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Abstract: Carbendazim (CBZ), a widely used fungicide in agriculture, is frequently detected in
aquatic environment and causes significant concerns because of its endocrine-disrupting activity.
This study investigated the degradation kinetics of CBZ in ferrate (Fe(VI)) oxidation, the influence
of water matrices, and the transformation pathways of CBZ. The second-order rate constant for
the reaction between CBZ and Fe(VI) decreased from 88.0 M−1·s−1 to 1.6 M−1·s−1 as the solution
pH increased from 6.2 to 10.0. The optimum reaction conditions were obtained through response
surface methodology, which were pH = 7.8 and [Fe(VI)]/[CBZ] = 14.2 (in molarity), and 96.9% of
CBZ could be removed under such conditions. Cu2+ and Fe3+ accelerated the degradation of CBZ
by Fe(VI) oxidation; common cations and anions found in natural water had no significant effect,
while the presence of humic acid also accelerated the degradation of CBZ. Based on the degradation
products identified, degradation of CBZ in Fe(VI) oxidation proceeded via three pathways: namely,
hydroxylation, removal of the methoxyl group, and cleavage of the C–N/C=N bond. The initial
reaction site of CBZ oxidation by Fe(VI) was also supported by the atomic partial charge distribution
on the CBZ molecule obtained from density functional theory (DFT) calculations. CBZ in natural
water matrices was efficiently removed by Fe(VI) oxidation under near-neutral conditions, indicating
that Fe(VI) oxidation could be a promising treatment option for benzimidazole fungicides.

Keywords: carbendazim; ferrate; oxidation kinetics; degradation pathways; water treatment; wa-
ter matrices

1. Introduction

Carbendazim (methyl-1-H-benzimidazole-2-ylcarbamate, CBZ) is a typical benzimi-
dazole fungicide that is widely used to prevent the effects of harmful pathogens on crops,
fruits, and vegetables [1,2]. It is also known as the main degradation product of two other
benzimidazole fungicides, benomyl and thiophanate-methyl [3,4]. CBZ is stable and persis-
tent in the environment [3,5,6]; thus, it is widely detected in aquatic environment [1,7–12].
For example, the concentration of CBZ is up to 607 ng·L−1 in the Huangpu River, China,
and up to 0.58 ng L−1 in the tap water of northern Vietnam [13]. Very high concentrations
of CBZ, ranging from 0.11 mg L−1 to 0.18 mg L−1, were detected in paddy field water
soon after its application (1 h) [14]. It has been reported that CBZ can act as an endocrine
disruptor [1,3] and has liver toxicity [15,16]. Given its wide occurrence and toxic effects,
there is a significant need to develop efficient treatment technologies for removing CBZ
from water.

Common treatment processes for the removal of organic pollutants from water mainly
include photolysis, biodegradation, adsorption, and chemical oxidation [3,17,18]. Both
photolysis and biodegradation have rather low efficiency in the removal of CBZ [19]. While
adsorption only transfers CBZ from the liquid phase to the solid phase, it does not destruct
the pollutants. Advanced oxidation processes (AOPs) have been proven to be effective
in treating refractory organic pollutants due to the production of highly active hydroxyl
radicals (•OH) [18,20]. da Costa et al. applied the solar photo-Fenton process to remove

Sustainability 2022, 14, 13678. https://doi.org/10.3390/su142013678 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su142013678
https://doi.org/10.3390/su142013678
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-4911-6971
https://doi.org/10.3390/su142013678
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142013678?type=check_update&version=3


Sustainability 2022, 14, 13678 2 of 12

CBZ from water and found that over 96% removal could be achieved within 15 min [21].
However, Fenton-type processes usually require acidic media, which are not desirable in
water treatment. Mazellier et al. reported that rapid degradation of CBZ can occur in the
UV/H2O2 process [22]. Photocatalytic processes were also employed for the treatment of
CBZ from water, which achieved satisfactory performance [23]. However, the high cost of
UV irradiation limits the application of these processes, and the photocatalysts are also not
commercially available. Recently, Xu et al. compared the degradation of CBZ by KMnO4
activated with benzoquinone and bisulfite and found that both processes could achieve
good results. However, KMnO4 oxidation brings the undesirable product Mn2+, which
needs to be controlled with the further addition of chemicals [24].

Ferrate (Fe(VI)) is a strong oxidant that has excellent performance in water and wastew-
ater treatment, including oxidation, flocculation, sterilization, and disinfection [25–32]. It
is capable of oxidizing organic pollutants that have unsaturated functional groups, espe-
cially nitrogen- and sulfur-containing compounds [33–35]. Compared to other water and
wastewater treatment processes, Fe(VI) oxidation has the advantages of simple operation,
fast oxidation rate, low cost, and good performance under near-neutral conditions. Xie
et al. comprehensively compared the performance and cost of Fe(VI) oxidation and the
Fenton process using p-arsanilic acid as the model pollutant and found that Fe(VI) oxidation
has the advantages of shorter treatment time and lower capital cost [32]. Unlike other
AOPs that are based on active free radicals, Fe(VI) oxidation of organic pollutants is hardly
inhibited by the co-existing ions and dissolved organic matter (DOM) [36], and it performs
well in natural water under near-neutral conditions [37]. Nonetheless, while studies have
demonstrated promising treatment results for the oxidation of organic pollutants in drink-
ing water by Fe(VI) [38,39], the relatively high cost of Fe(VI) currently limits its practical
application, and further research is required to reduce the treatment’s operating cost.

This study aimed to investigate the kinetics and mechanism of CBZ degradation in
Fe(VI) oxidation and the influence of water matrices. The effects of oxidant dose and pH
were studied, and the optimum oxidation conditions were established through response
surface optimization experiments. The order and rate constant of the reaction between
Fe(VI) and CBZ were determined. The degradation of CBZ by Fe(VI) oxidation was further
examined in the presence of common ions and humic acid (HA), as well as in natural water
matrices. Finally, the degradation pathways and mechanism of CBZ by Fe(VI) oxidation
were proposed based on the experimental results and theoretical calculations. The findings
of this study can guide the practical treatment of benzimidazole fungicides in water and
wastewater by Fe(VI) oxidation.

2. Materials and Methods
2.1. Chemicals and Reagents

CBZ (98%), 2,2-azino-bis(3-ethylbenzothiazoline)-6-sulfonate (ABTS, >98%), and bo-
rate (GR) were obtained from Macklin Biochemical (Shanghai, China). NaCl, KCl, NaBr,
NaNO3, NaHCO3, NaH2PO4, Na2HPO4, and Na2CO3 were purchased from Sinopharm
Chemical Reagent (Shanghai, China). CaCl2, MgCl2, CuCl2, and FeCl3 were provided by
Kemiou Chemical Reagent (Tianjin, China). HA was supplied by Sigma-Aldrich (St. Louis,
MO, USA). Unless noted otherwise, ultrapure water (18.2 MΩ cm) produced from a Milli-
Q Reference system (Millipore, Bedford, MA, USA) was used in the preparation of all
solutions.

Fe(VI) was prepared according to the wet chemical method reported in the litera-
ture [40], and the purity was higher than 90%. As a dry solid, the K2FeO4 prepared was
stable, but it would decompose in contact with water. The purity of K2FeO4 synthesized
was determined from absorbance measurement (at 510 nm) of the Fe(VI) solution prepared
from dissolution of the powder in a buffer solution of 1 mM Na2B4O7/5 mM Na2HPO4
(pH 9.2) and comparison with the known molar absorptivity of Fe(VI) at pH above 9.0
(ε510 nm = 1150 M−1 cm−1 [41,42]). The stock solutions of Fe(VI) were prepared by dissolv-
ing solid Fe(VI) in phosphate or borate buffer, depending on the pH of the solutions to
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be studied. The stock solution of CBZ was prepared by dissolving solid CBZ in ultrapure
water with the addition of HCl (pH < 1.0).

2.2. Oxidation Experiments

Based on the conditions established by pre-experiments, working solutions of Fe(VI)
and CBZ were prepared from dilution of the respective stock solutions. The working
solutions of Fe(VI) were prepared using 10 mM phosphate or borate buffer with the pH
adjusted by H2SO4 and NaOH prior to the addition of Fe(VI). The reaction was initiated by
adding the Fe(VI) solution into the CBZ solution, and the changes in solution pH were less
than ±0.1 during the reaction process. Unless noted otherwise, Fe(VI) oxidation of CBZ
was conducted at pH 8.0 with the concentrations of Fe(VI) and CBZ at 150 µM and 10 µM,
respectively. The solution pH (6.0 to 10.0), Fe(VI) concentration (0 to 200 µM), and CBZ
concentration (10 to 50 µM) were varied when studying the influence of various factors
on the degradation kinetics. The reaction mixtures were sampled (2 mL) and quenched
with 20 µL of 1 M oxalic acid (C2H2O4) to terminate the reaction at pre-determined time
points. The solution samples were filtered using 0.22 µm PTFE membrane filters prior
to analysis. In parallel, 10 mL solution samples were withdrawn for determination of
the residual Fe(VI) concentrations using the ABTS method [42]. The degradation of CBZ
by Fe(VI) oxidation was also investigated in natural water matrices. Tap water and lake
water, which were obtained from a faucet and the Weiming Lake on the campus of Peking
University (Beijing, China), respectively, were used to represent natural water of different
quality (i.e., well-treated water and raw surface water). All Fe(VI) oxidation experiments
were conducted at least in duplicate.

2.3. Analytical Methods

The concentration of CBZ was determined on an LC-20A High-Performance Liquid
Chromatograph (HPLC, Shimadzu, Kyoto, Japan) with an SPD-M20A photo-diode array
detector (DAD), and the detection wavelength was 230 nm. A WondaSil C18 column
(4.6 × 250 mm, 5 µm) was used for analyte separation. The flow rate was 1.0 mL min−1,
and the column temperature was set at 40 ◦C. The mobile phase was water (containing
0.1% formic acid) and methanol at a ratio of 3:2. The organic degradation products of CBZ
were identified using an LX50 Ultra-High-Pressure Liquid Chromatograph coupled to a
Qsight 210 Triple Quad Mass Spectrometer (UHPLC-MS/MS, PerkinElmer, Waltham, MA,
USA). The pH values of the sample solutions were adjusted to approximately 7.0 using
NH3·H2O and CH3COOH to cause precipitation of ferric hydroxide, which was further
removed from the solution with a 0.22 µm PTFE membrane filter. A TOC-V CPH analyzer
(Shimadzu, Kyoto, Japan) was used to determine the total organic carbon (TOC) contents
of the sample solutions.

2.4. Theoretical Calculations

The atomic partial charge distribution of CBZ molecule was obtained with theoretical
calculations to explore the initial reaction site by Fe(VI) oxidation. Density functional
theory (DFT) calculations were performed using the Gaussian 09 software package at the
B3LYP/3-21G level.

3. Results and Discussion
3.1. CBZ Degradation in Fe(VI) Oxidation

The impact of Fe(VI) dose on CBZ degradation by Fe(VI) oxidation was first investi-
gated with the molar ratio of Fe(VI) to CBZ ranging from 0:1 to 20:1. As shown in Figure 1a,
the degradation of CBZ increased with the increase in Fe(VI) dose due to the presence of
more oxidant. After 30 min of reaction, 95.9% ± 0.7% of CBZ was degraded at a Fe(VI)-
to-CBZ molar ratio of 15:1, while a further increase in the Fe(VI)-to-CBZ molar ratio (20:1)
barely improved CBZ degradation. Thus, a molar ratio of 15:1 is considered sufficient for
the dose of Fe(VI) in the oxidation of CBZ. Solution pH is also an important factor in Fe(VI)
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oxidation, as it influences the chemical speciation of both Fe(VI) and CBZ and, thus, the
overall reactivity of Fe(VI) towards CBZ. To study the effect of solution pH, the degradation
kinetics of CBZ by Fe(VI) oxidation was determined in the pH range of 6.0 to 10.0 at a
Fe(VI)-to-CBZ molar ratio of 15:1. As shown in Figure 1b, the degradation of CBZ by Fe(VI)
oxidation was 88.2%± 1.3%, 70.7%± 1.7%, 95.9%± 0.7%, 79.2%± 0.8%, and 41.0%± 1.3%
at pH 6.0, 7.0, 8.0, 9.0, and 10.0, respectively, in 30 min. The highest degradation of CBZ
occurred at pH 8.0, which is attributable to the balance between the stability and oxidative
power of Fe(VI) species in water under such conditions. Fe(VI) in aqueous solution is
unstable and easily undergoes decomposition through a series of reactions, producing
Fe(OH)3, O2, and H2O2 (2HFeVIO4

− + 4H2O→ 2H3FeIVO4
− + 2H2O2; HFeVIO4

− + H2O2
→ H3FeIVO4

− + O2; H3FeIVO4
− + H2O2 + H+ → FeII(OH)2 + O2 + 2H2O; HFeVIO4

− +
FeII(OH)2 + H2O→ H2FeVO4

− + FeIII(OH)3; 2H2FeVO4
− + 2H2O + 2H+ → 2FeIII(OH)3 +

2H2O2; HFeVO4
2− + H2O2 + 2H+ → FeIII(OH)3 + O2 + H2O) [43–46]. As the solution pH

increases, Fe(VI) becomes more stable while its self-decomposition slows down [32]. On
the other hand, the overall oxidative power of Fe(VI) decreases with the solution pH, as
detailed later. In addition, the chemical speciation of both CBZ and Fe(VI) changes with
the solution pH.
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Figure 1. Influence of (a) Fe(VI) concentration and (b) solution pH on CBZ degradation in Fe(VI)
oxidation. Experimental conditions: (a) pH = 8.0, [CBZ]0 = 10 µM and [Fe(VI)]0 = 0 to 200 µM;
(b) pH = 6.0 to 10.0, [CBZ]0 = 10 µM, and [Fe(VI)]0 = 150 µM.

Since CBZ removal by Fe(VI) oxidation is affected by several factors, which may have
interactions, the optimum reaction conditions of CBZ degradation by Fe(VI) oxidation were
further determined through response surface optimization experiments. The pH was set in
the range of 6.0 to 10.0, and the concentration of Fe(VI) was set between 100 and 200 µM.
The results of the response surface optimization experiments (Figure 2) indicated that the
optimum reaction conditions for the degradation of 10 µM CBZ in Fe(VI) oxidation are:
pH = 7.8 and [Fe(VI)] = 150 µM. Under such conditions, 96.9% of the CBZ can be degraded
in 30 min.

To further investigate the oxidation kinetics of CBZ oxidation by Fe(VI), the rate
constants of the reaction between Fe(VI) and CBZ in the pH range of 6.2 to 10.0 were
determined. Due to the potential involvement of Fe(IV)/Fe(V) during the degradation
process of CBZ by Fe(VI) oxidation [47,48], the kinetic experiments were performed at
much higher concentrations of CBZ than those of Fe(VI) to minimize their contribution.
Under these conditions, the decay of Fe(VI) should obey pseudo-first-order kinetics, which
can be expressed as:

− d[Fe(VI)]
dt

= kapp[Fe (VI)][CBZ]n0= kobs[Fe (VI)] (1)
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where kapp (M−1 s−1) is the apparent rate constant of the reaction between Fe(VI) and
CBZ, and kobs (s−1) is the pseudo-first-order rate constant of Fe(VI) decay. n represents the
stoichiometric number of the reaction for CBZ, which can be calculated as:

ln kobs= ln kapp+n ln[CBZ]0 (2)
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Figure 2. Response surface optimization results for CBZ degradation in Fe(VI) oxidation. Experimen-
tal conditions: pH = 6.0 to 10.0, [CBZ]0 = 10 µM, and [Fe(VI)]0 = 100 to 200 µM.

The decay of Fe(VI) can be well fitted with the pseudo-first-order kinetics at different
solution pH values. The values of n (the slopes of lnkobs vs. ln[CBZ]0) were close to 1.0
at each pH value, as shown in Figure 3a. These results indicate that the overall reaction
between Fe(VI) and CBZ is second order. The kapp values of the reaction between Fe(VI) and
CBZ were further determined according to Equation (2). kapp was found to be 88.0 ± 5.2,
77.7 ± 6.7, 62.9 ± 0.1, 36.0 ± 2.8, 10.7 ± 0.3, 5.5 ± 0.7, 2.3 ± 0.1, and 1.6 ± 0.3 M−1 s−1

at solution pH of 6.2, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, and 10.0, respectively. Figure 3b shows the
pH dependence of kapp. The reduction in the overall reactivity of Fe(VI) towards CBZ
can be attributed to the varying forms of Fe(VI) and CBZ in the solution under different
pH conditions. Fe(VI) has three pKa values (H3FeO4

+ 
 H+ + H2FeO4, pKa1 = 1.6 ± 0.2;
H2FeO4 
 H+ + HFeO4

−, pKa2 = 3.5; HFeO4
− 
 H+ + FeO4

2−, pKa3 = 7.3 ± 0.1) [49],
while the pKa of CBZ has been reported to be 4.3 [19]. In the pH range of 6.0 to 12.0, Fe(VI)
mainly exists in the form of HFeO4

− and FeO4
2−, and the percentage of HFeO4

− decreases
with the increase in solution pH, while CBZ mainly exists in the form of neutral molecules.
The evolution of kapp for the reaction between Fe(VI) and CBZ with the solution pH can be
modeled as:

kapp = ∑ij kijαi β j (3)

where i and j are the number of chemical forms of Fe(VI) and CBZ existing in the solution
system, respectively; kij is the species-specific, second-order rate constant of the reaction
between the i-th Fe(VI) species and the j-th CBZ species; αi is the fraction of i-th Fe(VI)
species in total Fe(VI); and βj is the fraction of j-th CBZ species in total CBZ. In the pH
range of 6.0 to 12.0, Fe(VI) mainly exists in the form of HFeO4

− and FeO4
2−, while CBZ

mainly exists in the form of neutral molecules, and, thus, the values of i and j can be defined
as 2 and 1, respectively. Based on the experimental data, the species-specific rate constant
for the reaction between HFeO4

− and CBZ was calculated to be 95.5 M−1 s−1, and that
for the reaction between FeO4

2− and CBZ was 0.6 M−1 s−1. The much higher reaction
rate constant of HFeO4

− towards CBZ (compared to that of FeO4
2− towards CBZ) can

be attributed to its much higher oxidative power [27,30,33]. With the increase in solution
pH, the share of HFeO4

− decreased, causing a reduction in the overall rate of the reaction
between Fe(VI) and CBZ (Figure 3b).
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Figure 3. Reaction rate of CBZ with Fe(VI) under different solution pH conditions: (a) linear fitting
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3.2. Effects of Inorganic Ions on CBZ Degradation in Fe(VI) Oxidation

Inorganic ions are widely present in surface water and wastewater, which may affect
the degradation of CBZ in Fe(VI) oxidation. The effects of common cations (Na+, K+,
NH4

+, Ca2+, Mg2+, Cu2+, and Fe3+) and common anions (Cl−, Br−, NO3
−, HCO3

−, and
SO4

2−) on CBZ degradation in Fe(VI) oxidation were investigated. The concentrations of
all inorganic ions were set as 1.0 mM, and the solution pH was set as 8.0. Figure 4a depicts
the degradation kinetics of CBZ in Fe(VI) oxidation in the presence of various cations.
The degradation of CBZ in Fe(VI) oxidation in 30 min was 95.9% ± 0.7% in ultrapure
water and 97.7% ± 0.4%, 98.1% ± 0.3%, 96.7% ± 1.0%, 98.7% ± 0.6%, 97.4% ± 0.4%,
99.7% ± 0.1%, and 99.9% ± 0.0% in the presence of Na+, K+, NH4

+, Ca2+, Mg2+, Cu2+, and
Fe3+, respectively. Cu2+ and Fe3+ significantly accelerated the degradation of CBZ, while
the presence of Na+, K+, NH4

+, Ca2+, and Mg2+ had no obvious impact. The effects of these
common cations are similar to those observed in the transformation of 4-tert-butylphenol
in Fe(VI) oxidation [39]. A recent study reported that Cu2+ significantly enhanced the
removal of sulfamethoxazole in Fe(VI) oxidation and attributed the promoting role of Cu2+

to the production of highly reactive Fe(IV)/Fe(V) and Cu(III) species [50]. Other studies
also reported that Cu2+ could enhance the degradation of organic pollutants in Fe(VI)
oxidation [39,51,52]. Fe3+ can act as a reducing agent and reduce Fe(VI) to Fe(IV)/Fe(V);
thus, its presence can accelerate CBZ degradation [52,53]. These results show that the
presence of common inorganic cations does not compromise the performance of Fe(VI)
oxidation in treating CBZ.

Figure 4b shows the impact of common inorganic anions on CBZ degradation in
Fe(VI) oxidation. The degradation of CBZ in Fe(VI) oxidation in 30 min was 97.7% ± 0.4%,
97.8% ± 1.2%, 96.8% ± 0.4%, 98.1% ± 0.7%, and 94.9% ± 0.4% in the presence of Cl−,
Br−, NO3

−, HCO3
−, and SO4

2−, respectively. The negligible effect of inorganic anions
on CBZ degradation in Fe(VI) oxidation was attributed to the low reactivity of Fe(VI)
towards these inorganic anions [36,51,54,55]. It has been reported that HCO3

− can form
complexes with Fe(V) and suppress its decomposition, thus, enhancing the degradation
of organic pollutants [56]. However, no significant effect of HCO3

− was observed in this
study, probably because Fe(V) played a minor role in the overall degradation of CBZ in
Fe(VI) oxidation.
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150 µM, and [inorganic ion]0 = 1.0 mM.

3.3. Effects of HA and Water Matrices on CBZ Degradation in Fe(VI) Oxidation

HA is commonly used as a model for DOM, which is widely present in natural
aquatic environment. It has been reported that the typical concentrations of HA are up
to about 10.0 mg L−1 in surface water [57]. Due to its high redox activity, HA can be
readily oxidized by many oxidants, such as active free radicals and Fe(VI). The effect of
HA on CBZ degradation in Fe(VI) oxidation was investigated with the presence of 0, 1,
5, 10, and 20 mg L−1 HA. Figure 5a shows that HA in the concentration range of 0 to
20 mg L−1 accelerated the degradation of CBZ in Fe(VI) oxidation, which is consistent with
the findings of previous studies on the influence of HA on pollutant degradation in Fe(VI)
oxidation [33,39]. The accelerated CBZ degradation was attributed to the reduction of
Fe(VI) by HA, which produces highly reactive Fe(IV)/Fe(V) species. The degradation of
CBZ in Fe(VI) oxidation after 30 min was comparable in the solutions with different levels
of HA added, which resulted from the fact that Fe(VI) was overdosed (Fe(VI)-to-CBZ molar
ratio of 15:1) in the treatment systems.
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Experimental conditions: pH = 8.0, [CBZ]0 = 10 µM, and [Fe(VI)]0 = 150 µM.

Figure 5b compares the performance of Fe(VI) oxidation in degrading CBZ in different
water matrices (ultrapure water, tap water, and lake water). The degradation of CBZ in tap
water was close to that in ultrapure water, while CBZ degradation was apparently slower
in lake water. This can be attributed to the fact that tap water has rather low contents
of dissolved inorganic and organic species, while lake water has a much more complex
matrix (with respect to both inorganic and organic species). Nonetheless, Fe(VI) oxidation
performed reasonably well in degrading CBZ in lake water, demonstrating that Fe(VI)
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oxidation is not significantly subjected to interference from co-existing ions and DOM in
natural water matrices.

3.4. Pathways and Mechanism of CBZ Degradation in Fe(VI) Oxidation

Figure 6a shows the evolution of solution TOC during CBZ degradation in Fe(VI)
oxidation. Relatively fast reduction in solution TOC occurred within the first 5 min, while
the change was insignificant after that. The fast TOC removal at the beginning of the
reaction was attributed to the high initial concentration of Fe(VI). The TOC removal was
only 27.5% ± 1.0% after 30 min of treatment, indicating that full mineralization of CBZ
cannot occur in Fe(VI) oxidation. It has been reported that the benzimidazole ring is stable
and not prone to being attacked by oxidants, such as •OH [58]. Seven organic degradation
products of CBZ attacked by Fe(VI) were identified using UHPLC-MS/MS. Figure 6b
shows the proposed degradation pathways of CBZ in Fe(VI) oxidation based on the organic
degradation products identified. The main degradation pathways include hydroxylation,
removal of the methoxyl group, and the cleavage of C–N/C=N bond. First, the CBZ
molecule transfers one electron to Fe(VI) and forms the corresponding organic radical,
which further goes through hydroxylation to form P1 (m/z = 207.96) or removal of the
methoxyl group to form P2 (m/z = 159.96). Subsequently, P1 can undergo hydroxylation to
produce P3 (m/z = 223.88), while hydroxylation of P2 yields P4 (m/z = 175.98). Cleavage
of the C=N bond on P2 results in P5 (m/z = 133.88), the –NH2 group of which can be
further cleaved off to yield P6 (m/z = 118.87). The imidazole ring of P4 and P6 may go
through cleavage to produce P7 (m/z = 108.90). Further degradation of P7 under the
attack of Fe(VI) yields small degradation products and, eventually, CO2 and H2O. It is
worth noting that the full mineralization of CBZ was not achieved by Fe(VI) oxidation,
which is similar to the results observed in the treatment of CBZ by other types of AOPs
reported in the literature [19,23,59]. Due to the lack of standard substances, we were not
able to quantify the concentrations of degradation intermediates of CBZ or test their toxicity.
Further study should be conducted to evaluate the stability of these major degradation
intermediates and assess their human health risk. All the Fe(VI) added into the treatment
system would eventually transform into Fe(OH)3 through oxidizing the organic species or
self-decomposition; thus, no residue of Fe(VI) is expected in the treated solution.

To further investigate the degradation mechanism of CBZ in Fe(VI) oxidation, DFT
calculations were employed to explore the initial reaction site on CBZ molecule under
the attack of Fe(VI) [58,60]. Fe(VI) is an electrophilic oxidant, which reacts with organic
pollutants mainly through electron transfer. Figure 7 depicts the calculated atomic partial
charge distribution of the CBZ molecule. The N atom on the amide group has the highest
charge density; thus, this site is expected to be preferentially attacked by Fe(VI). This result
further corroborates the initial degradation step of CBZ under the attack of Fe(VI) in the
proposed degradation pathways (Figure 6b).
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4. Conclusions

The results of this study show that Fe(VI) oxidation could efficiently remove CBZ
from water under near-neutral conditions. Under the optimum conditions of pH = 7.8 and
[Fe(VI)]/[CBZ] = 14.2 (in molarity), 96.9% of CBZ were removed after 30 min of Fe(VI)
oxidation. The reaction between Fe(VI) and CBZ could be well described with second-
order kinetics, and the overall rate constant decreases with the increase in solution pH.
The removal of CBZ could be accelerated by Cu2+ and Fe3+, while common cations (Na+,
K+, Ca2+, Mg2+, and NH4

+) and common anions (Cl−, Br−, NO3
−, SO4

2−, and HCO3
−)

showed negligible influence. The presence of HA at low concentrations accelerated CBZ
degradation in Fe(VI) oxidation due to the formation of highly reactive Fe(IV)/Fe(V) species
from the reduction of Fe(VI) by HA. CBZ in tap water and lake water was also be efficiently
removed by Fe(VI) oxidation, demonstrating that the treatment performance is not strongly
influenced by water matrices. The degradation pathways of CBZ by Fe(VI) oxidation mainly
include hydroxylation, removal of the methoxyl group, and cleavage of the C–N/C=N
bond, and the initial reaction site is the N atom of the amide group on CBZ molecule.
These findings could help guide the development of a practical treatment technology based
on Fe(VI) oxidation for CBZ and other benzimidazole fungicides in natural water and
wastewater.
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