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The addition of ligands into the system of zero valent iron is an eﬀective method to promote the yields of
pollutants oxidant but may lead to the unfavorable environmental consequences. In this study, the addition
eﬀects of protocatechuic acid (PCA), a kind of complexing and reducing agent widely existed in many plants, on
the molecular oxygen activation and the subsequent aerobic rhodamine B degradation by Fe@Fe2O3 core-shell
nanowires were investigated. Results indicated that the degradation eﬃciency of rhodamine B increased from
less than 6% to 92.4% within 120 min with the PCA addition in the system of Fe@Fe2O3 core-shell nanowires.
This addition of PCA not only promote the molecular oxygen activation eﬃciencies induced by Fe@Fe2O3 coreshell nanowires, but also accelerate the Fe(III)/Fe(II) cycle to guarantee enough soluble Fe(II) for subsequent
eﬃcient Fenton reaction. Moreover, PCA can also defer the oxidation of Fe@Fe2O3 core-shell nanowires for its
reduction ability. X-ray photoelectron spectroscopy and X-ray diﬀraction characterization revealed that there
were no signiﬁcant changes of the compositions of Fe@Fe2O3 core-shell nanowires before and after reactions in
the system with PCA addition. Meanwhile, only slightly decrease of the rhodamine B degradation eﬃciency was
observed after 4 cycles in the system of Fe@Fe2O3 core-shell nanowires and PCA. This study not only clarify the
eﬀects of PCA on the molecular oxygen activation by nanoscale zero-valent iron, but also sheds new insight into
the possible roles of widely existed phenolic acids in the transformation of organic contaminants with nanoscale
zero-valent iron in natural aquatic environment.

1. Introduction
Current fresh water shortages induced by the increasing world population and rapidly evolving industries, impose great pressures on the
water puriﬁcation and recycling. So, much attention has been focused
on advanced oxidation processes (AOPs) which have the capability to
exploit nonselective active species (such as hydroxyl radical) and mineralize the contaminants to CO2 and H2O [1–3]. As one of the most
earth-abundant metals, zero valent iron (ZVI) has been recognized as a
very promising material for water remediation due to its cost-eﬀectiveness, high reactivity, and environmental friendliness [4–7]. Nowadays, ZVI has been widely used as a reductant to reduce heavy metal
ions (e.g. Cr(VI), and Pb(II)) [8–11] and chlorinated and nitro-substituted organic pollutants [12–15] through the direct electron transfer
from ZVI to the contaminants. It is also a heterogeneous catalyst to
decompose H2O2 [16–18], O3 [19], and persulfate [20–23] to generate

⁎

%
OH or SO4%− for organics degradation. Moreover, recent studies indicated that ZVI could react with molecular oxygen to produce reactive
species (RS), including %OH, H2O2, O2%− and ferryl ion (FeIV), which are
able to oxidize or even mineralize organic compounds [24–26].
Therefore, the molecular oxygen activation with ZVI is highly desirable
for the environmental remediation in view of environmental friendliness [27–29]. Unfortunately, the practical application of ZVI/O2 system
is restricted by the low yields of RS, though the generation of RS
through the reaction of molecular oxygen and ZVI has been reported for
many years. It has been demonstrated that only 7% of ZVI could react
with molecular oxygen to produce RS at neutral pH in ZVI/O2 system
[30].
Enormous eﬀorts have been devoted to improve the utilization efﬁciency of ZVI by adding ligands, such as oxalate, ethylenediaminetetraacetic acid (EDTA), and so on [31–35]. Sedlak et al. has reported that
the yields of oxidants almost reached their theoretical maxima near
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Fig. 1. (A) Time proﬁles of the aerobic RhB degradation in diﬀerent systems. (B) Plots of ln(C/C0) versus time for the aerobic RhB degradation in diﬀerent systems.
The initial concentrations of RhB, Fe@Fe2O3, FeSO4, and PCA were 5 mg L−1, 4.5, 4.5, and 0.5 mmol L−1, respectively.

absence and presence of PCA or EDTA (0.5 mmol L−1) without pH
adjustment. For the comparison, the same number of moles of FeII was
added instead of Fe@Fe2O3 core-shell nanowires. All experiments were
carried out at room temperature (25 ± 5 °C) in 50 mL glass conical
beaker. Air was supplied through an air pump to keep the air saturated
and improve the contact between catalyst and the solution. At an interval of 20 min, a 3 mL aliquot of the solution was collected and
ﬁltered immediately through a 0.22 μm nylon syringe ﬁlter for UV–vis
spectrometer analysis.

neutral pH in the presence of oxalate, nitrilotriacetic acid (NTA), or
ethylenediaminetetraacetic acid (EDTA) [36]. Our previous studies also
reported that the degradation eﬃciency of 4-chlorophenol increased
from 29.8% to 92.5% and 94.1% within 2 h with the addition of diethylenetriamine pentaacetate (DTPA) and EDTA, respectively [37].
Although the addition of organic ligands could enhance the RS generation eﬃciency, they may cause some undesirable environmental
consequences due to their poor biodegradability and superior heavy
metal chelating ability. Moreover, the presence of ligands may also
accelerate the oxidation of ZVI, and thus resulting in the fast exhaustion
of Fe0 and the consequent decrease of organics degradation eﬃciencies.
However, the eﬀects of ligands on the activity and reusability of ZVI
have received only little attention.
In this study, Fe@Fe2O3 core-shell nanowires, a special kind of
modiﬁed ZVI was developed and used to systematically investigate the
eﬀects of PCA, a typical phenolic acid widely existed in natural environment, on the molecular oxygen activation and the subsequent
degradation of rhodamine B (RhB). Meanwhile, EDTA, which is one of
the most widely used complexing agent, was also used as a control to
clarify the roles of PCA on the activity and reusability of Fe@Fe2O3
core-shell nanowires. The purpose of this study aims to deeply understand the interaction mechanisms of PCA with Fe@Fe2O3 core-shell
nanowires and provide new insights into the roles of ligands in the
molecular oxygen activation process with ZVI.

2.3. Analytical methods
X-ray diﬀraction (XRD) patterns were measured on a Bruker D8
Advance X-ray diﬀractometer with Cu Ka radiation. Scanning electron
microscopy (SEM) images were performed on a LEO 1450 V P scanning
electron microscope. X-ray photoemission spectroscopy experiments
performed on a Kratos ASIS-HS X-ray photoelectron spectroscope
equipped with a standard and monochromatic source (Al KR) operated
at 150 W (15 kV, 10 mA).
The concentration of RhB was analyzed using a UV–vis spectrophotometer at its maximum absorption wavelength of 554 nm, and the
concentration of iron ions was monitored by a modiﬁed method using
1, 10-phenanthroline with a UV–vis spectrophotometer (UV-2550,
Shimadzu, Japan). The total organic carbon (TOC) content was determined using a Shimadzu TOC-V CPH analyzer. Benzoic acid was used
as the probe for detection of hydroxyl radicals, and p-hydroxybenzoic
acid (p-HBA), one of the major oxidation products was quantiﬁed by
high performance liquid chromatography (HPLC, Agilent TC-C18 reverse phase column). The injection volume was set at 10 μL and the
mixture of water and acetonitrile (60/40, v/v) was used as the mobile
phase with a ﬂow rate of 1.0 mL min−1, and the detection wavelength
was set at 225 nm. The degradation intermediates of RhB were identiﬁed by GC–MS (Thermo Fisher Scientiﬁc, Trace 1300 equipped with
ISQ) with a DB-5 column (size 30 m × 0.25 mm).

2. Experimental section
2.1. Chemicals and materials
NaBH4 (96%), FeCl3·6H2O (AR), protocatechuic acid (PCA, AR),
rhodamine B (RhB, AR), ethylenediaminetetraacetic acid (EDTA, AR),
NaOH (AR), benzoic acid (AR), p-hydroxybenzoic acid (AR) and 1, 10phenanthroline (AR), commercial iron powder (ZVI) were purchased
from Sinopharm Chemical Reagent Co., Ltd. China. Superoxide dismutase (SOD), and catalase (CAT) were purchased from Sigma-Aldrich.
All of these chemicals were used as received without further puriﬁcation. De-ionized water was used in all experiments. Fe@Fe2O3 coreshell nanowires were prepared according to the same method described
in our previous work [38]. Single Fe (T-ZVI) was obtained by washing
ZVI with 0.1 mol L−1 H2SO4 within 5 min to remove the passive oxide
layer.

3. Results and discussion
The degradation kinetic curves of RhB in diﬀerent systems are
shown in Fig. 1A. It was found that only 5.3% of RhB could be removed
in the presence of Fe@Fe2O3 core-shell nanowires within 120 min,
suggesting the low eﬃciency of molecular oxygen activation. With the
addition of PCA, the degradation eﬃciency of RhB reached 92.4%,
indicating that PCA could eﬀectively enhance aerobic RhB degradation
with Fe@Fe2O3 core-shell nanowires. The kinetic processes of RhB
degradation ﬁts well with pseudo ﬁrst-order kinetics model and the
calculated degradation rates were shown in Fig. 1B. The aerobic RhB
degradation rate constant was obtained as 2.22 × 10−2 min−1 in the

2.2. Aerobic degradation of RhB
In a typical catalytic experiment, Fe@Fe2O3 core-shell nanowires
(0.01 g, the molecular weight of the nanowires was assumed as 56)
were dispersed into 40 mL of 5 mg L−1 RhB aqueous solution in the
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Fe@Fe2O3/PCA system, which was about 40 times that in the Fe@
Fe2O3 system (4.89 × 10−4 min−1). Meanwhile, methyl orange (MO)
and methylene blue (MB) was used as the typical representative of
acidic and basic dye to clarify the selectivity of this system. The results
indicated that 81.7% and 89.8% of MO and MB was degraded within
60 min (Fig. S1 in the Supporting information), indicating this system
was also eﬀective for other dye molecules. For comparison, the anaerobic RhB degradation in the Fe@Fe2O3/PCA system was also examined. The removal of oxygen by bubbling high-purity Ar completely
inhibited the degradation of RhB (Fig. S2 in the Supporting information), which can not only reveal the necessity of oxygen during the RhB
degradation, but also rule out the direct RhB reduction by Fe@Fe2O3
core-shell nanowires. One previous studies have demonstrated that
ferrous complexes (such as Ferrous-tetrapolyphosphate complex) can
also react with molecular oxygen to produce reactive species [39]. So,
Fe@Fe2O3 core-shell nanowires were replaced by Fe(II) at similar
concentration to clarify the roles of Fe(II) and PCA in the aerobic RhB
degradation, although PCA can only form complexes with Fe(III). The
results showed that 23.8% of RhB was degraded in the Fe(II)/PCA
system (Fig. 1), indicating the contributions of Fe(II) and PCA in the
RhB degradation. To further clarify the role of Fe core and Fe2O3 shell,
we compared the degradation eﬃciencies of RhB in the system with ZVI
and Fe2O3 and found that both ZVI and Fe2O3 could not eﬀectively
degrade RhB (Fig. S3 in the Supporting information). When H2SO4
(0.1 mol L−1) was used to remove the iron oxide of ZVI, the degradation
eﬃciency of RhB reached 81.7% within 120 min. This was because the
surface of ZVI was easy to be oxidized and form a passive oxide layer,
which would inhibit the molecular oxygen activation process.
Then, the concentration changes of dissolved ferrous and total iron
ions were systemically compared in the Fe@Fe2O3 and Fe@Fe2O3/PCA
systems. The results shown in Fig. 2 conﬁrmed that the concentrations
of dissolved ferrous ions and total iron ions in the presence of PCA are
signiﬁcantly higher than that in the absence of PCA, indicating that PCA
could promote the continuous release of iron ions. The concentration of
dissolved ferrous ions and total iron ions increased rapidly to the
maximum value within ﬁrst 40 min, and then decreased to 0 mmol L−1
after 120 min, which might be caused by the degradation of PCA.
Meanwhile, the results also indicated that the concentration of ferrous
ions just slightly lower than that of total iron ions, further conforming
the pronounced reductive eﬀect of PCA on the Fe(III)/Fe(II) cycle. Our
previous work has demonstrated that dissolved ferrous ions could enhance single-electron reduction molecular oxygen activation by providing more surface bound ferrous ions onto the iron oxide shell [40].
So, the high concentration of ferrous ions may also aﬀect the yields of
RS, and thus aﬀect the degradation of RhB.

Fig. 3. The aerobic RhB degradation rate constants in the Fe@Fe2O3/PCA
system with adding diﬀerent scavengers (isopropanol for %OH, SOD for %O2−,
CAT for H2O2). The initial concentrations of RhB, Fe@Fe2O3, and PCA were
5 mg L−1, 4.5, and 0.5 mmol L−1, respectively.

Obviously, the presence of PCA not only act as a complexing agent,
but also enhance the concentration of ferrous ions to promote the
molecular oxygen activation process of Fe@Fe2O3 core-shell nanowires.
A series of experiments were then carried out to clarify the generation
of RS in the Fe@Fe2O3/PCA system by adding diﬀerent kinds of scavengers (isopropanol for %OH, SOD for %O2− and CAT for H2O2). As
shown in Fig. 3, the aerobic RhB degradation was largely depressed by
the addition of isopropanol, revealing the major role of %OH in the
degradation of RhB. The presence of SOD and CAT also inhibited the
degradation of RhB, suggesting that %O2− and H2O2 were also involved
in the Fe@Fe2O3/PCA system. As well-known, %O2− can only be generated though the single-electron reduction of molecular oxygen, and
H2O2 can be produced through either the sequential single-electron
transfer (O2 → %O2− → H2O2) or the two-electron transfer (O2 → H2O2)
routes. To further understand the activation mechanism of molecular
oxygen catalyzed by Fe@Fe2O3 and PCA, the inhibitory eﬃciency (η) of
SOD and CAT were calculated through Eq. (1) [41].

k − kt ⎤
× 100%
η% = ⎡ 0
⎢
⎦
⎣ k0 ⎥

(1)

Where k0 and kt were the apparent degradation constants in the absence
or presence of scavenger, respectively. It was assumed that RS could be
completely trapped by excess scavengers. The results indicated that
77.5% and 64.9% of RhB degradation depression caused by the addition of SOD and CAT. Since the addition of SOD would induce a dismutation reaction to consume two %O2− and generate a H2O2 (Eq. (2)).
The yield of H2O2 was only 50% of that via the reaction of %O2− and Fe
(II) (Eq. (3)). The higher RhB degradation depression eﬃciency caused
by SOD than CAT suggested that the sequential single-electron transfer
route (O2 → %O2− → H2O2 → %OH) was the major pathway of %OH
generation in the Fe@Fe2O3/PCA system.
SOD

2•O−2 + 2H2 O⟶H2 O2 + O2 + 2OH−

(2)

•O−2 + 2H+ + Fe(II) → H2 O2 + Fe(III)

(3)

As well-known, EDTA is popular complexing agent which could
stabilize the dissolved Fe species. PCA can not only act as complexing
agent to accelerate the leaching/dissolution Fe species and stabilize the
dissolved Fe(III), but also enhance the Fe(III)/Fe(II) cycle in the system.
Therefore, the RhB degradation eﬃciency in the Fe@Fe2O3/PCA and
Fe@Fe2O3/EDTA systems were investigated systematically at diﬀerent
pH value. For the acidic nature of PCA and EDTA, the initial pH values
of the Fe@Fe2O3/PCA and Fe@Fe2O3/EDTA systems without pH adjustment were 3.9 and 3.5 respectively. As shown in Fig. S4A in the
Supporting information, the degradation eﬃciency of RhB in the system

Fig. 2. Variation of total iron ions and ferrous ions concentrations in diﬀerent
systems during the aerobic RhB degradation. Initial concentrations of Fe@
Fe2O3 and PCA were 4.5 and 0.5 mmol L−1, respectively.
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Fig. 4. Recycling experiments of Fe@Fe2O3 foraerobic RhB degradation in (A) Fe@Fe2O3/PCA and (B) Fe@Fe2O3/EDTA systems. The initial concentrations of RhB,
Fe@Fe2O3, PCA, and EDTA were 5 mg L−1, 4.5, 0.5 and 0.5 mmol L−1, respectively.

with PCA and EDTA decreased from 92.4% to 11.1% and 90.1% to
81.0% within 120 min when the initial pH value increased to 7 (Fig.
S4B in the Supporting information). This is because PCA can only
function as the complexing and reducing agent to maintain iron in soluble forms and quickly reduce Fe(III) to Fe(II) at acidic pH. After the
reaction, Fe@Fe2O3 was found to be still black in the presence of PCA,
while it was changed to red brown when EDTA was added. So, the
reusability of Fe@Fe2O3 core-shell nanowires in the system were also
compared with PCA and EDTA. The degradation rate of RhB in the Fe@
Fe2O3/PCA system was appreciably lower than that of the Fe@Fe2O3/
EDTA system, but Fe@Fe2O3 core-shell nanowires in the system with
PCA presented good reusability (Fig. 4). No signiﬁcantly decrease of
RhB degradation efﬁciency was observed after 3 cycles in the system
with PCA. The degradation eﬃciency of RhB reached 80.7% after 5
cycles in the presence of PCA. However, only 76.4% and 67.5% of RhB
was degraded after 3 and 5 cycles with the addition of EDTA, respectively. This signiﬁcant diﬀerence may be attributed to two factors. One
was that the complexing ability of PCA was much weaker than that of
the EDTA, resulting in the lower corrosion rate of Fe@Fe2O3 core-shell
nanowires [36,42]. The other was explained that PCA could be degraded along with organic contaminants, leading to the decrease of iron
ions concentrations.
Then, scanning electron microscopy (SEM) and X-ray diﬀraction
(XRD) analysis were used to probe the morphology and phase changes
of Fe@Fe2O3 core-shell nanowires before and after the ﬁrst time of
aerobic RhB degradation in the system of PCA or EDTA. The as-prepared Fe@Fe2O3 core-shell nanowires were of abundant necklace-like
nanowires with 50–100 nm in diameter and several tens of micrometers
in length (Fig. S5A in the Supporting information). However, the wirelike shape of Fe@Fe2O3 core-shell nanowires were destroyed and agglomerated into irregular nanoparticles and some plate-like nanoparticles for the deposition of corrosion products after the aerobic RhB
degradation in the presence of PCA or EDTA (Fig. S5B, C in the
Supporting information). The agglomeration of Fe@Fe2O3 core-shell
nanowires in the system with EDTA was much more serious than the
system with PCA. The diameters of the nanoparticles in the system with
PCA were several hundreds of nanometers, while the Fe@Fe2O3 coreshell nanowires aggregated in clumps in the system with EDTA. An
obvious diﬀraction peak at 2θ value of 44.9°, which can be assigned to
the standard pattern of Fe (JCPDS, ﬁle no. 3-1050), was detected in the
as-prepared Fe@Fe2O3 core-shell nanowires (Fig. 5A). The diﬀraction
peak of Fe2O3 could not be detected because the amorphous nature of
Fe2O3 or the thickness of the Fe2O3 shell is too small, which was consistent with our previous work [43]. No apparent changes were observed in the XRD pattern of Fe@Fe2O3 core-shell nanowires after the
aerobic RhB degradation in the system with PCA, while some new
diﬀraction peaks appeared in the presence of EDTA. The new peaks

Fig. 5. XRD patterns of Fe@Fe2O3 core-shell nanowires. (A) Before the reaction. After aerobic RhB degradation in (B) Fe@Fe2O3/PCA and (C) Fe@Fe2O3/
EDTA systems.

matched well with the standard pattern of FeOOH (JCPDS, ﬁle no. 1136), a corrosion product of the Fe0 (Fig. 5B). These results suggested
that the oxidation degree and the thickness of oxide layer would be the
main factors aﬀecting the reactivity of Fe@Fe2O3 core-shell nanowires
rather than its morphology. The oxide layer of Fe@Fe2O3 core-shell
nanowires in the system with PCA was much thinner than the system
with EDTA. The increase of iron oxide thickness would block the outward electron transfer from iron core and thus inhibit the subsequent
molecular oxygen activation. So, the RhB degradation eﬃciency in the
Fe@Fe2O3/EDTA system decreased as the reused cycle number increased.
Besides the thickness of iron oxide, surface bound ferrous ions on
the iron oxide shell was also an important factor aﬀecting the reactivity
of Fe@Fe2O3 core-shell nanowires. Therefore, the Fe@Fe2O3 core-shell
nanowires before and after the ﬁrst time of aerobic RhB degradation in
the presence of PCA or EDTA was also further analyzed using X-ray
photoelectron spectroscopy (XPS) to investigate the surface chemical
compositions. The photoelectron peaks revealed that the as-prepared
Fe@Fe2O3 core-shell nanowires is composed of two elements, Fe and O.
No other C 1s peak but the adventitious carbon could be observed in the
high resolution in the as-prepared Fe@Fe2O3 (Fig. S6 in the Supporting
information). However, the C 1s spectrum or C 1s and N 1s spectra were
easily observed in the used Fe@Fe2O3 with PCA or EDTA, respectively.
The high-resolution C 1 s peaks at 286, 288 and 290.2 eV, which are
assigned to the CeOH, C]O, and O]CeOH, respectively (Fig. 6A).
The high-resolution N1 s peak of the used Fe@Fe2O3 with EDTA could
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Fig. 6. High resolution spectra of (A) C 1s, (B) N 1s, (C) Fe 2p, and (D) O 1s within XPS spectra of Fe@Fe2O3 core-shell nanowires.

well with peaks at 529.7, 531.3 eV, and 533.2 eV (Fig. 6D), which are
the characteristics of lattice oxygen binding with Fe (Fe2O3) and oxygen
in hydroxyl groups (−OH) and adsorbed water (H2O), respectively. The
ratio of oxygen in oxides to total oxygen (OFe2O3/Ototal) in Fe@Fe2O3
core-shell nanowires increased in from 0.441 to 0.50 after the aerobic
RhB degradation with PCA (Table 1). Although the adsorbed water
leaded to the decrease of the OFe2O3/Ototal in the used Fe@Fe2O3 with
EDTA, the ratio of oxygen in oxides to hydroxyl groups (OFe2O3/OOH) in
the used Fe@Fe2O3 with EDTA was signiﬁcantly higher than PCA.
These results further conﬁrm the formation of more iron oxides in the
system with EDTA.
Total organic carbon (TOC) analysis was then employed to probe
the fates of RhB, PCA, and EDTA in both of the Fe@Fe2O3/PCA and
Fe@Fe2O3/EDTA systems. As all of RhB, PCA, and EDTA contributed to
the TOC values, the TOC changes of the two systems were compared in
the presence or absence of RhB. Obviously, the TOC changes in the
absence of RhB reﬂected the mineralization of PCA or EDTA, and the
TOC removal of RhB could be calculated by the diﬀerences of TOC in
the presence or absence of RhB. The initial TOC values of the Fe@
Fe2O3/PCA systems in the presence or absence of RhB were obtained as
41.0 and 37.7 mg L−1, while initial TOC values of the Fe@Fe2O3/EDTA
systems in the presence or absence of RhB were obtained as 58.3 and
55.1 mg L−1 (Fig. 7). Therefore, the initial TOC values of RhB in the
Fe@Fe2O3/PCA and Fe@Fe2O3/EDTA systems were calculated to be 3.3
and 3.2 mg L−1, respectively, which were consistent with the theoretical value (3.5 mg L−1). As shown in Fig. 7, 71.3% of PCA and 16.1% of
RhB was mineralized within 120 min in the Fe@Fe2O3/PCA system, but
only slightly mineralization of EDTA (7.6%) was detected in the Fe@
Fe2O3/EDTA system. Therefore, the Fe@Fe2O3/PCA system exhibited
lower RhB degradation rate but higher TOC removal eﬃciency than the

Table 1
Molar ratios of Fe0/Fetotal, FeII/Fetotal, and FeIII/Fetotal in Fe 2p spectra and
OFe2O3/Ototal and OOH/Ototal in O 1s of Fe@Fe2O3 core-shell nanowires. (A)
Before the reaction. After aerobic RhB degradation in (B) Fe@Fe2O3/PCA and
(C) Fe@Fe2O3/EDTA systems.
Samples

Fe0/Fetotal

FeII/Fetotal

FeIII/
Fetotal

OFe2O3/
Ototal

OOH/Ototal

OH2O/
Ototal

A
B
C

0.048
0.036
—

0.464
0.456
0.371

0.488
0.508
0.629

0.441
0.500
0.324

0.559
0.500
0.310

—
—
0.366

be ﬁtted by two peaks at the binding energies of 399.4 and 400.9 eV
(Fig. 6B), which assigned to the N-sp3C, and N-sp2C, respectively. These
results suggested the adsorption or the complex of RhB and its degradation products, PCA, and EDTA on the surface of the used Fe@
Fe2O3. The high-resolution spectra of N 1 s could not be detected in the
used Fe@Fe2O3 with PCA due to the low content of nitrogen element.
Photoelectron peaks of the Fe 2p region at 706.7 eV suggested the existence of zerovalent iron (Fe0) in the as-prepared and used Fe@Fe2O3
with PCA (Fig. 6C). The peak of Fe° disappeared after the aerobic RhB
degradation in the system with EDTA, which was consistent with the
SEM and XRD results. Meanwhile, the ratio of ferrous iron to total iron
(FeII/Fetotal) and ferric iron to total iron (FeIII/Fetotal) were also calculated from the peak areas in the Fe 2p spectra (Table 1). It was found
that FeII/Fetotal and FeIII/Fetotal of the used Fe@Fe2O3 core-shell nanowires with PCA changed slightly from 0.464 and 0.488 to 0.456 and
0.508, respectively. However, the FeII/Fetotal of the used Fe@Fe2O3
with EDTA decreased from 0.464 to 0.371, while FeIII/Fetotal increased
from 0.488 to 0.629. In addition, the O 1 s spectrum could be ﬁtted very
148
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Fig. 7. Time proﬁles of TOC removal in the (A) Fe@Fe2O3/PCA and (B) Fe@Fe2O3/EDTA systems in the presence and absence of RhB. (C) TOC changes of RhB in the
in the Fe@Fe2O3/PCA system and Fe@Fe2O3/EDTA systems. The initial concentrations of RhB, Fe@Fe2O3, PCA, and EDTA were 5 mg L−1, 4.5, 0.5 and 0.5 mmol
L−1, respectively.

Fe@Fe2O3 core-shell nanowires was observed in the degradation eﬃciencies of RhB with PCA after three cycles. Moreover, PCA can not only
promoted the degradation and mineralization of RhB with Fe@Fe2O3
core-shell nanowires, but also mineralized along with RhB, which can
further reduce the environmental risk caused by the residual aminopoly
(carboxylic acid) chelators. As well-known, both PCA and ZVI are
ubiquitous in natural environments. Understanding the promotion effect on molecular activation mechanism of ZVI with PCA will be helpful
in the practical applications of ZVI in environment remediation.

Fe@Fe2O3/EDTA system. To clarify these diﬀerences, the degradation
rate constants of ligands and %OH as well as the degradation mechanisms of RhB were compared in the two systems. The reaction rate
constant for %OH with PCA (5 × 109 M−1%s−1) is higher than that of
EDTA, resulting in the faster mineralization rate of PCA during the simultaneous RhB and ligands removal processes. Then, the UV–vis
spectra indicated the diﬀerent degradation mechanisms of RhB in the
two systems (Fig. S7 in the Supporting information). A new peak appeared at 600–700 nm was attributed to the complexes of Fe(III)-PCA.
The characteristic absorption band of RhB at 554 nm decreased along
with the increase of reaction time in the Fe@Fe2O3/PCA system, suggesting the cleavage of the conjugated xanthene ring in RhB [44]. While
a signiﬁcant blue shift was observed in the Fe@Fe2O3/EDTA system,
which was due to an N-dealkylation process of RhB [45,46].
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4. Conclusions
Molecular oxygen activation with ZVI is a promising technology for
wastewater treatment and groundwater remediation due to their simplicity, environmental friendliness, and ubiquitous existence in natural
environment. Unfortunately, the low yield of RS extremely restricted its
practical application. The addition of EDTA can not only promoted the
yield of RS, but also accelerate the oxidation of ZVI. In this study, PCA,
a kind of phenolic acid, which was found widely existed in many plants,
could eﬀectively promote the catalyzed activation eﬃciency of molecular oxygen with Fe@Fe2O3 core-shell nanowires. Although the degradation rate of RhB in the system with PCA was lower than the system
with EDAT during the ﬁrst cycle, no obvious decrease in the activity of
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