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a  b  s  t  r  a  c  t

Fullerol  (polyhydroxyfullerene,  PHF)  has  shown  favorable  electron  accepting  properties  in semiconductor
photocatalytic  systems,  but little  is known  about  the  possibility  of  electron  transfer  mediation  of  PHF
in  heterogeneous  photo-Fenton  processes.  This  work  intends  to  investigate  the  effect  of  PHF  on  the
heterogeneous  photo-Fenton  activity  of  ferrihydrite  (Fh).  PHF/ferrihydrite  (PHF/Fh)  composites  were
prepared  and  their photo-Fenton  activities  in the  degradation  of  acid  red  18  under  simulated  sunlight
irradiation  were  examined.  The  structural  characteristics  of the as-synthesized  samples  were studied
using  XRD,  SEM-EDS,  SPM,  DRS,  and N2 adsorption-desorption.  The  results  showed  that  PHF/Fh  had
much  higher  catalytic  activities  than Fh,  and  appropriate  contents  of  PHF  on PHF/Fh  could  enhance  the
stability  of  Fh.  In  addition,  the  presence  of PHF  on  PHF/Fh  could  enhance  the  production  of 1O2 and •OH
imulated sunlight
eterogeneous photo-Fenton

as  compared  with  pure  Fh.  We  propose  that the excited  state  PHF  could  efficiently  sensitize  the  ground
state  O2 to  generate 1O2, and at the  same  time  could  transfer  electrons  to the  Fe3+ on  Fh,  leading  to  an
accelerated  reduction  of  Fe3+ to  Fe2+. As  a result,  the  decomposition  of  H2O2 (by  Fe2+) into •OH  could  be
promoted as  well.  On  the  other  hand,  based  on  the results  of  GAMESS  calculation  and  GC–MS  analysis,
the  degradation  pathway  of  AR18  was  further  proposed.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Fullerene (C60) possesses unique electronic properties and has
otential applications in a variety of areas, e.g., as photovoltaic
nd photocatalytic materials [1–3]. The excited state C60 and its
erivatives such as fullerol (polyhydroxyfullerene, PHF) are able
o generate 1O2, a selective oxidant useful in applications such as
hotocatalysis for wastewater treatment, through photosensitiza-
ion [4–7]. On the other hand, C60 and PHF in the electron-transfer
rocesses can efficiently arouse a rapid photoinduced charge sep-

ration and a relatively slow charge recombination [8]; and thus
hey have been frequently studied as electron acceptors or electron
arriers for enhancing charge separation in many semiconductor

∗ Corresponding author.
E-mail address: zhurl@gig.ac.cn (R. Zhu).

ttp://dx.doi.org/10.1016/j.molcata.2016.09.024
381-1169/© 2016 Elsevier B.V. All rights reserved.
photocatalytic systems, such as PHF/TiO2 [9,10], CdS-C60/TiO2 [11],
C60/ZnO [12], and C60/Bi2WO6 [13]. On the other hand, heteroge-
neous photo-Fenton process, as another type of advanced oxidation
technique, has also drawn extensive concerns in wastewater treat-
ment, and this process also relies on the transition of electrons to
Fe3+ (for the purpose of producing Fe2+). However, to the best of our
knowledge, little is known about the capability of electron transfer
mediation by C60/PHF in a heterogeneous photo-Fenton process.

As we  know, the effectiveness of heterogeneous photo-Fenton
reaction relies on the photolysis of Fe3+ in acidic media to yield Fe2+,
in conjunction with the reaction between Fe2+ and H2O2 to pro-
duce •OH [14,15]. In addition, the reduction of Fe3+ to Fe2+ could be
accelerated by the photo-induced electrons from the adsorbed pho-
tochemical organic substrates such as the adsorbed dyes [16,17].

Moreover, recent studies also showed that the introduction of semi-
conductor materials (e.g.,TiO2, BiVO4) can accelerate the reduction
of Fe3+ to Fe2+ by providing photo-induced electrons from semicon-

dx.doi.org/10.1016/j.molcata.2016.09.024
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2016.09.024&domain=pdf
mailto:zhurl@gig.ac.cn
dx.doi.org/10.1016/j.molcata.2016.09.024
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and the degradation mechanism of AR18 was further investigated.
The results of this work showed that PHF could effectively improve
Fig. 1. The XRD patterns of Fh and PHF/Fh.

uctors [18,19]. Enlightened by these studies, we expect that the
resence of PHF on heterogeneous photo-Fenton catalysts might

ransfer electrons from excited state PHF to Fe3+ under sunlight
rradiation, which would then accelerate the reduction of Fe3+ to

Fig. 2. SPM particle size analysis of PHF (a), Fh (b), 1.2%PHF/Fh
s A: Chemical 424 (2016) 393–401

Fe2+ and thus improve the photo-Fenton catalytic activity for the
degradation of organic compounds.

A variety of iron-based materials have been developed as
heterogeneous photo-Fenton catalysts [20–22]. Among them, fer-
rihydrite (Fh) has drawn much attention as it is a naturally
occurring Fe(III) hydroxide nanomineral with large specific sur-
face area (SSA > 200 m2/g) and abundant chemical active surface
groups [23–27]. Wang et al. reported that Fh had good photo-
Fenton catalytic performance for the oxidative decomposition of
Mordant Yellow 10 under UV irradiation [28]. Fh may  have strong
interaction with PHF, as PHF generally presents negatively charged
surface in the pH range 3.0–9.5 while Fh shows positively charged
surface at pH < 8 [29,30]. Moreover, they may  form surface compos-
ites through the formation of covalent bonds between the surface
hydroxyl group on Fh and PHF. Theoretically, the excited state PHF
could inject electrons to Fe3+ under sunlight irradiation due to
E0(C60

+/1C60*) = 0.1 V vs.  NHE < E0(Fe3+/Fe2+) = 0.77 V vs.  NHE [9,31].
Thus, the combination of Fh and PHF might be an ideal approach to
achieve enhanced electron transition mediation for the purpose of
enhancing the photo-Fenton catalytic activity by accelerating elec-
tron transfer from PHF to Fh (i.e., improving the reduction rate of
Fe3+ to Fe2+). This study aimed to investigate the effect of PHF on the
heterogeneous photo-Fenton reactivity of Fh. PHF/Fh composites
with different PHF contents were first synthesized. The microstruc-
ture of the resulting materials and their photo-Fenton catalytic
activities in the degradation of acid red 18 (AR18) were studied,
the photo-Fenton activity of Fh for the degradation of AR18.

 (c), 2.3% PHF/Fh (d), 4.7%PHF/Fh (e), and 9.4%PHF/Fh (f).
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Table  1
The carbon element contents and SSA results of various samples.

samples C (wt%) SSA (m2/g)

Fh – 263.6
1.2%PHF/Fh 0.81 255.2
2.3%PHF/Fh 1.26 241.7
4.7%PHF/Fh 2.06 228.8
9.4%PHF/Fh 3.67 203.3
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2

S
p
L
G
w

isotherms were measured on a Micromeritics ASAP 2020 M instru-
ment. Before the adsorption tests, the samples were degassed for
48 h at 30 ◦C. The multiple-point Brunauer-Emmett-Teller (BET)
Fig. 3. UV–vis diffuse reflectance spectra of samples.

. Experimental sections

.1. Materials

High-purity (99%) PHF (C60(OH)21·6H2O) was  purchased from
uzhou Dade Carbon Nanotechnology CO., Ltd, China. AR18 was
urchased from National Medicine Group Chemical Reagent Co.,
td., China (Fig. S1). Other chemicals were obtained from the
uangzhou Chemical Reagent Factory, China. All the chemicals
ere of analytical grade and were used without further purification.
Fig. 4. The adsorption of acid red 18 in dark (a), decolorization kinetics (b) and
s A: Chemical 424 (2016) 393–401 395

2.2. Preparation of catalysts

Fh was prepared by slowly and simultaneously titrating
Fe(NO3)3 (1 M,  40 mL)  and NaOH (6 M,  20 mL)  into 10 mL ultrapure
water, with vigorous magnetic stirring and controlling the solution
pH at 7 ± 0.2. After continuous magnetic stirring for another 30 min,
the products were centrifuged and washed.

The PHF/Fh was  prepared by slowly and simultaneously titrating
Fe(NO3)3 (1 M,  40 mL)  and NaOH (6 M,  20 mL)  into a solution (50,
100, 200, or 400 mL)  containing 1 g/L PHF, with vigorous stirring
and controlling the solution pH at 7 ± 0.2. After continuous mag-
netic stirring for another 30 min, the products were centrifuged and
washed. According to the PHF content, the resulting materials were
denoted as 1.2%PHF/Fh, 2.3%PHF/Fh, 4.7%PHF/Fh, and 9.4%PHF/Fh,
respectively.

The PHF solutions were sonicated for 30 min  before use. All of the
obtained samples were freeze-dried under −40 ◦C, and pulverized
to pass through a 200-mesh sieve.

2.3. Characterization

X-ray diffraction (XRD) patterns of the prepared samples were
recorded by a Bruker D8 ADVANCE X-ray diffractometer. The
measurements were operated at 40 kV and 40 mA with Cu K�
irradiation, and the 2� range between 10◦ and 80◦ was recorded
with a scanning speed of 2◦/min. The carbon element contents
were recorded by a Vario EL cube elemental analyzer (Elementar,
Germany).

Scanning electron microscopy (SEM, Carl Zeiss
SUPRA55SAPPHIR) was  used to observe the surface state and
structure of the photocatalysts. Scanning probe microscopy (SPM)
characterization was  performed on a Bruker Multimode controlled
by a Nanoscope V controller. The particle size of the samples was
measured from the protrusion height observed on a mica plate. A
highly diluted aqueous suspension of samples was dropped on a
mica plate and then dried for SPM characterization.

The UV–vis diffuse reflectance spectra (DRS) were obtained
on Shimadzu UV-2550 double-beam digital spectrophotometer,
and BaSO4 was  used as reference. Nitrogen adsorption-desorption
method was  used to calculate the SSA of the samples.

 mineralization (c) of acid red 18 with H2O2 under sunlight irradiation.
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Fig. 5. Fe concentration in solution after 60 min  reaction (a) and stability test of 2.3%PHF/Fh (b).
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Fig. 6. Decolorization of acid red 18 with the ad

.4. Photocatalytic tests and analytical methods

The photocatalytic activity of the obtained samples was deter-
ined by the degradation of AR18 under various conditions.

he experiments were conducted in a photochemical reac-
ion instrument (BL-GHX-V, Shanghai Depai Biotech. Co. Ltd.,
hina). To simulate the sunlight spectrum, a 1000 W xenon lamp
100–105 mW/cm2) was applied as the light source, which was
ositioned inside a cylindrical Pyrex vessel surrounded by a cir-
ulating water jacket.

In the photocatalytic activity evaluation experiments, 0.4 g/L of
ample was added to 50 mL  AR18 (2.6 × 10−4 mol/L, pH 3.1) aque-
us solution. The initial pH value of the solution was adjusted
sing 0.1 M NaOH or HNO3. All experiments were carried out under
onstant stirring to ensure well dispersion of the samples. The reac-

ion was started when the halogen lamp was turned on and H2O2
0.6 × 10−2 mol/L) was added to AR18 solution. During the photol-
sis process, the solution was collected at desired intervals, which
 of different scavengers. (a) Fh; (b) 2.3%PHF/Fh.

was followed by centrifugation to separate the solid from the liquid
before measurement.

The AR18 concentration was  quantified by its absorbance at a
wavelength of 509 nm with a spectrophotometer (759S, Shang-
hai JingHua Instrument Co. Ltd., China). The amount of Fe ions
leached from catalysts into the solution was determined by atomic
absorption spectrophotometry (PerkinElmer AAnalyst 400, Amer-
ica). Total organic carbon (TOC) was measured by a TOC analyzer
(Shimadzu TOC-V CPH, Japan) equipped with an autosampler.

The intermediate products during AR18 degradation were
detected by an Agilent7890/5975C GC–MS equipped with a HP-
5MS  capillary column (60 m × 0.32 mm  × 0.25 �m film thickness).
The gas chromatographer column was  operated in a temperature
programmed mode as the following: Initial temperature of 40 ◦C
was held for 10 min, and ramped first to 100 ◦C with a 12 ◦C/min

rate, then to 200 ◦C with 5 ◦C/min, and finally to 280 ◦C with a
20 ◦C/min rate, holding for another 5 min.
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Fig. 7. The concentration of •OH radical in the heterogeneous photo-Fenton sys-
tems.
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(Fig. S2), which showed that no evident change for the morphology
of Fh before and after the addition of PHF. The particle size and
Fig. 8. Possible photocatalytic mechanism.

.5. Analysis of reactive species

Free radical capture experiments were used to ascertain the
eactive species in the photodegradation process of AR18. Potas-
ium iodide (KI), sodium azide (NaN3), and benzoquinone (BQ)
ere chosen as the hydroxyl radical (OH•) scavenger, singlet oxy-

en (1O2) scavenger, and superoxide iron radical (O2
•−) scavenger

32–34], respectively. The experimental details for free radical cap-
ure processes were similar to the photocatalytic experiment.

•OH radicals generated in heterogeneous photo-Fenton pro-
esses were trapped with dimethyl sulfoxide (DMSO) to pro-
uce formaldehyde quantitatively, and then reacted with 2,4-
initrophenylhydrazine (DNPH) to form hydrazone (DNPHo),
hich were analyzed by high performance liquid chromatography

HPLC) [35]. Furfur alcohol (FFA, 10−4 mol/L) was used as 1O2 accep-
or [36,37], and the residual concentration of FFA was determined
y HPLC. The reaction between FFA and 1O2 is diffusion controlled
ith the expression of Eq. (1),

d[FFA]/dt = kr[1O2][FFA] (1)
here [1O2] and [FFA] are the concentrations of 1O2 and
FA, respectively. It was reported that kr for this reaction is
Fig. 9. UV–vis spectral changes of acid red 18 as a function of irradiation time.

1.2 × 108 M−1 s−1 [36,37]. The values of the pseudo first order rate
constant for FFA loss (kobs) was  obtained through Eq. (2),

−d[FFA]/dt = kobs[FFA] (2)

Then, steady-state 1O2 concentrations were calculated by Eq.
(3),

[1O2] = kobs/kr (3)

The details of analysis procedure were described according to
the paper of Zhong et al. [35] and Zhang et al. [36].

2.6. Photocatalytic stability experiments

The 2.3%PHF/Fh sample was  used repeatedly in the degradation
of AR18 to evaluate its photocatalytic stability. The experimental
processes were similar to above photocatalytic experiments. After
reaction in each run, the sample was collected by centrifugation to
separate the solid for the next use.

3. Results and discussion

3.1. Structural characterization results

Two  broad peaks were found in the XRD patterns of the samples
at 35◦ and 63◦ (2�), respectively (Fig. 1), consistent with previous
reports for pure 2-line Fh [38,39], which suggested that the pres-
ence of PHF did not significantly affect the structure of Fh. According
to the results of element analysis (Table 1), the contents of carbon
element for 1.2%PHF/Fh, 2.3%PHF/Fh, 4.7%PHF/Fh, and 9.4%PHF/Fh
were 0.81, 1.26, 2.06, and 3.67 wt%, respectively. In addition, the
BET data (Table 1) showed that the SSA of all the PHF/Fh samples
were less than that of Fh, and decreased with increasing PHF con-
tent. Probably, the loaded PHF blocked some of the pores on Fh,
leading to a decrease of SSA.

The morphology of the samples was  characterized using SEM
morphology of the samples were further characterized by SPM. As
shown in Fig. 2a and b, the particle size of PHF was less than 2 nm,
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Table 2
Intermediate products identified by GC–MS.

NO. Retention time Compoud identified by GC–MS Formula Name Mw The major ions (mz)

1 7.058 C8H8O Acetophenone 120 43, 51, 77, 105, 120

2  7.250 C4H6O3 2-Oxobutyric acid1,4-Pentadien-3-ol 102 27, 29, 45, 57

3  13.812 C8H6O4 1,2-Benzenedicarboxylic acid 166 50, 74, 76, 104, 148

4  14.370 C5H8O 1,4-Pentadien-3-ol 84 29, 39, 55, 57, 83

5  21.824 C7H8 Toluene 92 39, 63, 65, 91, 92

6  27.626 C10H12O 1-Phenyl-2-butanone 148 29, 39, 57, 65, 91, 148
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nd the pure Fh showed approximately spherical particles with the
iameter less than 3 nm,  in accordance with the results in previous
tudies [40,41]. PHF/Fh showed larger particle size as compared
ith PHF and Fh, which may  result from the integration of PHF

nside Fh since PHF was introduced during the precipitation of Fh.
ith the increased of PHF content, the heights of the samples with

ifferent content of PHF were still less than 12 nm,  even after the
HF content reached up to 9.4 wt% (Fig. 2c–f).

The DRS results (Fig. 3) displayed that Fh had good absorption in
he whole light region, and the addition of PHF could enhance the
bsorption intensity. In addition, the absorption intensity increased
ith increasing PHF content.

.2. Degradation of AR18

To investigate the effect of PHF on AR18 degradation in the
eterogeneous photo-Fenton system, several photocatalytic exper-

ments using the samples with varying PHF contents were carried
ut for AR18 degradation under various conditions (Fig. 4). Under
he dark conditions (Fig. 4a), approximately 25% AR18 was  removed
y Fh. As Fh shows positively charged surface at pH < 8 and AR18 is
n anionic dye, AR18 could be adsorbed to Fh through electrostatic
ttraction [30,42]. The removal of AR18 by PHF/Fh was reversely
elated to PHF contents and was lower than that by Fh. PHF was
nown to have negative charges in the pH range 3.0–9.5 [29], which
hen might inhibit the adsorption of anionic dyes because of the
lectrostatic repulsion.

Under simulated sunlight irradiation (Fig. 4b, c), the mineral-
zation of AR18 was negligible without adding H2O2 and catalysts,
ndicating that AR18 can resist decomposition from sunlight. The
ecolorization rate constant k of pure H2O2 on the photocatalytic
egradation of AR18 was only 0.085 min−1, and it was further
lightly increased after the addition of PHF (i.e., the ‘PHF + H2O2’

ystem). However, in both the two systems only about 10% TOC
f AR18 was removed after 60 min  reaction, which indicated that
HF had weak capacity for the decolorization and mineralization of
R18 under the tested conditions.
As for the ‘Fh + H2O2’ system, the decolorization rate and TOC
removal of AR18 were obviously faster than those under control
conditions. Interestingly, the decolorization rate and TOC removal
of AR18 by PHF/Fh composites were higher than those by Fh,
although Fh showed better AR18 adsorption capacity (Fig. 4a).
In addition, with the increased of PHF content, the degradation
rate increased at first due to photo-Fenton reaction, but begun to
decrease when the content was above 2.3 wt%  because of spatial
inhibition. It suggested that both PHF and Fh were important for
the photo-Fenton degradation process. Moreover, the degradation
rate of AR18 by 2.3%PHF/Fh (0.281 min−1) was nearly twice as that
by Fh (0.148 min−1). Furthermore, the TOC removal by 2.3%PHF/Fh
(86.7%) after 60 min  reaction was significantly higher than that by
Fh (69.6%). This phenomenon further implied that the presence of
PHF could enhance the photo-Fenton catalytic activity of Fh. The
excited state PHF could not only generate 1O2 [4–7], but also could
transfer electrons to the Fe3+ on Fh [9,31], which can then further
promote the decomposition of H2O2 into highly oxidative •OH.
Hence, the high removal efficiency of AR18 by PHF/Fh might be
attributed to the reaction of AR18 with small amounts of 1O2 pho-
tosensitized by PHF, or to the increased amounts of •OH produced
by the synergetic effect of PHF and Fh.

3.3. Stability test of the samples

In order to determine the stability of the catalysts, Fe concen-
trations in the solutions after 60 min  reaction in different systems
were measured (Fig. 5a). Under sunlight irradiation, Fe leaching was
approximately 1 mg/L for both 1.2%PHF/Fh and 2.3%PHF/Fh, and
2.2 mg/L for 4.7%PHF/Fh, which were far lower than that for pure Fh
(3.4 mg/L). However, Fe leaching was much higher for 9.4%PHF/Fh
(7 mg/L). As such, good stability could be obtained for PHF/Fh when

the PHF content was lower than 4.7 wt%. Under the dark conditions,
it showed that Fe leaching from PHF/Fh was lower than that from
pure Fh. Fe leaching contents from 1.2%PHF/Fh and 2.3%PHF/Fh
were lower than the limit of AAS detection, which further validated
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Fig. 10. Possible degradation pathway of acid red 18 in the h

hat an appropriate amount of PHF could enhance the stability of
h.

As is well known, the long-term stability of a catalyst is a key
ssue for its practical application. The results of the stability test

f 2.3%PHF/Fh (Fig. 5b) showed that the decolorization efficiency
f AR18 (>98%) and TOC removal efficiency (>80%) was  still quite
fficient after being used for 4 cycles, implying that 2.3%PHF/Fh was
ery stable.
geneous photo-Fenton process using 2.3%PHF/Fh as catalyst.

3.4. Analysis of active oxidative species

Fig. 6 presents the results of active oxidative species analysis in
the systems using Fh and 2.3%PHF/Fh as catalysts, which showed

different inhibiting effect on AR18 degradation in the two reaction
systems. In the Fh system, the decolorization of AR18 was slightly
inhibited when NaN3 (1O2 scavenger) was added. However, when
the O2

•− radical scavenger (BQ) was  employed, evident inhibition
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as observed in the photocatalytic degradation of AR18, and a more
bvious inhibition was observed when •OH radical scavenger (KI)
as introduced. Hence, in this system, the main active oxidative

pecie should be •OH radical, which was followed by O2
•− radical

nd 1O2. As for the 2.3%PHF/Fh system, the suppression capacity
as more obvious as compared with the Fh system when NaN3
as added. Furthermore, when the •OH radical scavenger (KI) was

ntroduced, the suppression rate in the PHF/Fh system (49%) was
igher than that in the Fh system (33%). As such, the main active
xidative specie should be •OH radical as well in the PHF/Fh sys-
em, and the contents of both 1O2 and •OH radical in this system
ere significantly higher than those in the Fh system. Therefore,

he presence of PHF could enhance the production of 1O2 and •OH
adical in the heterogeneous photo-Fenton process.

To further analyze the effect of PHF on the heterogeneous
hoto-Fenton process, the concentration of •OH radical and 1O2 in
he heterogeneous photo-Fenton systems catalyzed by 2.3%PHF/Fh
nd Fh were measured. From the trend of •OH radical generation
y 2.3%PHF/Fh and Fh (Fig. 7), the yield amount of •OH radical

ncreased sustainably as the reaction continued. In addition, the
ystem catalyzed by 2.3%PHF/Fh clearly generated higher concen-
ration of •OH radical than the system catalyzed by Fh (e.g., 4.0
s. 3.4 mmol/L after 180 min  reaction). The remarkable •OH radical
eneration performance of 2.3%PHF/Fh suggested that the pres-
nce of PHF could contribute to accelerating the generation of •OH
adical.

The rate constant for FFA loss (kobs) was obtained from the slope
f a straight line by plotting the value of ln([FFA]0/[FFA]) against the
eaction time (Fig. S3). It clearly showed that the kobs by 2.3%PHF/Fh
1 × 10−4 s−1) was higher than that by Fh (4 × 10−5 s−1). Further-

ore, the corresponding steady-state 1O2 concentrations produced
y Fh and 2.3%PHF/Fh was  8.3 × 10−13 and 3.3 × 10−13 M,  respec-
ively, implying that introducing PHF to Fh could greatly enhance
he production of 1O2 in the heterogeneous photo-Fenton process.
ased on above results, the possible contributions for the enhanced
hotocatalytic activity of 2.3%PHF/Fh might originate from two
spects (Fig. 8). The first one might originate from the excited state
HF, which can efficiently sensitize the ground state triplet oxy-
en to generate 1O2 [4–7]. Another one might be attributed to
he synergetic effect between PHF and Fh, and the excited state
HF could reduce and transfer electrons to the Fe3+ on Fh due to
0(C60

+/1C60*) = 0.1 V vs.  NHE < E0(Fe3+/Fe2+) = 0.77 V vs.  NHE [9,31].
ubsequently, the reduction of Fe3+ into Fe2+ can be accelerated,
hich then can further promote the decomposition of H2O2 into
ighly oxidative •OH radical.

.5. Possible degradation pathway for the degradation of AR18

Generally, the color of dye is formed by the cooperation of chro-
ophore and auxochrome [43–45]. As such, decolorization of AR18

an be achieved once the azo bond ( N N ) is broken [46]. The
V–vis spectra recorded during photodegradation of AR18 are pre-

ented in Fig. 9. The spectrum of AR18 before photodegradation
t = 0 min) exhibited two main peaks at the wavelengths of 509 and
32 nm,  respectively, and the absorption at 509 nm is related to the

 N group of AR18 [47]. The results showed that the intensity of
he absorption peaks at 509 nm decreased rapidly after photolysis,
ithout the appearance of new absorption peaks.

The bond lengths and bond angles of AR18 were calculated
y density functional theory (DFT) method at the B3LYP/6-311G

evel with the GAMESS (Table S1). In organic chemical reactions,
he benzene ring is generally more stable than the line structure;

he azo bond is especially easy to be attacked by free radicals in
dvanced oxidation process [48]. The bond angles and lengths were
ompared (Table S1), the lengths of C(7) N(11), N(11) N(12), and
(12) C(13) were 1.444, 1.377, and 1.445 Å, respectively, imply-
s A: Chemical 424 (2016) 393–401

ing that the N(12) C(13) bond should be the firstly broken. The
intermediate products of AR18 degradation were examined using
GC–MS (Table 2). Based on the results of the GAMESS calcula-
tion and GC–MS analysis, the possible degradation pathway was
proposed (Fig. 10). First, the C N bond ( C N N ) would be bro-
ken, and then nitrogen atoms could be released as the form of
nitrogen or ammonia. Further oxidation then gave rise to substi-
tuted benzene compounds as intermediates, such as acetophenone,
1,2-benzenedicarboxylic acid, toluene, and 1-phenyl-2-butanone.
With the continuous oxidation, the aromatic rings were opened,
which were responsible for the formation of alcohols, aldehydes,
and carboxylic acids (e.g., 2-oxobutyric acid and 1,4-pentadien-3-
ol). Finally, these intermediate products were converted to carbon
dioxide and water.

4. Conclusion

PHF can significantly affect the heterogeneous photo-Fenton
activity of Fh in the degradation of AR18. The obtained PHF/Fh
composites exhibited much higher catalytic activities and better
structural stability than pure Fh in degrading AR18 under sun-
light irradiation. The degradation rate of AR18 by 2.3%PHF/Fh was
nearly twice as that by Fh, and TOC removal after 60 min  reaction by
2.3%PHF/Fh (86.7%) was much higher than that by Fh (69.6%). The
results showed that the presence of PHF could enhance the pro-
duction of 1O2 and •OH radical. On one hand, the excited state PHF
could efficiently sensitize the ground state triplet oxygen to gen-
erate 1O2; on the other hand, the electrons transferred from the
excited state PHF to Fe3+ on Fh could accelerate reduction of Fe3+

into Fe2+. Based on the obtained results, a possible reaction pathway
for the degradation of AR18 over the PHF/Fh was proposed. AR18
degradation was  initiated by the cleavage of C N bond, which was
followed by the production of substituted benzene compounds as
intermediates. These intermediates were finally oxidized to carbon
dioxide and water by free radicals.
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