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Photocatalytic transformation of climbazole and
4-chlorophenol formation using a floral array of
chromium-substituted magnetite nanoparticles
activated with peroxymonosulfate†

Yuanhong Zhong, a Zhi-Feng Chen, ‡*b Shi-Chao Yan,b Wen-Wen Wei,b

Qianxin Zhang,b Guoguang Liu, b Zongwei Cai bc and Lin Yu ‡*a

Climbazole (CBZ) is an emerging contaminant with adverse effects on aquatic organisms. In this study, a

floral array of chromium-substituted magnetite nanoparticles was synthesized, characterized, and used in

photocatalytic degradation of CBZ. The results showed that Cr incorporation did not change the spinel

structure of magnetite, but resulted in the obvious decrease of its crystallinity. The Cr content greatly

influenced the morphology and micro-structure of magnetite nanoparticles, which led to a significantly

larger surface area, and more abundant pores and surface hydroxyl groups. Factors such as the UV light

source, catalyst concentration, initial level of CBZ, solution pH, peroxymonosulfate (PMS) dosage, and Cr

level in magnetite affected the transformation of CBZ. Under the optimized photocatalytic conditions, i.e.,

0.2 g L−1 Fe2.52Cr0.48O4, 2.0 μmol L−1 CBZ, 1.0 mmol L−1 PMS, and pH = 3.08, CBZ was almost completely

eliminated within 30 min, which was much faster than under photodegradation, biodegradation, or chlorination

reported previously. The reactive oxygen species including ˙OH and SO4˙
− coexisted and participated in

the photocatalytic reaction. The GC-MS analysis revealed the generation of 4-chlorophenol (4-CP) as a

primary intermediate following CBZ transformation, based on the stoichiometric relationship between

CBZ and 4-CP. The resultant 4-CP in the present study does not increase the risk to aquatic life. The

results highlight an environmentally friendly strategy for effective elimination of CBZ.

1. Introduction

Climbazole is a common imidazole fungicide with a
chlorophenol residue. It is extensively used as an active
antifungal ingredient in personal care products such as
shampoos, hair lotions, face creams, and foot-care products. In
April 2017, the Scientific Committee on Consumer Safety
(SCCS) indicated a maximum concentration of 0.5% in leave-
on products when climbazole was applied as a cosmetic
preservative. The committee also proposed to lower the
maximum concentration of climbazole to 0.2% with the
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Environmental significance

Climbazole (CBZ) is a common imidazole fungicide with a chlorophenol residue. The presence of climbazole in the aquatic environment will pose potential
risks to aquatic organisms. The primary intermediate 4-chlorophenol (4-CP) is a toxic contaminant that affects aquatic life and is ranked high among the
pollutants listed by the US Environmental Protection Agency and the European Union. However, the production of chlorophenol during the removal of
organic chemicals was often ignored in previous reports. Therefore, the photocatalytic transformation of CBZ and 4-CP formation using a floral array of
chromium-substituted magnetite nanoparticles activated with peroxymonosulfate were investigated. With the advantage of unique microtopography and
microstructure, the chromium-substituted nano-magnetite displayed a significant activity in CBZ transformation, and the removal efficiency of CBZ was at
least four-fold higher than that of photodegradation, biodegradation, or chlorination reported by other studies. Furthermore, the resultant 4-CP in the
present study does not increase the risks to aquatic organisms. Our results provide an environmentally friendly strategy for effective elimination of CBZ
and minimization of toxic by-product formation.
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exception of cosmetics used on a full body area.1,2 The usage of
climbazole was estimated to be 345 tons annually in China,3 while
it ranged from 100 tons to 1000 tons in the European Union.4

After application, climbazole is flushed into treatment plants
along with wastewater. However, the rates of aqueous removal of
climbazole were reported to range from 34% to 76%,3,5,6

indicating incomplete elimination in wastewater treatment plants.
Climbazole accumulates in the aquatic environment with
potentially adverse effects on aquatic organisms. Richter et al.7

demonstrated that climbazole is acutely toxic to water lentil
Lemna minor with a median effective concentration of 19.0–
33.9 μg L−1 based on the growth rate or biomass. According to
a previous report, this chemical posed medium risks to
aquatic organisms.5 Therefore, it is necessary to regulate the
discharge of climbazole into the aquatic environment.

Azole fungicides are recalcitrant to biodegradation.8–10 The
biodegradation rate of climbazole by freshwater microalga
Scenedesmus obliquus was quite slow, with half-lives of 4.41–
5.20 days.11 In addition to biodegradation, chlorination and
photodegradation were used for the elimination of
climbazole.12 The chlorine oxidation of climbazole was very
poor, with a half-life of 30 h. In UV photolysis, when the
reaction time was up to 60 min, climbazole was almost
completely eliminated under irradiation with a 10 W low-
pressure mercury lamp (λ = 254 nm). Treatment with a 250 W
high-pressure mercury lamp (λ = 254–425 nm) improved the
degradation rate of climbazole. It is not practical to use a 250
W lamp for the photolysis of organic chemicals due to the
higher costs entailed. Previous studies also reported a few by-
products of degradation, which were generated via reductive/
hydroxylative dechlorination and cleavage of the ether
bond.12,13 The by-product 4-chlorophenol (4-CP) was identified
during the photolysis of climbazole.13 Chlorophenols are toxic
contaminants that affect the life of aquatic organisms and
therefore ranked high among the pollutants listed by the US
Environmental Protection Agency14 and the European Union
(EU).15,16 However, the minor by-products of molecular
degradation such as chlorophenols were often ignored.

In recent years, nanoparticle-mediated heterogeneous
photocatalytic degradation has been considered as a promising
technique for the removal of environmental pollutants.17–19

Magnetite (Fe3O4) is an ideal catalyst for practical application
in controlling environmental pollution because of its strong
photocatalytic activities based on redox cycling of FeĲII) and
FeĲIII),17,20 which mediate the enzymatic catalysis of H2O2

generating ˙OH via heterogeneous Fenton technology.
Furthermore, it is a magnetic compound, which can be easily
separated from the reaction solution using a magnet,
indicating excellent environmental compatibility. Therefore,
the usage of magnetite as a Fenton-like catalyst for the
degradation of organic pollutants in water has received a great
deal of attention. With a structure similar to that of H2O2, the
oxidants peroxymonosulfate (PMS) and persulfate utilize the
O–O bonds instead of H2O2.

21 One or both hydrogen atoms in
H2O2 can be replaced by SO3 to generate HSO5

− and S2O8
2−,

respectively. By contrast, PMS and PS promote stability and

allow easy storage. Both oxidants can be activated to generate
SO4˙

−, which is a powerful radical that oxidizes most organic
compounds in wastewater. Therefore, magnetite-activated PMS
or PS is of interest as a very promising technique for the
degradation of non-biodegradable contaminants. Bulk
magnetite and magnetite substituted with cations (e.g., Mn, Cr,
and Ti) are found as minerals on the earth surface.22 Ultraviolet
A (UVA, λ = 315–400 nm) constitutes about 3% of sunlight,
which penetrates the Earth's atmosphere and reaches the
ground. As expected, climbazole undergoes transformation in
the natural environment with cation-substituted magnetite and
UVA irradiation. The introduction of PMS was reported to
enhance the photocatalytic performance of nanoparticles.22

Studies investigating cation-substituted, magnetite-induced
heterogeneous photocatalytic degradation of climbazole under
the combination of UVA and PMS have yet to be reported.

We previously reported the highest photocatalytic redox
activities of Cr-substituted magnetite compared with other
transition metal substitutions.17 The effect of Cr incorporation
on the Fenton catalytic activity of magnetite was the focus of
the investigation, without elucidating the effect of Cr
incorporation on the micromorphology, interfacial structure,
or activation of PMS or PS. Therefore, this study was conducted
to synthesize and characterize a floral chromium-substituted
magnetite (Fe3−xCrxO4–F), to investigate the photocatalytic
performance and mechanism of climbazole in a Fe3−xCrxO4–F/
UVA/PMS system, and to evaluate the potential risk
associated with the intermediate product 4-CP. The results
suggest an effective strategy for the removal of climbazole
and elucidate the fate of climbazole in the aquatic
environment. Additionally, the new insights into the effect of Cr
cation substitution on the micromorphology and interfacial
activity of nano-magnetite are of vital importance for the
industrial application of Cr-magnetite.

2. Experimental procedure
2.1. Chemicals and reagents

All chemicals and reagents employed in this study were of
analytical grade and derived from commercial sources and
used without further purification. The commercial nano-
magnetite was obtained from Shanghai Macklin Biochemical
Co., Ltd (China). PMS (KHSO5·0.5KHSO4·0.5K2SO4, ≥47%
KHSO5) was purchased from Aladdin Chemicals. Climbazole
(CBZ, 99.9%) and 4-chlorophenol (4-CP) were supplied by
Dr. Ehrenstorfer from Germany and AccuStandard from USA,
respectively. N,O-BisĲtrimethylsilyl) trifluoroacetamide (BSTFA)
was purchased from Regis Chemical Company (USA). Oasis HLB
cartridges (500 mg, 6 mL) were obtained from Waters
Corporation (Milford, MA, USA). Methanol of HPLC grade was
purchased from Merck. Stock solutions of CBZ (2 mmol L−1) and
4-CP (1.00 g L−1) were prepared in methanol and stored at −20 °C.

2.2. Preparation of floral Cr-magnetite samples

Floral Cr-magnetite samples (Fe3−xCrxO4–F, 0 ≤ x ≤ 1) were
synthesized using an adjusted microwave-assisted technique
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as reported in our previous nanomagnetite synthesis. The
detailed mechanisms are described in Text A.1 in the ESI.† The
samples were denoted as Fe3−xCrxO4 (0 < x < 1). The catalytic
activities were compared by preparing pure nano-magnetite
samples using a similar procedure without CrCl3·6H2O, and the
commercial products Fe3O4 and Fe3O4–C were also obtained.

2.3. Characterization of Cr-magnetite samples

The contents of Fe and Cr in the synthetic samples were
determined using a Thermo Scientific iCAP-6000 inductively
coupled plasma atomic emission spectrometer (ICP-AES). The
obtained samples were characterized by powder X-ray
diffraction (PXRD), BET specific surface area, distribution of
pore size, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS). The details of
characterization are provided in Text A.2 in the ESI.†

2.4. Heterogeneous catalytic activity

The heterogeneous catalytic activities of the as-prepared
samples were evaluated by monitoring the degradation of
climbazole in water under UVA irradiation. The tests were
carried out in a home-made photo-reactor. A hand-held torch
was used as a UVA light source for the irradiation reaction,
consisting of three 3 W LED light bulbs (λ = 365 nm). All
batch kinetic experiments were performed in a 100 mL
transparent double-beaker filled with circulating water. In
order to avoid extraneous illumination, the beaker and UVA
torch were wrapped in aluminium foil. Typically, 80 μL of
CBZ stock solution (2 mmol L−1) was poured into the beaker,
and the solvent methanol was evaporated with a gentle
stream of N2 at room temperature. Thereafter, 80 mL of
deionized water was used to re-dissolve the CBZ residue
completely at a concentration of 2 μmol L−1 followed by the
addition of 0.016 g of catalyst to the solution. The reaction
was initiated via simultaneous addition of PMS and turning
on a UVA lamp. The pH of the solution following the
addition of PMS was 3.0 ± 0.5. At specific intervals, aliquots
of 1.0 mL reaction solution were withdrawn and mixed with
100 μL of 0.5 mol L−1 Na2S2O3 immediately to quench the
reaction. Using a magnet to remove the catalyst, the
supernatant was transferred into a 2 mL vial before analysis.
The concentrations of CBZ were analyzed with a Waters
e2695 high-performance liquid chromatograph (HPLC)
connected to a diode array detector (DAD). The detailed
instrumental conditions are described in Text A.3 of the ESI.†
The limits of detection and quantitation of CBZ were 0.02
μmol L−1 and 0.07 μmol L−1, respectively.

For the identification of 4-CP or other potential
intermediates, another set of experiments was conducted
with a higher volume of 100 mL solution. The initial
concentration (2 μmol L−1) of CBZ was in accordance with
that of the kinetic experiments. Each 100 mL reaction
solution with reaction times of 0 (blank control), 10 min, 20
min, and 40 min was transferred into an amber bottle

followed by the addition of Na2S2O3 to quench the reactions.
The potential intermediates were extracted from the solution
samples via solid phase extraction. For GC-MS analysis, the
extracts were treated appropriately before sample injection.
For LC-HRMS analysis, the extracts were directly injected into
an LC system and analyzed by HRMS. The detailed
procedures of solid phase extraction and pre-column
derivation are indicated in Text A.4 in the ESI.† GC-MS
analysis was carried out on a Thermo TRACE™ 1300 gas
chromatograph connected to a TSQ 8000 Evo mass
spectrometer (Thermo Scientific, USA) with an electronic
ionization (EI) source. UHPLC-HRMS was performed using a
Dionex Ultimate 3000 ultra-high-performance liquid
chromatograph (UHPLC) coupled to a Thermo Scientific Q
Extractive Focus mass spectrometer (Thermo Scientific, USA).
The instrumental operating parameters of GC-MS and
UHPLC-HRMS are indicated in Text A.5 and Table S1 in the
ESI.† The limits of detection and quantitation of 4-CP were
2.75 × 10−5 μmol L−1 and 8.34 × 10−5 μmol L−1, respectively.

Two reference experiments were also performed: (i) with
light irradiation in the absence of a catalyst (with H2O2 only)
and (ii) without a catalyst and H2O2 (blank). Hydroxyl radicals
(˙OH) and sulfate radicals (SO4˙

−) generated during the
photocatalytic degradation were estimated by electron spin
resonance (ESR) using dimethyl pyridine N-oxide (DMPO) as
a capture agent.

2.5. Risk assessment of 4-CP

A preliminary risk assessment was performed using the risk
quotient (RQ) approach based on the European Commission
Technical Guidance Document.23 The RQ value was
calculated by dividing the measured environmental
concentration (MEC) value by the predicted no-effect
concentration (PNEC) value (eqn (1)). The values of RQ < 0.1,
0.1 ≤ RQ < 1, and RQ ≥ 1 indicated minimal, medium, and
high risks, respectively.24 Based on the toxicity of a chemical,
the calculation of PNEC was derived by an assessment factor
approach or a species sensitivity distribution curve. The
detailed description is provided in Text A.6 in the ESI.†

RQ = MEC/PNEC. (1)

3. Results and discussion
3.1. XRD patterns

Based on the chemical analysis (Table 1), the chemical
formulae of the synthetic samples were determined as Fe3O4,
Fe2.76Cr0.24O4, Fe2.52Cr0.48O4, and Fe2.28Cr0.72O4. Notably, the
Cr contents of all the samples with the formula Fe3−xCrxO4

were close to the added quantity, and the Fe content
decreased after the incorporation of Cr, indicating the
replacement of Fe with Cr metal in the magnetite structure.
Fig. 1A illustrates the XRD patterns of the synthetic Fe3−xCrxO4

samples, and all the samples showed spinel structures
corresponding to the standard cards of magnetite (JCPDS: 19-
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0629) and chromite (JCPDS: 34-0140). Thus, the introduction
of Cr did not change the inverse-spinel structure. By contrast,
the peaks of the Cr-substituted magnetite samples were
broadened and weakened with a decreased intensity,
revealing the poor crystallinity of the three samples and
reduced size of the crystallites compared with that of Fe3O4.
The shift of peaks at ca. 35.5° toward a lower diffraction angle
(inset in Fig. 1A) indicated the incorporation of Cr into the
inverse spinel structure, which resulted from the slightly
smaller ion radius of Cr3+ (0.63 Å) compared with that of Fe3+

(0.65 Å). Accordingly, a slight increase in lattice parameter a0
was observed (Table 2). In spite of the same valence state and
isostructural oxides between Cr3+ and Fe3+, Cr substitution
resulted in the distortion of the FeO6 octahedron and the
increase of OH and H2O contents in the magnetite structure
(according to XPS results), due to their different ionic radii,
which caused lattice strain and deviated from the ideal
Vegard relationship.25 This can also be interpreted simply as
a reduced growth of the magnetite crystal in the z-direction
in the presence of Cr, which affects the morphology of Cr-
magnetite. Many analogous cases were reported elsewhere for
aluminium substituted on hematite.25–27

3.2. Micro-structure and micro-morphology of magnetite

Fig. 1B shows the SEM images of the commercial Fe3O4–C
and synthetic Fe3−xCrxO4 samples. Fe3O4–C exhibited mainly
spherical morphologies (Fig. 1B1) with an average size of
approximately 180 nm (n ≈ 50 particles). The synthetic Fe3O4

nanoparticles showed good dispersion and rod-like shape
measuring 12–36 nm laterally and 45–156 nm longitudinally
(Fig. 1B2). After incorporating Cr, the micromorphology of
magnetite displayed significant changes (Fig. 1B3–B5). The
sample Fe2.76Cr0.24O4 assembled into multilayered porous
structures with interconnected nano-flakes, as shown in the
HRTEM images (Fig. S1†). The thickness of nano-flakes was
approximately 8–16 nm. With the increased Cr content, no
nano-flakes were detected in Fe2.52Cr0.48O4 and Fe2.28Cr0.72O4

samples. Instead, a floral assembly of nanorod clusters of
layered flowers was observed. This phenomenon suggested
that the isomorphous replacement of Cr greatly influenced
the morphology and micro-structure of magnetite. The
change in surface energy of magnetite crystals resulting from
Cr replacement led to a minor distortion in the crystal
structure and even altered the preferred growth orientation
of the crystal.

As shown in Table 2, the BET surface areas of the synthetic
magnetite samples were substantially larger than that of the
commercial samples (9.2 m2 g−1). The Cr substitutions in
magnetite apparently enhanced its specific surface area in
direct proportion to the increased Cr content. The sample
Fe2.28Cr0.72O4 exhibited the highest surface area (184.4 m2 g−1),
which was nearly 20-fold greater than that of Fe3O4–C and five-
fold higher than that of the synthetic Fe3O4. This result
suggested that the Cr replacement may lead to the formation
of microporous or mesoporous magnetite. Fig. 1C illustrates
the N2 adsorption–desorption isotherms of the samples.
According to the classification of the International Union of
Pure and Applied Chemistry (IUPAC), these adsorption–
desorption isotherms of the synthetic samples represented the
type IV category,28,29 and the hysteresis loops were assigned to
the type H3 profile, which was associated with aggregates of
plate-like particles or slit-shaped pores.30 Also, it suggested a
mesoporous structure.31,32 Fig. 1D shows the pore size
distribution in the adsorption branch (BJH model) of the
Fe3−xCrxO4 samples. Almost no pore structure was found in
Fe3O4–C and the synthetic Fe3O4 samples. A significant pore
distribution occurred with the incorporation of Cr. With the
increased Cr content, both the micropore volume (<2 nm) and
mesopore volume (2–50 nm) were increased, whereas the
average pore sizes were reduced (Table 2).

3.3. XPS and Raman spectra

XPS based on the specific binding energy was used to
investigate the surface element composition and valence
state. The Fe 2p XPS spectra (Fig. 2A) of the Fe3O4–C and
Fe3−xCrxO4 NPs show a characteristic doublet located at
709.8–710.9 eV and 723.0–724.8 eV, which corresponds to Fe
2p3/2 and Fe 2p1/2, respectively.

33 The fitted parameters are
displayed in Table 3. As for Fe3O4–C, the fitting Fe 2p3/2 (Fe
2p1/2) binding energy was 710.3 eV (723.6 eV) for FeII and
711.5 eV (725.1 eV) for FeIII. The small satellite peak around
718.5 eV (peak 5) was attributed to the air-oxidized surface of
Fe3O4 to γ-Fe2O3 during sample storage or XPS preparation.
The binding energies of Fe 2p3/2 and Fe 2p1/2 of the synthetic
Fe3O4 slightly deviated from those of Fe3O4–C, which was
consistent with our previously reported spectra of rod-like
magnetite particles.34 However, the characteristic doublet (Fe
2p3/2 and Fe 2p1/2) of Cr-substituted magnetite slightly shifted
to higher energies, indicating that the substitution of Cr
altered the local environment of Fe atoms. Their binding
energies for Fe 2p3/2 and Fe 2p1/2 (Table 3) were very close to
the Fe 2p (725 eV for Fe 2p1/2 and 710.6 eV for Fe 2p3/2) of
Fe2CrO4 in the National Institute of Standards and
Technology (NIST) XPS Standard Reference Database 20
(Version 4.1), indirectly suggesting the entry of Cr cations
into the magnetite structure. The Cr 2p spectra (Fig. 2C) of
Fe3−xCrxO4 (x > 0) nanoparticles showed a characteristic
doublet (Cr 2p3/2 and Cr 2p1/2) located at 577.0–576.8 eV and
586.9–586.6 eV, respectively. Furthermore, it was identical to
the reported standard Cr 2p of α-Cr2O3,

35 suggesting that Cr

Table 1 Chemical analysis of the samples Fe3−xCrxO4 (0 ≤ x ≤ 1)

Sample
Addition of
Fe : Cr CCr/mg L−1 CFe/mg L−1 x

Chemical
formulae

1 Commercial 0.19 731.90 0.00 Fe3O4–C
2 3.0 : 0.0 0.02 709.29 0.00 Fe3O4

3 2.75 : 0.25 50.39 635.35 0.24 Fe2.76Cr0.24O4

4 2.50 : 0.50 100.63 571.34 0.48 Fe2.52Cr0.48O4

5 2.25 : 0.75 143.49 487.12 0.72 Fe2.28Cr0.72O4
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in the Fe3−xCrxO4 structure existed in the Cr3+ form. The
recorded O 1s spectra (Fig. 2B) of Fe3O4–C and Fe3O4 were
resolved into two main peaks at approximately 529.8 eV and
531.0 eV, respectively, which were attributed to the lattice
oxygen (Fe–O) and adsorbed oxygen or surface hydroxyl
species (–OH),36 respectively. After Cr substitution, the peak

intensities of surface hydroxyl species were enhanced, which
was consistent with our previous results related to the
thermal analysis of Cr-substituted magnetite.37 For
Fe3−xCrxO4 samples, an additional peak at a higher binding
energy around 532.1 eV was assigned to the surface-adsorbed
water.38

Fig. 1 A: XRD patterns of the synthetic Fe3−xCrxO4 samples; B: SEM images of the commercial Fe3O4–C and synthetic Fe3−xCrxO4 samples, (B1):
Fe3O4–C, (B2): Fe3O4, (B3): Fe2.76Cr0.24O4, (B4): Fe2.52Cr0.48O4, and (B5): Fe2.28Cr0.72O4; C: the N2 adsorption–desorption isotherms of the samples;
D: pore size distribution in the adsorption branch (BJH model) of the Fe3−xCrxO4 samples, inset: enlarged scale.
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Further critical details of the chemical composition and
homogeneity of the samples were identified by laser Raman
spectroscopy. The Raman spectra of the Fe3−xCrxO4 samples
(Fig. 2D) show two Raman bands located at about 668 cm−1

and 543 cm−1, which were assigned to the A1g and T2g modes
of magnetite, respectively. The results corresponded to those
of earlier Raman studies involving synthetic magnetite. No
additional characteristic bands for maghemite (720 cm−1, 500
cm−1, and 350 cm−1), hematite (390 cm−1, 280 cm−1, and 220
cm−1), or goethite (1110 cm−1 and 880 cm−1) were
detected,39–41 suggesting that the synthetic Fe3−xCrxO4 was a
pure magnetite, consistent with XRD results. Notably, the
substitution of Cr for Fe in the structure reduced the
intensity of the Raman peak at ca. 673 cm−1 and expanded its
width. Meanwhile, the peak at ca. 547 cm−1 increased with
the increased Cr content.

3.4. Degradation of climbazole by Fe3−xCrxO4-activated PMS

We analyzed the effect of various reaction parameters on the
catalytic performance of Fe3−xCrxO4 by activation of PMS.
Considering Fe2.52Cr0.48O4 as an example, the factors
influencing the degradation were studied. As shown in Fig. 3a,
less than 5% of CBZ could be removed through adsorption by
Fe2.52Cr0.48O4. Almost no degradation of CBZ was observed
after 40 min of reaction with only PMS or Fe2.52Cr0.48O4 under
UV irradiation. Under natural light conditions, the CBZ in the
PMS/Fe2.52Cr0.48O4 system was degraded by about 25% after 40
min. The low removal rate was attributed to the reduced
catalytic activity of FeIII compared with that of FeII and the lack
of effective reduction of the generated FeIII on the
Fe2.52Cr0.48O4 surface to FeII under natural irradiation. Both
phenomena resulted in insufficient ˙OH radical generation.
Following irradiation with UV light, the degradation efficiency
of the Fe2.52Cr0.48O4/UV system was greatly improved, and CBZ
was almost completely degraded within 30 min, indicating
that Fe2.52Cr0.48O4 exhibited adequate catalytic activity with
PMS activation under UV light (eqn (2)) due to successful
reduction of FeIII on the magnetite surface to FeII (eqn (3))
under UV light irradiation.42 In addition, the UV/Fenton
catalytic degradation of CBZ by Fe2.52Cr0.48O4 nanoparticles
was also conducted for comparison. But only 20% of CBZ can
be eliminated after 40 min of reaction with 20 mmol L−1 H2O2.

Table 2 Lattice parameters, BET surface areas, and particle sizes of the
Fe3−xCrxO4Ĳ0 ≤ x ≤ 1) samples

Sample a0/Å BET/m2 g−1 Mean pore size/nm

Fe3O4–C 8.380 9.2 —
Fe3O4 8.373 36.0 27.4
Fe2.76Cr0.24O4 8.374 118.1 19.3
Fe2.52Cr0.48O4 8.382 175.7 14.2
Fe2.28Cr0.72O4 8.393 184.4 11.3

Fig. 2 Fitting results of the Fe 2p (A), Cr 2p (B), and O 1s (C) XPS spectra of the Fe3−xCrxO4 (0 ≤ x ≤ 1) samples; Raman spectra of the Fe3−xCrxO4

samples (D).
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Therefore, it is clear that the removal of CBZ by the
Fe2.52Cr0.48O4/UV/PMS system was more efficient than that by
the Fe2.52Cr0.48O4/UV/H2O2 system.

≡FeII + HSO5
− → ≡FeIII + SO4˙

− + OH− (2)

≡FeIII + hv → ≡FeII (3)

The ionization constant pKa of CBZ was 7.5,7 suggesting
that the removal of CBZ was probably affected by the pH of
the solution. The results revealed that the pH value of the
solution had a dramatic effect on the degradation efficiency
of CBZ (Fig. 3b). In the system at pH 3.08, i.e., without the
addition of acid or lye, CBZ was almost completely degraded
within 30 min. The removal rates of CBZ decreased sharply
in the solution at pH ≤ 3.0 and pH ≥ 7. After reaction for 40
min, only about 30% of CBZ was degraded in the system at
pH 9.01. The phenomenon was attributed to the addition of
sulfuric acid leading to the inhibition of the activation of
HSO5

− to produce SO4˙
−, and the addition of alkali neutralized

a part of HSO5
− and generated SO4˙

− in the system for further
conversion to ˙OH (eqn (4)).43,44

SO4˙
− + OH− → SO4

2− + ˙OH (4)

The substantially lower lifetime of ˙OH compared with that
of SO4˙

− resulted in the reduction of the available PMS and
consequently decreased the degradation efficiency of CBZ.
Interestingly, this phenomenon differed from the reported
results of UV photo-degradation of CBZ. Couteau et al.45

demonstrated that the degradation efficiency of CBZ in the
UV photo system was closely related to the solution pH, and
the highest removal rate occurred at pH 9.0. However, Liu
et al.12 found that the initial pH of the solution had little
effect on the degradation of CBZ in the UV system (λ = 254
nm). This discrepancy may be ascribed to the difference in
reaction conditions. As we know, in the UV irradiation
system, the removal of organic pollutants only depends on
the UV photo-degradation. But in our study, the coexisting
catalyst and PMS played a dominant role in CBZ degradation,
which led to a completely different degradation process. In
addition, the UV light source with a wavelength of 365 nm
might also have some influence on the degradation of CBZ.

The effect of Fe2.52Cr0.48O4 dosage ranging from 0 to 0.4 g
L−1 on CBZ degradation was investigated. As shown in
Fig. 3c, the proportion of CBZ degradation increased from 0
to 100% when the dosage of Fe2.52Cr0.48O4 was increased
from 0 to 0.2 g L−1, indicating the high catalytic activity of
Fe2.52Cr0.48O4 in CBZ degradation. With the catalyst dosage
increased to 0.3–0.4 g L−1, the rate of catalytic degradation of
CBZ by Fe2.52Cr0.48O4 was not changed apparently. Compared
with the control system, the addition of 0.25 mmol L−1 PMS
resulted in an increased degradation of CBZ (Fig. 3d). With
the PMS concentration rising to 1.00 mmol L−1, the
degradation efficiency of CBZ increased to 100% within 30
min, which may be attributed to PMS activation by Cr-
magnetite and the produced SO4˙

− (eqn (1)), which is known
to be a very strong single-electron oxidant. However, the CBZ
degradation efficiency was decreased significantly under the
dosage of PMS up to 1.50 mmol L−1. The decline in the
degradation of CBZ may be ascribed to the excessive SO4˙

−

radicals quenching each other to form S2O8
2− (eqn (5)) and

the reaction with the redundant HSO5
− to produce weaker

SO5˙
− radicals (eqn (6)).46

SO4˙
− + SO4˙

− → S2O8
2− (5)

SO4˙
− + HSO5

− → SO5˙
− + HSO4

− (6)

Fig. 3e shows the effect of the initial CBZ concentration
on the degradation mechanism. No obvious effect was seen
in the degradation efficiency at a concentration of 1.0–2.0
μmol L−1. The CBZ was almost completely degraded
following a 30 min reaction. Nevertheless, when the
concentration of CBZ was raised to 2.5 μmol L−1 (i.e., 732.5
μg L−1), the degradation rate declined to 81.5% after a
reaction interval of 40 min, which may be due to the
generation of SO4˙

− and ˙OH radicals on the surface of the
catalyst limited by the ratio of FeIII/FeII on the magnetite
surface, which restricted the amount of CBZ reacting with
the radicals. The result suggested that the incremental initial
CBZ concentration reduced the probability of the reaction
between CBZ and radicals. Specifically, at a high
concentration of CBZ, the reaction rate decreased relatively
and lasted for a considerable duration. The degradation of
CBZ catalyzed by Cr-magnetite with different levels of Cr

Table 3 Peak fitting parameters of Fe 2p, Cr 2p, and O 1s spectra

Sample

Peak center (eV)a

Fe Cr O

1 2 3 4 5 1 2 1 2 3

Fe3O4−C 710.3 723.6 711.5 725.1 718.5 — — 529.8 531.0 —
Fe3O4 709.4 722.8 710.9 724.4 718.0 — — 529.9 531.2 —
Fe2.76Cr0.24O4 710.5 723.9 712.1 725.9 718.8 577.0 586.9 529.8 531.0 532.1
Fe2.52Cr0.48O4 710.7 724.0 712.3 725.9 718.7 576.9 586.7 529.9 531.1 532.2
Fe2.28Cr0.72O4 710.5 723.8 712.2 725.8 718.7 576.8 586.6 529.8 531.1 532.2

a The value of %GL fixed to 20%.
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content is shown in Fig. 3f. Under the test conditions, the
elimination rate of CBZ in the Fe3O4–C system was about
55% after a 40 min reaction, compared with 97% in the
synthetic Fe3O4 system. The catalytic activities of all the
Fe3−xCrxO4 samples were stronger than those of pure
magnetite, suggesting that Cr incorporation played an
important role in enhancing the catalytic activity of
magnetite in the UV/Fenton reaction. This may be attributed
to the Cr ions participating in the activation process of PMS
to generate SO4˙

− radicals which was thermodynamically

favorable. The potential value of the redox pair Cr2+/Cr3+

(0.408 V)47 was lower than the standard redox potential (E0)
of PMS (1.82 V),48 illustrating that it could initiate PMS
activation similar to Fe2+. Under UVA irradiation, the CrIII on
the Cr-magnetite surface could capture the photo-generated
electrons (e−) to form CrII (eqn (7)). Based on the redox
potential, the generated ≡CrII had a high activity in
activation of PMS as suggested in eqn (8).

≡CrIII + e− → ≡CrII, E0 = −0.408 V (7)

Fig. 3 Effect of various experimental conditions on the degradation of CBZ by activated PMS on Cr-magnetite: (a) UVA light source, (b) different
initial pH values, (c) catalyst dosage, (d) PMS dosage, (e) different initial CBZ concentrations, and (f) Cr doping content (if not specified, the
reaction conditions were: CBZ, 2.0 μmol L−1; PMS, 1.0 mmol L−1; H2O2: 20 mmol L−1, Fe2.52Cr0.48O4, 0.2 g L−1; 80 mL; pH, 3.08; 25 °C).
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≡CrII + HSO5
− → ≡CrIII + SO4˙

− + OH−, ΔE = 2.228 V (8)

However, a slight decline occurred with the increased Cr
content in Fe3−xCrxO4, which was contrary to a previous study
analyzing Cr-magnetite using a heterogeneous Fenton
catalyst, possibly due to the improvement in micropore
volume of Fe2.52Cr0.48O4 and Fe2.28Cr0.72O4 samples following
the incorporation of Cr. The micropore diameter ≤2 nm may
not be conducive to the free entry and exit of the active
component HSO5

− of PMS, thus slowing down the
degradation rate. Furthermore, with nanoflake morphology,
the sample Fe2.76Cr0.24O4 exposed more active facets. Our
previous study demonstrated that the heterogeneous catalytic
activities of Fe3O4 were morphology dependent, and the
sample with nanoplate morphology showed a substantially
stronger catalytic activity compared with those with other
morphologies, such as nano-octahedra, nanocubes, and
nanorods.34 In this study, under the same reaction
conditions but varying Cr content and morphology, it is
possible that the catalytic activity of sample nanoflakes
(Fe2.76Cr0.24O4) was greater than that of Fe2.52Cr0.48O4 and
Fe2.24Cr0.76O4.

As reported previously, the removal of CBZ by freshwater
microalga Scenedesmus obliquus and chlorine oxidation was
quite poor, with half-lives of 4.41–5.20 d and 1.25 d,
respectively.11,12 In addition, CBZ was eliminated under UV
254 irradiation with a 10 W low-pressure mercury lamp.12

The initial concentration of CBZ was 2 μmol L−1, which was
in accordance with the present study. The system of Liu
et al.12 required 20 min for 80% removal of CBZ. As shown in
Fig. 3f, Fe2.76Cr0.24O4 showed the fastest photocatalytic
performance for the degradation of CBZ, with a removal rate
of 80% at 5 min. The removal efficiency of CBZ in the present
photocatalytic system was 4-fold higher than that of
photodegradation. It is noteworthy that, under the optimum
conditions (i.e., 0.2 g L−1 Fe2.52Cr0.48O4 2.0 μmol L−1 CBZ, 1.0
mmol L−1 PMS, pH = 3.08), the removal percentage of total
organic carbon for CBZ was found to be 71.1% after 40 min
of reaction, and it increased to 76.4% at 60 min.

Extensive studies have demonstrated that magnetite and
its doped compounds showed high catalytic activity,
significant stability, and reusability in continuous cycle
experiments, after limited cationic leaching.34,49–51 Therefore,
after completion of the degradation reaction, the dissolved
Fe and Cr concentrations were less than 0.60 mg L−1 and 0.23
mg L−1, respectively, accounting for about <0.10 wt% of Fe
and <0.23 wt% of Cr content in the added solid catalyst,
demonstrating good stability and reusability.

3.5. Major active species and reaction mechanism

In order to investigate the major active species during the
degradation of CBZ in Fe3−xCrxO4/UV/PMS systems, scavenger
agents were added to quench the reactive oxygen species (ROS).
Tert-butyl alcohol (t-BuOH) and p-benzoquinone were used to
quench ˙OH and O2˙

−, respectively, while ethanol (EtOH) was

used to quench ˙OH and SO4˙
− concurrently. As shown in Fig. 4,

in the system containing p-benzoquinone, the degradation of
CBZ was completed within 30 min, which was comparable to
the system without quenching agents. The results
demonstrated a negligible role of O2˙

− in the degradation. In
contrast, the addition of t-BuOH led to a sharp decrease in the
degradation efficiency of CBZ, with only 46.6% CBZ degraded
due to the quenching of ˙OH. After EtOH addition, the
quenching of ˙OH and SO4˙

− simultaneously decreased the
degradation of CBZ by more than 91%. Obviously, ˙OH and
SO4˙

− radicals coexisted in the reaction system, and together
contributed to the oxidative degradation of CBZ. Studies have
shown that ˙OH radicals were generated by the reaction
between SO4˙

− radicals and H2O/OH
−, which ultimately resulted

in the coexistence of ˙OH and SO4˙
− radicals. The main reaction

mechanisms include eqn (2), (4) and (9):42–44

SO4˙
− + H2O → ˙OH + SO4

2− + H+ (9)

In addition, ESR tests with DMPO (5,5-dimethyl-1-
pyrroline N-oxide) spin-trapping were conducted to identify
the ˙OH and SO4˙

− radicals generated (Fig. 5). These two
radicals were detected based on the signals of DMPO–˙OH
and DMPO–SO4˙

− adducts. With only PMS, no signal was
detected under dark conditions, and clear ESR four-line
patterns assigned to DMPO–˙OH adducts, i.e., characteristic
signals of 1 : 2 : 2 : 1 quartet with hyperfine splitting
constants: αH = αN = 14.8 G, gradually evolved under UV
light irradiation. Almost no DMPO–SO4˙

− signal was detected
in the reaction system. After utilizing Fe2.52Cr0.48O4 as an
activator, the DMPO−˙OH signals were sharply increased at
different time intervals, and DMPO–SO4˙

− signals were
detected along with ˙OH, suggesting the formation of both
radical species. Studies suggest that the low-intensity signal
associated with DMPO–SO4˙

− adducts is usually accompanied
by the signal from DMPO–˙OH adducts.52 This behaviour
was possibly attributed to the fast transformation from SO4˙

−

to ˙OH via nucleophilic substitution by H2O/OH
− as depicted

in eqn (4) and (9).

Fig. 4 Degradation of CBZ in the Fe3−xCrxO4/UV/PMS system with and
without scavenging agents namely t-BuOH, EtOH, and
p-benzoquinone.
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3.6. Assessment of 4-chlorophenol formation

According to the chemical structure, CBZ contains a
4-chlorophenyl functional group suggesting that the
degradation of CBZ leads to the formation of 4-chlorophenol
(4-CP) in the presence of ˙OH and SO4˙

− radicals. 4-CP is an
intermediate product generated by the Fe2.52Cr0.48O4/UV/PMS
catalytic degradation of CBZ. It was identified by GC-MS in a
full scan mode. Compared with the blank samples, only a
single peak was observed at the retention time of 12.3 min in
the treated samples. Based on the NIST mass spectral
database and the retention time/mass spectrum of the 4-CP
standard, the observed peak was assigned to 4-CP (Fig. 6). The
molecular ion peak was detected at m/z 200.1, with the
corresponding structure of (4-chlorophenoxy)Ĳtrimethyl)silane
(4-CP-TMS), which was generated via the reaction between
4-CP and BSTFA. The fragments of m/z 185.1, 157.1, and 111.0
were assigned to the structures lacking the single methyl
group, three methyl groups, and one silyloxy group in 4-CP-
TMS, respectively. Their isotopic peaks at m/z 187.1, 159.1,
and 113.0 were also observed, with an isotopic abundance
ratio of approximately 3 : 1, indicating the presence of a single
chlorine atom in the intermediate product. A previous study
demonstrated the production of 4-CP during the UV photolysis
of CBZ; however, 4-CP was not quantified during the
degradation process.13 We also attempted to identify other
potential intermediates via UHPLC-HRMS. Several
intermediates of CBZ, which lacked chlorophenyl,
pivaldehyde, or chlorine, were identified during direct

Fig. 5 ESR spin trapping of OH and SO4˙
− in aqueous solution with

DMPO in systems containing PMS alone and PMS/Fe2.52Cr0.48O4 under
UVA irradiation.

Fig. 6 Total ion chromatogram of the sample D20 and the 4-CP standard via GC-MS analysis; inset, the mass spectrum of D20 and 4-CP
standards at a retention time of 12.3 min.
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photolysis,12,13 but not in the present study (Fig. S2–S4†). The
loss of products with high molecular weight can be explained
by the stronger oxidation/reduction capacity under
photocatalysis, which leads to advanced degradation of CBZ
and formation of small molecular products such as 4-CP.

The concentrations of 4-CP at reaction intervals of 0, 10
min, 20 min, and 40 min were detected by GC-MS in the
selected ion monitoring (SIM) mode (Fig. S5† and Table 4). No
4-CP was found before the start of the degradation reaction.
With increasing reaction time, the concentration of 4-CP was
raised to 1.94 × 10−4 μmol L−1 at 10 min and peaked at 6.65 ×
10−1 μmol L−1 at 20 min. The maximum transformation rate of
4-CP from CBZ was increased to 33.3%, suggesting that the
oxygen atom located in the 4-chlorophenoxy group of CBZ was
an active interaction site that was easily attacked by ˙OH and
SO4˙

− radicals. At the reaction time of 40 min, the 4-CP level
was decreased to 1.33 × 10−1 μmol L−1, which was basically
equal to 20% of 4-CP abundance at 20 min. These findings
explain the stoichiometric relationship between CBZ and
4-CP. In addition, Descorme53 reported that photocatalysis
was an effective way for the removal of chlorophenols,
suggesting that 4-CP was further decomposed in the
Fe2.52Cr0.48O4/UV/PMS catalytic system and completely
eliminated at an adequate reaction time.

It is well known that chlorophenols are toxic pollutants.
Due to their toxicity to aquatic organisms, a number of
official regulatory organizations have set standards
stipulating the maximum environmental concentrations for
chlorophenols.15,16 Since 4-CP is one of the primary
chlorophenols, ecological risks posed by 4-CP during CBZ
degradation should be assessed using the risk quotient
approach.23 Based on sufficient toxicity data (Table S2†)
collected from the ECOTOX knowledgebase,14 the PNECs of
4-CP were derived using statistical extrapolation techniques.
Fig. 7 shows the species sensitivity distribution (SSD) profiles
of 4-CP including chronic and acute toxicity. Correlation
coefficients (R2 > 0.98) and significant levels (p < 0.01) reveal
goodness of fit for the SSD curves. The calculated PNECs of
4-CP were 0.28 mg L−1 for chronic effects and 1.86 mg L−1 for
acute effects. As shown in Fig. 7, the yields of 4-CP during
the CBZ degradation process were lower than both the PNEC
values (HC5 = 0.28 mg L−1 for chromic toxicity and HC5 =
1.86 mg L−1 for acute toxicity), indicating the absence of high
risks posed by 4-CP in this study. However, the risk quotient
of 4-CP is changed under experimental conditions such as
the initial concentrations of CBZ. Thus, the degradation

intermediates during photocatalysis of environmental
pollutants need to be monitored, especially those containing
chemical structures of highly toxic small molecules such as
chlorophenols and nitrophenols.15,54 In order to prevent
secondary contamination due to catalytic degradation of the
target pollutants, the transformation rates and ecological risk
of product intermediates should be assessed using a
standard-based quantification.

4. Conclusions

In this study, a new floral array of chromium-substituted
magnetite nanoparticles was synthesized via microwave-
assisted synthesis. The results revealed that the isomorphous
replacement of Cr greatly influenced the magnetite
morphology, micro-structure and photocatalytic activity.
Under optimized reaction conditions, the removal efficiency of
CBZ was at least four-fold higher than that of
photodegradation, biodegradation, or chlorination reported by
other studies. The improved catalytic activity of magnetite may
be attributed to Cr ions directly participating in activation of
PMS. Based on the indirect (quenching agents) and direct

Table 4 Concentrations, transformation rates and risk quotients of 4-CP at different times by degradation of CBZ

Reaction time (min)
C4CP

(μmol L−1) Transformation rate (%)a
C4CP

(mg L−1) Chronic RQ Acute RQ

0 0 0 0 0 0
10 1.94 × 10−4 9.70 × 10−4 2.50 × 10−7 8.92 × 10−7 1.34 × 10−7

20 6.65 × 10−1 33.3 8.55 × 10−2 3.05 × 10−1 4.60 × 10−2

40 1.33 × 10−1 6.67 1.72 × 10−2 6.14 × 10−2 9.25 × 10−3

a The initial concentration of CBZ (C0) is 2 μmol L−1, then the transformation rate is equal to (C4-CP/C0 × 100%).

Fig. 7 Species sensitivity distribution curves of climbazole showing
acute and chronic effects, and box plots representing the measured
concentrations of climbazole in surface water and effluents.
represents chronic effects, and represents acute effects. The shadow
zone indicates the expected safety of 95% of species in the aquatic
environment. ▲ represents the detected yield of 4-CP during CBZ
degradation at 10–40 min.
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(DMPO spin-trapping ESR) approaches, ˙OH and SO4˙
− radicals

were detected as the dominant reactive oxygen species in the
Fe2.52Cr0.48O4/UVA/PMS system, which facilitated the
transformation of CBZ. 4-CP was identified as a primary
reaction intermediate in the CBZ transformation and was not
associated with any elevated risks for aquatic organisms.

Consequently, our results have implications for
environmental remediation in terms of (1) broad prospects of
the UV/Cr-magnetite/PMS technique with excellent removal
efficiency, (2) good reusability of environmentally-friendly
Cr-magnetite, and (3) decrease of risks from highly toxic
emerging contaminants to low toxicity intermediates.
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