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A novel composite system, containing Fe304 nanoparticles and Phanerochaete chrysosporium together
with its secretion oxalate, was developed for phenol degradation. Fe304 played an important role in the
composite system as they could efficiently enhance phenol degradation when coexisted with oxalate
under light. The maximal phenol degradation efficiency (93.41%) under solar light was detected at
0.5 g L~ Fe304, while it reached a peak (40.36%) at 0.7 g L' Fe304 under dark. Additionally, oxalate was
found to be strongly dependent on Fe304 nanoparticles concentration, ranging from 26.27 to 32.78 mM.
And adequate oxalate could enhance phenol degradation due to the participation of oxalate in the
photocatalytic process. Furthermore, phenol degradation efficiency increased with the increase of phenol
concentration. Besides, the contribution of manganese peroxidase (MnP) to phenol degradation was
greater than that of lignin peroxidase (LiP). Cluster analysis indicated that MnP and oxalate could be the
main factors that influenced phenol degradation. Importantly, both the biodegradation and photo-
catalysis played part in the degradation process. These findings proposed a new method of treatment of
phenol wastewater and could provide useful references for more efficient treatment of phenol

wastewater.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

Phenolic compound, is one of the 129 kinds of precedence-
controlled pollutants set by Environmental Protection Agency
(EPA). Phenol is usually referred as model compound in wastewater
research because it is the primary water contaminants in the
environment (Shaari et al., 2012). Phenol is toxic either by ingestion
or by contact or inhalation even at low concentrations. Acute
exposure to phenol causes central nervous system disorders, which
leads to collapse and coma (Nair et al., 2008). And it is often con-
tained in wastewater from oil refineries, coal gasification plants and
phenol resin industry and is most frequently found in polluted
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rivers and industrial effluents (Martinkova et al., 2009). Besides,
discharging of wastewater containing phenol into receiving bodies
of water endangers aquatic life, even at relatively low phenol
concentrations (Kibret et al., 2000; Chung et al., 2003). Therefore,
the removal of phenol from industrial wastewater is of great
practical significance for the environmental protection.

In recent years, due to the advantage of high surface area to
volume ratios and unique superparamagnetism, the synthesis and
utilization of iron oxide nanoparticles (Fe304 NPs) with novel
properties and functions have been widely investigated (McHenry
and Laughlin, 2000; Afkhami et al.,, 2010; Pan et al., 2010). In
particular, it is noticeable that iron oxide nanoparticles have also
shown considerable potential as photocatalysts to break down or to
convert pollutants into a less toxic form even under visible light
(Leland and Bard, 1987; Xu et al., 2012a). Furthermore, iron oxide
coexists with oxalate can set up a photo-Fenton-like system via the
formation of attractive hydroxyl radicals (*OH) without external
H,0, compared with traditional Fenton system (Siffert and
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Sulzberger, 1991; Faust and Zepp, 1993; Lei et al., 2006). Iron oxides
are mainly acted as a photocatalyst, while oxalate can be excited to
generate electron—hole pairs (Leland and Bard, 1987; Siffert and
Sulzberger, 1991). Photo-Fenton-like system with the existence of
iron oxides and oxalate can provide a promising and effective
method for photocatalysis of organic pollutants, possessing
tremendous application potential in wastewater treatment. It is
important that iron oxide can be used as immobilization carrier to
remove pollutants. Xu et al. (Xu et al., 2012b, 2013) used iron oxide
magnetic nanoparticles and Ca-alginate immobilized white rot
fungus to remove Pb(Il) ions and achieved high adsorption effi-
ciencies, which also showed that iron oxide possessed low toxicity
and favorable biocompatibility and could be applied in wastewater
treatment when combined with white rot fungus.

Numerous studies about the degradation of pollutants by white
rot fungus have been conducted in recent years. Phanerochaete
chrysosporium (Pc), one of the white rot fungus, can secrete a group
of hemoperoxidases in response to nutrients limitation during their
secondary metabolism, namely lignin peroxidase (LiP) and man-
ganese peroxidase (MnP) (Huang et al., 2006, 2008, 2010a, 2010b;
Zhao et al., 2012; Lai et al., 2013). These enzymes can catalyze the
degradation of a wide variety of organic pollutants (Bumpus et al.,
1985; Barr and Aust, 1994). Besides, it has been reported that Pc can
secrete oxalate during its growth in both liquid and solid culture
medium (Dutton et al., 1993; Galkin et al., 1998; Makela et al.,
2002). In previous studies, most attention has been paid to the
treatment of wastewater by fungi or photo-Fenton-like system.
However, to our best knowledge, no details on the degradation of
phenol wastewater in the system consisting of Fe304 NPs and fungi
together with its secretion oxalate have been reported so far. This
study will help us to understand the phenol degradation in the
composite system contained Fe3O4 NPs and Pc together with its
secretion oxalate, which would provide useful information for the
effective treatment of phenol wastewater.

The primary aim of this study was to investigate the phenol
wastewater degradation under the action of Fe304 NPs and white
rot fungus along with its secretion oxalate. Also, the different
quantity of Fe304 NPs and initial phenol concentrations, oxalate
production were discussed. Besides, two main ligninolytic en-
zymes, LiP and MnP, secreted by Pc (BKMF-1767) were determined
to follow their connection with the degradation of phenol.

Material and methods
Strains

A white rot fungus, Pc strain (BKMF-1767), purchased from the
China Center for Type Culture Collection (CCTCC), was used in this
study. It was maintained at low temperature 4 °C on potato
dextrose agar (PDA) slants and then transferred to PDA plates at
30 °C for 7 days. Inocula consisted of spore suspension which was
prepared by scraping the spores on the agar surface and then
diluting them in sterile distilled water. Spore concentration was
measured and adjusted to 5.33 x 10° CFU mL~L To obtain the
inoculum, we used the medium as previously described by Kirk
et al. (Kirk et al., 1978).

Synthesis of Fes04 nanoparticles

9.7936 g of FeCl;3-6H,0, 5.5980 g of FeSO4-7H,0 and 1.6775 mL
of HCl (12 M) were dissolved in 50 mL of ultrapure water (degassed
with nitrogen gas before use). Then, the solution was added
dropwise into 300 mL of 1.5 M NaOH solution under vigorous
stirring using nonmagnetic stirrer at 70 °C. The obtained Fe304 NPs
were separated from the reaction medium by magnetic field, and

washed four times with 200 mL ultrapure water, then resuspended
in 150 mL ultrapure water.

Degradation procedure under light and dark condition

The degradation of phenol in the composite system, which
contained Fe304 NPs and white rot fungus (Pc) together with its
secretion oxalate, was investigated in conical flask tests under solar
light (YZ08-T5 three-band fluorescent lamp, the light intensity was
about 200 lux) and dark condition. For comparison, samples
without Fe304 NPs suspension, only Fe304 NPs suspension, Fe304
NPs-oxalate system were experimented as the same. 2.0 mL spore
suspension was added to Kirk liquid culture medium (sterilized
under 115 °C for 30 min before use) with a given Fe304 NPs levels of
0.1,0.3,0.5,0.7,1.0 and 1.5 g L', and then cultured under 30 °C and
150 rpm for 3 d at both light and dark conditions. Then, a certain
amount of sterilized phenol solution was added to the suspension
system (the initial concentrations of phenol were 60 mg L), and
cultured for another 3 d. At given time intervals (24 h), the
analytical samples were taken from the suspension system and
immediately centrifuged at 9, 000 rpm for 10 min, then filtered
through 0.45 pm membrane filter. The substrate filtrate was stored
for analysis.

In order to investigate the effect of initial concentration of
phenol on the degradation ability, various concentrations of phenol
were conducted. All of the Fe304 NPs levels were 0.5 g L™, and
initial phenol concentrations were 0, 20, 40, 60, 80, 100 and
120 mg LY, respectively. All experiments were performed in three
replicates.

Characterization

In order to study the shape and size distribution of Fe304 NPs
after synthesis, Fe304 NPs were visualized by electron microscopy.
Zeta potentiometer (Mastersizer 2000) was used to measure the
size of nanoparticles. The Fe304 nanoparticles suspension was
centrifuged at 20 °C, 4000 rpm for 5 min. After that, the Fe304 NPs
were freeze dried for 12 h. The particle size and morphology of the
synthesized NPs were determined by a scanning electron micro-
scope (SEM) model (Hitachi S4800).

Analysis of biomass

At given time intervals (24 h), the Pc hyphae pellet was took out
from the medium and washed several times with ultrapure water,
then the weight was measured after heated at 60 °C for 48 h.

Enzyme activities assays

The extracellular non-specific and non-stereoselective lig-
ninolytic system of Pc is composed of LiP and MnP, which function
together with H,0, producing oxidases and secondary metabolites
(Singh and Pakshirajan, 2010).

Two main ligninolytic peroxidases, LiP and MnP, were measured
with a Shimadzu 2550 UV—visible spectrophotometer in this study.
LiP activity was measured by a modified method as described by
Tien and Kirk (Tien, 1988), with one unit (U) representing 1 pmol of
veratryl alcohol oxidized to veratraldehyde per minute at pH 3.0
and 25 °C. Each reaction mixture (total volume 3 mL) contained
1.5 mL of 100 mM sodium tartrate (pH 3.0), 1 mL of 10 mM veratryl
alcohol, 0.4 mL of enzyme extract, and the reaction was started
with the addition of 0.1 mL H,0, (10 mM). The formation of vera-
traldehyde was monitored at 310 nm (e319 = 9300 mol~! cm™1).

MnP activity was determined according to the method
described by Wariishi et al. (Wariishi et al., 1992), which was based
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on the oxidation of Mn®>* to Mn>*. Each 3-mL reaction mixture
contained 2.4 mL of 50 mM sodium succinate (pH 4.5), 0.1 mL of
15 mM MnSOy4, 0.4 mL of crude enzyme solution, and the reaction
was started with the addition of 0.1 mL H,0; (10 mM) and initiated
at 37 °C. The rate of Mn>*-succinate complex formation was
monitored by measuring the increase in absorbance at 240 nm
(e240 = 8100 mol~' em™1).

Oxalate production analysis

Oxalate in the substrate filtrate was analyzed by high perfor-
mance liquid chromatography (HPLC) using an Agilent 1100 appa-
ratus equipped with UV—vis variable wavelength detector (VWD).
Phosphoric acid (0.15% v/v) was used as the solvent at a flow rate of
0.5 mL min~’, and detection wavelength was 210 nm. The column
was maintained at 30 °C.

Phenol analytical methods

Phenol concentration in the culture was determined by a
colorimetric method based on rapid condensation with 4-
aminoantipyrene (4-AAP), followed by oxidation with potassium
ferricyanide under alkaline conditions to give a redcolored product.
To measure phenol concentration, a Shimadzu 2550 UV—visible
spectrophotometer was used to determine the absorbance at a
wavelength of 510 nm. Prior to the measurement, a calibration
curve was obtained using standard phenol solution (from 0 to
7 mg L 1) and a good linear relationship was shown between
absorbance and phenol concentration.

Analysis of hydroxyl radicals

The improved thiobarbitruic acid (TBA) method was used to
assay *OH (Halliwell et al., 1985). TBA-reactive substances (TBARS)
were determined as follows. 0.0022 g 2-deoxy-b-ribose was added
into 4 mL filtrate and incubated at 37 °C for 1 h, then TBA (Sigma,
0.25%) and trichloroacetic acid (0.7%) were added, and the mixture
was heated at 100 °C for 15 min. The absorbance at 532 nm was
measured. The control was the same reaction mixture with no
sample leach liquor added. The reductive activity of *OH was indi-
cated by the decrease of absorbance at 532 nm compared to that of
the control.

Statistical analysis

The results to be presented were the mean values of three
replicates. Standard deviation and error bars were indicated
wherever necessary. Statistical analyses were performed to obtain
more comprehensive and useful information, using the software
package SPSS 19.0 for Windows (SPSS, Germany). Cluster analysis
was conducted to classify four indexes (degradation efficiency,
oxalate concentration, LiP activity and MnP activity) at different
phenol concentrations based on the calculation of similarity mea-
sures between the values of different indexes in one group and
those in another group. Between-groups linkage was used as
cluster method.

Results and discussion
Characterization of Fe304 NPs

In order to get more direct information about morphology of
prepared Fe304 NPs, SEM was employed to observe the morphol-

ogies at the nanometer level of Fe304 NPs (Fig. 1a and b) and zeta
potentiometer was used to measure the size of nanoparticles
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Fig. 1. SEM images of the morphologies of Fe304 NPs (a and b) and size distribution of
Fe304 NPs (c).

(Fig. 1c). As seen in Fig. 1a and b, the micrograph revealed that NPs
were in infinitesimal size and displayed a little agglomerate. Be-
sides, the NPs were spherical in shape and formed small clusters
mainly due to magnetic nature of the Fe304 NPs. The surface of the
spheres exhibited morphologically rough and irregular and
composed of many small nanoparticles. The average sizes of Fe304
particles were in the range of 8—20 nm.

Biomass

The biomass in the treatments with different materials (Pc; Pc
and 60 mg L~! phenol; Pc and 0.5 g L~! Fe304; Pc, 0.5 g L~! Fe304
and 60 mg L~! phenol; Pc, 0.5 g L' Fe304 and 120 mg L~! phenol)
varied during degradation process (Fig. 2). The results displayed
that the biomass increased with the increase of time, and the
biomass concentrations in the treatments contained Pc and Fe30y4
NPs were higher than the treatments only contained Pc when
phenol was not added in (day O of Fig. 2), which was ascribed to the
fact that Fe304 NPs covered on the surface of Pc during shake
cultivation. Afterwards, the biomass of Pc without phenol addition
was higher than the treatments that added Fe304 NPs or phenol
(day 1 and day 2 of Fig. 2), which might be attributed to the toxicity



118 D.-L. Huang et al. / International Biodeterioration & Biodegradation 97 (2015) 115—123

30 | | m—A
—a B
25 :.g
e |
020
»
»n
£
.9.15 1
aa)]
.10
.05
0.00 -
0 1 2 3

Time (day)

Fig. 2. Biomass changes in the treatments with different materials (A: Pc; B: Pc and
60 mg L~ phenol; C: Pc and 0.5 g L~! Fe304; D: Pc, 0.5 g L~ Fe30, and 60 mg L'
phenol; E: Pc, 0.5 g L~! Fe304 and 120 mg L~ phenol). The bars represent the standard
deviations of the means (n = 3).

to Pc by Fe304 and phenol. However, the biomass in the treatments
contained Fe304 NPs or 60 mg L~ ! phenol increased on day 3, which
was probably because of the removal of phenol and the adjustment
of cell physiology with time increasing, whereas the treatments
with 120 mg L' phenol maintained low biomass. This might
because that excessive phenol addition still inhibited the activities
of Pc.

Effect of Fes04 nanoparticles on phenol degradation

In order to investigate the effect of the amount of Fe304 NPs on
the phenol degradation, the degradation efficiencies of phenol in
the treatments with different amount of Fe304 NPs under both
light and dark conditions were studied (Fig. 3). Phenol concen-
trations in all of the treatments were 60 mg L™ It was evident
that the degradation efficiencies of phenol increased with the
increase of time. It was further found that the phenol degradation
under light was strongly dependent on Fe304 NPs concentration.
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In the low range, the phenol degradation efficiency was enhanced
significantly with the increase of FesO4 NPs concentration, but
was inhibited greatly with an excessive amount of NPs. Obviously,
there should be an optimal amount of Fe304 NPs to achieve the
best performance of phenol degradation. And the maximal peak
value of phenol degradation efficiency (93.41%) on day 3 was
detected at 0.5 g L~! Fes04 NPs (Fig. 3a). However, the phenol
degradation efficiency at 0.7 g L~! NPs reached a peak on day 3
under dark, and the degradation efficiency was 40.36%. Further-
more, just a faint fluctuation in phenol degradation efficiency was
observed on day 1 and day 2 (Fig. 3b). Fe304 NPs played an
important role in the composite system. Fe304 NPs coexisted with
oxalate could efficiently enhance the degradation of phenol under
light condition via the formation of *OH with higher redox po-
tential as described by the equations below (Lei et al., 2006; Xu
et al, 2012a), thereby possibly affecting the degradation of
phenol.

Iron oxide + nH,C,04 < [=Fe(C,04),] (2n-3)— 1)

[=Fe(C204),] "™ + hv—Fe(C,04)5~ (orEFe(C204)%’)

+COy-~ 2)
(007 2"+ [Fel(G00, 4]+ GOy (3)
C,04-~ —C05 4+ CO,y -~ (4)
COy-~ 4+ 0,—C0y + 0y~ (5)
0,-~ +Fe3* »Fe?* 1+ 0, (6)
0,-~ +nH" + Fe*" - Fe3* + H,0, (7)
Fe’* + H,0,—Fe3* + OH™ + -OH (8)

In this study, the degradation efficiencies of phenol under light
were higher than that under the dark in three days (Fig. 3). This was
because that phenol was mainly removed through biological
adsorption and biological degradation under dark condition, while
it was also effectively photodegraded by the photocatalyst formed
by Fe304 NPs and oxalate as the equations described above under
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Fig. 3. Changes of phenol degradation at different concentrations of Fe304 NPs under light (a) and dark (b) condition. Phenol concentrations in all of the treatments were 60 mg L™

The bars represent the standard deviations of the means (n = 3).
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light condition. Moreover, the inserted figure therein (Fig. 3b) dis-
played the dependence of phenol degradation on time under light
and dark condition, respectively. The results showed that the
degradation of phenol under light condition was quite faster than
that under dark condition in three days. However, the degradation
efficiency of phenol on day 5 under dark also achieved 94.24%,
which was close to that under light (98.22%). This was probably
because that irradiation had no pronounced effect on the catalytic
decomposition capacity, but the rate of degradation was fast in the
presence of light, which was proved by Khedr et al. (Khedr et al.,
20009).

Effect of initial phenol concentration on phenol degradation

To investigate the effect of initial concentration of phenol on its
degradation, a set of experiments were carried out with initial
concentration of phenol varying from 0 to 120 mg L' in the
presence of 0.5 g L~' Fe304 NPs under light condition. Phenol
degradation efficiencies under light condition in the treatments
with different phenol concentrations and the treatments with
different materials varied during shake cultivation (Fig. 4). It was
apparent that the degradation efficiencies of phenol increased with
the increase of time. And the phenol degradation efficiencies
gradually elevated with an increase in phenol concentration, which
confirmed that the increase of initial concentration of phenol had a
promotion to its degradation. Besides, all of the degradation effi-
ciencies were higher than 80% on day 3 (Fig. 4a). In addition, when
phenol concentration was 60 mg L™, the degradation of phenol by
Fe304 NPs-Pc-oxalate composite system was much higher than
other three treatments which used Fe304 NPs, Fe304 NPs-oxalate,
Pc, respectively (Fig. 4b). Obviously, the composite system could
degrade phenol effectively.

Participation of oxalate in the composite system

Pc can secrete oxalate during its growth in both liquid and solid
culture medium (Dutton et al., 1993; Galkin et al., 1998; Makela
et al., 2002). Oxalate secreted by Pc provides many advantages
for their growth and colonization of substrates, and it plays an
important role in white-rot decay system. Oxalate concentrations
at different concentrations of Fe304 NPs (Fig. 5a) and at different
phenol concentrations (Fig. 5b) under light condition varied during
shake cultivation. Phenol concentrations were 60 mg L™ in Fig. 5a
and Fe304 NPs concentrations were 0.5 g L ! in Fig. 5b. The
biomass in the treatment with 0.5 g L~ Fe304 NPs and 60 mg L'
phenol was 0.1791 g on day 1, 0.2094 g on day 2, 0.2373 g on day 3,
and the biomass in the treatment with 0.5 g L~! Fe304 NPs and
120 mg L' phenol was 0.1775 g on day 1, 0.1883 g on day 2,
0.2009 g on day 3. Fig. 5 showed that oxalate concentration was
high, this was probably because that phenol was added into the
composite system after Pc was cultured for three days, and oxalate
could accumulate in the composite system continuously, on the
other hand, oxalate production would reach a peak after 4—5 days
cultivation, that was to say, oxalate concentration was relatively
high on about day 2 after phenol addition. From Fig. 5a, when the
concentration of Fe304 NPs was in the low range, oxalate accu-
mulations increased with an increase in NPs concentration and
they reached a peak in 0.5 g L~! NPs on all days. Obviously, Pc could
maintain good activities under Fe304 NPs stress. This observation
was in good agreement with previous findings reporting that Fe3O4
NPs showed low toxicity and favorable biocompatibility when
coexisted with Pc (Xu et al., 2012a,b). Afterward, oxalate secretions
decreased with the increase of NPs concentration, which was
because that oxalate was absorbed by excessive Fe304 NPs and
reacted as described by Eq. (1) in section “Effect of Fe3O4
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Fig. 4. Changes of phenol degradation under light condition in the treatments with
different phenol concentrations (a) and the treatments with different materials
(60 mg L~ phenol) (b), respectively. The bars represent the standard deviations of the
means (n = 3).

nanoparticles on phenol degradation”. Besides, the oxalate accu-
mulations peaked together with phenol degradation efficiencies
under light condition (Figs. 5a and 3a), which indicated that
adequate oxalate could enhance the degradation of phenol. And it
was ascribed to the participation of oxalate in the photocatalytic
process. Fig. 5b displayed oxalate concentrations in the treatments
with different phenol concentrations. From Fig. 5b, it showed that
the oxalate accumulations raised rapidly with the increase of
phenol concentration on all days, which was because that the
presence of phenol could greatly promote the secretion of oxalate.
Another possible reason was that oxalate could form as an inter-
mediate in the catalytic oxidation of phenol (Duprez et al., 1996).
Additionally, from Figs. 4a and 5b, it displayed that the degradation
efficiency of phenol increased with oxalate production, which
showed that the presence of oxalate could accelerate the degra-
dation of phenol, and that was also in good agreement with the
results discussed in Fig. 5a.
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Enzymatic-based degradation process in the composite system

LiP and MnP, secreted by Pc, could catalyze the degradation of a
wide variety of organic pollutants (Bumpus et al., 1985; Barr and
Aust, 1994). MnP is considered to be the most common lignin-
modifying peroxidase produced by almost all wood-colonizing
basidiomycetes and involved in the initial attack of lignin by
Mn3* chelate complexes (Hofrichter, 2002; Martinez et al., 2005).
LiP is the first discovered enzyme that catalyzes the partial depo-
lymerization of methylated lignin in vitro (Tien and Kirk, 1983). Lac
has been confirmed to be essential for ligninolytic activity in many
white-rot fungi (Leonowicz et al.,, 2001). However, Lac alone are
unable to oxidize some substances due to their lower redox po-
tential relative to fungal peroxidases (Kurniawati and Nicell, 2007;
Huang et al., 2008; Liu et al., 2012). In addition, the activities of Lac
are very low. Furthermore, the extracellular non-specific and non-
stereoselective ligninolytic system of Pc is composed of LiP and

MnP, which function together with H,0, producing oxidases and
secondary metabolites (Singh and Pakshirajan, 2010), therefore LiP
and MnP activities were studied. LiP and MnP activities in the
treatments with different initial phenol concentrations in the
presence of 0.5 g L~ Fe304 NPs were presented in Fig. 6. High levels
of MnP activities and low levels of LiP activities were observed.
Time and phenol concentration-dependent MnP activities have
been found during the whole degradation process. The activities of
MnP raised rapidly with the increase of phenol concentration on
day 2 and day 3 (Fig. 6b). These results indicated that Pc could
maintain good activities of MnP under phenol stress, which was
attributed to the resistant character to pollutants of Pc, and similar
result about the resistant character of Pc was also reported (Huang
et al,, 2010b). Besides, high levels of MnP activities were detected
together with high degradation efficiencies (Figs. 6b and 4a), which
displayed that high MnP activities contributed significantly to
phenol degradation. However, the LiP activities increased at low
initial phenol concentrations and it reached a peak (116 U L~! on
day 1,1.69 UL ' on day 2, 2.58 U L~ ! on day 3) at 60 mg L~ phenol
concentration on all days, and then decreased when the initial
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Fig. 6. Different phenol concentrations and time-dependent LiP (a) and MnP (b) ac-
tivities by Pc. Fe304 NPs concentrations were 0.5 g L™, The bars represent the standard
deviations of the means (n = 3).
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Fig. 7. Hydroxyl radicals changes in the treatments with different materials (A: Pc; B:
Pc and 60 mg L' phenol; C: Pc and 0.5 g L™! Fe304; D: Pc, 0.5 g L™! Fe30,4 and
60 mg L~! phenol; E: Pc, 0.5 g L~! Fe304 and 120 mg L~ phenol). The bars represent
the standard deviations of the means (n = 3).
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phenol concentrations were higher than 60 mg L~'. But the LiP
activities didn't display significant changes with the increase of
phenol concentration on the whole (Fig. 6a), which indicated that
the contribution of LiP to phenol degradation was smaller than that
of MnP.

Moreover, from Fig. 6, it was displayed that MnP displayed a
higher activities than that of LiP, and similar results were also
shown by Arora et al. (Arora et al., 2002) and Li et al. (Li et al., 2011).
MnP activities increased together with oxalate concentrations
(Figs. 6b and 5b), which was probably due to the chelation and
stabilization of Mn>* by oxalic acid (Perez and Jeffries, 1993;
Hofrichter et al., 1999; Li et al., 2011). And low LiP activities might
be due to the inhibition to LiP in the extracellular site by oxalate
(Akamatsu et al., 1990; Li et al., 2011).

Production of hydroxyl radicals

The *OH was produced during shake cultivation as described
above (Eq. (1) to Eq. (8) in section “Effect of Fe304 nanoparticles on
phenol degradation”), and it could be produced by ligninolytic
enzymes (Halliwell, 1965). Hydroxyl radicals production in the
various samples (Pc; Pc and 60 mg L~! phenol; Pc and 0.5 g L™!
Fe304; Pc, 0.5 g L' Fe304 and 60 mg L~! phenol; Pc, 0.5 g L~ Fe304
and 120 mg L~! phenol) varied during degradation process (Fig. 7).
The results showed that *OH production in the samples contained
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Fig. 8. Classification of some indexes (degradation efficiency, oxalate concentration, LiP activity and MnP activity) at different phenol concentrations by cluster analysis based on the
similarity measures between the values of different indexes in different groups. Between-groups linkage was used as cluster method.
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Fe304 NPs increased rapidly with the increase of time (C, D, E in
Fig. 7). However, after phenol addition, *OH production in the
sample contained Pc and phenol (sample B) just displayed a faint
fluctuation, and the production of *OH was much less than the
samples that added Fe304 NPs. This confirmed that the treatments
added Fe304 could promote the genetation of *OH as Fe3O4 NPs
coexisted with oxalate could generate *OH after a sequence of re-
actions under light condition (Eq. (1) to Eq. (8) in section “Effect of
Fe304 nanoparticles on phenol degradation”). In addition, when
phenol added, *OH decreased via reacted with phenol (Fig. 7).

Statistical analysis and degradation mechanism analysis

Cluster analysis was conducted to classify four indexes related to
degradation efficiency at different phenol concentrations (Fig. 8).
Three groups were obtained. Efficiency at 120 mg L~! phenol and
oxalate at 120 mg L~! phenol belonged to the same group, which
indicated that the effect of phenol on these indexes were similar,
suggesting that oxalate was the main factor that influenced the
degradation of phenol when the phenol concentration was
120 mg L~ Similarly, we could know that MnP affected phenol
degradation to a large extent when phenol concentration ranged
from 60 to 100 mg L™,

In this study, iron oxide could absorb oxalate and react as
described by equations in section Effect of Fe304 nanoparticles on
phenol degradation, it was obvious that Fe>* was oxidized to Fe>*
in the composite system. Besides, we found that the color of NPs
changed into reddish brown after coexisted with phenol for 3 days
in the experiments, which was in good agreement with the theory
that Fe?* was oxidized to Fe3*. NPs was continuously consumed
due to the irreversible reaction, therefore the system did not
continue to be used repeatedly after phenol degradation. However,
the experiments in different concentrations of Fe304 NPs and
different concentrations of phenol were conducted repeatedly for
many times and Pc could maintain good activities under phenol
stress.

The possible degradation mechanism in the composite system
was showed on Fig. 9. Phenol was mainly degraded by biodegra-
dation and photocatalysis in the composite system under light
condition. Oxalate secreted by Pc coexisted with Fe304 NPs under
light condition could efficiently enhance phenol degradation
through the formation of “‘OH as described by the equations in Ef-
fect of Fe304 nanoparticles on phenol degradation, thus phenol
could be degraded effectively. Meanwhile, LiP and MnP could also
catalyze the degradation of phenol. The results of cluster analysis
displayed that oxalate and ligninolytic enzymes activities were the
main factors that effected phenol degradation, and Fe3O4 NPs also
strongly influenced the degradation efficiency of phenol (Fig. 3a),
which demonstrated that both the biodegradation and
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Fig. 9. The mechanism of the phenol degradation.

photocatalysis played part in the degradation process, that is to say,
the degradation of phenol in the composite system was accom-
plished under the coupling of abiotic and biotic degradation.
However, further studies are needed to investigate the detail
degradation mechanism in the composite system because the
mechanism was not very certain in this study.

Conclusions

A novel composite system, which combined biological degra-
dation with photocatalytic degradation, was set up at the presence
of Fe304 NPs and white rot fungus (Pc) together with its secretion
oxalate in the present study. And phenol could be effectively
degraded via the coupled photocatalytic-biological process in this
composite system under solar light. The degradation efficiency of
phenol under light was higher than that under dark condition.
Besides, phenol degradation efficiency reached a peak after 3 days'
shake cultivation when the amount of Fe304 NPs was 0.5 g L!
under light condition, whereas the maximal peak value of phenol
degradation efficiency on day 3 under dark was detected at
0.7 g L' Fe304 NPs. Additionally, oxalate was found to be strongly
dependent on Fe304 NPs concentration and adequate oxalate could
accelerate phenol degradation due to the participation of oxalate in
the photocatalytic process. Furthermore, the increase of initial
phenol concentration had a promotion to its degradation when
phenol concentration ranged from 20 to 120 mg L~! under light. In
addition, high levels of MnP activities and low levels of LiP activities
were obtained at different phenol concentrations under light con-
dition, and the contribution of MnP to phenol degradation was
greater than that of LiP. Importantly, the obtained results were
available to demonstrate that coupling of both biodegradation and
photocatalysis played part in the phenol degradation process. The
present findings proposed a new method of treatment of phenol
wastewater and could provide useful references for promoting
more efficient treatment of phenol wastewater.
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