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Abstract Metallic glasses (MGs) are rising novae in the
catalytic field, due to their unique amorphous structure, large
residual stress, and high density of low coordination sites.
However, there is still an absence of suitable MGs’ catalysts
for advanced oxidation processes (AOPs) with peroxy-
monosulfate (PMS), the most efficient and promising
wastewater remediation technology. Herein, the cobalt-based
MG (Co-MG) with a nominal composition of Cog;Fe,.
Mo; 5Sij6.5B11 (at%) was utilized as an activator of PMS for
azo dye degradation. The results demonstrated that the Co-
MG/PMS system had an order of magnitude higher efficiency
on Orange II (OIl) degradation than the Fe-MG/PMS system.
For fundamental study and field application, the effect of
adding inorganic anions (Cl~, HCO;~, H,PO,", SO42_,
NO; ™), environmental factors, and cycle experiments on the
catalytic properties of Co-MG were investigated
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emphatically to evaluate overall degradation performance. It
has demonstrated that the Co-MG with more stability, better
corrosion resistance and durability contrasted to Fe-MGs. In
addition, the excellent catalytic performance of Co-MG was
analyzed based on the quenched experiment, electron para-
magnetic resonance (EPR), and X-ray photoelectron spec-
troscopy (XPS) analysis. The present results provide not only
anew candidate but also shed light on exploring a new kind of
AOPs system based on Co-MGs for wastewater treatment.

Keywords Co-based metallic glass ribbons; Inorganic
ions; Stability; Advanced oxidation process;
Peroxymonosulfate; Azo dyes

1 Introduction

Metallic glasses (MGs) in the catalytic field, as rising
novae, have been attracting more and more attention due to
their unique amorphous structure, thermodynamically
metastable nature, and high density of low coordination
sites [1-5]. Fe-based MGs, as the earliest amorphous alloy
used for dye degradation, receive the most attention and
indeed have catalytically active and uniquely selectivity in
the remediation of wastewater [6—10]. For instance, Zhang
et al. [11] developed Fe;5SigB 3 amorphous ribbons for the
degradation of 3,5-dichlorosalicylic acid, which exhibited
better catalytic performance in contrast to its crystallized
counterpart and traditional crystalline Fe powder. Chen
et al. [12] provided essential references for the Fe-based
MG ((Fe73.55113.5B9Nb3Cu;)g; sNig s nanocrystalline rib-
bons) used as a kind of Fenton-like catalyst in field
applications and the development of advanced MGs with
excellent adaptability to complex environments. Liang
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et al. [13] reported a Fe-based MG with fine catalytic
capacity for removing arsenic and nitrate (NO;~). How-
ever, for advanced oxidation processes (AOPs), the most
efficient and promising wastewater remediation technolo-
gies, Fe-based MGs only show moderate catalytic perfor-
mance [14]. It is urgent to develop novel MGs to better
cooperate with AOPs for high-efficiency wastewater
remediation.

AOPs are generally implemented by the addition of
peroxymonosulfate (PMS), persulfate (PS) or hydrogen
peroxides (H,O,) catalyzed to generate the strong oxidiz-
ing SO, and/or -OH [15]. Among them, PMS is suit-
able for a wider pH range and the generated SO,
possesses a higher oxidation potential and a longer half-
life, which can better transfer mass and contact with the
target compound [16]. Moreover, as a solid, PMS is easier
to be stored and transported than liquid H,O,. In previous
research, the catalytic activity of Co®" for PMS is higher
than that of Mn%*, Ce**, Ni?t, Fe?*, V3T, Ru*t, etc.
[17, 18]. In this light, cobalt-based MGs (Co-MGs) are
expected to show excellent catalytic performance for
AOPs. In previous reports, Co-MGs indeed were demon-
strated to possess superior degradation performance in the
redox remediation process of wastewater treatment. Qin
et al. [19] reported the ultrafast degradation of azo dye by
ball-milled Co-based MG powder. The apparent degrada-
tion rate constant (kyns) of Co-based MG powder was an
order of magnitude higher than that of the corresponding
Co-based crystalline material with the same composition.
Jiang et al. [14] investigated the azo dyes degradation
performance of activated PDS under the synergistic catal-
ysis of Fe and Co in amorphous alloys. Zeng et al. [20] also
found that Co replaced partial Fe in the Fe-Si-B-P-Cu
amorphous alloy ribbons promoted the degradation per-
formance of methyl orange (MO) and enhanced physical
adsorption and reduction ability of the ribbon to MO
molecules. Recently, it was found that Fe;cCos6.
Siy gB19,Nby prepared by Co substituting for half of Fe in
Fe;3.55113.5BoCuNbs could accelerate electron transport
and obtain a higher degradation effect during AOPs [21].
Combined with the advanced catalytic performance of Co-
based MGs and the catalytic activity of Co®" for PMS,
therefore, Co-based MGs are expected to present superior
capability for recalcitrant wastewater remediation.

Herein, a Co-MG with nominal composition Cog;Fe,.
Mo, 5Si6sB; (at%, Co-MG) as PMS activator for the
degradation of Orange II (OII) was reported originally in
this work. The performance of Fe-MG was also investi-
gated for comparison. The results demonstrated that Co-
MG/PMS exhibited ten times higher degradation rate for
OII than Fe-MG/PMS. The possible mechanism of high
efficiency of Co-MG for sulfate-based AOPs was
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investigated systematically. This work provided not only a
new candidate but also shed light on exploring a new kind
of AOPs system based on Co-MGs for wastewater
treatment.

2 Experimental
2.1 Chemicals

All reagents employed were of high purity grades without
further purification. Peroxymonosulfate (PMS,
KHSOs5:0.5KHSO4:0.5K,S0,), furfuryl alcohol (FFA),
benzoquinone (BQ), sodium hydroxide (NaOH), sodium
chloride (NaCl), sodium bicarbonate (NaHCO3), sodium
sulfate (Na,SO,), sodium nitrate (NaNOs) and sodium
dihydrogen phosphate (NaH,PO,) were purchased from
Aladdin Co., Ltd., China. 5,5-dimethyl-1-pyrroline N-ox-
ide (DMPO) and tertiary butanol (TBA) were obtained
from Adamas Reagent Co. Ltd. Other chemicals, including
chromatographically pure methanol, ethanol, concentrated
sulfuric acid (H,SO4, 98%) and hydrochloric acid (HCI,
37%) were provided by Guangzhou Fine Chemical Sup-
pliers. Milli-Q ultrapure water with a resistivity of 18.2
MQ-cm (25 °C) was used for all the experiments.

2.2 Preparation of catalysts

Alloy ingots were obtained by arc-melting of mixtures
comprising Co, Fe, Mo, Si, B (purity 99.9%) elements
under a high-purity Ar atmosphere. The amorphous alloy
ribbons with the nominal composition of Cog;FesMo; 5.
Sije.5B11 (at%, Co-MG) were manufactured from the above
ingots via a single-roller melt-spinning process. The inside
of the melting chamber was evacuated to a high vacuum
condition of 1.2 x 107 Pa, and then filled with Ar atmo-
sphere. The radio frequency melting was used to melt the
mother alloy in the nozzle at induction current of 35-45 A.
Then the molten metal was jetted from the nozzle orifice
promptly onto the surface of the high-speed rotating copper
rolls to continuously produce a rapidly solidified ribbon.
The copper roll was rotated at a speed of 3500-4500
r-min~'. The FeSiB (Fe-MG) was prepared by a similar
synthesis process as reported [22]. All the ribbon samples
were preserved in an oxygen-free environment.

2.3 Characterizations
Scanning electron microscopy (SEM) images were recor-
ded on JSM- IT500HR, and the surface morphologies of

the ribbons after degradation experiments were character-
ized by an optical microscope (OM, ZEISSAxio). The
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mappings of catalysts were carried out by X-ray energy-
dispersive spectroscopy (EDS) in SEM to investigate the
distribution of elements. The crystal structures of MG
ribbons were analyzed by X-ray diffractometer (XRD,
Bruker D8 Advance) in the 20 range Cu Ko
(2 =0.154178 nm) radiation (40 kV, 40 mA). XPS data
were acquired using a ULVCA-PHI spectrometer.

2.4 Degradation tests

The MG ribbons were cut into pieces with 10 mm x 10
mm as catalysts to conduct the degradation experiments.
OIl, as a typical azo dyes, was chosen to evaluate the
catalytic performance of the prepared ribbons. Unless
stipulated otherwise, all degradation tests were carried out
via mixing 0.5 g-L™' catalysts, 1.0 mol-.L~' PMS and
50 mg-L™" OII in a 500 ml beaker which was placed in a
water bath at 25 °C. Meanwhile, the reaction solution was
maintained by stirring at 240 r-min~' and then extracted
via a peristaltic pump at specified time intervals for
in situ analysis by ultraviolet-visible (UV-Vis) spec-
trophotometer. The pH of the solution was adjusted to a
predetermined value using 1.0 mol-L™' NaOH or
1.0 mol-L~" HCL.

2.5 Analytical measurements

EPR (Bruker EMXplus, Germany) analysis and scav-
enging experiments were performed to identify the active
species, and the free radicals and singlet oxygen ('O,)
that formed in the PMS activation system were detected
by using dimethyl pyridine N-oxide (DMPO) and 2,2,6,6-
tetramethylpiperidine (TEMP) as spin trapping agents,
respectively. The concentration of leached cobalt ions
was detected by an inductively coupled plasma optical
emission spectrometry (ICP-MS, ThermoFisher i CAPQ).
The electrochemical tests were performed at (25 £ 1) °C
via the traditional three-electrode cell by an electro-
chemical workstation (CHI660E, Shanghai Chen Hua
Ltd., China). The ribbons with a side length of 10 mm
were used as the working electrode, as well as the Pt
sheet and SCE electrode were used as the counter elec-
trode and the reference electrode, respectively. The
electrolyte was OIIl (50 mg~L_1) and NaCl (3.5%) solu-
tion as required. Based on the reported studies, the
kinetic of OII degradation was evaluated by pseudo-first-
order kinetics given in Eq. (1).

C
mé:-ms (1)

0

where C; is the OII concentration at actual time (¢), Cy is
the initial OII concentration and kg is the rate constant.
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3 Results and discussion
3.1 Catalyst characterization and performance

XRD patterns of as-prepared MG ribbons are presented in
Fig. la. The samples both exhibited only a broad diffuse
diffraction peak at the range of 40°-60°, and the amor-
phous state can be confirmed. The SEM images of Co-MG
(Fig. 1b) and Fe-MG (Fig. S1) ribbons showed a uniform
and dense surface, as well as the EDS mappings of Co-MG
resulted that Fe, Co, Mo, and Si are uniformly distributed.
Since the surface of the MG ribbons was so smooth that the
adsorption tendency of organic pollutants could be ignored.
Hence, it is not necessary to preset the adsorption—des-
orption equilibrium time before the degradation experi-
ment. As shown in Fig. lc, the catalytic performance of
Co-MG was significantly better than that of Fe-MG under
the same reaction conditions. Obviously, the OII removal
rate of the Co-MG/PMS system reached 98.17% within
10 min and that of the Fe-MG/PMS system was only
17.22% at 60 min. The apparent degradation rate ks of
the Co-MG/PMS system was 0.336 min~!, while that of
the Fe-MG/PMS system was inferior (0.025 min~"). Co-
MG/PMS system had an order of magnitude higher OII
degradation rate than the Fe-MG/PMS system. Moreover,
the apparent changes of catalytic discoloration and degra-
dation of the OII dyes using the Co-MG/PMS system were
shown in the UV spectrogram (inset in Fig. 1c). It can be
found that the absorbance of the OII solution decreased
rapidly during the reaction, and the intensity of the
absorption peak at 484 nm corresponding to the —-N=N-
bond of OII almost disappeared at 10 min, which was due
to the degradation of the chromophore. Further, the com-
parison between Fig. 1d, e indicated that the surface mor-
phology of Co-MG did not change significantly after using
it once, and only sporadic corrosion products existed.
While the surface of the Fe-MG ribbons was almost
entirely covered by granular intermediate products and
partially exfoliated [23], the granular products aggregated
at the exfoliated place. The still smooth and dense surface
made the Co-MG ribbons reusable, which highlighted the
superiority of Co-MG ribbons.

3.2 Evaluation of catalytic performances

3.2.1 Influence of reaction temperature

To further compare the catalytic abilities of Co-MG and
Fe-MG, the activation energy of the degradation system
was investigated. Figure 1f, g shows the effect of reaction

temperature on the catalytic activity of Co-MG/PMS and
Fe-MG/PMS system at different temperatures (25, 35, 45,
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Fig. 1 a XRD patterns; b SEM image and EDS mappings of Co-MG; ¢ comparison between Co-MG and Fe-MG on catalytic
performance, and (inset) UV-Vis absorption spectra of degradation products of Oll by Co-MG; SEM images results of the 1st run
recycled d Co-MG and e Fe-MG ribbons; temperature effects of f Co-MG and g Fe-MG on Oll removal; h Arrhenius equation analysis.

(Catalyst: 0.5 g-L™", PMS: 1 mmol-L~", Oll: 50 mg-L~", T = 25 °C)

55 °C), respectively. In the Co-MG/PMS system, the OII
was almost completely decolored in 2 min at 55 °C. The
pseudo-first-order reaction rate of the Co-MG/PMS system
significantly boosted from 0.336 to 2.101 min~", while the
degradation rate of the Fe-MG/PMS system slightly
increased from 0.003 to 0.009 min~'. As the temperature
raised, the improvement of external thermal energy con-
tributed to overcoming the reaction barrier for the chemical
reaction, accelerating the catalytic reaction kinetics, and
promoting the thermal activation of PMS, so that the
degradation rate increased continuously. According to the
Arrhenius equation: Inky,s = InA — E,/RT, the activation
energy (AE) of Co-MG (Fig. lh) was calculated as
31.79 kJ-mol ' and lower than that of Fe-MG ribbons
(37.74 kJ-mol '), suggesting a better overall catalytic
performance in AOP with PMS. Furthermore, with regard
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to most degradation reactions, the apparent activation
energy is typically 60-250 kJ-mol~". The lower AE of MG
ribbons indicated that the reaction energy barrier could be
more efficiently [24].

3.2.2 Influence of pH

Besides the reaction temperature, other catalytic parame-
ters, such as pH, OIl amount, PMS concentration, and
catalyst dosage, also significantly affect the OII removal
rate. A detailed study on the relevant parameters was car-
ried out to discuss the most suitable operating environment
of the Co-MG/PMS system. From Fig. 2a, the outstanding
catalytic degradation efficiency of the Co-MG/PMS system
at pH = 5 or 9 is noticed, about 100% removal rate of OII
was seen in 10 min, while the OII removal rate was lower

a
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Fig. 2 Catalytic performance of different oxidation processes toward Oll degradation: a effect on pH; b effect on Oll amount; ¢ effect
on PMS concentration; d effect on catalyst dosage (catalyst: 0.5 g-L~!, PMS: 1 mmol-L™", Oll: 50 mg-L™", pH = 5, T = 25 °C)

at pH = 3 or 11. Obviously, the degradation effect of the
Co-MG/PMS system was significantly inhibited under the
condition of strongly acidic and base conditions. Reasons
may be the following points. (i) When the reaction solution
was acidic (pH = 3), the similar pH value to the PMS
solution led to the problematic activation of the PMS.
Moreover, the generated SO, and -OH might be scav-
enged by H' (Reactions (2), (3)) [25, 26], and the
quenching effect is noticeable. (ii) In contrast, the strong
alkaline environment is not conducive to the Fenton-like
reaction, and the Fe and Co elements on the surface of the
MG ribbons react with OH™ to partially passivate at
pH = 11, inhibiting the catalytic degradation reaction. In
addition, when the pK,, of PMS is 9.4, at pH = 11, most
HSOs5™ decompose into SO5>~, and SO, ~ would also react
with OH™ to generate -OH with lower oxidation (Reaction
(4)), -OH also might be scavenged by SOs>~, leading to
inefficient degradation [27]. With regard to the positive
factor in which PMS activation was favorable at pH = 5
and 9, the addition of a small amount of alkali accelerated

aQ

the hydrolysis and ionization of PMS, namely, the amount
of surface OH™ could activate PMS to generate O, /HO,’
radicals and a part of OH™ could be oxidized to -OH by
SO, (Reaction (4)), which contributed to the degradation
of dyes. In any case, the Co-MG/PMS exhibited the out-
standing ability of OII degradation within 60 min in a wide
pH range.

SOy + H" 4+ ¢~ — HSO; (2)
‘OH + H" + ¢~ — H,0 (3)
SO, + OH™ — -OH + SO2~ (4)

3.2.3 Influence of OIl amount

As shown in Fig. 2b, when the OII amount increased from
20 to 50 and 70 mg-L~', the degradation efficiency
depressed and the OII removal rate decreased from 0.483 to
0.336 and 0.129 min ', respectively. The more OII might
largely induce this phenomenon adsorbed on the surface of
the Co-MG ribbon, the more active sites were covered,

Rare Met. (2023) 42(4):1160-1174
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which inhibited the catalytic ability and deteriorated the
degradation effect.

3.2.4 Influence of PMS concentration

Figure 2c shows the effect of oxidant PMS concentration
on the OII degradation in the Co-MG/PMS system. Almost
no reaction occurred when PMS was not present, indicating
that Co-MG ribbon alone had poor reducibility to azo dyes
and no degradation ability. This phenomenon was different
from that of Fe-MG previously reported, which might be
due to its higher corrosion resistance than iron. In addition,
the OII degradation efficiency improved (ks increased
from 0.071 to 0.336 min~') with the increase of PMS
concentration (from 0 to 1 mmol-L™"). The higher con-
centration of PMS, the more active species generated
through the activation of PMS by the Co-MG ribbon,
resulting in a higher degradation rate. However, once the
PMS concentration was excessive (1.5 mmol-L_l), the
removal rate of OIl was instead inhibited. The possible
reasons were as follows: on the one hand, there were not
enough active sites on the surface of the amorphous rib-
bons to activate excessive PMS; on the other hand, radicals
generated by PMS activation and excess PMS reacted with
each other. As shown in Reactions (5-7), HSOs™ reacted
with SO, or -OH to produce SOs~ with weaker oxidiz-
ing, which also adversely depressed the degradation rate.

HSO; 4+ SO; — HSO; + SO; (5)
HSO; + -OH — SOy + H,0 (6)
SO2™ 4+ SO; — SO; + SO~ (7)

3.2.5 Influence of catalyst dosage on Oll degradation

Distinctly, it can be seen from Fig. 2d that the catalyst
dosage positively affected the degradation efficiency of
OIl. The system without Co-MG (catalyst), only PMS
existed, had no degradation performance. With the increase
of catalyst dosage from 0.1 to 1.0 gL', the catalysis
functions were significantly improved, and the first-order
degradation rate constant was raised from 0.077 to
0.376 min~'. The additive amount of Co-MG contributed
to a large proportion of the overall OII removal rate due to
the more catalyst with the more active sites and the more
fully contacted Co-MG/PMS/OII system, which improved
catalytic degradation efficiency.

3.2.6 Influence of inorganic anions
Various inorganic anions widely exist in industrial
wastewater and actual water bodies, which impact the

degradation efficiency in very complicated ways, consist-
ing of scavenging radicals (SO, or -OH), adjusting the
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pH values, or competing with organic pollutants. Hence,
the effect of CI~, HCO; ™, H,PO,~, SO,>~, NO;~ on OII
degradation was carried out, as shown in Fig. 3a—e. By the
way, considering eliminating the interference of metal
cations, sodium salts were uniformly used for the experi-
ments. The pseudo-first-order kinetic model fitted the curve
of the normalized concentration change, and the apparent
shift of OIl k,,s with respect to the concentration and
species of inorganic anions is obtained from Fig. 3f. All the
inorganic anions exhibited more or less inhibitory effects
on the oxidation processes. Interestingly, when a small
amount of CI™ (1 g~L7') was added to the OII solution, the
degradation performance of the Co-MG/PMS system was
pelter (Fig. 3a). Nevertheless, adding Cl- (from 1 to
30 gL "), the degradation rate of OII sostenuto increased.
When the concentration of ClI™ reached 30 g-L_l, the kops
value was up to 0.260 min~', and the catalytic degradation
performance was comparable to that without Cl™. The
addition of C1™ can convert SO, and -OH into CI', Cl, ™
and CIOH ™ (Reactions (9-11)), which weakens the cat-
alytic properties. In contrast, when CI~ was over a critical
concentration, it caused that C1~ and PMS (HSOs ") reac-
ted directly through a two-electron transfer reaction to
generate Cl, and HCIO (Reactions (12, 13)) which partic-
ipated in the degradation of OII [28, 29]. In other words,
the generated Cl, and HCIO in a significant amount would
rapidly bleach dyes so the degradation efficiency was
continuously improved. This process of first inhibition and
then promotion with the increase of ClI™ concentration is
consistent with the double effect of Cl™ as previously
reported [30].

SO, + ClI” — CI' + S03~ (8)
Cl' + ClI” « Cly (9)
‘OH+ ClI” — CIOH~ (10)
2Cl; — Cly 4 2CI° (11)
2CI~ + HSO5 + H" — SO;” + Cl, + H,0 (12)
Cl” + HSO; — SO~ + HOCI (13)

In a similar condition, HCO5;™ also had a dual effect on
the catalytic performance (Fig. 3b) [31], but the overall
inhibition effect of OII degradation was more prominent.
HCO;~ concentration at 1 g-L ™' had the most significant
inhibitory effect, showing the highest inhibitory effect on
OII degradation among all inorganic anions, and the kgp,
value was only 0.026 min~'. HCO;™ can also quench
SO, /-OH (Reactions (14, 15)) to generate CO3;~ with a
lower redox potential of 1.59 V. In addition, HCO;™ also
consumed OH™ in solution, impeding the activation of
PMS by bases, which was detrimental for the degradation.
The inhibition of degradation slightly weakened with

a
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Fig. 3 Effects of a ClI™, b HCO3;~, ¢ H,PO,~, d 80,27, e NO3;~ on Oll degradation in Co-MG/PMS system, and f change of Oll kgps
with different concentrations of inorganic anions (catalyst: 0.5 g-.L~!, PMS: 1 mmol-.L™", Oll: 50 m g-.L™", pH = 5, T = 25 °C)

increasing HCO5; ™~ concentration. Considering HCO5; ™ as a
buffer reagent, it has a regulatory effect on pH value to
stimulate PMS decomposition and supply a weakly
alkaline environment (pH value in the range of 5 to 8)
[32]. According to the research on the effect of pH on OII
degradation (Fig. 2a), in the case of weak acid to weak
base conditions, there was almost no effect on the
degradation rate of OIL. Therefore, the effect of HCO3™
on pH can be excluded. Furthermore, the more HCO; ™, the
less OH™ was depleted, and the extra OH™ increased for
activation of PMS. In fact, Yang et al. [33] reported that
HCOj3;™ can activate PMS, and the produced active species
may somewhat relieve the inhibitory effect.

SO, + HCO; — CO; + SO + H'
‘OH + HCO; — CO; + H,0

(14)
(15)

Figure 3c—e depicts that OII degradation was dropped
down in the presence of H,PO, ™, SO42_, NO;~ (from O to
30 g~L_1). The corresponding ks values of Co-MG/PMS/
anions system also reduced, as clearly observed from
Fig. 3f. Analogously, H,PO,~ and NO;~ can both
scavenge SO, /-OH and generate weaker secondary
radicals of H,PO, and NOj  (Reactions (16-19)), and the
effect is monotonic [34]. Actually, phosphate and sulfate,
as the typical complex ions, could decrease the active
cobalt species on the Co-MG surface group through
chelating reactions in a natural water. With regard to the
addition of SO42_, the solution inevitably contained SO42_

aQ

due to PMS as a complex persulfate. A similar trend has
also been reported by Long et al. [35], which found that
SO,*~ had an inhibitory action on the degradation rate.
This phenomenon was mainly attributed to the lower redox
potential of SO42_/SO4'_, which reduced the amount of
SO, in the solution. There were differences in the degree
of unidirectional inhibition exhibited by the three inorganic
anions. Although H,PO,~ and SO, cut down the reaction
rate, the Co-MG/PMS system still degraded OII entirely
within 30 min, indicating that there were enough active
substances for OIl degradation in the solution.

H,PO; + SO, — H,PO4- + SO;~ (16)
H,PO; + -OH — H,PO4- + OH™ (17)
NO; + SO, — NO;- + SO;~ (18)
NO; + -OH — NO;-+ OH~ (19)

In order to further explore the effect of inorganic anions
on the Co-MG/PMS system. A series of characterizations
were performed on the used Co-MG ribbons in the systems
containing different inorganic anions. As observed in
Fig. 4a, XRD patterns for Co-MG used in other anions
still showed a broad diffraction peak without any
crystalline diffraction, confirming the remains of the
amorphous structure. The surface morphologies of the
Co-MG ribbons after degradation in the presence of various
anions were examined carefully by OM and SEM, due to
the surface-mediated process on the degradation of azo
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Fig. 4 a XRD patterns; b SEM images of Co-MG after Oll degradation in presence of 30 g-L~" CI™; ¢ surface morphology and d SEM

images of Co-MG after Oll degradation in presence of 1 g-.L="' CI~

dyes. It can be seen that there was a bit of micron-sized
particles appeared on the surface of Co-MG after OII
degradation in the presence of H,PO, ™, S0,%~, NO;~, and
the rest of the amorphous ribbons was almost in good
condition (Fig. S2a-c). This phenomenon also
corresponded to the brighter OM images without plentiful
cracks (Fig. S3a—c). Distinctly, in the presence of HCO; ™,
the SEM images of Co-MG displayed a bit of micron-sized
particles and even some flocs on the surface of Co-MG
ribbons. The aforementioned floccule may be intermediate
products during the degradation reaction (Fig. S3d).
Furthermore, the more intermediate products, which
corresponded to the dark region of Fig. S4d, covered the
active surface of the Co-MG ribbons, leading to the
inhibition of the catalytic degradation properties. This
result also coincided with the worst degradation effect with
HCO;5;™ as shown in Fig. 3.

Interestingly, when the addition amount of CI™
increased to 30 g-L ™', micron-sized particles were sparsely
scattered on the surface of the Co-MG ribbons. In contrast,
the large amounts of sediments which might be the visible
degradation products can be observed on that in the pres-
ence of 1 g-L_1 Cl™ from Fig. 4d, and the center of the
main reacted region was relatively flat with some cracks as
shown in Fig. 4c. This phenomenon also perfectly
explained the inhibitory effect of C1~ on OII degradation at
low concentrations (1 g-L™"). What’s more, the generated
Cl, and HCIO in a great amount exhibited strong oxid-
ability (30 g-L ™' C17), most of the granular intermediates
that covered surface of Co-MG ribbons were degraded and

Rare Met. (2023) 42(4):1160-1174

peeled off. The re-exposed active surface was beneficial in
improving the catalytic efficiency. Besides these, the
leaching value of Co*" in the Co-MG/PMS/OII system in
the presence of various inorganic anions is revealed in
Fig. S5. It can be clearly seen that a small quantity of Co>"
leaches in the presence of HCO5;~ and NO;™. This phe-
nomenon corresponded to the OII degradation rate
according to the fewer of Co>" as an active substance in
the reaction solution. As an efficient catalyst to degrade
OlIl, the Co-MG ribbons were suitable for the most inor-
ganic anions and the broad pH range. The broad prospects
of the Co-MG/PMS system for application in actual water
bodies were expected.

3.3 Stability, recyclability, and corrosion properties
of Co-MG catalyst

In general, reusability is an important indicator for esti-
mating catalyst performance, thus, it is the stability of
heterogeneous catalysts in the Co-MG/PMS system that is
of great significance in practical application. Moreover,
before each catalytic recyclability test, the surface of the
Co-MG ribbon was washed three times with deionized
water, and the next round of degradation was performed
immediately. Since the surface morphology and composi-
tion of Co-MG did not change significantly after the first
cycle (Fig. 1d), and the ribbons used for multiple processes
still maintained the amorphous structure (Fig. S6), the
highly efficient catalytic ability of Co-MG ribbons was
expected during the recycling experiment. The results are
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presented in Fig. 5. The OII removal rate was still
stable above 97% after 30 min over the multiple cycles
(within 24 cycles), even if the degradation efficiency of OIL
displayed a downward trend at 5 min for various runs, from
81.06% to 51.33% (Fig. 5b). It was proved that although
the performance of Co-MG was slightly attenuated during
repeated use, it still maintained extremely high degradation
performance under experimental conditions thus Co-MG
ribbons had excellent recyclability and stability. Mean-
while, the surface of the ribbons after using 24 times is
observed in Fig. S5, covered by off-white substances
entirely and uniformly, yet there was no apparent differ-
ence between the original ribbons and the ribbons for the
first cycle. Accordingly, many holes and cracks due to
corrosion were observed on the surface of Co-MG ribbons
in Fig. 5d. If these cracks expand, the porous reaction zone
and the precipitated oxidation products tend to fall off
automatically, forming pores on the surface [36]. The
enlarged SEM images of the ribbons for the 24 cycles have

Q

further illustrated the presence of numerous microcracks
(Fig. Se, f), and the cracks disclosed the unreacted parent
ribbon matrix and exposed fresh active sites. In addition, a
large number of uniformly distributed Fe, Co, Mo, Si ele-
ments can be detected, as shown in the EDS mappings of
Fig. 5g—j. Compared with the original Co-MG ribbons, the
relative content of the O element exhibited an enormous
growth, and the poorer Co element was consumed as the
main active species (Table S1), indicating that the elements
on the surface of the Co-MG ribbons were oxidized to a
large extent. Among them, the change of Si relative content
can be ignored, which was attributed to that the amorphous
silicon is easily oxidized to SiO, which was the main
component of the spalling layer [7]. Although the SiO, and
HBO,/H3;BO; protective layer depressed the catalytic per-
formance, to a greater extent, it impeded the leaching of
cobalt ions and further protected the buried active Co
species [11, 37]. Therefore, the Co-MG ribbons exhibited
high stability over 24 cycles. Moreover, the oxides and
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hydroxides of the surface low-valence metal elements can
still be used as active sites for activating PMS, ensuring the
efficient catalytic ability of the Co-MG/PMS system.

Generally, the degradation process was involved in the
redox reaction, so the electron transfer played a crucial role
on the surface of ribbons and was also related to the cor-
rosion resistance [38]. As shown in Fig. 6a, b, the open
circuit potential (OCP) and the polarization curves of the
Fe-MG and Co-MG ribbons in OII and NaCl solutions.
Both stabilized Eqcp (the open circuit potential) values of
Co-MG ribbons in different solutions were apparently
higher than that of Fe-MG ribbons. The more positive Egcp
value of Co-MG ribbons indicated higher corrosion resis-
tance [39]. The fast corrosion of Fe-MG ribbon could
consume a great deal of the catalyst so it debased its
endurance, which was not desirable for its application.
Besides, the Co-MG performed visibly lower corrosion
current densities, confirming its better corrosion resistance
in whether OII or NaCl solution.

According to Nyquist curves in Fig. 6¢, Co-MG ribbons
showed a longer radius of Nyquist semicircles in NaCl
solution (the corrosive solution), implying their better
corrosion resistance, which also agreed well with the
polarization results. Interestingly, in the OII solution (the
catalytic environment), the lower charge transfer resistance
for the Co-MG ribbons illustrated a faster surface reaction
rate with effective charge transfer than Fe-MG ribbons,
which also indirectly proved that Co-MG has a stronger
catalytic ability than Fe-MG. These results further con-
firmed the enhanced catalytic activity and cycling stability
of cobalt-based amorphous ribbons.

3.4 Mechanistic investigation

In order to clarify the contribution of active species in the
OIl degradation process by the Co-MG ribbons, the
quenching experiments and EPR test were carried out. As
shown in Fig. 7a, the addition of 10 mmol-L~! TBA had a
slight effect on the OII degradation reaction, and a ten-fold

concentration of that (100 mmol-L~' TBA) still showed a
similarly weak inhibitory effect, indicating that -OH was
not the main active species in the Co-MG/PMS/OII system.
Correspondingly, adding the same concentration of
quencher (10 to 100 mmol-L™"), a dramatically inhibitory
effect by MeOH on OII removal efficiency illustrated that
the contribution of SO, should be more dominant. Fig-
ure 7b shows the effect of different quenchers on OII
degradation in the Co-MG/PMS system intuitively. Inter-
estingly, EPR spectra showed a weaker DMPO-SO, ™
signal, while the characteristic peak intensities of DMPO-
‘OH (1:2:2:1) were observed (Fig. 7c) [40]. The phe-
nomenon might be mainly due to the existence of OH™
which originated from NaOH used for pH regulation, and
the generous SO, ™~ could react with OH™ to generate -OH
(Reaction (4)). In addition, using BQ as a particular O, ™
quencher, as well as the quenching tests using FFA and L-
histidine were performed to determine whether 'O, domi-
nated the OII degradation [41]. A distinct inhibitory effect
can be seen in Fig. 7a by adding BQ while the FFA and L-
histidine can completely inhibit the OII degradation, indi-
cating that the O, ™, as an intermediate product to form 'O,
(Reaction (20)), played a crucial role in mediating OII
degradation. Moreover, O, could be generated in the
presence of dissolved oxygen (Reaction (21)). Besides,
TEMP as a spin trap agent emerged a characteristic triple
peak (1:1:1) which was concrete evidence for the existence
of 102 (Fig. 7d) [42]. Actually, the self-decomposition of
PMS also generates 'O, [43]. The 'O, signal in Co-MG/
PMS/OII system was weaker, which indicated the pro-
duction of 'O, as active species were consumed to degrade
OIlL

O, + -OH — OH +'0, (20)
O+ e — Oy (21)

Furthermore, to reveal the relationship between the
surface chemical valence state and catalytic performance of
Co-MG ribbons, XPS analysis was performed on the
ribbon’s surfaces before and after the degradation reaction.
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Fig. 6 a OCP, b potentiodynamic polarization and ¢ Nyquist curves of Co-MG and Fe-MG ribbons in Oll and NaCl solutions
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As shown in Fig. 8a, compared with the original Co-MG
ribbons, the Co 2p and Fe 2p peaks become obviously
weak, while the intensity of the O 1s peaks was increased
after degradation experiments. The results suggested that
Co and Fe elements as active sites were depleted, and the
oxidation reaction occurred on the surface of Co-MG
ribbons. Nevertheless, the Co 2p spectrum of the Co-MG
ribbons showed peaks at 778.2, 780.8, 782.3 and 786.6 eV,
which belonged to Co°, Co**, Co®" and satellite peak,
respectively (Fig. 8b) [44, 45]. After being reused, the peak
representing Co” disappeared gradually. Interestingly, the
concentration of Co”" reduced after the first run while
increased after the 24th run (from 43.5% to 40.06% to
47.66%) and Co’* gradually appeared during the
degradation in Table S2, which might be attributed to the
depletion of Co®™ as the active species and then the surface
oxide layer was cracked or even corroded to expose the
original ribbons. A similar phenomenon can be found in

Q

Fig. 8c. Metallic Fe® was completely transformed to Fe*"
and Fe*" in the reused glassy ribbons. The peaks at 707.0,
711.3 and 714.1 eV corresponded to Feo, Fe* and Fe3+,
respectively. Although Fe was not the main metal element
of the amorphous ribbons, a small amount of low-valence
Fe can transfer electrons to Co3+, promote the reduction of
Co’" to Co**, maintain the high content of Co®" in the
ribbons, or directly transfer electrons to the PMS to
promote degradation reaction. Concerning the results of the
changes in the Co and Fe valence states also reflected the
stability and high catalytic performance of the amorphous
ribbons [46]. In addition to the peak analysis of O 1s
(Fig. 8d), the peak at 529.9 eV was attributed to the lattice
oxygen in Co-MG and the content of Oy, decreased from
33.21% to 17.21%, which suggested the consumption of
metal-oxygen to participate in the reaction. What’s more,
the reactive Oy, generated could form oxygen vacancy on
the catalyst surface, promoting the generation of the non-
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Fig. 9 Possible mechanism of PMS activation by Co-MG for Oll degradation

radicals to boost catalytic reaction further. The other peaks
at 531.8 and 532.9 eV correspond to the characteristic of
hydroxide (OH™) and Si-O-Si band/adsorbed H,O,
respectively. For Mo 3d (Fig. 8e), the binding energies
located at 228.3, 232.2 and 235.5 eV are attributed to Moo,
Mo 3d;,, and Mo 3ds/,, respectively. The B° and B-O
bonds with binding energies at 188.1 and 192.2 eV can be
observed in Fig. 8f [47]. The peaks attributing Mo” and B’
disappeared after degradation, implying that they were
involved in the redox reaction. The peak for Si” at 99.1 eV
disappeared after reuse, and the proportion of the Si—O
peak (102.6 eV) increased (Fig. 8g), further affirming the
formation of the oxide layer (SiO,) during the catalytic
performance [21, 48]. According to the above results, the
reductive Coo, Feo, MOO, B° and Si® were observed on the
Co-MG surface and might act as electron donors in the
degradation process. Lower valence band positions
required less energetic activation, providing better
electron transfer efficiency during the reductive OII
degradation. According to the above analysis, a possible
catalytic degradation mechanism was presented. The entire
reaction process takes place on the surface of the catalyst.
The PMS was catalyzed to generate 'O, and free radicals
(SO, and -OH) with strong oxidizing properties to
degrade organic pollutants into small molecular products
(Fig. 9). Moreover, the chromophore group easily becomes
excited electrons, thereby activating the partial structure of
the molecule, making the carbon atom connected to the azo
group unstable, and then promoting the C-N bond crack.

f
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4 Conclusion

In this work, a highly efficient AOP system, Co-MG/PMS,
possessed an order of magnitude higher ks (0.336 min~ 1)
than the Fe-MG/PMS system (kqps = 0.025 min~") for OII
degradation has been developed. The superior catalytic
performance of Co-MG for PMS during AOP can be
attributed to the lower activation energy of Co-MG
(31.79 kJ-mol_l), a synergistic effect of elements, and
unique catalytic mechanism with dominant active species
of 102. In addition, the Co-MG ribbon showed excellent
durability, as indicated that the organic pollutant OIl was
degraded entirely within 30 min after 24 cycles due to high
corrosion resistance. Meanwhile, the influences of various
important essentials on OII degradation were comprehen-
sively studied, as well as the results demonstrated that Co-
MG/PMS system exhibited excellent adaptability for vari-
ous pH, OIl amount, PMS concentration, catalyst dosage
and inorganic anions (Cl~, HCOs;~, H,PO,~, SO,
NO; 7). This work provides a superior AOPs catalyst for
recalcitrant wastewater remediation and an important novel
AOPs system based on Co-MGs.
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