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ARTICLE INFO ABSTRACT

Keywords: As a metal complex widely used in the electroplating industry, the degradation of Cu-EDTA in the wastewater
Cu-EDTA ) treatment process is difficult for its strong stability, it is a crucial but extremely challenging task. In this study, a
Ferreous metal-organic frameworks novel Ferreous metal-organic frameworks (Fe-MOF) heterogeneous catalyst was synthesized by a convenient and
Hetemgeneo,us fast microwave method. Combined with electrochemical (EC) method and persulfate (PS), an EC/Fe-MOF/PS
Electrochemical X . .. .
Persulfate system was firstly applied to degrade the Cu-EDTA that was completely removed under the optimized condi-

tions. During this process, the redox cycle was accelerated with electrical assistance and the ratio of Fe(II)/Fe(IIl)
on the Fe-MOF was significantly increased, which improved the catalytic ability. Additionally, the degradation
performance was obviously enhanced with the increased cycles. The phenomenon occurred because that Cu
species derived from the decomposition of Cu-EDTA was deposited on Fe-MOF surface, and the additional cat-
alytic ability was obtained from the Cu(0)/Cu(I)/Cu(Il). The detailed pathway of Cu-EDTA degradation was
proposed based on the intermediates identified by FT-ICR-MS and the mechanism was also investigated by
Electron spin resonance (ESR) and quenching experiments of Reactive oxygen species (ROS). Furthermore, the
EC/Fe-MOF/PS system could also represent excellent performance for the degradation of various metal-EDTA
complexes. This study provided an efficient and sustainable approach for the degradation of refractory
organic pollutants.

1. Introduction destructive and destructive methods have been applied for the

removal of metal-EDTA complexes. The non-destructive methods such

With the development of industry, heavy metal pollution has become
a global public concern because of its damage to human health and the
ecological environment [1,2]. As a chelate of heavy metal and organic
ligand, copper-ethylene diamine tetraacetic acid (Cu-EDTA) is widely
present in effluent discharged from the process of acidification, rinsing
and plating in the electroplating industry [3-6]. Because of the hetero-
cyclic ring formed by central metal and coordination atom (three or four
—COOH and two nitrogen atoms), the chelate is characteristically by its
refractory biodegradability, high solubility, and strong stability [7,8].

Currently, different technologies that are mainly classified as non-
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as ion exchange, adsorption, and chemical precipitation [9-12] target
the decrease of heavy metal content but hardly degrade EDTA that will
recombine with other heavy metals in subsequent processing to form
new complexes [13]. Comparatively, destructive methods such as Fen-
ton, photocatalysis and other Advanced oxidation processes (AOP) can
destroy organic ligands and remove EDTA fundamentally [14-18].
However, the performance of the photocatalytic system alone was poor
due to the short distance of light penetration in wastewater [14]. The
application of Fenton is also limited by the fact that (1) the additional
separation and treatment of iron sludge generated by the homogeneous
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system; (2) the heavy use of catalysts; (3) the high corrosion resistance
requirements for the equipment because the Fenton was only applicable
in a narrow acid pH range. At present, the sulfate-based advanced
oxidation process (SR-AOP) has attracted widespread attention.
Compared with hydroxyl radicals (HO"), the sulfate radical (SOj")
generated by persulfate (PS) is more reactive owing to higher redox
potential (Egy, =2.50 ~ 3.10 V, E},=1.90 ~ 2.70 V) as well as better

mineralization ability due to wider pH application range and higher
selectivity [19-23]. Many studies on PS have been published so far.
Ghauch reported the PS oxidation systems that had higher reaction
stoichiometric efficiency (RSE) than the HyO2 system [17,24-28]. In
chemically activated PS system, the %RSE was less than 10% [29-31],
which can be improved with MOF/PS system [32].

Ferreous metal-organic frameworks (Fe-MOFs) are considered as the
promising heterogeneous catalyst in AOP due to their excellent features
of adjustable pore size, high surface area and accessible unsaturated
metal sites [33-36]. Previous studies have indicated that Fe-MOF, such
as MIL-53(Fe) [37], MIL-88(A) [32,38], MIL-101(Fe) [36] can activate
PS into strong oxidizing SO}~ via the conversion of Fe(II) and Fe(III) (Eq.
(2)). However, with the consumption of Fe(I) on the Fe-MOF in the SR-
AOP, the catalytic activity of Fe-MOF become weaker, which restricted
its potential application as a heterogeneous catalyst. It was reported that
Fe?" could be regenerated from the reduction of Fe>* at the cathode, at
the same time, more SO}~ generated through electron transfer reaction,
which improved the degradation efficiency [39,40]. Besides, the tradi-
tional synthesis method of MOF materials is time-consuming (the hy-
drothermal process takes 24 h), requires the addition of harmful solvent
(DMF) and highly corrosive acid (HF) [41,42]. The development of
convenient, rapid, green and economical synthesis methods of MOF is
very important to further expand its scale and practical application.
Compared with traditional hydrothermal method, the microwave
method has the advantage of rapid heating of the reaction mass, the
rapid cooling after switching off microwave power and high efficiency of
the energy consumption [43].

Here we hypothesized that the combination of Fe-MOF heteroge-
neous catalyst with Electrochemical (EC) method and SR-AOP would
have their advantages of wide pH range, high activity and cycle stability.
In this study, a novel Fe-MOF catalyst was prepared by a simple and
rapid microwave method using water as solvent. With the electro-
assisted process, a heterogeneous catalytic system of EC/Fe-MOF/PS
was firstly used to degrade M-EDTA (M=Cu, Ni, Pb, Cd) complexes.
The different systems and the factors involve PS concentration, initial
pH, current density, electrolyte concentration and catalyst dosage were
optimized. The reusable performance of Fe-MOF catalyst was investi-
gated and the possible mechanism and pathways for Cu-EDTA degra-
dation were also proposed.

2. Materials and methods
2.1. Chemicals

All the chemicals and reagents were of analytical grade and used as
received. More details of used chemicals and reagents can be found in
Text S1 in the Supporting Information.

2.2. Experimental section

Fe-MOF was prepared by microwave method, FeSO4-7H20 (0.8
mmol) and H3BTC (0.8 mmol) were ground in an agate mortar and place
in NaOH (10 mL, 10 mM) solution [44]. After sonicating for 20 min, the
mixed solution was transferred to a polytetrafluoroethylene (PTFE)
reactor (50 mL) and moved to the microwave digestion system
(TOPEX+, PreeKem) for microwave reaction with a specific microwave
condition (temperature: 100 °C, 1 min; 150 °C, 1 min; 200 °C, 10 min.
power: 668 w). The product (red-brown solid) was obtained after
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cooling at room temperature and washed three times with ethanol and
deionized water, and then dried in a vacuum oven (70 °C, 12 h) for
further use.

The electrochemical catalytic oxidation reaction was carried out in a
3D printed reactor (acrylonitrile-butadienestyrene copolymer, 6 cm x 7
cm X 7.5 cm), connecting to the direct current (DC) power, the graphite
plates were used as the cathode and anode with a spacing of 6.5 cm. The
aqueous solution of Cu-EDTA complex (1 mM, 100 mL) was mixed
uniformly by magnetic stirring and added NaSO4 (0 ~ 0.08 M) as the
electrolyte. The initial pH of the Cu-EDTA solution was adjusted to 3 ~
12 by H»SO4 (0.1 M) and NaOH (0.1 M). PS (0 ~ 8 mM) and Fe-MOF (0
~ 1.2 g/L) were added to the reactor when the DC power (current
density: 0 ~ 5.71 mA/m?) was turned on. The samples were taken out
from the reactor at a designated time interval and filtered through a
0.45 ym membrane for further analysis.

2.3. Analytical methods

2.3.1. Characterization of Fe-MOF heterogeneous catalyst

The ZEISS Sigma 300 Scanning electron microscope (SEM) was used
to analyze the surface morphology of fresh and used Fe-MOF powder.
The surface element composition and crystal structure of Fe-MOF were
measured by an energy spectrometer (EDS, Smartedx) and the X-ray
diffractometer (XRD, Bruker D8 advanced X-ray diffractometer) using
Cu Ka radiation at a scan rate (20) of 0.2 °s~ L. The iron and copper on the
surface of Fe-MOF were characterized by X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific K-Alpha Nexsa) with Al Ka (1486.6
eV). The binding energies were calibrated with C15s=284.80 eV as
standard. The structure information of the catalyst was also determined
by Fourier Transform Infrared Spectroscopy (FTIR, Bruker VERTEX 70 &
ALPHA) with the alkali halide (KBr) pressed pellet method. The surface
area and porous structure of Fe-MOF were characterized by Brunauer-
Emmett-Teller (BET, Micromeritics, ASAP2460) at 77 K.

2.3.2. Evaluation of the catalytic performance

The concentration of Cu-EDTA complexes was quantified by high-
performance liquid chromatography (HPLC, 1260, Agilent Technol-
ogy) with a C18 column (Agilent, 250 mm x 4.6 mm) and the ultraviolet
detector (254 nm). The elution was comprised of water (80%, 0.02 mol/
L tetrabutylammonium bromide and 0.03 mol/L sodium acetate buffer;
adjusting pH=4.0 with phosphoric acid) and acetonitrile (20%). The
flow rate was set as 0.8 mL/min. The residual proportion of Cu-EDTA
was calculated by Eq. (1). The concentration of residual SZOS’ was
measured by iodometry [45].

CtCu—EDTA % 100% (1)

0Cu—EDTA

Residual proportion =

Where the Ci.cy.epta and Co.cu.epra represented the concentration of
Cu-EDTA in the solution at time and initial, respectively.

In the EC process, electrical energy consumption (EEC) is a consid-
eration for commercial viability. Here, the following formula was used
to estimate the energy consumption of the Cu-EDTA degradation (Eq.
).

~ Ultx 1073

v @

Electrical energy consumption (EEC, kWh / m3)

Where the U, [, and t are applied voltage (V), current (A), and re-
action time (h). V is the volume of reaction solution (m?>).

2.3.3. Investigation of the mechanism

The radicals in the water solution of various systems were identified
by Electron spin resonance (ESR) experiments with the spectrometer
(Bruker ELEXSYS-II E500 CW-EPR, Germany) using dimethyl pyridine
N-oxide (DMPO) as the capture agent. Fourier-transform ion cyclotron
resonance mass spectrometry (FT-ICR-MS, Bruker Solari X) was applied
to identify intermediate products in process of electrochemical catalytic
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oxidation degradation.

3. Results and discussion

3.1. Characterization of Fe-MOF catalyst

As shown in Fig. 1a and 1b, the morphology of Fe-MOF was depicted
a spindle-like shape with many cracks, which was similar to that of Fe
(I1)-MIL-53(Fe) and beneficial to the mass transfer of reactants accord-
ing to the reference [37,46]. The XRD pattern showed that the prepared
Fe-MOF represented a heterostructure (Fig. 1c). The characteristic peaks
at 10.1, 10.9 highly corresponded to the Fe-based MOFs reported
[47-49]. The peak at 20.1° matched with H3BTC and the remaining
characteristic peaks were related to Hematite (Chemical Formula:
Fey03, PDF#:99-0060) [50]. The functional groups of Fe-MOF were
determined by FT-IR. The transmittance peaks of the fresh and used Fe-
MOF (Fig. 1d) appeared at 3440 cm™, 1655 cm ™!, 1563 cm™?, 1457
cm’l, 1379 cm’l, 750 cm’l, 533 cm~ L. The broad peak at 3440 em !
was the O-H stretching vibration [51-53]. The three peaks at 1655
em™ Y, 1574 em™t, 1379 cm~! were attributed to the stretching vibration
as well as asymmetric and symmetric vibrations of C=0 related groups,
respectively, which confirmed the existence of free carboxyl groups and
dicarboxylate linker within the sample [37,54]. The peak at 750 cm ™!
was ascribed to C-H bending vibrations of the benzene. The apparent
peak at 533 cm ™! was assigned to the stretching vibration of Fe-O that
suggested the formation of iron-oxo clusters in prepared Fe-MOF [55].
Especially, the peak at 1457 cm ! belonged to the antisymmetric
bending vibration of RH [56,57] that was not mentioned in the litera-
ture, indicating the structure of this Fe-MOF was different from others,
which was beneficial for the regeneration of Fe(II) as described in the
following discussion. The BET test showed that the total pore volume

EHT= 3.00kV
WD= 7.4 mm

Signal A= InLens
Mag= 5000KX

Date: 24 Apr 2021
Time: 9:23:15
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and specific surface area of the fresh Fe-MOF were 0.3317 cm®g ™! and
486.44 m?g ™1, and both of them showed no significant changes after the
reaction, which was 0.3391 cm3g ! and 514.98 m2g !, respectively. The
adsorption-desorption isotherm of Ny (Fig.S1) showed an intermediate
mode between type I and type IV, which suggested that the pore struc-
ture of the Fe-MOF was both mesoporous and microporous. The char-
acterization results of the fresh and used Fe-MOF by SEM, XRD, FT-IR
and BET indicated the insignificance effect on the Fe-MOF structure
from the reaction.

3.2. Degradation of Cu-EDTA complex by different systems

Various contrast experiments of PS alone, Fe-MOF alone, MOF/PS,
EC alone, EC/PS and EC/Fe-MOF/PS were applied to explore the
degradation efficiency of Cu-EDTA and the consumption of PS. The re-
sults from Fig. 2a showed that there was almost no Cu-EDTA removal
with PS alone (2.87%) and the PS remained 96.33% at 100 min, which
indicated PS was stable at room temperature. MOFs were reported to
adsorb plenty of organic pollutants [58,59], so the adsorption process on
the prepared Fe-MOF should occur. However, the adsorption perfor-
mance of Fe-MOF (Fe-MOF alone) on Cu-EDTA was not obvious (92.37%
remained at 100 min). Comparatively, the concentration of Cu-EDTA
was decreased to 41.47% at 40 min with the existence of both PS and
Fe-MOF where the strong oxidizing radicals were generated by the re-
action between Fe(II) and PS (Eq. (3)). The concentration decreased
slightly after 40 min due to the exhaustion of the Fe(II) that was difficult
to be regenerated in this system [60]. In the EC alone process, there was
36.77% Cu-EDTA residual when the reaction proceeded to 100 min, and
the rate constant (k) of pseudo-first-order reaction kinetics was 1.08 x
1072 min~!. The electrochemical oxidation would generate hydroxyl
radical (HO") on the anode surface via Eq. (4) [61] and direct electron
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Mag= 50.00KX
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Time: 9:35:47
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Fig.1. (a) SEM images of fresh Fe-MOF and (b) used Fe-MOF; (c) XRD patterns spectra of fresh and used Fe-MOF; (d) FTIR spectra of fresh and used Fe-MOF.
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Fig. 2. (a) The effect on Cu-EDTA degradation and PS consumption of various systems (PS, Fe-MOF, Fe-MOF/PS, EC, EC/PS, EC/Fe-MOF/PS). Reaction conditions:
[Fe-MOF] = 0.4 g/L, [PS] = 4 mM, pHy = 3, [Cu-EDTA]p = 1 mM, [NaySO4] = 0.02 M, current density = 2.86 mA/cm?, T = 25 °C; (b) Fe 2p XPS spectra of fresh and

used Fe-MOF.

transfer (DET) also occurred [62-64]. The participation of PS to EC
process made the remained Cu-EDTA decline to 23.50% with the rate
constant up to 1.57 x 10~2 min~", this improvement of the degradation
efficiency was attributed to the generation of SO;~ and HO" (Egs. (5)—
(7).

= Fe(Il) + S,0; — = Fe(Ill) + SO, + SO;~ 3)

H,0 - HO*+H'+e~ 4
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©
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When the electric current was applied to the system of Fe-MOF/PS,
the residual concentration of Cu-EDTA was decreased to 8.83% at 60
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Fig. 3. Influences of Cu-EDTA degradation by several operating parameters. Reaction conditions: [Fe-MOF] = 0.4 g/L, [PS] = 4 mM, pH, = 3, [Cu-EDTA]p = 1 mM,
[NazS04] = 0.02 M, current density = 2.86 mA/cm?, T = 25 °C. Effect of crucial parameters, including (a) catalyst dosage, (b) PS concentration, (c) initial pH value

and (d) current density on Cu-EDTA degradation in the EC/Fe-MOF/PS system.
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min and it was completely degraded at 100 min. The rate constant (k;)
was 4.15 x 10”2 min~?!, which was the highest in all the systems and the
best fitted with pseudo-first-order reaction kinetics. Meanwhile, the
remaining PS in Fe-MOF/PS and EC/Fe-MOF/PS was 42.21% and 7.13%
respectively, and their %RSE was higher than other PS oxidation systems
with iron-based catalyst [29] and MOF catalyst [32] (Fig. S10). It can be
inferred that in the EC/Fe-MOF/PS process, the Fe(II) was continuously
regenerated by the reduction of Fe(III) at the cathode (Eq. (7)) and more
SO; would be generated by PS via Eq. (3). To further verify the con-
version of Fe(IIl) to Fe(Il) in the EC/Fe-MOF/PS process, XPS was used
to characterize the fresh Fe-MOF and used Fe-MOF (Fig. 2b). As illus-
trated in Table. S1, the ratio of Fe(II)/Fe(III) increased from 0.003 (fresh
Fe-MOF) to 0.121 (used Fe-MOF), which suggested that more Fe(II) was
regenerated on the surface of Fe-MOF by electrochemical reaction (Eq.
(8)).

=Fe(Ill) + e~ —=Fe(l) ®

3.3. Influences of operating parameters

3.3.1. Catalyst dosage

Fig. 3a illustrated that the degradation efficiency of Cu-EDTA with
the catalyst dosage. In the absence of Fe-MOF, the residual Cu-EDTA was
23.5% and that was zero with the addition of 0.2 g/L catalysts at 100
min. The results showed that the degradation rate of Cu-EDTA had a
remarkable growth with the increase of catalyst dosage at low concen-
tration, but it became flat with more dosage addition. During the cata-
lytic reaction, the Fe(II) reactive sites depended on the catalyst dosage,
which was beneficial to the generation of SO;~ and HO® via Egs. (3) (6)
(7) and enhanced the degradation of Cu-EDTA. However, excessive Fe-
MOF could react with HO® and SO%‘ (Egs. (9)-(10)), which resulted in
the extra consumption of PS and Fe(I) [62,65] and the decrease in %
RSE [29]. Considering the effective utilization, 0.4 g/L Fe-MOF was
applied in the following experiments.

HO*+=Fe(Il) > OH +=Fe(Ill) €)]

SO; ™+ = Fe(Il)» SO+ = Fe(Ill) (10)

3.3.2. PS concentration

As the source of SO}~ in the EC/Fe-MOF/PS system, PS concentration
is an important factor affecting the degradation efficiency of Cu-EDTA.
In the absence of PS, the concentration of Cu-EDTA remained 25.04%
with the rate constants of 1.42 x 10~2 min~' at 100 min (Fig. 3b). The
sightly addition of 0.5 mM PS made the remaining Cu-EDTA declined to
8.82% and the rate constant was 2.28 x 1072 min~!. With the addition
of 2 mM PS, the remaining was decreased to 1.57% at 100 min even the
rate constant was up to 4.68 x 1072 min~!, while Cu-EDTA was
completely degraded in 4 mM PS with the constant rate of 4.15 x 10~2
min~". Further increasing the concentration of PS, the variation of the
removal efficiency and the rate constant was insignificant. PS generated
SO;~ by reacting with Fe(II) on Fe-MOF or directly activated at the
cathode. Furthermore, PS also acted as the electrolyte in the aqueous
solution and increased the rate of electron transfer. Therefore, the more
PS concentration, the better degradation rate of Cu-EDTA was obtained.
However, the excessive PS reacted with the sulfate radical (Eq. (11)) and
radical self-combination also occurred (Eq. (12)), which decreased the
utilization of oxidant and degradation efficiency of Cu-EDTA. Therefore,
the PS concentration of 4 mM was considered as the most optimal
concentration with %RSE of 27.2%, which was higher than other sys-
tems of MOF activated PS [32] and other technology of Cu-EDTA
degradation. [17,66-68].

SO;™ +$,0 =SS0 + S,0;” an
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SO;™ +S0;”—2S0%" 12)

3.3.3. Effect of initial pH

The pH value was another key factor in the catalytic reaction, in here
the initial pH of Cu-EDTA solution was adjusted to 3, 6, 9 and 12 before
reaction. The degradation efficiency of Cu-EDTA decreased slightly
when pH increased from 3 to 9 with rate constants of 4.15 x 102 min
and 3.73 x 1072 min~?!, respectively. An apparent degression was
observed when the pH = 12 and the rate constant decreased to 2.22 x
1072 min~! (Fig. 3c). The solution pH tended to decrease during the
reaction process and the final solution was acidic (about 3) even at a
high initial pH. It was reported [69,70] that the reaction of SO} with
HO"* or H,0 would release H" or consume OH™ (Egs. (6)-(7)). And the H'
was also released through the dissociation of HSO, , which was produced
by the decomposition of PS in HyO or the reaction between SO, and
HO® (Egs. (13)-(15)) The dissociation of HSO, more easily occurred
under alkaline conditions, which resulted in the extra consumption of
SO, and HO® radicals [63,71]. Normally the lower initial pH was more
beneficial for the degradation. However, the effect of initial pH in this
EC/Fe-MOF/PS system was insignificant and it could be applied within a
wide range of pH.

SO;” +HO —HSO; + %oz 13)
1

$,0;” + H,0-2HSO, + 70 14

HSO, »SO; +H" (15

3.3.4. Current density

As a significant factor of the degradation efficiency and running cost,
the current density was optimized within the range of 0 ~ 5.71 mA/cm?.
The results in Fig. 3d showed that when the current density of 1.9 mA/
cm? was applied to the Fe-MOF/PS system, the degradation rate of Cu-
EDTA was improved obviously. The residual of Cu-EDTA declined
from 41.5% to 4.97% with the rate constants of 1.24 x 10™2 min~! and
2.75 x 10~2 min~}, respectively. When the current density increased to
2.86 mA/cm?, the Cu-EDTA was completely degraded with the rate
constants of 4.15 x 10”2 min~!. While the further increase of current
density relieved the upward trend of degradation rate, the rate constant
rose to 5.53 x 1072 min~! with the current density of 5.71 mA/cm?2
With the increase of current density, more hydroxyl radicals were
formed on the surface of the anode (Eq. (4)) and more Fe(IIl) was
reduced to Fe(II) at the cathode (Eq. (8)) that results in more generation
of SO;~ (Eq. (3)). However, hydrogen would escape from the cathode via
Eq. (16) with the current density further addition, which weakened the
increase of degradation rate. Consequently, the optimal current density
of 2.86 mA/cm? was used in the system for energy saving and high ef-
ficiency. The 7.58 kWh/m? of energy consumption was calculated by Eq.
(3.

2H,0 + 2¢ —H, + 20H™ (16)

3.4. Reusable performance of Fe-MOF catalyst

To investigate the reusable performance of Fe-MOF, the recycle ex-
periments were carried out with the consistency of the experimental
conditions and the results were shown in Fig. 4a. Interestingly, the
removal efficiency was improved obviously with the increased cycles.
By the 5th time of reaction, the removal rate of Cu-EDTA at 20 min was
even higher than that at 40 min in the 1st run. Both of the removal rates
in the 4th and 5th runs were reached 100% at 80 min. Apparently, the
degradation rate constants were also accelerated with the growing of
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Fig. 4. (a) Cu-EDTA degradation and (b) the kinetics in successive cycles. Reaction conditions: [Fe-MOF] = 0.4 g/L, [PS] = 4 mM, pH, = 3, [Cu-EDTA]p = 1 mM,
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MOF and (g) used Fe-MOF.

cycles, which increased from 4.15 x 1072 min~! to 7.28 x 10~2 min !
(Fig. 4b). Considering that the graphite electrode as the cathode may be
coated with copper by the reduction of the free Cu ion in the solution
[72], a new or absolutely cleaned graphite plate was used as the elec-
trode in each recycle experiment. Therefore, the main influence factor
for the removal efficiency should come from the variation on the Fe-
MOF after several recycles.

Previous studies [73-77] showed that metal oxides often acted as
effective catalysts in AOP or improved the performance of catalysts by
doping. For example, the CuO was used to activate PS and generate
radicals for the degradation of phenol [74]. Herein, considering the
catalytic effect of Cu species, the following hypothesis was proposed: in
the process of degradation, part of the generated free Cu ions was
reduced on the cathode, while some of Cu ions deposited on the surface
of Fe-MOF to form Cu(0)/Cu(I)/Cu(Il) layer, which could also activated
PS [75,78,79]. Therefore, with the recycle number increasing, Cu(0)/Cu
(I)/Cu(lI) layer on the Fe-MOF was piled up, and the catalytic perfor-
mance of Fe-MOF was greatly improved.

To confirm this hypothesis, XPS and EDS were used to characterize
the fresh and used Fe-MOF. The XPS survey showed that (Fig. 4c) there
were no peaks in the range of Cu2p and CuLM2 in fresh-Fe-MOF, while
the distinct peaks appeared in the used Fe-MOF. The fine scanning
spectrum of Cu2p showed that there were two peaks at 933.1 eV and
932.7 eV, which were corresponding to Cu(II) and Cu(I)/Cu(0) [80]. It

= 0.02 M, current density = 2.86 mA/cmz, T = 25 °C; XPS spectra of fresh and used Fe-MOF (c) XPS survey, (d) Cu 2p and (e) Cu LM2; EDS of (f) fresh Fe-

was speculated that the activation of PS may be accelerated by the
cycling of Cu(0)/Cu(I)/Cu(ll) couple formed on Fe-MOF via Eq. (17).
Besides, through the EDS elemental analysis, Cu was detected on the
used Fe-MOF (Fig. 4g), which also indicated that Cu species were
deposited on Fe-MOF.

$,07” + Cu™—=S0;™ + SO~ + Cu** a7

3.5. The degradation pathway of Cu-EDTA

In order to explore the decomplexation pathway of Cu-EDTA in the
EC/PS/Fe-MOF process, the evolution of the HPLC spectra during the
degradation process was analyzed. It was seen from Fig. S3 that there
was an apparent peak corresponding to the Cu-EDTA at about 11 min
(Fig. S3a). As the reaction conducted, the peak area of Cu-EDTA
decreased gradually, and peaks of the byproducts were also varied
constantly. According to the various retention times (RTs) [14], the
possible intermediate products were Cu-ED3A, Cu-ED2A and Cu-EDMA,
etc. For further identification, FT-ICR-MS was used to analyze the
decomplexation products. As exhibited in Fig. S5, the mass spectra peaks
(m/z) at 351.996, 293.991, 250.994, 235.007, 214.894 and 192.941
appeared with copper isotope peaks corresponded to Cu-EDTA, Cu-
ED3A, Cu-NTA, Cu-ED2A, Cu-EDMA and Cu-IDA, respectively. Previous
studies showed that C—C and C—N bonds were relatively easy to be
broken in Cu-EDTA [81]. Xu et al. reported that the oxidative



Y. Zhang et al.

decomposition of Cu-EDTA was approximately a continuous decarbox-
ylation process [17]. Herein, a possible degradation pathway of Cu-
EDTA in this system was proposed (Fig. 5). The degradation of Cu-
EDTA may occur by the carboxyl pathway (1) and amino pathway (4).
For the carboxyl pathway, the C—N bond of one terminal -N-(CH-
COOH), group in Cu-EDTA was cleaved firstly and an acetic was
removed, leading to the formation of Cu-ED3A. Secondly, Cu-ED2A and
Cu-EDMA were degraded by repeating the process (1). For amino
pathway, the C-N bond of Cu-EDTA was cleaved in -N-CH,-CHy- group
with an iminodiacetic acid broken off and rapidly oxidized to Cu-NTA by
HO;, which generated from H205 in solution (Egs. (18)-(19)) [82-84].
And then the carboxyl group was removed to form Cu-IDA. Eventually,
these intermediates were further decompressed into low molecules and
inorganic substances.

HO*+ HO*-H,0, 18)

Cu’*+H,0, » Cut+HO*, + H 19)

3.6. Proposed reaction mechanism

To investigate the degradation mechanism in EC/Fe-MOF/PS system,
Electron spin resonance (ESR) experiments were performed at the re-
action time of 5 min, 10 min and 20 min. In parallel, both systems of Fe-
MOF/PS and Fe-MOF/EC at the reaction time of 5 min were also
explored. Matlab software was used to fitting peaks for the experimental
data, which were shown and marked in Fig. 6 (the fitting details were

/\ g /\ (Cu-EDTA)
o o’ d o m/z: 351.996
y \Q
N °>—\

O (Cu-ED3A) /\o

m/z: 293.991 (Cu:-NTA)

m/z: 250.994
@ ¢ ¢ ©)

N
HN NH \
s o
Op-=="% Cu
Cu /\
e ™, ° o’
o o d 0 (Cu-IDA)
(Cu-ED2A) m/z: 192.941
m/z: 235.007
3) ¢
HN "NH,
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(Cu-EDMA)
o m/z: 214.894
o NH;*

Fig. 5. Proposed reaction pathways for Cu-EDTA degradation in EC/Fe-MOF/
PS system.

Chemical Engineering Journal 430 (2022) 133025

shown in Fig. S5). Within the reaction time of 20 min, the peaks of
DMPO-OH and DMPO-R were detected in the EC/Fe-MOF/PS system.
Besides, there were trivial peaks of DMPO- R!R?NO and DMPO-H
(Fig. S5) within the shorter time (5 min and 10 min), which were
derived from the oxidation of DMPO and the electrolysis of water or
metal catalytic reaction, respectively [85]. It could be seen that (Fig. 6a)
the species and concentration of radical decreased with the reaction
time. Fig. 6.b indicated that the radical species existed in Fe-MOF/PS
and Fe-MOF/EC systems. The signal of DMPO-H, DMPO-R, DMPO-
R!R2NO and DMPO-OH were clearly detected in Fe-MOF/PS system.
Comparatively, the former three also presented in the Fe-MOF/EC sys-
tem, while the signal of DMPO-OH was not detectable due to the low
concentration or absence possibly. In addition, by comparing the free
radical species in Fe-MOF/PS and EC/Fe-MOF/PS system, it was found
that the concentration of HO® increased significantly with electrical
assistance, which intuitively shows that the application of electricity
was beneficial to the generation of reactive oxygen species.

Despite the addition of PS, no signal of DMPO-SO, was observed in
all the systems. As the controlled experiments, the appearance of DMPO-
OH signals in Fe-MOF/PS may be evolved from the evolution of SO}~
[86]. Particularly, SO;~ was generated from the reaction between PS
and Fe-MOF (Eq. (3)), and react with H,O or OH™ (Egs. (6)-(7)) to
produce HO®. Consequently, it was conjectured that the lack of DMPO-
SO, signal was resulted from the rapid conversion process of the un-
stable DMPO-SO; to DMPO-OH by nucleophilic substitution reaction
(Eq. (20)) [21,87]. The emergence of R® in the system may be derived
from the reaction of alkyl (RH) with HO® via Eq. (21) [88]. It should be
noted that the presence of RH in the prepared Fe-MOF was found by the
FTIR experiment, which was rarely mentioned in the previous literature.
Based on this, the viewpoint was proposed that the alkyl groups on Fe-
MOF react with HO® to generate R°® Fortunately, the Fe(II) could be re-
generated faster by R® (Eq. (22)) [89], which improved the degradation
efficiency of Cu-EDTA. Furthermore, the superoxide radical and single
oxygen in the system was also determined by ESR. No peaks were
observed with capturing agents of TEMP in water as well as DMPO in
methanol, which indicated that the absence of singlet oxygen and su-
peroxide radical.

DMPO + SO;" —»DMPO — SO; -DMPO — OH (20)
HO®*+RH — R*+H,0 (21)
=Fe(lll) + R*—>=Fe(ll) + R" (22)

Generally, the tert-butanol (TBA) mainly scavenges HO® instead of
505 (kso; , TBA = (4.0-9.1) x 10° M™'s™" , kyo- 1sa= (3.8-7.6) x 10°
M’ls’l), while isopropanol (IPA) and methanol (MeOH) have better
quenching property for both SO}~ and HO® (kso;-, IPA = (6.0-8.2) x 107
M7 ko pa = (1.9-2.8) x 10° M™'s™Y; (kso, ,MeOH=3.2 x 10°
M 157! Jkro- Meon = 9.7 % 108 M~ 's™!) [62]. The radical quenching
experiment was carried out to investigate the contribution of SO;~ and
HO® of EC/Fe-MOF/PS system for the degradation of Cu-EDTA with the
existence of IPA or TBA. As shown in Fig. 6¢, with the addition of 1 M
TBA, MeOH and IPA, the remaining Cu-EDTA was 5.84%, 24.59% and
31.7% at 100 min. The corresponding rate constants were 2.50 x 1072
min~!, 1.44 x 1072 min"! and 1.08 x 102 min~', which were far less
than 4.15 x 10"2 min ™! without scavenger existence, revealing that HO*
and SO}~ existed in the system and participated in the degradation of
Cu-EDTA.

As a result, the Cu-EDTA degradation procedure in EC/Fe-MOF/PS
system was described in Fig. 7. Firstly, PS was activated by Fe(II) on
Fe-MOF to generate SO, and Fe(IIl) (1), while Fe(II) would be repro-
duced via the reduction at cathodic and Re that derived from RH in Fe-
MOF (2). The SO, generated HOe (3). Besides, HO® and SO, were
obtained at the anode and cathode respectively with electrical assistance
(4) and (5). The reactive oxygen species (ROS) generated in EC/Fe-
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Fig. 6. EPR spectrum recorded at (a) different reaction times and (b) systems; (c) Effect of radical scavengers on the degradation of Cu-EDTA. Reaction conditions:
[Fe-MOF] = 0.4 g/L, [PS] = 4 mM, pHy = 3, [Cu-EDTA]p = 1 mM, [NaySO4] = 0.02 M, current density = 2.86 mA/cm? T = 25 °C.
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Fig. 7. Proposed mechanism of Cu-EDTA degradation by EC/Fe-MOF/PS system.

MOF/PS system and made Cu-EDTA transfer into free copper ions, low
molecules and inorganic substances through the gradual decarboxyl-
ation/deamination process. The free copper ions deposited on the sur-
face of Fe-MOF to form Cu(0)/Cu(I)/Cu(Il) layer, which synergistically
resulted in the generation of ROS for the degradation of Cu-EDTA (6).

3.7. Degradation performance on other heavy metal EDTA complexes

Furthermore, various metal-EDTA complexes including Ni-EDTA,
Pb-EDTA, Cd-EDTA were used to evaluate the applicability of the EC/
Fe-MOF/PS system. As shown in Fig. 8, these metals-EDTA complexes
were completely removed at 100 min with the coincident condition of
current density, initial concentration of metal complexes, pH, catalyst
dose, PS and NaySO4 concentration, which suggested that the system of
EC/Fe-MOF/PS could be widely applied for the degradation of various
metal complexes.

4. Conclusions

In this study, a novel Fe-MOF catalyst with high surface area and
accessible unsaturated sites was prepared with the convenient and fast
microwave method. Combination with electrochemistry and PS, an EC/
Fe-MOF/PS system was applied to degrade the Cu-EDTA complex. The
Fe(II) on Fe-MOF could be persistently regenerated by the reduction of
Fe(III) on the cathode with the assistance of electricity, which improved
the utilization of the catalyst. The Cu-EDTA was completely degrade at
100 min and %RSE of 27.2% with the optimized conditions of initial pH

1.2

B 60min
22 100min

c/c,

Cu-EDTA

Ni-EDTA Pb-EDTA Cd-EDTA

Different heavy metal complexes
Fig. 8. The removal efficiency of other metal complexes. Reaction conditions:

[Fe-MOF] = 0.4 g/L, [PS] = 4 mM, pH, = 3, [Metal-EDTA]p = 1 mM, [NaySO4]
= 0.02 M, current density = 2.86 mA/cmz, T =25°C.
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3.0, 1 mM Cu-EDTA, 4 mM PS, 0.4 g/L Fe-MOF, 0.02 M NaySO4 and
2.86 mA/cm? current density. The reusable of this system was investi-
gated. Surprisingly, the removal efficiency was obviously enhanced with
the increase of the recycle times, which resulted from the Cu species
deposited on Fe-MOF surface and more catalytic ability was obtained
from the formation of Cu(0)/Cu(I)/Cu(ll) layer. ESR and quenching
experiments confirmed that the SO,~ and HO® played important roles.
Both gradual decarboxylation and deamination processes were proposed
as Cu-EDTA decomposition pathways by FT-ICR-MS results. Moreover,
various metal-EDTA complexes including Ni-EDTA, Pb-EDTA, and Cd-
EDTA could also be degraded totally.
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