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To better understand the photodegradation of polycyclic aromatic hydrocarbons (PAH) in solid phase in
natural environment, laboratory experiments were conducted to study the influencing factors, kinetics
and intermediate compound of pyrene photodegradation by iron oxides. The results showed that the
pyrene photodegradation rate followed the order of a-FeOOH > a-Fe, O3 > y-Fe, 03 >y-FeOOH at the same
reaction conditions. Lower dosage of a-FeOOH and higher light intensity increased the photodegradation
Keywords: rate of pyrene. Iron oxides and oxalic acid can set up a photo-Fenton-like system without additional H,0,
) . in solid phase to enhance the photodegradation of pyrene under UV irradiation. All reaction followed the
Photodegradation . L. ? . . . .
PAH first-order reaction kinetics. The half-life (t;,) of pyrene in the system showed the higher efficiencies of
using iron oxide as photocatalyst to degrade pyrene. Intermediate compound pyreno was found during

Pyrene
Iron oxide photodegradation reactions by gas chromatography-mass spectrometry (GC-MS). The photodegradation
Solid phase efficiency for PAHs in this photo-Fenton-like system was also confirmed by using the contaminated soil

samples. This work provides some useful information to understand the remediation of PAHs contami-

nated soils by photochemical techniques under practical condition.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are pollutants pro-
duced via natural and anthropogenic sources, generated during the
incomplete combustion of solid and liquid fuels or derived from
industrial activities. They are ubiquitous pollutants that occur in
natural phase such as soil, sediment, water and air, and are harm-
ful to environment and health of human being due to their high
degree of mutagenicity and carcinogenicity when they enter the
human body [1-3]. A total of 16 PAHs were included in the Euro-
pean Union (EU) and the United States Environmental Protection
Agency (US EPA) priority pollutants list. Investigating the progress
of PAHs degradation in the environment, and developing efficient
and economical degradation technologies for PAH is an important
research needed.

Many studies have been conducted on biodegradation of indi-
vidual PAHs and related compounds [4-8]. And some limitations
have been presented, such as long degradation periods and the dif-
ficulty of condition controlled. Furthermore, some heavier PAHs
(with more than 3 rings) are difficult to be biodegraded due to
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their poor water-solubility [3,9,10]. Recently, chemical technolo-
gies for PAHs degradation have been paid much attention, and
among which the photodegradation has been given much emphasis
[11]. Environmental applications of heterogeneous photocataly-
sis, especially using titanium dioxide (TiO,) have been extensively
investigated to remove PAHs in aqueous solution [12-14]. Since
PAHSs have extremely low solubility in water, the studies mentioned
above had to use organic solvent to dissolve PAHs or use surfac-
tants to increase the solubility of PAHs [15], which might cause
difficulty in samples analyses and thus the study of degradation of
PAHSs because of the existence of the organic matters accompanied
in PAHs [16]. Normally PAHs are presented in much higher con-
centrations in soil phase than in aqueous phase. To date, although
there were few studies reporting the degradation of PAHs in solid
phase without disturbance from the organic solvent and surfactants
[17,18], limited studies had been reported on the influencing factors
and intermediate products during photodegradation by iron oxide
in solid phase.

Iron oxides are natural minerals found in soils and rocks,
lakes and rivers, on the seafloor, in air and organism [19]. Major
iron oxides include goethite (a-FeOOH), hematite (a-Fe;03), lep-
idocrocite (y-FeOOH), and maghemite (y-Fe,03). Iron oxides can
act as natural photo catalysts to catalyze degradation of organic
pollutants in environment [20,21]. It has also been reported that
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iron oxide and oxalic acid, a polycarboxylic acid has strong chelat-
ing ability with multivalent cations, mainly exuded by plants in
natural environment [22], can set up a Fenton-like system with-
out additional H, 0, to photodegrade organic pollutants in aqueous
solutions [23,24].

In this study, the experiments were conducted to investigate the
photocatalytic degradation by iron oxides on solid phase pyrene,
a PAH with the molecular formula of C;gHg and the molecular
weight of 202.3. In order to further understand the degradation
of pyrene by iron oxides, the influencing factors, including dosage
of iron oxide, type of the iron oxide, and the UV light intensity
were also studied. Furthermore, the experiments of dependence
on initial concentration of oxalic acid were conducted to eval-
uate the photochemical activities of the Fenton-like system and
the effect of oxalic acid on the degradation of pyrene by the iron
oxide-oxalic acid system. The intermediate compound was also
studied by using GC-MS. And contaminated soils had been sampled
to evaluate the photodegradation efficiency of PAHs by Fenton-like
system.

2. Materials and methods
2.1. Chemicals

Pyrene (analytical grade) was purchased from Janssen Chimica
(Belgium). A pyrene stock solution was prepared at the con-
centration of 100mg/L and then diluted into the designated
concentration standards in mobile phase to construct a calibration
curve. Methanol and methylene dichloride of HPLC grade and dis-
tilled water were used in this experiment, and the glassware used
were dipped in chromic acid cleaning mixture for 6 h, and then
rinsed with distilled water before being dried at 110°C for 8 h.

2.2. Preparation and characterization of iron oxides

v-FeOOH (color of orange) was prepared by hydrothermal
method [25], and a-Fe,; 03 (red) was formed by sintering y-FeOOH
powder at 420°C for 2 h at a programmed heating rate of 2 °C/min
[26]. a-FeOOH (yellow-brown) was prepared as reported by Schw-
ertmamm and Cornell [19] while y-Fe,03 was prepared with the
following procedure: Firstly, dissolving 16 g of FeCl,-4H,0, 22.4 g of
(CH3)Ny4, and 5.6 g of NaNO3 in 400, 80, and 80 mL double-distilled
water, respectively. The three solutions were mixed to obtain a
bluish green precipitate which was later aged in the mixture at
80°C for 6h prior to centrifugation. The precipitate was washed
three times with alcohol and distilled water to remove anions and
organic impurities before dried at 65°C for 48 h. After ground to
pass through 100 mesh screens, the dark red-brown y-Fe,03 pow-
ders were obtained.

The X-ray powder diffraction patterns of iron oxides were
recorded on a Rigaku D/Max-III. A diffract meter at room tem-
perature, operating at 30kV and 30 mA, using a Cu Ka radiation
(A=0.15418 nm). The phases were identified by comparing diffrac-
tion patterns with those on the standard powder XRD cards
compiled by the Joint Committee on Powder Diffraction Standards
(JCPDS) [27]. The total surface area and total pore volume of four
samples were measured by the Brunauer-Emmett-Teller (BET)
method in which the N, adsorption at 77 K was applied and Carlo
Erba Sorptometer was used [28,29].

2.3. Pyrene photodegradation experiments
2.3.1. Experimental process

Photodegradation of pyrene were carried out in a Pyrex quadrate
photoreactor, in which 8 black light lamps with a power of 48 W

(Nanjing Ziguang, China) with the main emission at 365 nm were
positioned equably. The photoreactor was sealed with window
blind to avoid indoor light irradiation and the temperature was
controlled by the air-conditioning during reaction.

The reaction mixture was produced by adding 4 mL of 10 mg/L
pyrene-methylene dichloride solution into 2 g iron oxide. Prior to
photoreaction, the suspension was added with 10 mL of the methy-
lene dichloride and magnetically stirred in the dark for 12h in
aerator to establish adsorption/desorption equilibrium and also to
volatilize the methylene dichloride. Each 0.2 g of the dried reac-
tion mixture was screened (100 mesh) evenly onto an optical glass
(10cm x 10cm) and which was later covered by another optical
glass. Six pairs of optical glasses were prepared for every kinetic
experiment. The weight of reaction mixture after screening was
determined and was found to be near identical with an average
weight of 0.1991 g (ranged from 0.1984 to 0.2001). During the pho-
toreaction process, the prepared optical glasses were placed under
the UV light. And at the given time intervals, the samples were
collected from a pair of optical glasses, and then extracted and
analyzed as soon as possible.

2.3.2. Extraction and analysis of pyrene

After diverted to 50 mL centrifugal tubes, the samples were
immediately added with 10 mL methylene dichloride. The centrifu-
gal tubes were covered by tinfoil to prevent the light irrigation. The
mixtures were extracted for 30 min in an ultrasonic bath extractor
at the controlled temperature below 10 °C by using ice. After extrac-
tion, the extract was immediately passed through a 0.45 pum organic
filter paper. The same extraction process was repeated twice. The
effluent samples were collected and stored for later analysis.

Pyrene was determined by high performance liquid chromatog-
raphy (HPLC) consisted of a Waters 1525 binary pump, a Waters
2487 dual A Absorbance UV/vis detector at 254 nm and a reversed-
phase column of 5pum Symmetry-C18, 4.6 mm i.d. x 25cm long
(Waters, USA). The methanol-ultrapure water mixture (90:10) was
used at mobile flow rate of 1.0 mL/min under isocratic conditions at
room temperature. Samples of 20 wL were injected into the column
through the sample loop for analysis. The data was processed with
the Breeze software. And the relative standard deviation for HPLC
analysis was controlled within 2%.

2.3.3. Experimental design

This study consisted of four experiments (Table 1). The first
was conducted to examine the effects of type of iron oxides. 2 g of
four types of iron oxide, namely goethite (a-FeOOH), hematite (o-
Fe,;03), maghemite (y-Fe;03) and lepidocrocite (y-FeOOH) were
used. To investigate the effect of the dosages of iron oxide, the sec-
ond experiment was carried out by adding 4 mL of 10 mg/L pyrene
into 0.05,0.1,0.2 and 0.5 g a-FeOOH, respectively, to obtain 5, 10, 20,
50 g/m? a-FeOOH in reaction optical glass. To examine the effects
of initial oxalic acid concentrations, the third experiment was con-
ducted by adding oxalic acid to 4mL of 10 mg/L pyrene and 2¢g
a-FeOOH mixture to achieve 0, 0.22, 0.45, 0.9 and 1.34 oxalate and
goethite ratio. To investigate the effect of light intensities, the last
experiment was conducted by irradiating 4 mL of 10 mg/L Pyrene
and 2 g a-FeOOH mixture using different lamps with intensity of
480, 2400 and 4800 pW/cm?, respectively. All experiments in the
study were replicated three times.

2.3.4. Recovery and blank experiments

In order to verify the efficiency of sample extraction, recovery
experiments were performed. Pyrene-methylene dichloride solu-
tion was added to 0.2 g of a-FeOOH to obtain pyrene concentrations
of 5, 10, 15, 20 and 25 mg/kg. The samples, including the blank
(without pyrene) were analyzed by the procedure described in
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Table 1
Experimental design for the four set of experiments

Experiment Type of iron oxide Oxides dosage (g/m?) Molar ratio of oxalate and iron oxide Intensity of UV light (pw/cm?)
1 a-FeOOH, a-Fe, 03, y-FeOOH, y-Fe;03 20 0 480

2 a-FeOOH 5, 10, 20, 50 0 480

3 a-FeOOH 20 0,0.22, 0.45, 0.90, 1.34 480

4 a-FeOOH 20 0 480, 2400, 4800

Section 2.3.2. The recovery and blank experiments were repeated
five times.

The recovery of the pyrene increased from 61% for 5mg
pyrene/kg a-FeOOH to 74% for 25 mg pyrene/kg a-FeOOH (Table 2).
The recovery rates appeared to be relatively low, but similar results
were reported by other groups [9,30,31]. The standard deviations
of each dosage (5 replicates) were low (Table 2), and, therefore,
the recovery rate reported in this study indicates that the ana-
lytical method used is reliable. The absence of Pyrene in the
blank samples confirmed that pyrene in the a-FeOOH samples
was derived from our factitious inclusion. The recoveries exhib-
ited close relationship with pyrene concentrations (R% =0.9496).
Data presented in this study are corrected accordingly using the
formula: x=47.66 x [(1+0.071z)%>—1] derived from the following
calculation:

y =0.62x +59.1

and,
z

=2 x1

y " x 100
therefore,

62x + 5910 = ; x 10000, x =47.66 x [(1+0.0712)*° - 1]

In this study, z ranged from O to 20, therefore,
X =47.66 x [(1+0.0712)°° - 1]

where y=recovery (%); x=added concentration of pyrene in
a-FeOOH (mg/kg); z=detectable pyrene concentration from exper-
iment (mg/kg).

2.4. The contaminated soil experiment

2.4.1. The contaminated soil used in the experiments

The PAHs contaminated soils were collected from Dazhen
village, Nanhai district, Foshan city of South China (latitude
23.08656°N and longitude 113.10952°E). The sampled red soil
had been used for vegetable production. The sampling depth
was 0-20cm with Fe,03 concentration of 67.83g/kg. Prior
to the experiments, the soil was dried naturally under shade
and ground to pass through with 200 mesh screen. This soil
was contaminated primarily by 9 PAHs, namely Fluoranthene,
Pyrene, Benzo[a]anthracene, Chrysene, Benzo[b]fluoranthene,
Benzo[k]fluoranthene, Benzo[a]pyrene, Indeno[1,2,3-cd|pyrene
and Benzo[ghi]perylene, with their corresponding concentrations

Table 2
Recovery and blank concentration of pyrene in iron oxide

Concentration of pyrene
in a-FeOOH (mg/kg)

Recovery (%) Blank (mg/kg)

5 61 + 1.15 n.d.
10 67 + 1.08 0.001
15 68 + 2.13 0.001
20 72 +0.84 n.d.
25 74 £+ 0.91 n.d.

0f 0.7147, 0.4823, 0.1952, 0.3532, 0.3977, 0.0927, 0.1586, 0.1814 and
0.1939 mg/kg, respectively.

2.4.2. Analysis of pyrene photodegradation intermediate products
and PAHs in contaminated soil

The extraction of pyrene photodegradation intermediate prod-
uct and PAHs in contaminated soil was as described in Section
2.3.2 were analyzed by gas chromatography coupled with mass
spectrometry (GC-MS, DSQ Thermo, USA). The recovery of the
samples was assessed by response factor method combined with
internal standard method, and adjusted, using a microsyringe,
to an exact volume before injection for the calculation of the
injected concentration. The recovery of surrogates was 84 and 92%
for Phenanthrene-D10 and Chrysene-D12, respectively. Comparing
to the mentioned before experiment, the recoveries significantly
increased. This case could be due to the difference in pyrene adsorp-
tion in different particles matrix [32]. The GC instrument was
equipped with split/splitless injector and a TR-5MS column was
used for separation (30 m, 0.25mm i.d., 0.25 wm film thickness).
The initial temperature was set at 60°C and was held for 1 min in
splitless mode. When the splitter was opened, the oven was heated
to 240°C with a heating rate of 8 °C/min, and then to 260 °C with a
rate of 2 °C/min after maintained for 5 min. The solvent delay time
was set for 4 min while the temperature of the transfer line was set
at 250°C. Mass spectra were recorded at 3 scans/s under electron
impact of 70 eV at the mass range of 50-350 amu.

3. Results and discussion
3.1. Properties of iron oxides

The X-ray diffractograms (XRD) of the prepared iron oxides are
shown in Fig. 1. Pure y-FeOOH powder was obtained because the 8
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Fig. 1. The XRD graphs of iron oxides powders.
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peaks (Fig. 1a) were in accordance to the characteristic peaks of y-
FeOOH [27]. Similarly pure a-FeOOH with peaks (Fig. 1b) of (11 0),
(130),(111),(121),(221),and (151), a-Fe,03 with the charac-
teristic peaks (Fig. 1c) of (012),(104),(110),(113),(024),(116),
(214)and (300), and y-Fe; 03 with peaks (Fig. 1d) of (220),(31 1),
(222),(400),(422),(511) and (440) were obtained. The crystal
sizes of y-Fe, 03, y-FeOOH, a-Fe; 03 and a-FeOOH were 43.2, 13.7,
54.7 and 41.9 nm, respectively, which were deduced from Sherrer’s
formula with the corresponding strongest XRD peak. The specific
surface areas measured by BET-BJH method were 14.36, 115.44,
29.40 and 120.93 m?/g and the total pore volumes were 0.05, 0.30,
0.27 and 0.16 cm3/g for y-Fe; 03, y-FeOOH, a-Fe,03 and a-FeOOH,
respectively.

3.2. Dependence of pyrene photodegradation on type of iron
oxides

Fig. 2 showed the photodegradation of pyrene with the initial
concentration of 20 mg/kg under UV irradiation of 480 wW/cm?
on different iron oxides. The results indicated that all the four
iron oxides had high photocatalytic activities and pyrene can be
efficiently degraded by them under UV light irradiation. The pho-
tocatalytic degradation of pyrene followed the first-order reaction
kinetics with the first-order kinetics constants (k) for pyrene degra-
dation as 0.2301 (R=0.984), 0.1864 (R=0.984), 0.2084 (R=0.984)
and 0.1829h-! (R=0.999) when it was degraded by a-FeOOH,
v-FeOOH, a-Fe;03 and y-Fe,0s3, respectively (Table 3). The half
lives (t1,) of pyrene degraded by a-FeOOH, y-FeOOH, a-Fe;03
and y-Fe,03 were 3.01, 3.72, 3.33 and 3.79h, respectively. Niu
et al. [33] had reported that the t;, for pyrene on needle sur-
faces with no direct sunlight irradiation was 33 h. In this study,
the t;), of pyrene degradation by iron oxides under UV irradia-
tion were much shorter than 33 h, indicating that in solid phase,
iron oxides have high photocatalytic activities and can degrade
pyrene efficiently. The results also showed that the photodegra-
dation rate of pyrene on a-FeOOH was the highest with the k value
of 0.2301 h~1, presumably due to the higher photocatalytic activ-
ity of a-FeOOH because of its basic morphology-acicular crystal
structure [34].

1.0
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Fig. 2. The effect of the type of iron oxide with the dosage of 20g/m? on the
photodegradation of pyrene with the initial concentration of 20 mg/kg under
480 wW/cm? UV irradiation.

Table 3
The k values during the four set of experiments
Peptizing conditions Pyrene
k(h=1) R
Dosage of iron oxide (g)
0.05 0.2571 £ 0.0252 0.918
0.10 0.2369 + 0.0168 0.966
0.20 0.2301 + 0.0117 0.984
0.50 0.1694 + 0.0126 0.960
Light intensity (nW/cm?)
410 0.2301 + 0.0117 0.984
2800 0.2390 + 0.0109 0.984
4810 0.2695 + 0.0227 0.948
Type of iron oxide
a-FeOOH 0.2301 £ 0.0112 0.984
y-FeOOH 0.1864 + 0.0087 0.984
a-Fe;03 0.2084 + 0.0105 0.984
y-Fe; 03 0.1829 + 0.0024 0.999
Initial concentration of oxalic acid (mmol/L)
0 0.2301 £ 0.0117 0.984
0.5 0.2643 + 0.0053 0.997
1.0 0.2676 + 0.0102 0.993
2.0 0.2920 + 0.0135 0.987
3.0 0.4424 + 0.0223 0.985

3.3. Effect of the dosages of «-FeOOH with the constant reaction
surface area

Fig. 3 showed the effect of the a-FeOOH dosages with the con-
stant reaction surface area on the photodegradation of pyrene
with the initial concentration of 20 mg/kg under UV irradiation of
480 wW/cm?. It can be seen that photodegradation rate of pyrene
was inversely related to the dosages of a-FeOOH. When the dosages
of a-FeOOH were 5, 10, 20 and 50 g/m?, the first-order kinetics
constants k for pyrene degradation were 0.2571 (R=0.918), 0.2369
(R=0.966), 0.2301 (R=0.984) and 0.1694 (R=0.960)h~! (Table 3).
With the same initial pyrene concentration, the photodegrada-
tion rate of pyrene obviously decreased with increased dosage of
a-FeOOH. The UV light intensity was important in the photocat-
alytic degradation process, especially in the solid phase degradation
as studied here. When increasing the dosage of iron oxides,

—o—5 g/im®
—m— 10 g/m°
—o0—20 g/m®
—>— 50 g/m’

cie,

[ _‘
v

Iy

Reaction time (h)

Fig. 3. The effect of the a-FeOOH dosage on the photodegradation of pyrene with
the initial concentration of 20 mg/kg under 480 wW/cm? UV irradiation.
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Fig.4. The effect of the intensity of UV irradiation on the photodegradation of pyrene
with the initial concentration of 20 mg/kg by using 20 g/m? a-FeOOH.

the thickness of iron oxides on the same optical glass would
increase. Since the intensity of UV light decays rapidly in the
solid phase, the UV light utilization rate would decrease with an
increased dosage of iron oxide for pyrene degradation. As a result,
when the dosage of iron oxide increased, pyrene degradation rate
decreased.

3.4. Effect of the light intensities

It is well established that the light intensity is an impor-
tant factor affecting photocatalytic degradation of pyrene. Fig. 4
showed the effect of the light intensity on the photodegradation
of pyrene with the initial concentration of 20 mg/kg by 20 g/m?2 -
FeOOH. The results showed that pyrene degradation rates increased
slightly with the significant increase in light intensity. When
the irradiating light intensities increased from 480 to 2800 and
4800 pW/cm?, the k values for pyrene degradation increased from
0.2301 (R=0.984) to 0.2390 (R=0.984) and 0.2695 (R=0.948)h"1,
respectively (Table 3). Guo et al. [35] reported that light intensity
strongly influence the PAH degradation in gaseous phase. How-
ever, in this study, the percentage of pyrene degradation increased
from 34 to 45% when the light intensities increased 10 times from
480 wW/cm? after 6 h reaction. The case should be attributable to
the obstruction in the penetration of UV light in the solid phase
[36].

3.5. Effect of the initial concentration of oxalic acid

Fig. 5 showed the effect of the molar ratio of oxalate and
goethite on the photodegradation of pyrene with the initial con-
centration of 20 mg/kg and light intensity of 480 wW/cm? by using
20g/m? o-FeOOH. It can be seen that oxalic acid had obvious
effect on pyrene degradation. In the absence of oxalic acid in
the solid phase, pyrene degraded at the rate (k) of 0.2301h~1.
When the molar ratio of oxalate and goethite was up to 0.22, 0.45,
0.90 and 1.34, respectively, the k values of pyrene degradation
increased to 0.2643, 0.2676, 0.2920 and 0.4424h~!, respectively
(Table 3). In the absence of oxalic acid, iron oxides act as a pho-
tocatalyst, while in the presence of oxalic acid, the so called
Fenton-like system, an iron oxide—oxalate system, was initiated

1.0
—o— oxalate/goethite=0
—o— oxalate/goethite=0.22
B —4— oxalate/goethite=0.45
—x— oxalate/goethite=0.90
—e— oxalate/goethite=1.34
0.6
QD
o
0.4
0.2
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Fig. 5. The effect of the molar ratio of oxalate and goethite on the photodegrada-
tion of pyrene with the initial concentration of 20 mg/kg under 480 pW/cm? UV
irradiation by using 20 g/m? a-FeOOH.

and further speeded up the degradation of organic pollutants [37].
The present results confirmed that in combination with oxalate,
the photodegradation of pyrene by iron oxides was greatly acceler-
ated.

However, our previous investigation reported that excessive
oxalate would occupy the adsorption sites on the surface of
iron oxide and react competitively for hydroxyl radicals, and
thus might inhibit the photodegradation of organic pollutants
[38]. Liu et al. [26] reported that 1.0mM should be the opti-
mal initial concentration of oxalic acid for photodegradation of
2-mercaptobenzothiazole by iron oxides in aqueous phase. The
molar ratio of oxalate and iron oxide in aqueous phase was 0.22
when oxalate concentration was 1.0 mM [26]. In aqueous phase,
the molar ratio of oxalate and iron oxide was over 0.22, the pho-
todegradation rate decreased. In contrast, the photodegradation
rate increased gradually with the increase in the molar ratio of
oxalate and goethite from O to 1.34 in this study. When the molar
ratio of oxalate and iron oxide in aqueous phase was 0.22, the
total dissolved Fe?* and Fe3* was up to 25 mg/L in aqueous phase,
while that was below 5 mg/L in solid media. Lower amount of dis-
solved Fe2* and Fe3* formation implies lower reaction efficiency
between iron oxide and oxalate. This difference should also be
attributed to the obstruction in the penetration of UV light in the
solid phase.

3.6. Photodegradation products

The chromatogram picture of intermediate compound, pyreno,
of this experiment is shown in Fig. 6. In order to further confirm
this compound is pyreno, the analysis of intermediate compound
was conducted. The result confirmed that it was pyreno with
72% possibility (Fig. 7). Therefore, pyreno could be considered
as the main intermediate product. Eibes et al. [39] had reported
that 1-hydroxypyrene may be one of the intermediate compounds
from enzymatic degradation of pyrene by manganese peroxi-
dase in media containing acetone. However, 1-hydroxypyrene
was not found in the present experiments. Zeng et al. [40]
reported other degradation intermediate compounds of pyrene
in ozonated water, including 2,2’,6,6'-biphenyltetraaldehyde,
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Fig. 6. Chromatogram picture of intermediate compound pyreno in the experiment.

4,5-phenanthrenedialde-hyde, 1,2-benzenedicarboxylic acid and
diisooctyl. The difference in intermediate compounds might imply
the different degradation pathway.

3.7. Photodegradation of PAHs in contaminated soil

Red soil collected in Southern China was used to test the
degradation of PAHs in contaminated soil using similar proce-
dure described above. Nine different types of PAHs were detected
in the soil sample with their corresponding PAHs concentrations
listed in Table 3. Prior to irradiation with the UV light inten-
sity of 480 wW/cm?2, the soil sample was processed by adding
3.0mL of 1.0mM oxalic acid into 10g of soil. The content of
PAHs was detected by GC-MS [41,42] and the results are shown
in Table 4. The results indicated that all the content of PAHs

3.8. The mechanism of the pyrene photodegradation in solid
phase

In absence of carboxylic acids, iron oxides can act as natural
photocatalysts to catalyze degradation of organic pollutants in envi-
ronment. The band gap (Eg) of a-FeOOH, y-FeOOH, y-Fe,03 and
a-Fe,05 are 2.10, 2.06, 2.03 and 2.02 eV, respectively. When irradi-
ated by UV light, electrons receive energy from the photons and are
thus excited from VB to CB as in Eq. (1) [20,21].

Iron oxides + hv — e~ + ht (1)

After formation of electron-hole pair, the hydroxyl radicals
(*OH) with higher redox potential can be generated by a series of
reactions as Egs. (2)-(6). And then PAHs could be oxidized by *OH
as showed in Fig. 8(a).

decreased after 12 h irradiation. The degradation percentages were H0+h* — H* +*OH (2)
12.3,13.6,21.1,12.2,16.4, 20.0, 21.7,17.9 and 21.8% for Fluoranthene, - o —

Oy+e” — *°0y (3)
Pyrene, Benzo[a]anthracene, Chrysene, Benzo[b]fluoranthene,
Benzo|k]fluoranthene, Benzo[a]pyrene, Indeno[1,2,3-cd]pyrene, *0,” +H" — HOO* (4)
and Benzo|ghi]perylene, respectively. It can be confirmed that PAHs
should be effectively photodegraded in real soils. Table 4

Photodegradation of PAHs in contaminated soil

PAHs The concentration of PAH (mg/kg) The degradation
percentage (%)
Initial Irradiation
after 12 h

Fluoranthene 0.7147 0.6270 12.3
Pyrene 0.4823 0.4167 13.6
—Q o Benzo[a]anthracene 0.1952 0.1540 21.1
Chrysene 0.3532 0.3102 12.2
Benzo[b]fluoranthene 0.3977 0.3326 16.4
Pyreno Benzo[k]fluoranthene  0.0927 0.0742 20.0
Pyrene Benzo[a]pyrene 0.1586 0.1242 21.7
Indeno[1,2,3-cd|pyrene  0.1814 0.1490 17.9
Benzo[ghi]perylene 0.1939 0.1517 21.8

Fig. 7. Intermediate compounds from the degradation pyrene in experiments.
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Fig. 8. The mechanism of the pyrene photodegradation in solid phase.

2HOO* — H,0, + 0, (5)
H202+6_—> OH™ +°OH (6)
PAHs + *OH — degradationproducts (7)

In presence of oxalic acid, iron oxide together with oxalic acid
set up a Fenton-like system. The principle of the reaction can be
described as Egs. (8)-(12) and in Fig. 8(b) [24,26].

[=Fe(C204)n]?"3)~ + hv

— Fe(C204)2%" (or=Fe(C204);%") + COz*~ (8)
(C204)*” — CO2 +COz*~ (9)
COy* " +0,— COy+0y7" (10)
0, * +nH* + Fe?* - Fe3* + H,0, (11)
FeZt + H,0, — Fe3* + OH™ +°*OH (12)

Although the photochemical mechanism in solid media should
almost be the same as that in aqueous phase, the effect of influ-
encing factors on the photodegradation of organic pollutants is
different. In solid media, the low penetration rate of UV light

resulted in the lower enhancement effect of light intensity and
additional oxalate on pyrene photodegradation.

4. Conclusions

Results of the present work suggest that the photodegradation
of pyrene in solid phase depended on the type of iron oxide, the
dosage of iron oxides, initial concentration of oxalic acid and inten-
sity of UV light. An intermediate compound, pyreno was detected
during the process of pyrene photodegradation. PAHs degradation
by photo-Fenton-like system could occur in real soil and the degra-
dation rates of the 9 PAHs present in the contaminated soil were
between 12.2 and 21.8% in the presence of oxalic acid after 12h
irradiation with the light intensity of 480 wW/cm?. This work pro-
vides useful information to develop the photochemical remediation
techniques of PAHs contaminated soils in a more realistic condition.
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