3 although SiO2 and Al2O3 also show some changes in concentration of pyrene. But it is because of self degradation of pyrene under UV light. Degradation rate different in case of thermal catalysts although both are photochemically inactive because both have different pore size, suface property etc.

Calculations:  C0 is the initial concentration of solution, C is the final concentration,                                           A is the absorbance at maximum wavelength, l   is length equals to 1cm, E   is a molar extinction coefficient, E = 54000cm-1M-1 at 335.25 nm.

                                                      A =   E C l 
As intial concentration of pyrene solution known, A can be calcuted from plot (absorbance vs wavelenth), E & l  are known. So final concentration C can be calcuted.

4.2.1.3 Effect of metal ion on degradation of preadsorbed pyrene on TiO2 in aqueous suspension:
Different metal ions have different activity on degradation of pyrene. It is observed that metal ions have remarkable effect on degradation of pyrene.  

[image: image17.wmf]H

O

H

O

H

O


This figure indicates that Ni 2+ is not effective for degradation. It decreases the degradation rate. But Cu2+ ions show remarkable effect. It increases the degradation rate. Absorption peak of pyrene 230 nm is disappeared after 2 hrs of irradiation in presence of Cu2+ ions. 
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Figure (3b) shows effect of Au3+, Fe3+, Ag+ ions. Intensity of absorption peak decreases in presence of metal ions. If there is no metal ion present then three peaks observed at wavelengths 230 nm, 275nm and 330nm. After 2 hrs irradiation in presence of metal ions peak intensity of absorption maxima (230 nm) decreases and other small peaks disappeared. All three metals ions have remarkable effect but Au3+ has highest effect on degradation rate. It shows that pyrene was degraded in CO2 although it was not quantified.

All metal ions show different activity because every metal have different no. of valance electrons and different band gaps. Au3+ is highly active because it is a good conductor can accept electrons easily. It has beneficial effect for trapping of photo generated electrons which reduces electron hole recombination rate as well as formation rate of OH. radicals increases which starts oxidation reaction of pyrene because of its high oxidation potential (2.8eV).
4.2.1.4   Degradation of pyrene in aqueous suspension of TiO2:
Earlier pyrene was first preadsorbed on TiO2 particles then suspended in water in which both pyrene and TiO2 present in suspension. But now first pyrene dissolved in 1% methanolic solution then TiO2 powder was added in which only TiO2 particles present in suspension as suspended particles and pyrene present in true solution.

Figure (4) shows intensity of absorbance peak of pyrene decreases with increasing time of UV light irradiation. After 240 min it is near zero. But if it is compared with preadsorption methods then it is less effective because in this reaction methanol is present [image: image19.wmf]200
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which acts as radical quencher. As radical formed methanol get oxidize in to acid. So it decrease the availability of free radicals for pyrene so degradation by this method little slow.
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4.2.1.5   Effect of varying weight% of metal ion on degradation of pyrene in aqueous suspension of TiO2:
As it was studied earlier that Au3+ has highest activity on degradation rate of pyrene. In this reaction effect of concentration of Au3+ ions was studied. As the weight percentage of Au3+ increases degradation rate also became fast and faster this is because more electrons accepted from conduction band of TiO2 and revealing hole which accept electron from OH- ions and yields the OH. radicals as number of free radicals increases degradation rate also increases but if concentration of metal is very high than it will not increase degradation.

4.2.2  Infrared spectra: 
The IR spectra were used to monitor the intermediates formed in the photoinduced degradation of pyrene illuminated by UV. The bands appearing at 669, 818 cm-1 corresponding to aromatic rings vibration of pyrene decreased with increasing the irradiation time and changed after 240 min of irradiation. At the same time, a strong new band appeared at 1735 cm-1, to O=C< groups. The IR results indicated that the structure of pyrene was destroyed under the UV light irradiation by the photocatalysis of TiO2 particles and was further decomposed to smaller organic species containing O=C< groups.
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4.3  Incineration of pyrene:
4.3.1 Experimental apparatus: 
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The incineration experiments were conducted in a specially designed electrically heated lab scale incinerator, equipped with a quart tube vertical combustion chamber, quartz tube air-preheater, an air blower and XAD-4 glass placed at room temperature. Schematic diagram of the quartz tube of vertical incinerator has been shown in Fig. 6. The tube is 70 cm long and 3 cm in diameter with a provision for introduction of the sample and is connected through another coiled quartz tube of air preheater. The temperatures of both vertical tubular incinerator and air preheater were controlled by PID temperature controllers.
Quartz tube is cleaned after each experiment to avoid contamination.
4.3.2  Sample:

Pyrene was taken.

4.3.3  Emission sampling:
The temperature of quartz tube vertical incinerator was kept at 8000C and air flow rate of 2 liter min−1 (measured at atmospheric pressure and room temperature) was maintained during experiment. On reaching the pre set temperature of inner side of vertical quartz tube, a quartz boat loaded with exactly weighed sample of about 0.5 g pyrene was introduced through the inlet tube of the incinerator. The boat was turned upside down to have semi-fluidized condition. The emission gases were passed through 8 g of XAD-4 resin (Sigma-Aldrich) for several minutes, then through 250 ml dichloromethane placed in trapper. 
4.3.4  Sample preparation:
The glass filter cartridge and XAD-4 resin were removed after the experiment along with soot and extracted with soxhlet apparatus for 24-hour with 500 ml of dichloromethane including 250 ml of dichloromethane through which emission gases were passed. The contents were concentrated to 2ml by removing the solvent under vacuum. The final extract was stored in glass vial.

4.3.5  PAHs analysis:
The identification of PAHs were accomplished by using a Gas Chromatograph (Nucon- 5765) with a ZB- 5 MS capillary column (30 mL, 0.25mmi.d., 0.25 μmdf).  
4.4  Results and discussion:
Incineration of pyrene at 8000C and 2 liter ml-1 flow rate resulted in the formation of new PAHs. The retention time of standard solution of 16 PAHs which are priority pollutants as per US EPA is as shown in table 1.

	Retention time (min:sec)
	PAHs present

	15:07
	Naphthalene (NaP)

	25:24
	Acenaphthene (Acp)

	26:32
	Acenaphthylene (AcPy)

	29:41
	Fluorene (Flu)

	36:13
	Phenanthrene (PA)

	36:43
	Anthracene (Ant)

	38:22
	Fluoranthene (FL)

	40:45
	Pyrene (Pyr)

	51:41
	Benzo[a]anthracene (BaA)

	51:56
	Chrysene (CHR)

	58:00
	Benzo[b]fluoranthene (BbF)

	58:09
	Benzo[k]fluoranthene (BkF)

	59:41
	Benzo[a]pyrene (BaP)

	66:07
	Indeno(1,2,3-c,d)pyrene (IND)

	66:28
	Dibenzo(a,h)anthracene (DBA)
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catalyst under UV light irradiation for 90 min.
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67:41
	Benzo(g,h,i)perylene (BghiP)


The PAHs formed during incineration present are naphthalene (NaP), acenaphthene (Acp), aluorene (Flu), phenanthrene (PA), anthracene (Ant), fluoranthene (FL), pyrene (Pyr), chrysene (CHR), benzo[k]fluoranthene (BkF), indeno(1,2,3-c,d)pyrene (IND) based upon retention time of standard solution of 16 PAHs. Gas chromatograph showing formation of PAH is as shown in fig.7.
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5. CONCLUSION
It is evident from literature survey that photo-induced degradation is a good method for degradation process of pyrene. End product is CO2. Pyrene with poor solubility in water was able to be easily degraded after preadsorbed on TiO2 in an aqueous dispersion under UV irradiation. 
Incineration method has also been studied and it was found that 10 PAHs from the list of 16 PAHs as priority pollutants were formed on incineration of pyrene at 800oC with a flow rate of 2 liter ml-1.
From experimental work it is found that TiO2 is a good photocatalyst as compared to SiO2 and Al2O3. It increases the degradation rate of pyrene. After irradiating under UV light for 4 to 5 hrs almost all pyrene was degraded into CO2 although it was not quantified. On other hand SiO2 and Al2O3 have no effect on pyrene degradation because they are thermal catalyst but still some change was observed in absorption peak that is due to self degradation of pyrene under UV light.

Metal ion shows effect on degradation of pyrene. If metal ions are added into reaction, then degradation rate increases. I have tried different metal ions like Au3+, Ni2+, Ag+, Cu2+ etc. All metals show huge change in degradation rate but Au3+ has highest activity. It degrades pyrene more rapidly than other metal ions. So pyrene can be easily photooxidated by adding metal ions and finally mineralized to CO2.
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Fig.6. The quartz tube of vertical incinerator
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Fig.8. Gas chromatogram showing different PAHs upon pyrene incineration 
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