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Abstract 

The photodegradation of phenanthrene in water was investigated for a variety of reaction conditions 

employing various fulvic acids (FAs) as photosensitizers and hydrogen peroxide as oxidant. All experiments 

were conducted by using artificial sunlight from Suntest apparatus (Hanau, Germany) as light source. The 

relative rates of phenanthrene photodegradation for the different experimental conditions were computed. Fulvic 

acids of different origins influenced the rate of sunlight-induced photodegradation of phenanthrene in different 

ways. Hydrogen peroxide vigorously enhanced the photodegradation rate of phenanthrene. The photoproducts 

identified were oxygenated products of aromatic ring, such as 9,10,-phenanthrenquinone, a group of 

hydroxyphenanthrene with hydroxyl at different position (1,3,4, and 9), 2,2'-biphenyldicarbonic acid, 2,2'- 

biphenyldialdehyde and 2-phenylbenzaldehyde. It can be consumed that the phenanthrene photodegraded via 

free radical mechanism. 
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Introduction 

Phenanthrene (Fig. 1) is a compound of polycyclic aromatic hydrocarbons (PAHs) consisting of two or more 

fused benzene rings. PAHs are ubiquitous environmental contaminants (Cook and Pierce 1983; Evans 1993) 
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which derived from a variety of anthropogenic sources involving mainly incomplete combustion of organic 

matter and by industries (Wild1990). It has been reported that many PAHs show a high toxic, carcinogenic, and 

mutagenic potential (White 1986; Pahlman and Pelkonen 1987; Depierre and Emster 1978; Newsted and Giesy 

1987; Huang et al. 1993). They are hazardous to ecosystems and human health. Therefore, it is important to 

investigate the fate of PAHs in aquatic environments and find a way to eliminate them or reduce their toxicity. 

Humic substances (HSs) are major organic matter in natural water bodies (Fischer and Kliger 1985). They 

play an important role in the fate and transfer of organic xenobiotics in the aquatic environment (Steinberg 

1993). They can change the physico-chemical state or specification of the xenobiotics in aqueous systems by 

binding or associating with them. Several investigators have demonstrated that HSs can enhance water solubility 

of some hydrophobic compounds, such as DDT, PAHs, and polychlorinated biphenyls. HSs also can modify the 

hydrolysis kinetics of hydrophobic compounds and decrease or increase their bioavailability and toxicity. It has 

been recognized that these interactions between organic chemicals and HSs may vary depending on the sources 

of HSs. 

Since solar radiation is the largest energy source in the environment (Zika and Cooper 1987), photocatalytic 

degradation represents one of the most important abiotic degradation processes. Abiotic degradation of 

environmental chemicals is mediated both by direct and sensitized photochemical processes. Sensitized reactions 

occur either by energy transfer from HSs to substrate molecules (Zepp Schlotzhauer and Sink 1985) or via 

formation of other reactive intermediates, such as siglet oxygen, organic peroxy radicals and hydroxyl radicals 

(.OH) (Hoigne et a1.1989, Faust and Hoigne, 1987). Since HSs are the major organic light absorbers in natural 

waters (Bruccoleri et al. 1993), most studies have focused mainly on effects of HSs on photoreactions of 

pollutants, such as pesticides (Shahamat and Gamble 1983) and nitroaromatic compounds (Simmons and Zepp 

1986). 

Hydrogen peroxide (H202) appears to be ubiquitous in the hydrosphere and has been found in rainwater, 

seawater and freshwater (Daum 1985; Mill, Hendry and Richardson 1980). In the presence of light, H20 2 can 

produce .OH radicals (Beltran, Ovejero and Acedo 1993) which can attack the environmental chemicals. 

The objective of this study was to investigate the photodegradation of phenanthrene in water system in the 
presence of photosensitizer fulvic acids and an oxidant H202. Five fulvic acids belonging to different sources 

were used in order to compare the effects on the photodegradation of phenanthrene. The mechanism of 

phenanthrene photodegradation was studied through the identification of the photoproducts. 

Materials and Methods 

Two of five samples of fulvic acids (FAs) were obtained from the drinking water of Kaschin Beck disease 

(KBD) prone areas of China, while the other three were collected from either water, soil or peat of KBD-free 

locations in China. The characterization of these samples has been reported elsewhere ( elemental composition, 
FF-IR, E4/E 6 ratio, 1H- and I3C-NMR) (Wang et al, in press). 
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Phenanthrene was purchased from Aldrich Chemical Company (99.5%+). Its stock solution was prepared as 
follows: First 4 mg phenanthrene was dissolved in 2 mL CH2CI2. Then it was applied on a column packed with 

glass beads .which offers a large absorption surface. The solvent was removed by nitrogen gas flow. A part of 

phenanthrene was subsequently eluted with 2 L sterilized distilled water. The concentration of phenanthrene in 

water was determined to be 0.5 mg L" 1 by a high performance liquid chromatography method (Hewlett Packard 

1050 HPLC Series equipped with a 25.0 cm long, RP-18 column and a Hewlett Packard 3396 integrator),20gl 

samples were injected into the system directly. The mobile phase was comprised of methanol : water (70:30) 

which provided good resolution at a flow rate of 1 mL/min, the detection wavelength for phenanthrene set at 

254 rim, 

Photodegradation: The following three sets of solutions were prepared: a) phenanthrene solution, b) solutions 

of phenanthrene each with 5 mg L "1 of a different FAs, c) phenanthrene with H202 (1"10-2M and 5"10-3M 

respectively). The solutions were transferred to 500 mL quartz flasks, stirred magnetically and irradiated using 

Suntest apparatus (Hanau, Germany) at >290 nm. Another set of identical solutions were also prepared but the 

quartz flasks were covered by aluminum foil to serve as dark control. At regular intervals, samples were 

collected from each reaction solution and the phenanthrene concentration was monitored by HPLC. 

Identification of photoproducts: The reaction mixtures were extracted with cyclohexane. The organic phase 

was evaporated to dryness under reduced pressure at room temperature. The residues were dissolved in a small 

volume of methanol and subjected to HPLC analyses (Hewlett Packard 1090 Liquid Chromatography). The 

photoproducts were identified by comparison of their relative retention times, the UV spectra with those of 

standards and the "bank" of PAHs and their photoproducts established by other coworkers in the institute 

through HPLC-UV, HPLC-MS and GC-MS. 

Results and Discussion 

The present experiments show that the rate of phenanthrene photodegradation was greatly accelerated by the 
presence of H202 as shown in Figure 2. With regards to the influence of FAs as shown in Figure 3, mixed 

results were obtained. Two FA samples catalyzed photodegradation of phenanthrene with an efficiency 
comparable to that of H202 (Figures 2 and 3). The other three FA samples retarded the photodegradation of 

phenanthrene. In order to compare the photochemical behaviour differences among these five fulvic acid 

samples, we used the same fulvic acid concentration (5mg/L). Apparently, the combination of sunlight and 
H202 is an effective way to remove PAH contaminants, such as phenanthrene from water. 

The major photoproducts have been identified were 9,10,-phenanthrenequinone , a group of 

hydroxyphenanthrene with hydroxyl at different position (1,3,4, and 9), 2,2'-biphenyldialdehyde, 2,2'- 

biphenyldicarbonic acid and 2-phenylbenzaldehyd (Fig. 1). Although, all of these major photoproducts were 
identified in every set of experiment, their rate of formation was influenced by the presence of FAs and H202. 

Therefore, it can be said that the same mechanism must be involved in the degradation of phenanthrene. It is 

well known that light-induced generation of free radicals such as .OH can bring about the nuclear oxidation of 
aromatic rings when dissolved O 2 is present. The photochemical reaction of phenanthrene is primarily 

controlled by -OH radical which react with the aromatic rings. In this case, the reaction rate is directly 
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dependent on the oxygen partical pressure. In the present study the O 2 pressure in the solution was equal to the 

conditions of the room temperature and pressure. Our purpose was to find out the differences between the 
various fulvic acid samples used, therefore the O 2 pressure remained the same. 

Kinetics of phenanthrene photodegradation: According to the photochemical theory (Zepp et al. 1981: 

Kawaguchi 1993), in a well-mixed aqueous system containing a very low concentration of a chemical, both 

direct and photosensitized reactions can be described by first-order rate equation: 

In (Co/C0 = kt + A 

where Co is the concentration of phenanthrene at irradiation time t=O; Ct is the concentration of phenanthrene 

O 

Phenanthrene 9, 10-phenanthrenquinone 9-hydroxyphenanthrene 

-,-/COOH 

2,2'-biphenyldialdehyde 2,2'-biphenyldicarbonic acid 2-phenylbenzaldehyde 

Fig.1 Chemical structures of phenanthrene and its photoproducts 
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Fig.2 Photodegradation of phenanthrene in the presence of hydrogen peroxide 
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Fig 3. Photodegradafion of phenanthrene in the presence of 5 mg L "1 fulvic acids 

with different origins 

at irradiation time t, k is the rate constant. This indicats also that the apparent first-order rate constant is 

independent of the concentration of the chemical. The first-order rate constants k for phenanthrene 

photodegradation were calculated from the linear regression In (Co/Ct) vs. time (t) with all regression 

coefficients more than 0.9 and are summarized in Table 1. It could as well be performed to compare the rate of 

phenanthrene photodegradation at various conditions, and to know the effects of FAs of different origins. 

It has been known that HSs influence the fate of pollutants in the environment (Suffet and MacCarthy 1989). 

Our results indicate that the photodegradation of phenanthrene strongly depends on the sources of fulvic acid. 

FAs affected the photodegradative behavior of phenanthrene. Assumably, this phenomenon is the result of 

differences in the structures of the FAs obtained. We did not find any significant correlation with the appearance 

of KBD. In a series of adsorption and complexation studies on s-triazine derivatives with HSs, Madhun (1986) 

reported that the interaction capability seems to be a function of the sources of HS. 
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In numerous studies, McCarthy and lirnenez (1985), Gauthler et aL (1986), and Richnow et al. (1994) 

described that HSs have a large adsorption" capacity for PAHs. They appear to trap or bind considerable 

amounts of PAHs in relative stable complexes within their macromolecular structures. Wershaw (1986) 

introduced a model for humic materials, which provides a means of understanding the interaction with 

hydrophobic pollutants. He proposed that humic materials consist of numbers of different oligomers and simple 

compounds resulting from the partial degradation of plant remains. These degradation products are stabilized by 

incorporation into humic aggregates bound together by weak bonding mechanisms, such as hydrogen bonding, 

-bonding, and hydrophobic interactions. The resulting structures are similar to miceUes or membranes, in which 

the interiors of the structures are hydrophobic and the exteriors are hydrophilic. Hydrophobic compounds 

will partition into the hydrophobic 

Table 1. Influence of fulvic acids obtained from different sampling sites of P. R. China on apparent 
first-order rate constant (k) and half-life (tl/2) for the phenanthrene photodegradation 

FA source k (hr -1) tl/2 (hr) 

Phenanthrene 0.236 

Drinking water from Suiling 0.174 

Peat from Lianjiang 0.120 

Soil from Shenyang 0.535 

Drinking water from Guanguangou 0.502 

Drinking water from Jiangjiashan 0.214 

2.94 

3.98 

5.78 

1.30 

1.38 

3.24 

interiors of the humic micelles. The model of Wershaw (1986) explains clearly the transport, fate and effects of 

the adsorbed pollutants. Since humic materials differ in molecular size, structure, acidity, lipophilicity and other 

properties. Therefore, the units of micelles differ too, depending on their origins and degree of transformation. 

This may explain that different results with the same chemicals under the same test. 

In the aquatic environment, many organic compounds may in principle be transformed by sunlight as a result 

of either direct light absorption by these compounds or by reaction with reactive intermediates e.g. formed from 

humic materials on irradiation (Noont et al. 1988). Humic materials can act as photosensitizers (Skurlatov et al. 

1983) or precursors for the production of reactive oxygen species such as siglet oxygen, hydroxyl radicals, 

peroxy radicals, hydrogen peroxide and solvated electrons (Hoigne et al. 1989; Faust and Hoigne, 1987). Two 

general mechanisms (Skurlatov et al. 1983) can explain the experimental results. The first mechanism involves 

photosensitization by HSs in water: 

HS + light ---> HS* 

HS* + Phenanthrene ---> products 
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This mechanism could either include the direct reaction between the substrate and the electronically excited 

sensitizer, HS* which transfers its energy to the chemical adsorbed or the reaction between the substrate and 

some oxidizing species derived from HS*. A schematic representation as shown below may well describe the 

process: 

HS + light 

Environmental 

chemicals 

Reactive oxygen species: "~ t  

, H202, ROO., IO 2, eaq, 02. Degradation products 

The precise nature of the free radicals as well as their role in the photodegradation remains an important field 

of research. 

Conclusions 

The presence of humic substances in aqueous systems has significant influence on the phenanthrene 

photodegradation. Retardation or acceleration to phenanthrene photodegradation depends upon the origins of the 

HSs. In the presence of H202, phenanthrene photodegrads very quickly, which could be an effective way for 

removal of PAH contaminants such as phenanthrene from natural waters. The major photoproducts identified in 

each experiment were 9,10,-phenanthrenquinone, a group of hydroxyphenanthrene with hydroxyl at different 

position (1,3,4, and 9), 2,2'-biphenyldialdehyd, 2,2'-biphenyldicarbonic acid and 2-biphenylbenzaldehyd, albeit the 

relative rate of their formation differed. This finding suggests the involvement of free radical mechanisms in the 

photodegradation of phenanthrene. 
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