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and 1.8-fold of specific surface area. The synthesized Fe-Mt have more oxygen vacancies
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than Fe2 O3 nanoparticles (nFe2 O3 ), which could induce more reactive oxygen species (ROSs)
generation in the presence of CA under xenon lamp irradiation. Fe-Mt with CA enhanced
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photo-assisted degradation of DEP 2.5 times as compared to nFe2 O3 with CA. Quenching ex-
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periments, electron paramagnetic resonance (EPR) spectroscopy and identification of prod-

Hydroxyl radical

ucts confirmed that surface-bound •OH was the main radical to degrade DEP. Common an-

Photo-Fenton reactions

ions (i.e., NO3 − , CO3 2− , Cl− ) and humic acid could compete •OH with DEP and cause slower

Phthalate ester

degradation of DEP. The removal efficiency of DEP was more than 56% with Fe-Mt after three
recycles, and the dissolved Fe concentration from Fe-Mt was below 75 μmol/L, indicating
Fe-Mt had a good stability as a catalyst. Fe-Mt together with CA appeared to be a promising
strategy to remove organic pollutants in surface water, or topsoil under solar irradiation.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Wide applications of phthalate esters (PAEs) in plastics, personal care products, varnishes, and material coatings, make
this group of chemicals easily detected in soil, surface water and atmosphere. The concentration range of PAEs can be
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up to 100 μg/L in surface water in China depending on their
physicochemical properties and degradation rates in the media (Gao et al., 2018). These compounds can enter the body
via oral, inhalation and dermal pathways (Chen et al., 2017a;
Pang et al., 2020; Wang et al., 2020). The long-term accumulation of PAEs imposes health risks, such as reproduction toxicity and endocrine disorders (Wang et al., 2020). The US Environmental Protection Agency has listed six PAE congeners
in the priority pollutant list (He et al., 2020). It is important to
remove PAEs in environments with an eco-friendly strategy.
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Recently, nano-sized iron (hydro) oxides have been applied as advanced oxidation agents in wastewater treatments,
which can activate H2 O2 or peroxymonosulfate (PMS) to produce •OH and SO4 •− radicals acting on pollutants (Bokare and
Choi, 2014; Munoz et al., 2015). However, there are some disadvantages in the use of nanoparticles, such as high tendency
to agglomerate, instability, which make them hard to separate and recycle (Ezzatahmadi et al., 2017). Agglomeration of
nanoparticles can adversely affect their specific surface areas
and catalytic performance. To overcome these issues, dispersing nanoparticles on supporting materials, such as clay minerals (Tiya-Djowe et al., 2018), zeolite (Seid-Mohammadi et al.,
2019), or carbon materials (Dong et al., 2019; Prabhu et al., 2019)
have been tried and drawn much attention. Clay minerals are
natural constituents of soils, and commonly found in soils and
surface waters (Chen et al., 2016). The group of 2:1 montmorillonite minerals has high specific surface areas, which are
good candidates to be used as supporting materials (Wei et al.,
2017; Chen et al., 2018). The previous research showed clay
minerals with high Fe2 O3 contents have smaller band gap energy (Eg ) to favor dye decolorization under solar irradiation
(Silvestri and Foletto, 2017). In addition, increasing porosities
was another strategy to improve the catalytic ability of clay
minerals. For example, pillaring process was usually used to
expand clay interlayer spacings by calcination of intercalated
cations (e.g., Al, Fe, Zr, Cr and Ti), which could increase specific
surface areas of microporous materials (Mishra et al., 1996;
Li et al., 2013b). Because Fe2 O3 widely existed in surface waters
and soils (Shuai et al., 2018), it was proposed that synthesized
nano-Fe2 O3 embedded montmorillonite (Fe-Mt) could greatly
remove organic contaminants in environments in the view of
its eco-friendly and economic advantages (De León et al., 2013;
Fang et al., 2016; Wei et al., 2017).
The presence of aliphatic acids in Fe3+ solution has been
proven to degrade diethyl phthalate (DEP) under UV irradiation (Shuai et al., 2018), but not for the presence of phenolic carboxyl acids. Citric acid (CA) is one of naturally existing
organic acids in plant root exudes, and ubiquitous in natural waters and soils (Zhang et al., 2020). Previous studies have
shown that the complex of CA and aqueous iron ion can promote Fenton-like reactions at neutral or weakly alkaline pH,
because chelated iron ions can maintain the concentration at
a sufficient level (Ou et al., 2008; Feng et al., 2012; Xiao et al.,
2018). The Fe(III)-CA complexes can undergo ligand-to-metal
charge transfer process under light irradiation to generate
Fe(II) and reactive oxygen species (ROSs) such as HO2 •/O2 •− ,
H2 O2 and •OH (Feng et al., 2012). The photo-induced •OH is significant for the elimination of organic contaminants in surface
waters and soils due to the high redox potential (Eh 0 = 2.8 V).
The carboxyl group of CA can complex with Fe atom in
Fe2 O3 nanoparticles (nFe2 O3 ), and the catalytic ability of the
complex under UV irradiation was better than CA alone in diethyl phthalate ester (DEP) degradation, which was attributed
to lower Eg of nFe2 O3 -CA complexes compared with CA based
on DFT calculation (Shuai et al., 2018). It is interesting to investigate whether Fe-Mt/CA could have higher catalytic activity than nFe2 O3 /CA in organic contaminants removal under natural sunlight instead of UV irradiation. In this study,
the nano sized α-Fe2 O3 was selected because it is more stable
than other iron (hydr) oxides (Shuai et al., 2018). Fe-Mt were

249

prepared and characterized with transmission electron microscopy (TEM), Fourier transform infrared spectrometer (FTIR), photoluminescence (PL), and UV/Vis spectroscopies. The
formed ROSs were investigated by electron paramagnetic resonance (EPR) spectroscopy and free radical quenching experiments. Because DEP was commonly detected in surface water or atmosphere (Sha et al., 2007; Zeng et al., 2008), it was
selected as a model contaminant in this study to investigate
its transformation by Fe-Mt/CA under xenon lamp irradiation.
The results of this study could contribute to develop an efficient, economical and eco-friendly nanomaterial to remove
organic contaminants in surface water or surface soil.

1.

Materials and methods

1.1.

Materials

DEP (> 99.9%), 5,5-dimethyl-1-pyrroline N-oxide (DMPO, 97%),
benzoic acid (BA, 99.5%) and humic acid sodium salt (technical grade) were obtained from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). Ethanol (chromatography grade) was
obtained from CNW Technologies GmbH (Düsseldorf, Germany). Montmorillonite clay mineral (FZ-10) was purchased
from Fenghong Company (Zhejiang Province, China). The
cationic exchange capacity (CEC) of FZ-10 is 77.2 ± 0.2
cmolc /kg (Chen et al., 2016). Other reagents were obtained
from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).
And all reagents above without special statements were at analytical grade. The physicochemical properties of DEP can be
found in Appendix A Table S1.

1.2.

Preparation of Fe-Mt and nFe2 O3

1.2.1.

Preparation of Fe-Mt

To prepare Na+ saturated montmorillonites (Na-Mt), 10 g FZ10 montmorillonite clay particles were suspended in 500 mL
1 mol/L NaCl, and the suspension was kept shaking for 8 hr.
Then, particles < 2.0 μm were collected by centrifugation at
560 r/min for 10 min. This process was repeated three times
with ultrapure water to remove extra Cl− . The collected clay
particles were freeze-dried, ground and stored in a glass jar at
room temperature till usage (Chen et al., 2016).
Fe-Mt particles were synthesized following the modified
method of previous studies (Liu et al., 2015; Wei et al., 2017).
Briefly, the solution was prepared by adding 0.2 mol/L Na2 CO3
solution into 0.2 mol/L Fe(NO3 )3 solution slowly at the volume ratio of 1:1 with dramatically stirring, and aged for 24 hr.
Subsequently, the above solution was slowly added into NaMt suspension ([Fe]/clay = 64 mmol/g). After continuous stirring 12 hr, the particles were collected by centrifugation at
560 r/min for 10 min and washed 20 times. Then the collected
particles were freeze-dried and calcined in a muffle furnace at
450°C for 4 hr to obtain Fe-Mt.

1.2.2.

Preparation of nFe2 O3

The nFe2 O3 were synthesized following the hydrothermal
method (Barton et al., 2011). Briefly, 0.3 L of 1 mol/L Fe(NO3 )3
solution was dropwise added into 3.7 L boiling water, and the
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Table 1 – Physical properties of Na+ saturated montmorillonites (Na-Mt), Fe2 O3 nanoparticles (nFe2 O3 ) and nano
Fe2 O3 embedded in montmorillonites (Fe-Mt).
Samples SBET (m2 /g) SEXT (m2 /g) VP (cm3 /g) VAPD (nm) Fe contents (%)
Na-Mt 88
nFe2 O3 96
Fe-Mt 243

37
90
92

0.126
0.236
0.241

2.4
5.4
2.7

1.8
67.3
28.6

Specific surface area (SBET ) was calculated from the linear
part of the multi-point Brunauer-Emmett-Teller plot, where the
adsorption-desorption measurements are below the relative pressure (p/p0 ) = 0.20;
External surface area (SEXT ) was calculated by t-plot according to De
Boer’s method;
Total pore volume (VP ) taken from the volume of N2 adsorbed at
about p/p0 = 0.97;
Average pore diameter (VAPD ) was estimated from the BarrettJoyner-Halenda formula.

mixture was kept boiling for 2 hr. The excess ions were removed by dialysis, and then freeze-dried nFe2 O3 were collected, ground and stored in a glass jar at room temperature
till usage.

1.3.

Characterization of synthesized materials

The X-ray diffraction (XRD) patterns of Na-Mt, nFe2 O3 and FeMt were obtained using an X-ray diffractometer (Ultima IV,
Rigakus, Japan) with Cu-Kα radiation (40 kV, 40 mA) at a
scanning speed of 1°/min. The measurements were conducted with a 0.5 mm divergence slit, 1.0 mm scattering
slit and 0.3 mm receiving slit. The microstructures of samples were observed with a scanning electron microscopy
(Quanta 400FEG SEM, FEI, USA) and high resolution transmission electron microscopy (FEI talos f2000 HRTEM, FEI, USA). N2
adsorption-desorption isotherms were measured at 77 K with
a gas adsorption analyzer (ASAP 2460, Micromeritics, USA).
Prior to analysis, the tested samples were degassed at 353 K
for 16 hr in a vacuum. The photoluminescence (PL) of samples were obtained by the microlaser Raman spectrometer
(Evolution, HORIBA, France). The excitation wavelength was
325 nm with the test range of 400–800 nm. The UV/Visible absorbance spectra were measured with a UV/Vis spectrometer
(CARY 300/PE lambda 750S, Agilent, USA) from 200 to 400 nm.
Fourier transform infrared (FT-IR) spectra of the particles were
obtained by a FTIR spectrometer (Nicolet iS50, Thermo Fisher
Scientific, USA) with scanned from 400 to 4000 cm−1 at 4 cm−1
spectral resolution.

1.4.

Reactions setup

1.4.1.

Kinetics of DEP photo-assisted degradation

The heterogeneous photo-assisted reactions were carried out
in a photo reactor (ZQ-GHX-V II, Zhengqiao Company, China).
A xenon lamp (500 W) was used to simulate solar irradiation. In the experiments, 0.1 g Fe-Mt or 0.04 g nFe2 O3 (equal
to 0.028 g Fe, Table 1) particles were added into 20 mL 20 mg/L
DEP solution, and the mixture was kept stirring for 12 hr in the
dark to establish an adsorption equilibrium of DEP before re-

actions. Subsequently, 0.5 mmol/L CA was added and solution
pH was adjusted to 5.5 with 0.1 mol/L NaOH or H2 SO4 , and the
photo-assisted reactions were started under xenon lamp irradiation. At the predetermined time intervals (0, 3, 6, 12, 24 hr),
1 mL solution was mixed with 0.5 mL methanol to quench the
reactions. The mixture was shaking at 170 r/min for 2 hr to
extract DEP and was filtered through a 0.22 μm syringe filter
into a high performance liquid chromatography (HPLC) vial.
DEP (∼20%) was adsorbed the particles at this solid-to-liquid
ratio. In order to investigate the stability of the catalyst, the
catalyst was collected by passing through a 0.22 μm filter and
washed with 20 mL methanol and 20 mL water three times. Finally, the re-collected catalyst particles were freeze-dried and
used in the reactor following the above procedure.

1.4.2.

Influence factors on DEP photo-assisted degradation

The effects of natural organic matter were investigated by
changing humic acid (HA) concentrations ranging from 0 to
50 mg/L. The effects of common ions (NO3 − , CO3 2− or Cl− )
were investigated by adding NaNO3 , Na2 CO3 or NaCl, respectively. To examine the effects of dissolved oxygen (DO), the experiments were conducted by purging air, N2 or O2 for 15 min,
in which DO concentrations were maintained at 0.22, 0.031 or
0.64 mmol/L during the reactions, respectively. To investigate
the effect of pH, the solution pH values were adjusted to 3.5,
4.5, 5.5, 6.5, or 7.5 with 0.1 mol/L NaOH or H2 SO4 .

1.4.3.

DEP degradation under natural light irradiation

The experiment was carried out outdoor under natural light
conditions, from 11:00–14:00 on 30th August 2017 at the site of
118.8°E, 32.05°N. The other conditions were the same as those
depicted in the Section 1.4.1. The weather condition was displayed in Appendix A Table S2.

1.5.

Analysis methods

1.5.1.

DEP concentration and degradation products

The DEP concentration was determined by HPLC (1260
HPLC, Agilent, USA) equipped with a C18 separation column
(25 cm × 4.6 mm × 5 μm) and a diode array detector (DAD). The
mobile phase was made of 65% methanol and 35% ultrapure
water at the flow rate of 1 mL/min. The detection wavelength
was set at λ = 224 nm.
The degradation products of DEP were analyzed by
high performance liquid chromatography-quadrupole-time of
flight tandem mass spectrometry (X500R HPLC-QTOF/MS, AB
SCIEX, USA) using a C18 column (100 mm × 2.1 mm, 1.7 μm,
Waters, USA). Detail information can be found in Appendix A
Section S1.
The results showed that photo-assisted degradation of
DEP followed the pseudo-first order model (Eq. (1)), and the
observed reaction coefficient kobs (hr−1 ) was estimated by
Eq. (1) with the first four points. The removal efficiency (η, %)
can be calculated (Eq. (2)) as follows:
− ln (Ct /C0 ) = kobs × t

(1)

η = (C0 − Ct )/C0 × 100%

(2)

where Ct (mmol/L) and C0 (mmol/L) were the concentrations
of DEP at time t and 0 hr, respectively.
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1.5.2.

Fe concentrations

Dissolved Fe concentrations were measured with a UV/Vis
spectrophotometer (UV-2700, Shimazu, Japan) at λ = 510 nm
according to the precious study of Chen et al. (2018). Detail information is in Appendix A Section S2.

1.5.3. Electron paramagnetic resonance (EPR) analyses and
quenching tests
Bruker E500-9.5/12 E5010003 spectrometer (Bruker Co., Germany) was employed to detect reactive oxygen species (ROSs)
generated in this reaction system. Detail information is in Appendix A Section S3.
The quenching experiments were conducted with different
quenching reagents to elucidate the possible mechanisms of
•OH generation. Because ethanol can react with •OH quickly
with 1.7 × 109 L/(molsec) reaction rate (k), it is often used
to verify the roles of •OH radicals in the reaction system
(Zhang et al., 2016). In this study, 10 mmol/L ethanol was added
to scavenge •OH radicals. We selected CHCl3 (30 mmol/L) to
quench O2 •− (k = 3 × 1010 L/(molsec)) (Watts et al., 1999;
Teel and Watts, 2002), and KI (1 mmol/L) to capture holes (hvb + )
excited by xenon light irradiation (Eqs. (3) - (5)) (Kou et al., 2009;
Wang et al., 2015). To analysis cumulative •OH concentration,
2 mmol/L benzoic acid (BA) instead of DEP was initially added
in the reaction systems (kBA , •OH = 5.9 × 109 L/(molsec)). The
cumulative •OH concentration was estimated by the formed
4-hydroxybenzoic acid (p-HBA), 5.87 times p-HBA concentration (Zhang et al., 2016). Detail information is in Appendix A
Section S4.
h+
+ I− → I•
vb

(3)

I• + I− → I•−
2

(4)

h+
+ I•−
2 → I2
vb

(5)

1.6.

Statistical analysis

Statistical analyses of the reaction results were performed
with the one-way ANOVA model by SPSS 19.0 (IBM Corporation, USA), and p < 0.05 (Duncan test) was used as the criterion
for statistical significance.

2.

Results and discussion

2.1.

Characterizations of prepared materials

The XRD pattern (Fig. 1a) showed the embedding process
caused losing of (001) diffraction (2θ = 7.1°) in Na-Mt, but
the two-dimensional diffraction peaks at 19.8° and 35.7° were
still observed, which meant a “house of cards” structure was
formed (Pinnavaia et al., 1984; Chen et al., 1995). The research
of Pinnavaia et al. (1984) indicated the step of freeze drying
during the synthetic procedure would facilitate edge-to-face
and edge-to-edge structure of the flocculated clay particles,
and assist them to form delaminated aggregates. In addition,
there were reflections at 24.03°, 33.14°, 35.79°, 39.10°, 49.53°
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and 54.18° in the XRD pattern of Fe-Mt, which were the characteristic reflections of α-Fe2 O3 . The intensities of these reflections were weaker than those in nFe2 O3 spectrum, which
were consistent with the fact that these nFe2 O3 in Fe-Mt were
highly dispersed particles (Chen et al., 2017b).
FT-IR spectra of Na-Mt and Fe-Mt were displayed in Fig. 1b.
The detailed positions and assignments of FT-IR vibration
bands were shown in Appendix A Table S3. It is worthy noted
that a peak position at 1034 cm−1 corresponding to in-plane
Si-O stretching vibration of Na-Mt shifted to 1051 cm−1 . The
wavenumber of the in-plane vibrations gets increased, which
confirmed the incorporation of Fe into the interlayer space of
montmorillonite (Ras et al., 2003; Son et al., 2010). In addition,
despite a thorough washing process was applied in the synthesis of Fe-Mt, the significant NO3 − reflection (1385 cm−1 )
existed in the FT-IR spectrum of Fe-Mt, which suggested there
existed some redundant positive-charged iron aggregates outside the interlayer space of Na-Mt, and the NO3 − anions act
as counterions to neutralize the redundant positive charge
present in the interparticles (Yuan et al., 2006, 2008).
Furthermore, SEM images, HRTEM and corresponding
energy-dispersive X-ray (EDX) elemental mapping images revealed that the microstructure of synthesized material. The
Na-Mt possessed smooth external surfaces (Fig. 1c). In comparison with Na-Mt, the iron co-aggregates and clay platelets
were disorderedly stacked together for Fe-Mt (Fig. 1d). The
nFe2 O3 was uniform with 10 nm in diameter and was in the
morphology of small granules aggregated (Fig. 1e). The HRTEM
and EDX elemental mapping images confirmed that the Fe elements are homogenously distributed on the Fe-Mt (Fig. 1f-g).
The specific surface area (SBET ) and external surface area (SEXT )
of Fe-Mt were ˜3 times as much as these of Na-Mt, and the
total pore volume (VP ) was 1.9 times as much as that of NaMt (Table 1). The introduction of pore structure can increase
the diffusion rates of reaction substrates, hence the activities
could increase (Chen et al., 1995). The significant increases of
porosity and iron content as compared to Na-Mt might provide more reactive sites in Fe-Mt based on the previous studies
(De León et al., 2008, 2013).

2.2.
Photo-assisted degradation of DEP with Fe-Mt/CA or
nFe2 O3 /CA
Negligible DEP was degraded with Fe-Mt or nFe2 O3 /CA in dark
or in the treatment with CA only under xenon light irradiation
within 24 hr. The Fe-Mt or nFe2 O3 particles could remove ˜8%
of DEP under xenon light irradiation (Fig. 2a). However, DEP
degradation was enhanced to 71.7% or 48.1% under light irradiation in the addition of CA for Fe-Mt and nFe2 O3 , respectively. Shuai et al. (2018) reported that CA could be chemically
adsorbed on nFe2 O3 through its carboxyl group via filling oxygen vacancies in nFe2 O3, which was demonstrated by the disappearance of Fe2p3/2 peak at 711.5 eV in the XPS spectra. Light
irradiation might induce electron transfer within CA-Fe complex, and further delivered electrons to O2 to form ROS. The
Fe-Mt/CA system had stronger photo-assisted catalytic capability in DEP degradation than nFe2 O3 /CA in this study. Similar results were observed with the addition of oxalic acid or
lactic acid into the suspension of Fe-Mt, and the system of Fe-

252

journal of environmental sciences 101 (2021) 248–259

Fig. 1. – (a) X-ray diffraction patterns for Na-Mt, Fe-Mt and nFe2 O3 , (b) Fourier transform infrared spectra of Na-Mt and Fe-Mt,
scanning electron microscopy images of (c) Na-Mt and (d) Fe-Mt, high resolution transmission electron microscopy (HRTEM)
images of (e) nFe2 O3 and (f) Fe-Mt in light-field, and (g) HRTEM image of Fe-Mt in dark-field and corresponding
energy-dispersive X-ray (EDX) elemental mapping image.

Mt/CA performed the best in the reaction systems compared
with other organic acids (Appendix A Fig. S1).
The photo-assisted catalytic ability of semiconductor was
related to their Eg values. The lower Eg , the less energy is required to activate electrons transfer from the valence band
to the conduction band (Silvestri and Foletto, 2017). The facts
of similar Eg values between Fe-Mt/CA (1.86 eV, Fig. 2c) and
nFe2 O3 /CA (Eg = 1.89 eV) might not be the reason of better
photocatalytic properties of Fe-Mt/CA in DEP degradation. The
PL emission spectrum was further conducted to disclose the
transfer of charge carriers in photocatalysts (Duan et al., 2020).
According to the study of Jing et al. (2006), the PL signal at
˜560 nm (Fig. 2d) is attributed to the recombination of photoinduced electrons (ecb − ) and holes (hvb + ), and the recombination rate was the same in nFe2 O3 as that in Fe-Mt in this
study (Kretschmer et al., 2019). However, stronger peaks in the
range of 650–725 nm were observed in Fe-Mt than in nFe2 O3

particles, which indicated that Fe-Mt should have more oxygen vacancies (Yang et al., 2017; Shinde and Rajpure, 2010).
The enhanced photo-induced catalytic ability of CA was from
the interactions between CA and nFe2 O3 . In the reaction system, CA could donate electrons to hvb + , which reduced the
recombination of ecb − and hvb + and increased the capture
of ecb − by adsorbed O2 to form O2 •− (Kretschmer et al., 2019;
Yang et al., 2020). In addition, it has reported that oxygen vacancies possessing abundant localized electrons favored the
activation or dissociation of small molecules like absorbed
H2 O2 to generate •OH (Li et al., 2017) or absorbed O2 to generate O2 •− (Wu et al., 2019a). Therefore, more oxygen vacancies in Fe-Mt might be the reason of higher photo-activity than
nFe2 O3 in the presence of CA.
Considering the difference between sunlight irradiation
and xenon light irradiation, the experiments was also conducted outdoor to investigate the practical effect under solar
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Fig. 2 – Diethyl phthalate (DEP) degradation in nFe2 O3 or Fe-Mt system in the absence or presence of citric acid (CA) under (a)
xenon light irradiation or dark and (b) solar irradiation, (c) band gap energies for Fe-Mt/CA (1.86 eV) and Mt/CA (1.89 eV), and
(d) photoluminescence (PL) spectrum of Fe-Mt and nFe2 O3 at 325 nm excitation wavelength. Reaction conditions:
[DEP]0 = 20 mg/L, [CA]0 = 0.5 mmol/L, [Fe-Mt]0 = 0.1 g/L, [nFe2 O3 ]0 = 0.04 g/L, and initial pH = 5.5. A: photon absorption; h:
Planck constant; ν: photon frequency; [X]0 : initial concentration of species X; Ct and C0 ; the concentrations of DEP at time t
and 0 hr, respectively.

light conditions. The result showed the DEP degradation rate
(kobs = 1.7 hr−1 ) with Fe-Mt/CA complex in natural condition
was 29 times faster than that under xenon lamp irradiation
(kobs = 5.6 × 10−2 hr−1 ) (Fig. 2b). Appendix A Table S2 shows the
light intensity of 245 nm in sunlight was 5.4–5.9 times compared with xenon lamp, which might be the reason of faster
reactions under natural condition.

2.3.

Identification of reactive species in Fe-Mt/CA system

Fig. 3a shows the signals of free radicals in Fe-Mt/CA suspension under light irradiation. Based on the EPR peak deconvolution, the produced radicals included •OOH, COO•− and H+ + e− .
The g values and hyperfine splitting constant values of these
radicals were as follows: DMPO-OOH g = 2.0058, aN = 13.8 G,
aHβ = 11 G, aHγ = 1.3 G; DMPO-COO− : g = 2.0057, aN = 15.1 G,
aH = 18.3 G; DMPO-H+ + e− : g = 2.0057, aN = 16 G, aH = 22.8 G.
These radicals would further form •OH in the system Eqs. (7)–
((18)), thus limited •OH signal was observed in the Fe-Mt suspension after DMPO addition.
The quenching experiments (Fig. 3b) showed that the
degradation efficiency of DEP decreased from 70.4% to 3.1%
with the addition of KI (hvb + scavenger), indicating that hvb +

are important reactive sites for DEP degradation (Kou et al.,
2009; Wang et al., 2015; Li et al., 2017). Adding 30 mmol/L CHCl3
(O2 •− scavenger) or 100 mmol/L ethanol (•OH scavenger) could
decrease DEP degradation efficiency to 14.9% or 4.2%, respectively, indicating O2 •− or •OH radicals were two main radicals
contributing to DEP degradation.
Fig. 3b showed the cumulative concentrations of •OH generated in Fe-Mt/CA systems under xenon light irradiation,
and the total of 17.0 μmol/L cumulative •OH concentration
was formed after 24 hr reactions. Moreover, the relationship (Fig. 3c-d) between kobs and the initial concentration of
DEP was well fitted by Langmuir-Hinshelwood kinetic model
(Eq. (6)), which was often used to describe the reactions on
solid-liquid interfaces (El-Morsi et al., 2000; Kamagate et al.,
2018). These combined results confirmed that DEP degradation in the Fe-Mt/CA system mainly occurred on the surfaces
of Fe-Mt.
1/kobs = C0 /kint + 1/(kint K )

(6)

where kint is the intrinsic reaction rate constant (mg/(Lhr)),
and the initial DEP concentration (C0 , mg/L) and K is the adsorption constant of DEP to Fe-Mt at equilibrium (L/mg).
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Fig. 3 – (a) Electron paramagnetic resonance (EPR) spectrum of free radicals generated at reaction time 15 min in the
Fe-Mt/CA system, (b) cumulative of •OH concentrations and changes of DEP degradation (Ct /C0 ) in the presence of different
quenchers (30 mmol/L trichloromethane, 10 mmol/L ethanol or 1 mmol/L KI), (c) observed degradation rates of DEP (kobs )
with varied DEP concentrations, and (d) the relationship between the DEP initial concentration (C) and the reaction rate (r)
fitted well to the Langmuir-Hinshelwood model. Reaction conditions: [DEP]0 = 20 mg/L or [BA]0 = 2 mmol/L,
[CA]0 = 0.5 mmol/L, [Fe-Mt]0 = 0.1 g/L, initial pH = 5.5 and 500 W xenon light irradiation. BA: benzoic acid; DMPO:
5,5-dimethyl-1-pyrroline N-oxide.

In addition, Appendix A Fig. S2a shows that the dissolved
Fe concentration due to leaching increased to 4.8 mg/L over
12 hr reactions, and then decreased to 1.6 mg/L. Guo et al.
(2011) and Zhang and Yuan (2017) reported that Fe(III) and CA
could form stable complexes, which increases Fe(III) dissolution markedly. Simultaneously, the concentration of Fe(II) accounted for 60%−75% of total Fe, confirming that CA in the FeMt/CA system played a role as a reductant of Fe(III) (Ou et al.,
2008).
Therefore, the proposed mechanism of DEP photo-assisted
heterogeneous degradation in the Fe-Mt/CA system can be illustrated in Eqs. (7)-(18). The nFe2 O3 embedded in Fe-Mt were
excited to produce ecb − and hvb + Eq. (7)). CA as hvb + scavenger
could result in COO•− generation to enhance photocatalysis
(Eqs. (8) and ((9)) Kretschmer et al., 2019). The formed COO•−
or ecb − can react with adsorbed O2 to form O2 •− (Eqs. (10) and
((11)). Besides, CA could combine with Fe2 O3 on Fe-Mt surface
(≡Fe(III)(CA)ad , Eq. (12)), and electron could transfer from CA
to Fe(III) under light irradiation, which induced the generation of COO•− radicals and Fe(II) Eq. (13)) (Jia et al., 2015). In
addition, some Fe(III) or ≡Fe(III) could reduce to Fe(II) or ≡Fe(II)
by ecb − (Eq. (14)) (Kretschmer et al., 2019). O2 can accept one

e− from oxygen vacancy or Fe(II) in Fe-Mt particles to form
O2 •− (Eqs. (15) and ((16)). H2 O2 can be generated by the dismutation of O2 •− /HO2 •, then further decomposed surface-bound
•OH (•OHsurf , Eqs. (17) and (18)).
Irradiation

Fe − Mt −−−−−−−→ h+
+ e−
vb
cb

(7)

CA + h+
→ CA • +H+
vb

(8)

+
CA• → CO2 + CO•−
2 +H

(9)

•−
CO•−
2 + O2 → CO2 + O2

(10)

O2 + e−
→ O•−
2
cb

(11)

≡ Fe(III ) + CA →≡ Fe(III )(CA )ad

(12)

Irradiation

≡ Fe(III )(CA )ad −−−−−−−→≡ Fe(II )(CA )ad •

(13)

Fe(III )/ ≡ Fe(III ) + e−
→ Fe(II )/ ≡ Fe(II )
cb

(14)
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Fig. 4 – Effects of (a) varied CA concentrations and (b) different Fe-Mt doses on the observed degradation rates (kobs ) of DEP.
Reaction conditions: [DEP]0 = 20 mg/L at initial pH 5.5, under 500 W xenon light irradiation, [Fe-Mt]0 = 0.3 g/L in (a) and
[CA]0 = 0.5 mmol/L in (b). The different letters (c, d, e and f) suggested that the values were significantly different (p < 0.05)
based on a Duncan test.

O2 + Oxygen vacancy → O•−
2

(15)

≡ Fe(II ) + O2 →≡ Fe(III ) − O•−
2

(16)

≡ Fe(III ) − O•−
+ H2 O →≡ Fe(III ) − HO2 • +OH−
2

(17)

reactive sites on 0.1 g/L Fe-Mt were enough for 0.5 mmol/L CA
complexation, excess Fe-Mt existing in system could quench
ROSs.

2.4.2.

DO and pH

2.4.

Influencing factors on DEP degradation

Oxygen played an important role in DEP degradation in the
Fe-Mt/CA system under xenon light irradiation. Only 11.1% of
DEP was removed in anaerobic condition in 24 hr, while 72.2%
of DEP was removed and the kobs values increased 10-fold or 7fold with air or O2 purging, respectively Fig. 5a and Appendix A
Fig. S6a). This was due to the fact that O2 can accept electron
to form O2 •− (Eqs. (14) and ((15)), which could further generate •OH. However, over saturated O2 was not favorable for DEP
degradation, because excess O2 could re-oxidize Fe(II) in FeMt.
Solution pH had a significant influence on the degradation
of DEP. Fig. 5b shows the removal efficiencies of DEP ranged
from 62.4% to 70.4% at pH 3.5–5.5, which had insignificant difference (p > 0.05). However, the removal efficiency decreased
to 47.0% and 0 over 24 hr as pH increased to 6.5 and 8.5, respectively. These results were similar to the previous research
of Ou et al. (2008). The possible reason might be that higher
pH could induce H2 O2 decomposing to H2 O and O2 instead of
•OH (Xu and Wang, 2012).

2.4.1.

CA concentrations and Fe-Mt doses

2.4.3.

≡ Fe(III ) −HO2 •+H+ →≡ Fe(III ) −H2 O2 →≡ Fe(III ) + •OHsurf (18)
There were six major degradation products of DEP in the
reaction system (Appendix A Figs. S3-S4), including m-OH-DEP
or o-OH-DEP ([M-H]− mass to charge ratio (m/z) = 237, product
1), 2-ethyl 1-(2-hydroxyethyl) 4-hydroxyphthalate and 2-ethyl
1-(2-hydroxyethyl) 3-hydroxyphthalate ([M-H]− m/z = 253,
products 3 and 4), monoethyl phthalate (MEP, [M + H]+
m/z = 209, product 5) and 2-(ethoxycarbonyl)benzoic acid ([MH]− m/z = 193, product 6). Based on their possible structures
and evolution profiles (Appendix A Fig. S5), the products might
be formed through •OH addition to benzene ring or hydrogen
abstraction (Chen et al., 2016; Wu et al., 2019b; Lei et al., 2020).
The products of DEP further confirmed that DEP degradation
is mainly due to the role of •OH.

Fig. 4a shows increasing CA concentration from 0.1 to
1 mmol/L could increase kobs from 0.010 to 0.066 hr−1 at
0.1 g/L of Fe-Mt, while continuously increasing CA concentration to 1.5 mmol/L decreased kobs to 0.053 hr−1 . CA can complex with Fe(III) in Fe-Mt by forming a monodentate or bidentate (Ou et al., 2008), and light irradiation could induce electron transfer within the complex to form Fe(II) and surfacebound COO•− , thus more CA could increase reactive activities
(Ou et al., 2008). However, excess CA can act as •OH quencher,
decreasing the degradation of DEP (Feng et al., 2012).
Fig. 4b shows that increasing Fe-Mt from 0.025 to 0.1 g/L
at 0.5 mmol/L CA, the corresponding kobs of DEP can increase
from 4.4 × 10−2 to 5.3 × 10−2 hr−1 , while more than 0.1 g/L FeMt slowed DEP degradation (3.3 × 10−2 hr−1 ). It indicated the

Influence of anions and HA

Anions, such as NO3 2− , CO3 2− and Cl− are common in soils
and natural waters that may exert influence on DEP degradation in the Fe-Mt/CA/photo system. Fig. 5c shows NO3 −
could significantly inhibit the degradation of DEP. This result
was in line with the previous report by Zhang et al. (2011).
In addition, NO3 − is a good scavenger for e−
aq (Eq. (18))
(Xiao et al., 2019), thus it can limit the production of O2 •−
(k = 1.8 × 1010 L/(molsec)) (Mezyk et al., 2007), resulting in
the significant inhibition of DEP degradation. For CO3 2− or Cl− ,
low concentration (1 mmol/L) had insignificant effects on DEP
degradation, but high concentration (10 mmol/L) significantly
affected DEP degradation. The possible reason was that these
three anions could react with •OH at different reaction rates
(Eqs. (20), (21) and (23)) (Chen et al., 2019), and the formed rad-

256

journal of environmental sciences 101 (2021) 248–259

Fig. 5 – Effects of (a) air, N2 or O2 purging, (b) different pH values and (c) different concentrations of Cl− , CO3 2− , NO3 − and HA,
and (d) degradation of DEP with reused Fe-Mt in the presence of CA under xenon light irradiation. Reaction conditions:
[DEP]0 = 20 mg/L, [CA]0 = 0.5 mmol/L, [Fe-Mt]0 = 0.1 g/L, and initial pH = 5.5, and 500 W xenon light irradiation.

icals had less reactivity than •OH towards DEP.
k=9.7×109 L/(mol·sec )

−
−
−
NO−
3 + H2 O + e −−−−−−−−−−−−−−→ NO2 + 2OH

k=4.2×108 L/(mol·sec )

−
CO32− + •OH −−−−−−−−−−−−−−→ •CO−
3 + OH

k=4.3×109 L/(mol·sec )

Cl− + •OH −−−−−−−−−−−−−−→ •ClOH−

k=2.1×1010 L/(mol·sec )

•ClOH− + H+ −−−−−−−−−−−−−−−→ •Cl + H2 O

2.5.
(19)

(20)

(21)

The reused Fe-Mt particles still have high catalytic activity in
degradation of DEP. Fig. 5d shows the degradation efficiency
of DEP was still above 50% after recycled for three times. The
concentration of iron leaching from Fe-Mt in the solution was
4.16 mg/L, which was increased by 1.5-fold after 3 cycles (Appendix A Fig. S2b). Overall, Fe-Mt had high stability and reactivity with CA to degrade DEP under light irradiation, which
indicated this strategy (Fe-Mt/CA/light) is potentially practical
in soil remediation or water purification.

(22)

3.
NO−
3

k=8.8×107 L/(mol·sec )

+ •OH −−−−−−−−−−−−−−→ •NO + O2 + OH−

Catalytic activity and stability of reused Fe-Mt

(23)

Dissolved HA was selected to investigate the effect of natural organic matter in this system. As shown in Fig. 5c, the existing of HA in aqueous solution could reduce photo-assisted
DEP degradation in the Fe-Mt/CA system. The degradation of
DEP monotonically decreased from 70.4% to 42.1% as the concentration of HA increased from 0 to 50 mg/L. This was due
to the fact that HA competed with DEP for surface bounded
•OH, which was consistent with the results of previous studies (Li et al., 2013a; Chen et al., 2019).

Conclusions

In this work, Fe-Mt were successfully synthesized and evaluated for the photo-assisted degradation of DEP in the presence of CA. The Fe-Mt/CA system exhibited high photocatalytic efficiency than the pure nFe2 O3 /CA because of its porous
structure, large surface area and more oxygen vacancies. It
was found that Fe-Mt/CA can effectively degrade organic pollutants under sun light irradiation, although some environmental factors influence this process, such as common anions, HA, solution pH and DO concentration. Aerobic and acid
condition facilitated photo-assisted degradation of DEP. Our

journal of environmental sciences 101 (2021) 248–259

results indicated that the complexation of CA to Fe2 O3 in FeMt could produce surface •OH to remove DEP, resulting in the
formation of hydroxylation products. This study provided a
potential strategy with green and economical nano-materials
for organic contaminant remediation from surface waters or
surface soils.
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