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ferrooxidans†

Xiaoqing Meng,a Su Yan,a Wenzhu Wu,c Guanyu Zheng *ab and Lixiang Zhouab

Heterogeneous Fenton-like degradation of phenanthrene in aqueous solution was investigated using

schwertmannite biosynthesized by Acidithiobacillus ferrooxidans LX5 as a catalyst. The effects of

different reaction parameters including catalyst loading, H2O2 concentration, initial solution pH and

inorganic anions on the Fenton-like degradation of phenanthrene were studied. Results showed that the

biosynthesized schwertmannite had an effective catalytic ability on phenanthrene degradation. The

degradation efficiency of phenanthrene was 99.0% within 3–5 h reaction under conditions of H2O2

200 mg L�1, schwertmannite 1 g L�1, phenanthrene 1 mg L�1 and pH 3.0–4.5. The degradation was

mainly via a surface mechanism, in which phenanthrene was readily adsorbed on the surface of

schwertmannite and then oxidized by cOH produced from H2O2 decomposition. The XPS results of

schwertmannite before and after Fenton-like degradation of phenanthrene revealed the change of Fe2+/

Fe3+ species on the surface of schwertmannite. Moreover, phthalates, octadecanoic acid and 9,10-

phenanthraquinone were identified by GC-MS analyses as the main intermediate compounds during

phenanthrene degradation, and all the intermediates were finally mineralized. The repeated use of

biosynthesized schwertmannite for phenanthrene degradation illustrated its stability and reusability as

a Fenton-like catalyst. Therefore, schwertmannite biosynthesized using A. ferrooxidans is an excellent

catalyst for the degradation of phenanthrene in heterogeneous Fenton-like reactions.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs), organic compounds
consisting of at least two fused benzene rings, are highly toxic,
carcinogenic and resistant to natural degradation, subsequently
causing a serious threat to human health through the food
chain.1–3 The European Community and the U.S. Environmental
Protection Agency have listed them as priority pollutants.
Wastewater contaminated with PAHs is usually enriched at the
sites of manufactured gas plants, reneries and many other
chemical industries.4,5 Owing to their strong persistence and
ubiquitous occurrence, substantial studies have been devoted to
seek a highly efficient treatment to remove PAHs from industrial
wastewater.
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Advanced oxidation processes (AOPs) including Fenton-
catalysis, photo-catalysis and ozonation have become important
technologies for the degradation of persistent organic pollutants
(POPs). Among the AOPs, Fenton treatment shows great oxidative
potential,6,7 which is based on the catalyzed decomposition of
hydrogen peroxide (H2O2) by ferrous ion to generate the strong
oxidant hydroxyl radicals. Conventional Fenton treatment is
frequently limited by the required optimal pH of around 3.0 to
prevent the precipitation of ferrous ion, and the treatment
process would produce a large amount of ferric hydroxide sludge
during the neutralization stage.8,9 Moreover, the oxidation effi-
ciency of Fenton process can be signicantly decreased by the
presence of various inorganic anions, consequently limiting
its usage in the treatment of high salinity wastewater.10,11

Thus, heterogeneous Fenton-like oxidation is developed to over-
come the limitations associated with conventional Fenton
treatment.12,13

Heterogeneous Fenton-like oxidation is initiated by
hydrogen peroxide, and hydroxyl radicals can be produced on
the surface of the catalysts or in bulk solution.13,14 Over the last
two decades, heterogeneous Fenton-like oxidation catalyzed by
goethite, magnetite, ferrihydrite or limonite, etc., has been used
to treat water or soils contaminated by organic pollutants.9
This journal is © The Royal Society of Chemistry 2017
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Pinto et al.15 showed that the oxidation of methylene blue was
caused by hydroxyl radicals produced on the surface of d-
FeOOH, and the contribution of soluble Fe on methylene
degradation was negligible. Xue et al.16 revealed that the Fenton-
like oxidation of pentachlorophenol (PCP) catalyzed by
magnetite was dominated by the reactions on the catalyst
surface, and in details PCP was readily adsorbed on a xed
number of surface active sites and then attacked by hydroxyl
radicals produced from the decomposition of H2O2. Toda et al.17

used sulfurized limonite as a catalyst to decompose methylene
blue and found that cOH was formed by a heterogeneous reac-
tion on the surface of sulfurized limonite and a Fenton reaction
catalyzed by dissolved ferrous ion.

Schwertmannite is a Fe(III)-hydroxysulfate with poorly crys-
talline structure and high surface area, which is abundant in
nature because of its extensive presence in iron- and sulfate-rich
mine drainage18,19 or sludge bioleaching environment.20 The
chemical formula of schwertmannite is Fe8O8(OH)8�2x(SO4)x,
(1 # x # 1.75),21 and its unit cell always consists of eight
FeO3(OH)3 octahedra forming double chains which are shared
over edges and run parallel to the b-axis.22 Schwertmannite can
be synthesized through either chemical methods, including
a dialysis technique18,23,24 and a chemically oxidative synthesis
method,23–25 or a biological method using iron-oxidizing bac-
terium Acidithiobacillus ferrooxidans. The dialysis technique
usually needs a dialysis period of more than 30 days,18,23,24

which is time-consuming and inefficient for schwertmannite
synthesis.20 The chemically oxidative synthesis of schwert-
mannite through adding H2O2 into FeSO4 solution takes one to
several days to complete, and the specic surface areas of the
produced schwertmannite are 4–14 m2 g or 2.06–16.30 m2 g.23,25

Recently, the biological synthesis of schwertmannite receives
much more attention, because schwertmannite can be bio-
synthesized by A. ferrooxidans within only 2–3 days and the
specic surface areas of the produced schwertmannite are
much larger than that synthesized using chemically oxidative
synthesis method.24,26 For instances, Li et al.26 reported that the
specic surface area of biosynthesized schwertmannite using
A. ferrooxidans was 45.63 m2 g�1, larger than 3.17 m2 g�1 of
chemically synthesized samples. In addition, Li et al.26 and
Liu et al.25 found that the schwertmannite yield of biological
method is comparatively or much higher than that of chemi-
cally oxidative synthesis method. Therefore, the biosynthesis
method using A. ferrooxidans is a more attractive approach over
chemical methods for schwertmannite production, in terms
of the specic surface area and synthesis yield of produced
schwertmannite.

Recently, some studies attempted to use chemosynthetic
schwertmannite as a catalyst in the heterogeneous Fenton-like
oxidation to oxidize nitrobenzene and phenol.27,28 However,
the catalytic capacity of biosynthetic schwertmannite and the
associated mechanism are still unclear in the heterogeneous
Fenton-like oxidation of hydrophobic organic pollutants.
Especially, previous studies reported that the catalysts with
much larger specic surface areas usually would have much
higher catalytic activities, because of their large numbers of
active sites for H2O2 decomposition.29 Therefore, the objectives
This journal is © The Royal Society of Chemistry 2017
of the present study are to (1) investigate the effect of reaction
conditions including the loading of biosynthetic schwert-
mannite, concentration of H2O2, solution initial pH, and the
presence of inorganic anions on the degradation of phenan-
threne catalyzed by biosynthetic schwertmannite and H2O2, (2)
reveal the associated catalytic degradation mechanism and
possible transformation pathway of phenanthrene in biosyn-
thetic schwertmannite/H2O2 system, and (3) study the stability
of biosynthetic schwertmannite during its repeated use in the
catalytic degradation of phenanthrene.
2. Materials and methods
2.1. Reagents

Phenanthrene ($99%) was purchased from Aladdin Co., Ltd.
Acetonitrile, methanol and n-hexane were purchased from
Sigma Aldrich Co. Ltd at HPLC grade, and dichloromethane and
acetone were supplied by Aladdin Co., Ltd at HPLC grade.
Hydrogen peroxide (30% solution) and other reagents were
obtained from Sinopharm Chemical Regent Beijing Co., Ltd
and used as received. All solutions and suspensions were
prepared by using deionized water.
2.2. Preparation of catalysts

Biosynthetic schwertmannite was prepared in the laboratory
according to the method described in previous studies.20 Briey,
20 mL of freshly prepared A. ferrooxidans LX5 cell suspensions
with a cell density of 3 � 108 cells per mL were introduced into
1000 mL Erlenmeyer ask containing 480 mL of ferrous sulfate
solution with ferrous ion concentration of 0.144 M. The asks
were then incubated for 2 days at 180 rpm and 28 �C in a rotary
shaker. The precipitates formed in the asks were harvested by
ltering through a Whatman no. 4 lter paper, sequentially
washed with acidied water with pH 2.0 and deionized water
for three times to remove soluble impurities, and dried at 50 �C
to a constant weight. The preparation of chemosynthetic
schwertmannite and chemosynthetic goethite followed the
methods of Liu et al.25 and Manning et al.30 The detailed
procedures can be found in the ESI.†
2.3. Characterization of catalysts

The morphology of biosynthetic schwertmannite was examined
by scanning electron microscope (SEM, Hitachi S-4700) at 20 kV
accelerating voltage. The crystal structure of biosynthetic
schwertmannite was determined by X-ray powder diffraction
(XRD, ThermoFisher XTRA) using an X-ray diffractometer tted
with Cu Ka radiation (40 kV and 40 mA), and samples were
scanned from 2q ¼ 10�–70� with a 2q ¼ 0.02� step-size. The
functional groups of biosynthetic schwertmannite were deter-
mined by Fourier transform infrared spectroscopy (FTIR) with
a wavelength range of 400–4000 cm�1, which was scanned 32
times and resolution ratio of 0.09 cm�1. The specic surface
area of biosynthetic schwertmannite was measured by using the
Brunauer–Emmett–Teller (BET) through N2 adsorption–
desorption method (BET, Tristar 3000, Micromeritics).
RSC Adv., 2017, 7, 21638–21648 | 21639
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2.4. Catalytic degradation of phenanthrene

To prepare 1 mg L�1 phenanthrene solution, phenanthrene was
rstly dissolved in acetone to make a solution with a concen-
tration of 1000 mg L�1, and then 1 mL prepared solution was
diluted to a concentration of 1 mg L�1 using deionized water.31

The phenanthrene degradation experiments were conducted
in 35 mL glass vessels with screw caps having a PTFE-lined
septum. In each vessel, the reaction medium was prepared by
adding a certain amount of schwertmannite to 10 mL phenan-
threne solution with a concentration of 1 mg L�1, and the
solution initial pH was adjusted to dened values using 1 M
HClO4 or 1MNaOH.32 The reaction was then initiated by adding
a certain amount of H2O2 into the glass vessels. All experiments
were carried out under dark conditions and shaken in a rotary
shaker at 180 rpm and 28 �C. At the given reaction time inter-
vals, vessels were taken out and added with 3 mL methanol to
quench the reaction. Vessels taken out were added with ten
drops of 1 M H2SO4 to totally dissolve schwertmannite. Phen-
anthrene in the resulting solution was extracted using
dichloromethane for quantitative analysis of phenanthrene
degradation efficiency using a high performance liquid chro-
matography (HPLC), and alternatively it was extracted using
n-hexane to indentify the intermediate products during the
phenanthrene degradation using a gas chromatography mass
spectrometer (GC-MS). Meanwhile, parallel samples in with-
drawn vessels were ltered through a 0.22 mm glass ber lter
paper, and the obtained supernatant was used for the deter-
mination of the concentrations of total Fe, Fe2+ and Fe3+, H2O2

concentration and total organic carbon (TOC) content. To
determine the removal efficiency of phenanthrene from the
solution, the supernatant was directly extracted using
dichloromethane and quantied using HPLC, which is without
the procedure of dissolving schwertmannite. Initial loading
content of schwertmannite was changed from 0.1 to 2 g L�1 to
test the loading of catalyst on the catalytic degradation effi-
ciency of phenanthrene. To verify the presence of cOH in the
degradation system, methanol was used as a scavenger to give
a volume percentage ranging from 1% to 10%,27,28 which was
added before adding H2O2 to the solution. Under the optimum
reaction condition, the schwertmannite was collected at the end
of the experiment, washed with the deionized water, and dried
to a constant weight. The oxidation states of iron species on the
schwertmannite surface was measured by the X-ray photoelec-
tron spectrum (XPS), which was performed in a Kratos AXIS His,
mono Al Ka system (Energy 1486.7 eV, Kratos Analytical, Japan).

To explore the presence of inorganic anions on the effect of
phenanthrene degradation, SO4

2�, H2PO4
�, NO3

� and Cl� with
the respective concentration ranging from 50 to 200 mg L�1

were introduced to the degradation system which contained
1 mg L�1 phenanthrene, 1 g L�1 schwertmannite and 200 mg
L�1 H2O2, at pH 3.0. The stability and reusability of schwert-
mannite was also investigated in a multi-cycle experiment. In
each cycle, the initial concentrations of phenanthrene, H2O2

and schwertmannite were 1 mg L�1, 200 mg L�1 and 1 g L�1,
respectively, and the reaction time and solution initial pH were
12 h and 3.0. The used catalyst was collected at the end of each
21640 | RSC Adv., 2017, 7, 21638–21648
oxidation experiment, washed with the deionized water, dried
enough, and then used in the next cycle experiment. In each
cycle experiment, the degradation efficiency of phenanthrene
and TFe concentration in the solution were measured. Biosyn-
thetic schwertmannite was characterized by using X-ray powder
diffraction (XRD) and Fourier transform infrared spectroscopy
(FTIR) aer 12 times of repeated use.
2.5. Analytical methods

The concentration of phenanthrene was analyzed using a HPLC
(HPLC-1260, Agilent) equipped with UV detection wavelength of
254 nm. Waters PAH C18 column (5 mm, 4.6 mm� 250 mm) was
used for the separation of phenanthrene. Samples were injected
at 20 mL at a column temperature of 27 �C, and themobile phase
was the mixture of water (40%) and acetonitrile (60%). Phen-
anthrene and its intermediate products were identied using
a SHIMADZU gas chromatograph (GC-2010) incorporated with
a mass spectrometer operated on a full scan mode (50–550
amu), where the MS capillary column (250 mm, 0.25 mm � 30 m)
was used. Helium was used as carrier gas at a ow rate of 1.0 mL
min�1. The initial oven temperature was 80 �C (5 min holding)
and continued to rise temperature to 300 �C at a speed of 10 �C
min�1 (10 min holding). The concentration of dissolved Fe was
determined by using Inductively Coupled Plasma (ICP, Agilent
5100). The concentration of H2O2 and the content of total
organic carbon were measured using the titanium sulfate
method and TOC analyzer (TOC-5000, Shimadzu), respectively.
3. Results and discussion
3.1. Characterization of biosynthetic schwertmannite and
its catalytic capability

Oxidation of ferrous sulfate by A. ferrooxidans LX5 cell suspen-
sions resulted in the formation of iron precipitates. The iron
precipitates formed were visualized by SEM. As shown in Fig. 1a
and b, they were consisted of aggregates of spherical particles,
and the surface of spherical particles showed a “hedge-hog”
morphology which is typical for schwertmannite.19 The XRD
patterns of iron precipitates (Fig. 1c) displayed a weak crystal-
line structure with seven typical broad characteristic peaks (2q:
18.24, 26.27, 35.16, 39.49, 46.53, 55.29, 61.34�), and all diffrac-
tion peaks well matched those of the standard diffraction data
for schwertmannite (JCPDS no. 47-1775), suggesting that the
iron precipitates formed are pure schwertmannite particles. The
BET analysis revealed that the specic surface area of the bio-
synthesized schwertmannite was 54.5 m2 g�1.

The degradation of 1 mg L�1 phenanthrene catalyzed by
biosynthetic schwertmannite, chemosynthetic schwertmannite
and chemosynthetic goethite was evaluated under the same
experimental conditions of 1.0 g L�1 catalyst, and 200 mg L�1

H2O2 at pH 3.0, and results are shown in Fig. 2. It can be found
that as high as 99% of phenanthrene degradation was achieved
within only 3 h in Fenton-like reaction catalyzed by biosynthetic
schwertmannite. However, within the same reaction period (3 h),
less than 28.6% and 45.4% of phenanthrene was degraded in
Fenton-like reaction catalyzed by chemosynthetic schwertmannite
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM images of the biosynthetic schwertmannite particles:
�2000 (a) and �20 000 (b), and XRD (c) analyses of newly bio-
synthesized schwertmannite and the schwertmannite after being used
for 12 cycles. Experimental conditions were [phenanthrene]0 ¼ 1 mg
L�1, [schwertmannite]0 ¼ 1 g L�1, [H2O2]0 ¼ 200mg L�1, solution initial
pH ¼ 3.0, and reaction time of 12 h in each cycle.

Fig. 2 The degradation of phenanthrene catalyzed by biosynthetic
schwertmannite, chemosynthetic schwertmannite and chemosyn-
thetic goethite with working volume of 10 mL. Experimental condi-
tions were [phenanthrene]0 ¼ 1 mg L�1, [H2O2]0 ¼ 200 mg L�1, and
solution initial pH ¼ 3.0.
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and chemosynthetic goethite, respectively. These results clearly
indicated that the catalytic activity of biosynthetic schwertmann-
ite in Fenton-like system was much higher than that of either
chemosynthetic schwertmannite or chemosynthetic goethite. The
much poorer performance of chemosynthetic schwertmannite in
the catalytic degradation of phenanthrene may be related to its
relatively low specic surface area (6.84m2 g�1), because of lack of
This journal is © The Royal Society of Chemistry 2017
“hedge-hog” morphology on its particle surfaces (as shown in
Fig. S1†), and the discrepancy of catalytic capabilities between
biosynthetic schwertmannite and goethite probably resulted from
much less surface active sites of goethite.29,33,34
3.2. Effect of schwertmannite loading, H2O2 concentration,
and solution initial pH on the degradation of phenanthrene

The effect of biosynthetic schwertmannite loading on the
catalytic degradation of phenanthrene is shown in Fig. 3a. The
loading of 0.1 g L�1 biosynthetic schwertmannite only resulted
in 57.3% degradation of 1 mg L�1 phenanthrene within 12 h of
reaction, and 12 h was consumed to degrade 98.3% of phen-
anthrene when the loading of biosynthetic schwertmannite was
0.5 g L�1. However, phenanthrene was totally degraded within
only 3–5 h at the schwertmannite loading of 1 g L�1, and the
degradation of phenanthrene was not further improved when
the loading of biosynthetic schwertmannite was increased to
2.0 g L�1. Thus, 1.0 g L�1 of schwertmannite loading is suitable
for the degradation of phenanthrene in the Fenton-like reaction
catalyzed by biosynthetic schwertmannite.

The concentration of H2O2 is an important factor inu-
encing the Fenton or Fenton-like reaction, since it directly
relates to the amount of hydroxyl radicals produced in the
catalytic reactions.29 The effect of H2O2 concentration on the
degradation of phenanthrene by Fenton-like reaction catalyzed
by biosynthetic schwertmannite was investigated by changing
H2O2 concentration from 16.7 to 500 mg L�1 at pH 3.0, with the
schwertmannite loading of 1 g L�1 and phenanthrene concen-
tration of 1 mg L�1. As shown in Fig. 3b, the degradation effi-
ciency of phenanthrene within 5 h of Fenton-like reaction
catalyzed by biosynthetic schwertmannite was enhanced from
25.7% to 99.9% when increasing H2O2 concentration from 16.7
to 200 mg L�1. Actually, when the concentration of H2O2 was
200 mg L�1, about 99.6% of phenanthrene can be degraded in
RSC Adv., 2017, 7, 21638–21648 | 21641
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Fig. 3 Effect of schwertmannite loading (a), H2O2 concentration (b)
and solution initial pH (c) on the degradation of phenanthrene with
working volume of 10 mL. Experimental conditions of schwertmannite
loading were [phenanthrene]0 ¼ 1 mg L�1, [H2O2]0 ¼ 200 mg L�1, and
solution initial pH ¼ 3.0; experimental conditions of H2O2 concen-
tration were [phenanthrene]0 ¼ 1 mg L�1, [schwertmannite]0 ¼ 1 g L�1,
solution initial pH ¼ 3.0 and reaction time of 5 h; experimental
conditions of solution initial pH were [phenanthrene]0 ¼ 1 mg L�1,
[schwertmannite]0 ¼ 1 g L�1, [H2O2]0 ¼ 200 mg L�1 and reaction time
of 5 h.

21642 | RSC Adv., 2017, 7, 21638–21648
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only 3 h of reaction (Fig. 3a). Previous studies found that higher
concentration of H2O2 may scavenge the produced reactive
oxidation species (like cOH) to form HO2c, thus lowering the
degradation efficiency of organics, because the oxidation
potential of HO2c was much lower than that of cOH.27 However,
the degradation of phenanthrene was not lowered when further
increasing H2O2 concentration beyond 200 mg L�1. Since too
much H2O2 would denitely raise the cost of treatment, the
optimum H2O2 concentration was 200 mg L�1 for the efficient
degradation of 1 mg L�1 phenanthrene within 3–5 h of reaction
catalyzed by biosynthetic schwertmannite.

Many studies reported that the initial pH of solution seri-
ously affects the performance of the Fenton-like process in
degrading pollutants, because of the role of solution pH in
controlling the catalytic activity and the hydrogen peroxide
stability.35–37 In addition, an acidic condition is usually bene-
cial for the degradation of organics in Fenton-like reactions
catalyzed by iron oxide minerals including magnetite, hematite
and goethite because the dissolution of iron oxide minerals can
easily occur at acidic conditions to release dissolve iron to
catalyze homogenous Fenton-like reactions.29 The effect of
solution initial pH on the degradation of phenanthrene was
determined within a pH range of 1.5–6.0. As shown in Fig. 3c,
the degradation efficiency of phenanthrene was enhanced from
88.6% to 99.2% when increasing the solution initial pH from
1.5 to 3.0. Obviously, the maximum degradation efficiency of
phenanthrene was achieved in the solution initial pH range of
3.0–4.5, which was higher than 99.0%. When the solution initial
pH was higher than 4.5, the degradation of phenanthrene
decreased rapidly. Especially, the degradation efficiency of
phenanthrene was only 77.6% when the solution initial pH was
5.5. Therefore, the optimum pH for the degradation of phen-
anthrene catalyzed biosynthetic schwertmannite is 3.0–4.5, at
which pH values more than 99.0% of 1 mg L�1 phenanthrene
can be degraded effectively.
3.3. Mechanism of phenanthrene degradation

In order to verify the presence of cOH in the Fenton-like reaction
catalyzed by biosynthetic schwertmannite, methanol was
chosen as a cOH scavenger during the catalytic degradation of
phenanthrene. It can be seen from Fig. 4 that the degradation of
phenanthrene was rapidly lowered by the presence of methanol
in the system. Only 64.3% and 30.4% of phenanthrene was
degraded within 12 h of reaction when 1% or 5% of methanol
was added, respectively. In addition, the degradation of phen-
anthrene was totally inhibited by the presence of 10% meth-
anol. These results clearly indicated that phenanthrene was
catalytically degraded by cOH generated by H2O2 decomposition
in the Fenton-like reaction catalyzed by biosynthetic schwert-
mannite.15,28 To further reveal the mechanism responsible for
phenanthrene degradation, dissolved iron concentration, H2O2

concentration and TOC content in the solution were monitored
during the degradation of 1 mg L�1 phenanthrene catalyzed by
1 g L�1 of schwertmannite and 200 mg L�1 H2O2 at pH 3.0. As
shown in Fig. 5a, the ferrous concentration reached a peak value
of 0.70 mg L�1 at 5 h when phenanthrene was completely
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Effect of methanol addition on the degradation of phenan-
threne with working volume of 10 mL. Experimental conditions were
[phenanthrene]0 ¼ 1 mg L�1, [schwertmannite]0 ¼ 1 g L�1, [H2O2]0 ¼
200 mg L�1, and solution initial pH ¼ 3.0.

Fig. 5 Changes of total Fe (TFe), Fe2+ and Fe3+ concentration (a), H2O2

concentration and TOC content (b) in the solution during the degra-
dation of 1 mg L�1 phenanthrene catalyzed by 1 g L�1 of schwert-
mannite and 200 mg L�1 H2O2 at pH 3.0.

Fig. 6 Change of phenanthrene degradation efficiency during the
degradation catalyzed by 1 g L�1 schwertmannite or 2.7 mg L�1 Fe3+,
with working volume of 10 mL. Experimental conditions:
[phenanthrene]0 ¼ 1 mg L�1, [H2O2]0 ¼ 200mg L�1, and solution initial
pH ¼ 3.0.
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degraded, and then its concentration decreased to 0.28 mg L�1

at 60 h of reaction, which could be ascribed to the oxidation of
ferrous ions into ferric ions by remaining cOH and H2O2 in the
solution. Aer 8 h of reaction, the concentrations of ferric and
total dissolved iron attained 2.17 and 2.70 mg L�1, respectively,
which suggests that Fe inside the structure of schwertmannite
or adsorbed on the surface of schwertmannite were released
into the solution during the reaction. Furthermore, about
3.03 mg L�1 of iron dissolved into solution aer 60 h of reac-
tion, only equivalently 0.68% of total iron of 1.0 g L�1 catalyst
used, which shows a very slow leaching of iron from biosyn-
thetic schwertmannite. As shown in Fig. 5b, the TOC content
decreased sharply from 0.94 mg L�1 to an undetectable level
within the rst 5 h of reaction, which clearly illuminated that
1 mg L�1 of phenanthrene was completely mineralized by the
reaction catalyzed by schwertmannite and H2O2. Correspond-
ingly, the concentration of H2O2 also declined from 200 to
163.6 mg L�1 within the rst 5 h of reaction, and then the
excessive H2O2 was run out gradually.

To clarify the contribution of homogenous Fenton reaction
catalyzed by dissolved ferric ion on the degradation of phenan-
threne, the highest dissolved ferric ion concentration during the
degradation of 1 mg L�1 phenanthrene catalyzed by 1 g L�1 of
schwertmannite and 200 mg L�1 H2O2 at pH 3.0, 2.76 mg L�1 of
ferric ion, was used to catalyze a homogenous Fenton reaction to
degrade phenanthrene. As shown in Fig. 6, only 39.8% of phen-
anthrene could be degraded by the homogenous Fenton reaction
catalyzed by 2.76 mg L�1 of dissolved ferric ion and 200 mg L�1

H2O2 at pH 3.0 aer 5 h, but as high as 100% of phenanthrene
was degraded in 5 h by the reaction catalyzed by 1 g L�1

schwertmannite and 200 mg L�1 H2O2 at pH 3.0. It should be
taking into account that 2.76 mg L�1 Fe3+ was not available from
the beginning of the Fenton-like reaction catalyzed by schwert-
mannite, and thus the degradation of phenanthrene by the
homogenous Fenton reaction should bemuch lower than 39.8%.
This result clearly indicated that the degradation of phenan-
threne did not merely result from the homogenous Fenton
This journal is © The Royal Society of Chemistry 2017
reaction catalyzed by dissolved ferric ion, and both homogenous
Fenton reaction catalyzed by dissolved ferric ion and heteroge-
neous Fenton-like reaction catalyzed schwertmannite played
RSC Adv., 2017, 7, 21638–21648 | 21643
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important roles in degrading phenanthrene. In addition, it seems
that the heterogeneous Fenton-like reaction catalyzed by
schwertmannite was much more effective than the homogenous
Fenton reaction catalyzed by dissolved ferric ion in degrading
phenanthrene during the degradation of 1 mg L�1 of phenan-
threne catalyzed by schwertmannite and H2O2.

Although phenanthrene could be degraded in only 5 h by the
reaction catalyzed by 1 g L�1 of schwertmannite and 200 mg L�1

H2O2 at pH 3.0, its removal from the solution seemsmuch faster.
Here, the degradation referred to that phenanthrene in the
reaction system was oxidized into small molecular compounds,
or even CO2 and H2O, while the removal means the disappear-
ance of phenanthrene from the reaction solution through both
oxidation and adsorption processes. As shown in Fig. 7, 1 mg L�1

of phenanthrene was completely removed from the solution in
only 2 hours when the degradation efficiency of phenanthrene
was only 55.1%. This result obviously indicated that phenan-
threne was readily adsorbed onto the surface of schwertmannite
particles probably because of strong sorption capacity of
schwertmannite for hydrophobic organic pollutants such as
phenanthrene. In fact, adsorption experiments revealed that the
sorption capacity of biosynthetic schwertmannite for phenan-
threne is as high as 0.74 mg g�1 (data not shown). The strong
sorption capacity of biosynthetic schwertmannite for phenan-
threne clearly indicates that the degradation of phenanthrene by
biosynthetic schwertmannite/H2O2 reaction was mainly via
a surface mechanism, in which phenanthrene can be readily
adsorbed on the surface of schwertmannite and then oxidized by
hydroxyl radical produced from H2O2 decomposition.

The XPS results of biosynthetic schwertmannite before and
aer Fenton-like degradation of phenanthrene are shown in
Fig. 8 and Table S1.† The Fe 2p lines are broad and can be
deconvoluted into two components with line position at 711.1
and 712.8 eV, respectively. These two components correspond
to the Fe3+ and Fe2+ species.38 Before the Fenton-like reaction,
the major surface iron specie of biosynthetic schwertmannite is
found to be Fe3+, which contributes to 58.2% of the total surface
Fig. 7 Changes of phenanthrene degradation efficiency and its
removal efficiency during the catalytic degradation with working
volume of 10 mL. Experimental conditions were [phenanthrene]0 ¼
1 mg L�1, [schwertmannite]0 ¼ 1 g L�1, [H2O2]0 ¼ 200 mg L�1, and
solution initial pH ¼ 3.0.

21644 | RSC Adv., 2017, 7, 21638–21648
iron atoms, and 41.8% of the total iron surface atoms was Fe2+.
For biosynthetic schwertmannite aer the Fenton-like reaction,
the intensity ratio of Fe2+/Fe3+ species was changed to
54.5 : 45.5. The curve tting was carried out using the
Gaussian–Lorentzian ratio ¼ 20 (G : L ¼ 20 : 80), the symmetry
factor of 0.4, and the c2 of 2.05. The binding energy of Fe 2p,
and Fe2+ and Fe3+ surface concentration on the biosynthetic
schwertmannite catalyst before and aer phenanthrene degra-
dation were listed in Table S1.† The change of Fe2+/Fe3+ species
on the surface of biosynthetic schwertmannite implies that the
biosynthetic schwertmannite take part in oxidation–reduction
reaction during phenanthrene degradation and the Fenton-like
degradation of phenanthrene mainly occurred on the surface of
biosynthetic schwertmannite.

Thus, the Fenton-like degradation of phenanthrene cata-
lyzed by biosynthetic schwertmannite can be explained by the
following mechanisms:

^FeIII + phenanthrene / ^FeIII � phenanthrene (1)

^FeIII + H2O2 / ^FeIIIH2O2 (2)

^FeIIIH2O2 / ^FeII + cHO2 + H+ (3)
Fig. 8 XPS spectrums of the biosynthetic schwertmannite before (a)
and after (b) phenanthrene degradation (Fe 2p line).

This journal is © The Royal Society of Chemistry 2017
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^FeIII + cHO2 / ^FeII + O2 + H+ (4)

^FeII + H2O2 / ^FeIII + cOH + OH� (5)

^FeIII � phenanthrene + cOH /

^FeIII + degradation products / .CO2 + H2O (6)

At the beginning of Fenton-like degradation of phenan-
threne catalyzed by biosynthetic schwertmannite, phenan-
threne molecules were readily adsorbed on the surface of
schwertmannite to form ^FeIII � phenanthrene (eqn (1)),
where ^FeIII represents FeIII sites on the catalyst surface.39 The
heterogeneous Fenton-like reaction was activated by the
formation of a complex between ^FeIII and H2O2, being
assigned as ^FeIIIH2O2 (eqn (2)). Then the generated
^FeIIIH2O2 species are converted to ^FeII species and cHO2

(eqn (3)), and the generated cHO2 may further react with ^FeIII

to produce ^FeII species (eqn (4)). The above formed ^FeII

(eqn (3) and (4)) can react with H2O2 to generate cOH radicals
(eqn (5)). The cOH radicals thus attack the phenanthrene
molecules adsorbed on the surface of schwertmannite and
realize the degradation and/or mineralization (eqn (6)). This
mechanism is analogous to previous studies on the heteroge-
neous Fenton-like reactions of the iron-oxide/H2O2 system.29,38
3.4. Transformation pathway of phenanthrene

The intermediates of phenanthrene degradation were identied
by using GC-MS to further reveal its transformation pathway in
the Fenton-like reaction catalyzed by biosynthetic schwert-
mannite. As shown in Fig. S2,† some intermediates were found
in the sample with 1 h reaction time, and the characteristics
peaks were summarized in Table 1.

According to the standard spectra from the NIST library
database, the peak B and E can be assigned to the compound of
octadecanoic acid. Correspondingly, the peak C can be assigned
to 9,10-phenanthraquinone, and the peak D, F (F1, F2 and F3) and
G (G1 and G2) were assigned to the compound phthalate by
analyzing the fragmentation pattern of mass spectra, which was
not observed before reaction. It was noted that peak G (G1 and
G2) was identied as nonyl octyl phthalate, which gives the
Table 1 Identification of intermediates produced during phenan-
threne degradation after 1 h reaction time based on GC-MS
measurements

Peak
Retention
time m/z

Empirical
formula Compound

A 18.120 178 C14H10 Phenanthrene
B 19.717 281 C18H32O2 Octadecanoic acid
C 20.842 208 C14H8O2 9,10-Phenanthraquinone
D 22.300 390 C24H38O4 Dioctyl phthalate
E 22.742 281 C18H32O2 Octadecanoic acid
F1 24.542 390 C24H38O4 Dioctyl phthalate
F2 24.810 390
F3 25.085 390
G1 26.192 405 C25H40O4 Nonyl octyl phthalate
G2 26.342 405

This journal is © The Royal Society of Chemistry 2017
maximum m/z value of 405 (Fig. S3†). The above stated interme-
diates are consistent with the previous reports.40,41 However, no
products appeared in the sample with 5 h reaction time, which
clearly indicates that all intermediates were nally mineralized
into CO2 and H2O, consistent with the result of TOC removal.

The above mentioned products were only portion of the reac-
tion intermediates, since some intermediates had too short life-
time and could not be detected by using the current GC-MS
analysis. Considering the above products identied and some
reported phenanthrene transformation pathways,41,42 the trans-
formation pathway of phenanthrene in the biosynthetic schwert-
mannite/H2O2 system was temporarily proposed in Fig. 9. In the
main, hydroxyl radicals and singlet oxygen attacked the benzene
rings of phenanthrene at positions 9 and 10 to ketonize phenan-
threne, leading to substituted products such as 9,10-phenan-
thraquinone (product C).43 Subsequently, the benzene rings
of 9,10-phenanthraquinone can be cleaved and then formed
compounds of phthalate. The above phthalate is esteried into
dioctyl phthalate (product F1, F2 and F3) and nonyl octyl phthalate
(product G1 and G2) in OH-induced oxidation process.41,44 Aer-
ward, the rest benzene ring is further cleaved, and the formed
products can be attacked by hydroxyl radicals continuously until
complete mineralization.
3.5. Effects of inorganic anions on the degradation of
phenanthrene and the stability and reusability of biosynthetic
schwertmannite

Inorganic anions were always detected in industrial wastewater
or underground water, and their existences usually affect the
oxidation efficiency of Fenton process.45–47 In the present study,
the concentrations of inorganic anions were controlled in
a range of 50–200 mg L�1 and the phenanthrene degradation
experiments were carried out in 5 h. The experimental results
were shown in Fig. 10, and it could be found that the inhibitory
effect of SO4

2�, H2PO4
�, NO3

� or Cl� on the degradation of
phenanthrene was enhanced with the increase of their respec-
tive concentration from 50 to 200 mg L�1. However, these
inorganic anions presented different potential in respect of
inhibiting the degradation of phenanthrene, and the inorganic
anions studied suppressed the degradation of phenanthrene in
a sequence of SO4

2� > H2PO4
� > NO3

� > Cl�. Aer 5 h reaction,
the efficiency of phenanthrene degradation was only 63.74%,
71.67%, 72.71% and 77.24% in the presence of 200 mg L�1 of
SO4

2�, H2PO4
�, NO3

� and Cl�, respectively. Actually, previous
studies reported that SO4

2� and H2PO4
� could easily combine

with ferric ion on the surface of iron oxides, and formed sulfate–
ferric or phosphoric–ferric complexes, resulting in a very slow
decomposition of H2O2.10 Liu et al.47 showed that both SO4

2�

and Cl� had a potential of scavenging hydroxyl radicals and
would form SO4c

� (2.43 V), Clc (2.41 V) and Cl2c
� (2.09 V) at pH

3.0, which had lower oxidation ability than hydroxyl radicals.
Besides, Cl� could interact with the iron oxide surface through
specic adsorption,48 and NO3

� may also have the ability to
scavenge cOH to lower the degradation efficiency of organics.28

From the view of application, the long-term stability of
biosynthetic schwertmannite should also be considered, and thus
RSC Adv., 2017, 7, 21638–21648 | 21645
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Fig. 9 Proposed transformation pathway of phenanthrene catalyzed by biosynthetic schwertmannite/H2O2 reaction.

Fig. 10 Effect of inorganic anions (H2PO4
�, SO4

2�, Cl�, NO3
�) on the

degradation of phenanthrene with working volume of 10 mL. Experi-
mental conditions were [phenanthrene]0 ¼ 1 mg L�1,
[schwertmannite]0 ¼ 1 g L�1, [H2O2]0 ¼ 200mg L�1, and solution initial
pH ¼ 3.0.

Fig. 11 Changes of phenanthrene degradation efficiency (a) and
dissolution of Fe-ion (b) during a multi-cycle experiment with
repeated uses of biosynthetic schwertmannite. Experimental condi-
tions were [phenanthrene]0 ¼ 1 mg L�1, [schwertmannite]0 ¼ 1 g L�1,
[H2O2]0 ¼ 200 mg L�1, solution initial pH ¼ 3.0, and reaction time of
12 h in each cycle.
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its catalytic capacity and the leaching of Fe from schwertmannite
were investigated in a multi-cycle experiment. In each cycle, the
initial concentrations of phenanthrene, H2O2 and schwertmann-
ite were 1 mg L�1, 200 mg L�1 and 1 g L�1, respectively, and the
reaction time and solution initial pH were 12 h and 3.0. As shown
in Fig. 11a, the degradation efficiency of phenanthrene decreased
from 99.0% to 80.0% when schwertmannite was reused for 12
cycles. This result clearly indicated that schwertmannite retained
as high as 80.0% of its catalyzing capacity even aer 12 cycles of
reuse, which suggested that schwertmannite could be repeatedly
used as a Fenton-like catalyst. It could be seen from Fig. 11b that
the concentration of leached Fe was 2.72 mg L�1 before recycling
schwertmannite. During the 12 cycles of schwertmannite, the
leaching amount of Fe remained in a range of 0.38–0.58 mg L�1,
which is acceptable in accordance with European Union
discharge standards (<2 mg L�1).49

The structure and morphology of schwertmannite aer 12
times of repeated use were also investigated. XRD spectra
shown in Fig. 2a displayed that the XRD patterns of repeatedly
21646 | RSC Adv., 2017, 7, 21638–21648 This journal is © The Royal Society of Chemistry 2017
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used schwertmannite for 12 times still matched the standard
diffraction data for schwertmannite (JCPDS no. 47-1775). The
FTIR spectrum of newly biosynthesized schwertmannite was
shown in the Fig. S4.† It can be seen that the absorption peaks
at wavelength 3217 cm�1 were attributed to the stretching of
free/bound hydroxyl groups; the absorption peaks at wavelength
1631 cm�1 were assigned to the O–H vibrations of H2O mole-
cules or structural OH groups; the g3 and g1 vibration of SO4

2�

were represented in the wavenumbers of 1117 and 982 cm�1,
respectively; the absorption peaks at wavelength 609 cm�1 were
caused by the vibration of SO4

2�; the absorption peaks at
wavelength 483 cm�1 were ascribed to Fe–O bond vibration. All
functional groups represented in the IR spectra were the same
as that of schwertmannite.21,23,38 The FTIR spectrum of repeat-
edly used schwertmannite for 12 times was in the agreement
with those of newly biosynthesized schwertmannite. These
results indicated that the Fenton-like reaction barely damaged
the structure and functional groups of schwertmannite.
Although some studies pointed out that schwertmannite is
a metastable mineral and it can easily transform into goethite
under oxidation conditions,9 results of the present study
showed that schwertmannite is an excellent Fenton-like catalyst
for the degradation of phenanthrene and its mineral structure
did not change during its repeated use.

4. Conclusion

The schwertmannite biosynthesized by Acidithiobacillus fer-
rooxidans is a poorly crystalline iron oxyhydroxysulfate with
a high specic surface area. This biosynthetic schwertmannite
can be used as a catalyst for the degradation of phenanthrene
by the heterogeneous Fenton-like reaction. The degradation
efficiency of phenanthrene was above 99.0% within 3–5 h
reaction, under the reaction conditions of H2O2 200 mg L�1,
schwertmannite 1 g L�1, phenanthrene 1 mg L�1 and pH
3.0–4.5. The degradation of phenanthrene by biosynthetic
schwertmannite/H2O2 reaction was mainly via a surface
mechanism, in which phenanthrene can be readily adsorbed
on the surface of schwertmannite and then oxidized by
hydroxyl radical produced from H2O2 decomposition. The
Fenton-like degradation of phenanthrene resulted in a change
of Fe2+/Fe3+ species on the surface of biosynthetic schwert-
mannite. Moreover, phthalates, octadecanoic acid and 9,10-
phenanthraquinone were the main intermediate compounds
during the transformation of phenanthrene in biosynthetic
schwertmannite/H2O2 system, and all the intermediate
compounds can be mineralized nally. In the presence of
inorganic anions, phenanthrene degradation was suppressed
to some degree in a sequence of SO4

2� > H2PO4
� > NO3

� > Cl�.
The repeated use of schwertmannite as a Fenton-like catalyst
did not signicantly change its catalytic activity, mineral
structure, and function groups, indicating that biosynthetic
schwertmannite had a good stability and reusability as a Fen-
ton-like catalyst for phenanthrene degradation. Therefore,
biosynthetic schwertmannite is an excellent catalyst for the
degradation of phenanthrene in heterogeneous Fenton-like
reactions.
This journal is © The Royal Society of Chemistry 2017
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