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We have prepared core/shell structured hollow FeePd@C nanomaterials derived from Fe-metal organic
frameworks which were synthesized via cheap, fast and simple mechanochemical technique. The obtained FeePd@C can steadily and continuously release Fe2þ from the galvanic corrosion of Fe0 anode to
trigger H2O2 decomposition into hydroxyl radicals and cause fast (10 min) and efﬁcient (mineralization
rate 95%) degradation of phenol. The presence of low level of Pd NPs in FeePd@C (mass ratio of the raw
material: Fe/Pd ¼ 100:1) facilitated fast Fe3þ/Fe2þ redox cycle and thus improved the catalytic performance and pH endurance of the FeePd@C. After recycled four times, FeePd@C remained high catalytic
performance and released low level of iron ions (2.5 mg L1), which reduced the production of iron
sludge after usage. In contrast to zero-valent iron (ZVI) and commercial physically mixed Fe/C materials,
the core/shell structure of FeePd@C ensured efﬁcient electron transferring from Fe0 to carbon cathode
and targets, and prevented the precipitation of iron ions on Fe0 surface, avoiding the deactivation of Fe0
and termination of FeeC internal micro-electrolysis (IME) and extending their service life. The reactive
species quenching experiments and ESR characterization proved the synergistic effect of electrons and
hydroxyl free radicals on degradation of phenol. The carbon-centered DMPO radical detected in reaction
solution can be regarded as a proof for the strengthened oxidation ability of the combined IME and
Fenton reaction.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
Zero-valent iron activated carbon (FeeC) internal microelectrolysis (IME), developed as a wastewater treatment technology during the 1970s, has been widely used in the treatment of
various industrial wastewaters including dyes, pharmacy, surfacs et al.,
tants, landﬁll leachate, and toxic metals (Ju et al., 2011; Sire
2012; Wu et al., 2013; Zhou et al., 2013; Zhu et al., 2014, 2018;
Zhang et al., 2015, 2016; Wang et al., 2016; Yang et al., 2017). When
mixing with granular activated carbon in solution, numerous
microscopic galvanic cells are formed between the particles of iron
(anode) and carbon (cathode). The electrons and Fe2þ are supplied
from the galvanic corrosion of Fe0 anode, and the carbon cathode
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can accelerate the reduction by accepting electrons and transferring the electrons to proton, oxygen or the pollutants. Organic
pollutants can be reduced by electrons, free hydrogen [H] or
oxidized by in-situ generated H2O2 or HO∙ (Zhu et al., 2014).
However, the degradation efﬁciency of organic contaminants by the
FeeC IME still leaves much to be desired due to the weak oxidation
ability of this technology.
Recently, in order to improve the wastewater treatment efﬁciency, much attention has been paid to the combination of FeeC
IME with Fenton reaction to mineralize organic pollutants in
wastewater. The generation of Fe2þ will trigger subsequent Fenton
reaction. Zhang and his coworkers (Zhang et al., 2012) found that
the addition of hydrogen peroxide at the end of IME would improve
COD removal efﬁciency. Therefore FeeC particles can be a good
alternative as iron source for Fenton/electro-Fenton reaction due to
its inexpensive price, high catalytic activity, long life span, and easy
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practical utilization (Zhang et al., 2012). The traditional FeeC material is composed of scrap and activated carbon, and the IME is
usually carried out under acid conditions (pH 2e3) to obtain high
removal efﬁciency (Zhou et al., 2013). The increase in pH results in
the precipitation of both ferrous ion and ferric ion, which blocks the
electron transfer between Fe0 and activated carbon since the two
components are just physically mixed. This accounted for the
deactivation of the cast iron surface and the termination of IME
(Cheng et al., 2017).
To solve this problem, Fe0 particles should combine with the
carbon materials to form nanocomposites. The full and ﬁrm contact
of Fe0 and carbon may ensure efﬁcient electron transferring from
Fe0 anode to carbon cathode and subsequent to organic pollutants.
There are two common strategies for the preparation of composites
of carbon materials and metal nanoparticles (NPs). One is to
decorate pre-obtained carbon materials (such as activated carbon,
carbon nanotubes) with metal salts or oxides, and then reduce
them by chemical methods (Ju et al., 2011; Tong et al., 2014). The
other is the direct pyrolysis of the as-prepared mixture under an
inert atmosphere, where high temperature can induce the
carbonization of organic polymers, and metal salts or oxides will be
converted into metal NPs by synchronous carbon-thermic reduction (Ghimbeu et al., 2015; Yao et al., 2016; Zeng et al., 2017, 2018).
The latter method is simpler and more useful for industrial-scale
application as it requires no additional carbon source and involves only a single calcination step (Qiang et al., 2015).
Metalorganic frameworks (MOFs), built out of metal ions and
organic ligands, represent a class of scalable hybrid porous materials. MOFs can be converted to porous metal NPs/carbon heterostructures via simple hydrolysis or pyrolysis. Recent studies show
that Fe0/carbon composites derived from Fe-MOFs display a core/
shell structure, and the core/shell Fe0@C or Fe3C@C NPs embed in
the microporous carbon matrix (Li et al., 2015; Qiang et al., 2015; An
et al., 2016). If this Fe/C composite is employed as FeeC IME material, it can be expected that the erosion of Fe0 by oxygen during
storage is decreased and precipitation of iron ions on Fe0 surface is
avoided due to the protection of carbon coat. However, to the best
of our knowledge, the MOF-derived Fe/C composites have not been
used as FeeC IME materials to degrade organic pollutants by far.
MOFs are usually synthesized by solvothermal method, which is
at the laboratory scale and involved in hard reaction conditions.
Mechanochemical method, a simple, environmental and low-cost
technology, has been widely used in synthesis of advanced materials, covered almost all aspects of material science (Wu et al.,
2012). During grinding, the solids accept mechanical energy from
balls and get rupture. So the particle sizes of raw materials
decrease, and speciﬁc surface and surface energy increase. The
grinding process also causes the generation of defects in solids,
accelerates the migration of defects in the bulk, increases the
number of contacts between particles, and renews the contacts
(Avvakumov et al., 2001). Therefore, the mechanical effects caused
by collision can initiate signiﬁcant structural changes and even
chemical reactions in materials. Mechanochemical approach is a
promising alternative for the large-scale production of MOFs.
Through this technique high yields can be obtained in short reaction times working under mild conditions (room temperature,
ambient pressure) using small solvent amounts or even without
solvent (Friscic et al., 2010; Klimakow et al., 2010; Pilloni et al.,
2015; Santos et al., 2015; U
zarevi
c et al., 2016). In the present
study, Fe-MOF was synthesized via the simple and “green” mechanochemical approach and then carbonized in the N2 atmosphere
to obtain core/shell Fe@C nanocomposites with suitable Fe/C ratio.
Trace amount of Pd NPs was introduced into the Fe@C composites
by adding Na2PdCl4 into the MOF precursors before grinding. The
core/shell structure and Pd NPs in FeePd@C composites improved

the pH endurance of IME-Fenton reaction, extended service life of
FeePd@C and reduced iron sludge for application.
2. Materials and methods
2.1. Reagents and materials
Titanium sulphate, 1,10-phenanthroline, tetramethylammonium
hydroxide (v/v 25%, TMAOH), 2-amino-1,4-benzenedicarboxylic
acid (NH2eH2BDC) and sodium tetrachlorophalladeate (II) (36%
Pd, Na2PdCl4) were purchased from J&K Chemical Co. Ltd. (Beijing,
China). The 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was bought
from Sigma Ltd. Phenol, Fe(NO3)3∙9H2O, and H2O2 (v/v 30%) were
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
HPLC-grade methanol and acetonitrile was supplied by Fisher Scientiﬁc (Fair Lawn, NJ). All chemicals were used as received without
any further puriﬁcation. Ultrapure water was prepared in the laboratory using a Milli-Q SP reagent water system from Millipore
(Milford, MA). Zero-valent iron (ZVI) nanoparticles (50 nm) were
obtained from Beijing DK nano technology Co. LTD (Beijing, China).
The commercial Fe/C material was supplied by a plant in Shandong
province.
2.2. Mechanochemical synthesis of Fe-MOFs and Fe-MOFs derived
Fe/C or FeePd/C nanocomposites
The Fe-MOFs were synthesized mechanochemically following
the literature procedure with a slight modiﬁcation (Pilloni et al.,
2015). In order to load Na2PdCl4 in Fe-MOFs, NH2-BDC was used
as organic ligands taking advantage of the electrostatic attraction
between amino groups and PdCl2
4 . Meanwhile, the doping of nitrogen atom in the carbon phase might beneﬁt electrons transferring and the promotion of catalytic performance of catalysts
(Gong et al., 2018). Brieﬂy, NH2-BDC (0.457 g), Fe(NO3)3∙9H2O
(1.212 g), and 8.8 g of 3 mm-diameter zirconia balls were placed in a
50 mL zirconia coated stainless-steel grinding jar and 2 mL of tetramethylammonium hydroxide aqueous solution (TMAOH, v/v
25%) was added. The mixture was milled using a planetary ball-mill
(BM4, Beijing Grinder Instrument Co., Ltd., Beijing, China). A thick
paste was collected after 1 h of grinding. The sample was washed
with water three times, and then air-dried at room temperature.
The resulting dry sample was brown colored. To prepare Pd containing Fe-MOFs, small amount of Na2PdCl4 was added to the
mixture before grinding. The ratio of Fe/Pd was set at 100:0.5, 100:1,
100:2, 100:4 and 100:5. The synthesized Fe-MOFs and Fe-MOF-Pd
were carbonized at 800  C for 2 h under the protection of N2 to
prepare Fe@C or FeePd@C nanocomposites.
2.3. Characterization
The size and morphology of the synthesized material was surveyed using a Hitachi S-5500 ﬁeld-emission scanning electron
microscope (FE-SEM, Tokyo, Japan) and a H7500 transmission
electron micrograph (Hitachi, Japan) operating at 120 kV. The
speciﬁc surface area was calculated according to the BrunauereEmmetteTeller (BET) method. The pore size distribution
(PSD) plot was derived from the adsorption branch of the isotherms
based on the BarretteJoynereHalenda (BJH) model. The crystal
structure was obtained by X-ray diffraction (XRD, PANalytical X'Pert
diffractometer, Almelo, Netherlands) using a Cu Ka radiation
ranging from 5 to 80 with a resolution of 0.02 min1 scan rate.
The magnetic properties were analyzed on a LDJ9600 vibrating
sample magnetometer (VSM, Troy, MI). X-Ray photoelectron
spectroscopy (XPS) was measured with an ESCA-Lab-200i-XL
spectrometer
(Thermo
Scientiﬁc,
Waltham,
MA)
with
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monochromatic Al Ka radiation (1486.6 eV). Thermogravimetry
and differential thermal analysis (TG-DTA) for freeze-dried samples
were carried out on a Mettler Toledo Star TGA/SDTA 851 apparatus,
and the temperature ranged from room temperature to 1173 K with
rising rate of 10 K min1. The sample chamber was purged with dry
nitrogen. Raman analysis was carried out using a Microscopic
Confocal Renishaw Raman Spectrometer (RM2000). Two laser lines
were used to excite the sample, 514 nm (green laser) and 632 nm
(red laser).
2.4. Catalytic activity test
Fenton degradation of phenol was conducted in PET bottles
(100 mL) in the dark with a rotate speed of 300 rpm. FeePd@C
catalysts (0.5 g/L) were ﬁrst dispersed into 50 mL water containing
0.5 mM of phenol. The degradation reaction was initiated by adding
a known concentration of H2O2 to the mixture. Samples (0.5 mL)
were taken out at given time intervals and quenched with excess
pure methanol (0.5 mL) and then centrifuged for the following
analysis. Effect of solution pH (pH 3e7.6), initial concentration of
phenol (0.1e1.5 mM), catalyst (0.25e1.0 g/L) and H2O2 (3e40 mM)
on phenol degradation efﬁciency was studied. All the experiments
were conducted in triplicate, and the average values were provided
in the ﬁgures.
2.5. Sample analysis
Dionex ultimate 3000 HPLC (Dionex, Sunyvale, CA) with a PDA100 photodiode array detector and an Acclaim 120 C18 column
(5 mm, 4.6  250 mm) was applied to analyze the concentration of
phenols. The mobile phase was composed of acetonitrile and water
(49:51, v/v) at a ﬂow rate of 1.0 mL min1 with a column temperature of 30  C. The detection wavelength was set at 280 nm. The
content of total iron and palladium dissolved in reaction solution
was determined by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS, Agilent, CA). The concentration of Fe2þ and H2O2 were
measured spectrophotometrically by the 1,10-phenanthroline and
titanium sulphate method, respectively, using a S-3100 UVeVis
spectrophotometer. TOC was measured by TOC/TN analyzer
(liquic TOC II) (Elementar Corporation, Germany) with deionized
water and 0.8% HCl as mobile phase.
The reactive OH and HO2/O
2  radicals were identiﬁed by the
electron spin resonance (ESR) technology, and reported on a JEOL
JESFA200 with a microwave bridge (receiver gain, 1  105; modulation amplitude, 2 G; microwave power, 0.998 mW; modulation
frequency, 100 kHz). Forty-ﬁve microliter of samples were collected
from the reaction solution after being reacted for 5 min and 2 h, and
immediately mixed with 5 mL 0.2 M DMPO to form DMPO-radicals
adduct.
3. Results and discussion
3.1. Property of Fe@C and FeePd@C nanocomposites
Fe-MOFs were prepared using the mechanochemical approach
with the assistance of small volume of TMAOH. After grinding for
1 h, Fe-MOFs brown in color were obtained. In a comparison study,
Fe-MOFs were also synthesized via the traditional solvothermal
method in DMF solvent at 100  C for 24 h. SEM images and XRD
patterns showed that Fe-MOFs prepared with the two methods
possessed similar morphologies and Bragg peaks (Fig. S1), indicating the successful synthesis of Fe-MOFs with the simple and fast
mechanochemical method.
The as-synthesized FeePd-MOFs were carbonized at 800  C in
N2 atmosphere. TEM images show that one or two Fe/Pd NPs were
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enwrapped in the hollow carbon coat (Fig. 1A and B, take
FeePd(100:1)@C as an example). The particle size of FeePd NPs
core and FeePd@C was ranged in 8e20 nm and 10e60 nm,
respectively. The carbon coat was about 3.3e6 nm in thickness. The
hollow FeePd@C particles were embedded within larger carbon
shell, which could greatly improve the stability of metal cores
(Fig. 1C). In XRD patterns of Fe@C and FeePd@C (Fig. 1D), wellresolved peaks at 2q ¼ 44.6 and 65.0 can be indexed to the
(110) and (200) planes of a-Fe with a cubic body-centered structure
(JCPDS 06e0696). As a common impurity in Fe/C composites prepared with pyrolysis method, considerable amount of Fe3C (with
diffraction peaks at 35.6, 37.6, 42.8, 43.6, 45.9, 49.1, 50.9, and 78.3
(Qiang et al., 2015) was also detected in these materials. Both a-Fe
and Fe3C phases have shown Fenton-like catalytic ability for
organic pollutants removal (Wang et al., 2015; Xia et al., 2017). The
presence of Fe3C also can promote the IME due to the potential
difference between Fe0 (anode) and Fe3C (cathode). A small peak at
2q ¼ 26.1 (PDF no. 00-035-0772) was assigned to the (002) plane
of graphite. This result indicated that the Fe@C and FeePd@C were
composed of graphitized carbon, Fe0 and Fe3C. In FeePd@C, the
amount of Pd NPs was too low to observe the characteristic
diffraction peaks of Pd NP in XRD pattern.
The surface compositions of Fe-MOFs and FeePd-MOFs with
different Fe/Pd ratio and their carbonized samples were studied
with XPS analysis. The O 1s XPS lines showed that the O-containing
functional groups of the nanocomposites decreased greatly after
carbonization (Figs. S2A and S2B). In the high resolution Pd3d XPS
spectra of the FeePd-MOFs, the Pd 3d5/2 peaks centered at
338.4 eV, which can be assigned to the Pd2þ state. After carbonization, the binding energy of the Pd 3d5/2 peaks of all the
FeePd@C samples shifted to 336.2 eV, proving the formation of Pd
NPs (Fig. 2A and Figs. S2C and S2D). In the Fe 2p3/2 XPS spectra of
Fe-MOFs and FeePd-MOFs, the large and broad peak centered at
712eV represented the Fe3þ state of iron atoms. After carbonization,
the main peak of Fe 2p3/2 line on the surface of Fe@C moved to
711.6eV, which indicated the presence of Fe2þ species formed due
to the oxidation of Fe0 surface upon exposure to laboratory air
(Matsuyama et al., 2012). For all the FeePd@C samples, a small peak
of a-Fe at 707.5eV can be observed (Fig. 2B and Figs. S2E and S2F),
suggesting that the presence of Pd NPs can enhance the stability of
Fe0 and prevent Fe0 from oxidation by air.
In the Raman spectra of Fe@C and FeePd@C composites
(Fig. 2C), a D-band at 1339 cm1 and a G-band at 1580 cm1 can be
clearly seen, attributing to the disordered amorphous carbon and
in-plane vibrations of crystalline graphite, respectively. The high
intensity ratio of the D to G band was about 1:1 in the two materials, suggesting that the carbon component in Fe@C and FeePd@C
composites possessed similar graphitization degree.
The contents of carbon and iron in nanocomposites were
calculated from their TGA curves. The weight change of the two
materials was associated with the oxidation of carbon and Fe0
which led to weight loss and weight gain, respectively. The total
weight loss was 18.5 and 20.8 wt% for Fe@C and FeePd@C during
the oxidation process (Fig. 2D). Thereby, the weight content of Fe0
in Fe@C and FeePd@C composites was approximately 57.2 and
56 wt% respectively, assuming that all Fe has transferred to Fe2O3
and all C has been burnt out under air atmosphere.
In the VSM magnetization curves (Fig. S3) of the two materials, a
hysteresis was observed, and the coercivity was 81.07 and 88.30 Oe,
respectively, reﬂecting the ferromagnetic characteristic of these
nanoparticles. The saturation magnetization of Fe@C and FeePd@C
was 155 and 138 emu/g, respectively, which guaranteed that these
nanocomposites can be collected from aqueous solution under an
external magnetic ﬁeld after usage.
The pore structure and speciﬁc surface area of the samples were
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Fig. 1. TEM images (A, B and C) of FeePd@C and XRD patters of Fe@C and FeePd@C (D).

study showed that phenol was eliminated within 10 min as the
ratio of Fe:Pd in the catalyst was 100:1, 100:2, 100:4 and 100:5.
When the ratio of Fe:Pd was 100:0.5, total removal of phenol was
achieved within 1 h. Therefore, FeePd(100:1)@C with low Pd content and high catalytic efﬁciency was selected as the optimal
catalyst.
The pHzpc of FeePd@C was about pH 5.75 (Fig. S4A). The pKa of
phenol is about 9.98. At pH 3e7.6, phenol exists in neutral undeprotonated form. The highest adsorption of phenol on FeePd@C
obtained as both of them were in the neutral forms (about pH 5 and
6) due to the hydrophobic interaction and p-p stacking. The
elimination rate of phenol was about 10e25% in the designed pH
range via adsorption (Fig. S4B).

Fig. 2. High resolution Pd 3d (A), and Fe 2p (B) XPS spectra of Fe-MOF, FeePd-MOF,
Fe@C and FeePd@C, Raman spectra (C) and TGA plots (D) of Fe@C and FeePd@C.

investigated by measuring the N2 adsorption/desorption isotherms.
The Brunauere-Emmette-Teller (BET) speciﬁc surface area of the
obtained Fe@C and FeePd@C composite was 123.2 and
113.5 m2 g1, respectively. In the pore size distribution plots obtained from the nitrogen adsorption data, there was one peak
located at 1.95 and 1.70 nm for Fe@C and FeePd@C, respectively,
suggesting that the two materials were composed of micropores.
3.2. Catalytic activity of FeePd@C composites in FeeC IME-Fenton
reaction
The catalytic activity of the FeePd@C composites was evaluated
based on the Fenton degradation of phenol which is often used as
model contaminants in wastewater treatment research due to their
toxicity and frequent occurrence in environment. The preliminary

3.2.1. Effect of solution pH on phenol removal in FeeC IME-Fenton
reaction
We examined the behavior of FeePd@C catalysts in Fenton reaction at initial pH 3e7.6. In the presence of H2O2, the degradation
efﬁciency of 0.5 mM of phenol reached 100% at initial pH 3 and 4
within 10 min, 99% and 95% within 1 h at initial pH 5 and 6, and 10%
at initial pH 7.6, respectively (Fig. 3A). The corresponding apparent
rate constant assessed by the pseudo-ﬁrst-order kinetics for phenol
elimination was 1.433, 1.426, 0.202, and 0.060 min1 at initial pH 3,
4, 5, and 6, respectively. The obtained mineralization efﬁciency of
phenols at initial pH 3e6 ranged in 63.6e92.8%. (Fig. 3B). After
reaction, the initial solution pH increased to 4.3, 6.5, 7.5, 8.4 and 8.8,
respectively, which was caused by the IME interaction of the
FeePd@C catalysts. The utilization of H2O2 (h) in Fenton reaction
could be evaluated by the ratio of the stoichiometric H2O2 consumption ([H2O2]S) for the pollutant mineralization with the actual
H2O2 consumption ([H2O2]A)]. The H2O2 utilization efﬁciencies by
FeePd@C catalysts were 64.9, 64.3, 62.3 and 44.5% at initial pH 3, 4,
5, and 6, respectively. We measured the production of Fe2þ at
various initial solution pHs. The concentration of Fe2þ in 1 h was 32,
2.54, 0.51 and 0.49 mg L1 in reaction solution at initial pH 3, 4, 5
and 6, respectively (Fig. 3C). To assess the role of dissolved Fe2þ ions
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Fig. 3. Effect of initial pH on the degradation (A) and mineralization (B) efﬁciency of phenol catalyzed by FeePd@C; the detected Fe2þ leached from Fe@C, FeePd@C, ZVI and a
commercial Fe/C concentration at various initial pHs (C), phenol degradation at various solution pH catalyzed by Fe@C (D), ZVI, and a commercial Fe/C (E). Concentration of phenol
and H2O2: 0.5 mM and 10 mM, dosage of each catalyst: 0.5 g/L.

in solution on phenol degradation, different concentration of FeSO4
(0.01, 0.1, 0.2, 0.4 and 0.5 mM) was added in deionized water as
homogeneous Fenton catalyst at initial pH 3e5 to remove phenol.
With the initial concentration of Fe2þ  0.2 mM, phenol could be
eliminated totally at initial pH 3e5 (Fig. S5). When the initial
concentration of Fe2þ was 0.1 (5.6 mg L1) and 0.01 mM
(0.56 mg L1), the degradation efﬁciency in 1 h was 100%, 81%, 21%
and 10%, 3%, 0% at initial pH 3, 4 and 5, respectively. At initial pH 4
and 5, precipitation of Fe(OH)3 existed in all these reaction solutions, leading to decreased equilibrium solution pH (<pH 3.5) even
when the initial concentration of Fe2þ was as low as 0.01 mM. According to these results, we concluded that the dissolved Fe2þ also
contributed to phenol degradation at low initial solution pHs,
however, phenol degradation mainly happened on FeePd@C surface at pH 5 and 6.
Comparison study was conducted with Fe@C, ZVI and a commercial Fe/C material as catalysts for Fenton degradation of phenols. As shown in Fig. 3DeF, all the three catalytic systems showed
similar oxidative degradation proﬁle of phenol to the
FeePd@CeH2O2 system at initial pH 3. At initial pH 4, elimination
of phenol was fast and efﬁcient catalyzed by ZVI, but retarded
signiﬁcantly and ﬁnished within 6 h with a 2 h of lag period catalyzed by Fe@C, and completely stopped in the commercial Fe/
CeH2O2 system. At initial pH  5, phenol was not degraded in these
oxidation systems. At initial pH 3 and 4, the Fe2þ was higher (C2þ
Fe ,
1
1
and C2þ
Fe , pH4 ¼ 9.42 mg L ) leached from ZVI, and
pH3 ¼ 38.2 mg L
1
much lower dissolved from Fe@C (C2þ
and C2þ
Fe , pH3 ¼ 1.36 mg L
Fe ,
2þ
1
1
pH4 ¼ 0.75 mg L ) and the commercial Fe/C (CFe , pH3 ¼ 1.38 mg L
1
and C2þ
¼
0.23
mg
L
)
compared
to
FeePd@C
(Fig.
3C).
At
Fe , pH4
initial pH 5 and 6, Fe2þ ions leached from ZVI and the commercial
Fe/C were undetectable, but low level of Fe2þ (about 0.1 mg L1)

dissolved from Fe@C was still measured, which resulted from the
efﬁcient galvanic corrosion of Fe0 anode.
We also made a comparison on the catalytic performance of
FeePd@C for phenol degradation with other materials reported in
literature. The results (Table 1) showed that the degradation and
mineralization efﬁciency of phenol catalyzed by FeePd@C in a
wider pH range were higher than those obtained with iron oxides
and Fe-clays based catalysts (Wang et al., 2013; Yang et al., 2013;
Djeffal et al., 2014; Tian et al., 2017; Gao et al., 2018). FeePd@C
exhibited similar catalytic performance and higher stability at low
solution pH compared to dendritic Fe0 (Xia et al., 2017).
3.2.2. Effect of H2O2, catalyst dosage and phenol concentration on
phenol removal
Initial H2O2 concentration and catalyst dosage affected signiﬁcantly on phenols degradation. With the ﬁxed phenol concentration (0.5 mM) at initial pH 4, phenol disappearance and
mineralization level was 63%, 31.6% and 89%, 48.4%, respectively
with 3 and 5 mM of H2O2. When the initial H2O2 concentration was
up to 10e40 mM, phenol degraded completely within 10 min with
the mineralization level ranging in 90e95% (Figs. S6A and S6B). As
H2O2 concentration was ﬁxed at 10 mM, 80% of phenol and 50% of
TOC was degraded with 0.25 g/L of FeePd@C at initial pH 4. When
the dosage increased to 0.5, 0.75 and 1.0 g/L, phenol could be
degraded within 10 min and the corresponding mineralization was
90%, 92% and 95%, respectively (Figs. S6C and S6D).
The effect of phenol concentration on phenol disappearance and
mineralization was examined. With the ﬁxed H2O2 concentration
(10 mM) and FeePd@C dosage (0.5 g/L) at initial pH 4, the oxidation
and mineralization of phenol were negatively inﬂuenced by the
increased phenol concentration. The removal efﬁciency of phenol
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Table 1
Comparison study of phenol degradation in Fenton reaction using different catalysts.
TOC removal
(%)

Leaching of Fe (mgL1) (ratio of Fe
atoms%)

90%, 16min
90%, 3min
100%, 120min
100, 30min

58.1
57.9

2 (2%)
8 (8%)
2.5 (1.38%)
0.57e1.25 (0.54e1.2%)

Xia (2017)
Tian (2017)
Yang (2013)

100%, 210min

56

<0.5%

Gao (2018)

100%, 30min

50e79

5.0e27 (0.92e4.95%)

Wang
(2013)

1 g/L, 14.7 mM
1 g/L, 7 mM

100%, 6 h
100%,7 h

50e75
70

2.5e13 (0.46e2.47%)
1.7 (0.26%)

0.5 g/L, 10 mM
0.5 g/L, 10 mM
0.5 g/L, 10 mM

100%, 10min
99%, 60min
95%, 60min

92
90
63.6

2.54 (0.28%)
0.51 (0.06%)
0.48 (0.05%)

Catalyst

pH Initial conc. (mg
L1)

Conc. of catalyst and
H2O2

Removal of phenol and
time

Dendritic Fe0

4 50
3.5
3 100
4 100

0.1 g/L, 6 mM
0.1 g/L, 6 mM
1 g/L, 10 mM
0.2 g/L, 15.6 mM

6

100

Schwertmannite

3

100

0.8 g/L, 112 mM
(T ¼ 60  C)
1 g/L, 14.7 mM

Fe-clay

5
3

100
50

4
5
6

50
50
50

Fe3O4/MWCNTs
Iron oxychloride
(FeOCl)
Fe2O3eZrO2

FeePd@C

was 100% with phenol concentration 0.5 mM and reduced to 90%
and 70% with the concentration increased to 1.0 and 1.5 mM,
respectively (Fig. S6E). The mineralization rate of phenols was
about 100, 90, 70 and 40% when the phenol concentration was 0.1,

Ref.

Djeffal
(2014)
This study

0.5, 1.0 and 1.5 mM, respectively (Fig. S6F). These results suggested
that certain H2O2/phenol ratio was necessary for complete elimination of phenol from water samples via Fenton oxidation. Anyway,
according to the above-mentioned results, the optimal parameters

Fig. 4. Recycling runs of FeePd@C (A), Fe@C (B) and the commercial Fe/C (C) for the IME-Fenton degradation of phenol. Initial solution pH ¼ 4 for FeePd@C, and pH ¼ 3 for Fe@C and
the commercial Fe/C, the concentration of phenol and H2O2: 0.5 mM and 10 mM, and the dosage of catalyst: 0.5 g/L.
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for efﬁcient phenol removal were 0.5 g/L catalyst and 10 mM H2O2
as the concentration of phenol was 0.5 mM at initial pH 4.0.
3.3. Reusability and stability of the FeePd@C catalysts
The reusability of the catalysts was checked by recovering the
catalysts from reaction mixture and reusing them in the next run.
The catalysts could be recovered easily under an external magnetic
ﬁeld due to their high saturation magnetization. Phenol could be
eliminated completely within 60 min after reused for ﬁve times
(Fig. 4A), and the apparent rate constant decreased from 1.426 to
0.139 min1. In a comparison study, the reusability of Fe@C and the
commercial Fe/C material was also studied at initial pH 3. After
recycled four times, oxidative degradation of phenol catalyzed by
Fe@C decreased to 75% (Fig. 4B). As to the commercial Fe/C, total
degradation of phenol was observed within 60 min in the ﬁrst and
second run. However, the degradation efﬁciency decreased to 70,
40 and 35% within 120 min in the third, fourth and ﬁfth run,
respectively (Fig. 4C). We determined the concentration of Fe2þ and
Pd ions dissolved in reaction solution. As a result, low and constant
concentration (2.5 mg L1) of Fe2þ and absence of Pd ions were
detected in different runs. These results suggested that the core/
shell structure extended service life of FeePd@C and reduced iron
sludge for application. In most countries, discharge limits for total
iron are in the range of 0.5e2 mg L1 (Georgi et al., 2016). The low
concentration of Fe2þ in reaction solution could avoid the production of iron sludge after usage, therefore water samples after
treatment could be discharged directly into the environment.
The raw materials of Pd precursor used for preparation of
FeePd@C is far less than the Fe precursor (mass ratio of the raw
material: Fe/Pd ¼ 100:1). The introduction of Pd NPs will not
enhance the cost of FeePd@C greatly. Furthermore, the synthesis of
FeePd@C by use of ball-milling combined carbonization technique
does not require high-purity chemicals, and economical technical
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grade raw materials can be applied, which increases the possibility
for industrial production. The perfect stability and long service life
of FeePd@C can improve the wastewater treatment efﬁciency and
reduce the cost of water treatment.
3.4. Reaction mechanisms in the FeeC IME-Fenton reaction
The IME reactions can be illustrated as follows in Eqs. (1)e(5).
The generated Fe2þ will catalyze the decomposition of spiked H2O2
to produce hydroxyl free radicals to degrade phenols (Eqs. (6) and
(7)). In Fenton reaction, the reduction of Fe(III) to Fe(II) by H2O2
or hydroperoxyl radicals/superoxide radicals is the rate limiting
step (Eqs. (8) and (9)). In our previous study, we found that Pd NPs
can transfer electrons to Fe3O4 NPs after Fe3O4 NPs were oxidized
by H2O2, leading to fast regeneration of Fe(II) (Niu et al., 2018). In
this study, the XPS analysis had shown that the presence of Pd NPs
can slow down the oxidation of highly reactive Fe0 in FeePd@C
during storage, which suggested the possible electron transferring
from Pd NPs to Fe0. Therefore, we propose that the trace Pd NPs
help to maintain the reduction ability of Fe0 and/or facilitate
reduction of Fe(III) to Fe(II) on catalyst surface and in solution (Eqs.
(10) and (11)), which contributed to good pH endurance of the
FeePd@CeH2O2 system than the Fe@C-, ZVI-, and commercial Fe/
CeH2O2 systems. The possible reaction mechanisms in FeeC IMEFenton reaction were described in Fig. 5.
Anode(iron): Fe(s)  2e / Fe2þ(aq)

(1)

Cathode(carbon): 2Hþ(aq) þ 2e / 2[H] / H2 (g)

(2)

In aerobic solution at initial pH > 4, the following interactions
happen on the carbon cathode:
O2þ 4Hþ þ4e/2H2O

Fig. 5. Possible mechanisms of phenol degradation catalyzed by the FeePd@C in the FeeC IME-Fenton reaction.

(3)
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O2þ 2H2Oþ 4e/4OH

(4)

≡Fe(III) þ e (Pd NPs) / ≡ Fe(II)

(10)

O2þ 2Hþ þ 2e/2H2O2

(5)

Fe3þ (aq) þ e (Pd NPs) / Fe2þ (aq)

(11)

≡Fe(II) þ H2O2 þ Hþ / ≡ Fe(III) þ ∙OH þ H2O

(6)

Fe2þ (aq) þ H2O2 þ Hþ / Fe3þ (aq) þ ∙OH þ H2O

(7)

Fe3þ þ H2O2 / Fe2þ þ HO2∙ þ Hþ

(8)

Fe3þ þ HO2∙ / Fe2þ þ O2 þ Hþ

(9)

The role of these reactive species (electrons and reactive oxygen
species (ROS, ∙OH and HO2∙/O
2 ∙)) on the degradation of phenol
was evaluated by adding different quenchers in reaction solution.
The results were shown in Fig. 6A. With the addition of 20 mM of
∙OH quencher t-butyl alcohol, the degradation efﬁciency of phenol
decreased to 32% within 60 min. We used the superoxide dismutase
(SOD) as quencher of HO2/O
2  radicals, and phenol degradation
was not affected with the addition of SOD in reaction solution.

Fig. 6. Effect of reactive species inhibitors in FeePd@CeH2O2 system (A), DMPO spin-trapping ESR spectra recorded at ambient temperature for FeePd@CeH2O2 with and without
phenol (B) and Fe@CeH2O2 (C), ZVI-H2O2 (D) and a commercial Fe/CeH2O2 systems (E) without phenol in aqueous dispersion for DMPO/∙
∙OH ( ), DMPO/∙
∙H (þ) and DMPO/∙
∙C ( ), and
consumption of H2O2 in the reaction solutions (F). Initial pH 4, initial concentration of phenol and H2O2: 0.5 mM and10 mM, initial catalyst concentration: 0.5 g/L.
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Arsenate (As(V)) was applied as scavengers of electrons generated
in IME reaction. On the other hand, removal of arsenic by ZVI was
reported mainly based on adsorption and co-precipitation by iron
hydroxides generated from the corrosion of Fe0 (Guo et al., 2016).
Therefore, the effect of As(V) could reﬂect the co-effect of electrons
and surface reaction. As a result, with 100 mg L1 of As(V), phenol
degradation efﬁciency decreased to 18%. These ﬁndings suggested
that ∙OH and electron took a role in phenol degradation, and the
reaction mainly happened on FeePd@C surface.
The radicals generated in the FeePd@CeH2O2 system were
detected with the electron spin resonance spintrap technique
(with DMPO). Without H2O2, there was generally no signal in the
FeePd@C water suspension, and the DMPO/∙OH adduct was
identiﬁed with the addition of H2O2 (Fig. 6B). Besides, the other
main component, consisting of six lines, was due to the trapping of
a carbon-centered radical (DMPO/∙C) by DMPO. There was also a
small contribution from DMPO/∙H radicals which may arise from
the trapping of a hydrogen atom by DMPO or by the reaction of the
hydrated electron with the spin trap followed by protonation
(Chignell et al., 1994). The DMPO/∙C radicals were observed in the
ESR spectra of Fe@C-, ZVI-, and commercial Fe/CeH2O2 systems as
well (Fig. 6CeE), suggesting that the DMPO/∙C radical was related
with the decomposition of DMPO. In our previous studies, the
carbon-centered DMPO radical in Fenton-like reaction suspension
with Fe3O4 based materials as catalysts was never observed (Niu
et al., 2018). Thereby, the DMPO/∙C radical might imply the
strengthened oxidation ability of the microelectrolysis-Fenton
system due to the synergistic effect of electrons, hydrogen and
ROS in reaction suspension.
Fig. 6 shows that the intensity of DMPO/∙OH adduct generally
did not attenuate in the FeePd@CeH2O2 system, while the ESR
spectra of DMPO/∙OH nearly disappeared in the Fe@C-, ZVI-, and
commercial Fe/CeH2O2 systems after reaction for 300 min. We
detected the disappearance of H2O2 without phenol in these systems, and the amount of H2O2 dropped slowly with reaction time
and reached zero within 3 h (Fig. 6F). The continuous production of
∙OH in the FeePd@CeH2O2 system when H2O2 had exhausted
perfectly proved the function of Pd NPs to facilitate the transferring
of Fe3þ to Fe2þ although the amount of Pd NPs was tiny in the
FeePd@C catalyst. In the presence of phenol, drastic increase of
DMPO/∙OH adducts in intensity and fast consumption of H2O2 was
observed (Fig. 6B and F), indicating that organic pollutants could
speed up the initiation of IME-Fenton reaction. Then the signals of
DMPO/∙OH adduct attenuated rapidly with time, suggesting the
key role of ∙OH radical on phenol degradation. The intensities of
DMPO/∙H and DMPO/∙C radicals increased as well due to the
oxidation of phenol, which implied that Fenton reaction improved
the efﬁciency of IME.
4. Conclusions
In summary, low-cost core/shell structured hollow FeePd@C
nanomaterials were synthesized via the fast and simple mechanochemical technique and subsequent carbonization. The FeePd@C
nanomaterials could continuously and lastingly act as iron source
for Fenton oxidation of phenol due to the internal microelectrolysis
between Fe0 and carbon components. Although the concentration
of Fe2þ was below ppm at pH 5 and pH 6 in the FeePd@CeH2O2
system, the reaction still could proceed efﬁciently and rapidly.
Compared to the commercial Fe/C material, the FeePd@C nanomaterials exhibited excellent catalytic performance, good stability
and extended service life. It can be expected that persistent organic
pollutants such as halogenated phenols and perﬂuorinated compounds can be efﬁciently mineralized by this IME-Fenton system.
This study is ongoing in our lab.
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