Korean J. Chem. Eng., 37(6), 961-968 (2020)
DOI: 10.1007/s11814-020-0525-2

PISSN: 0256-1115
eISSN: 1975-7220

Kinetics and mechanism study of H-acid degradation by peroxymonosulfate
activation with Co;0,-Fe,0,/Al,0,

Ping Dai*, Xiaowei Sun®*, Dongyan Xu**', and Feng Tan***

*College of Electromechanical Engineering, Qingdao University of Science & Technology, Qingdao, P. R. China
**College of Chemical Engineering, Qingdao University of Science & Technology, Qingdao, P. R. China
***Key Laboratory of Industrial Ecology and Environmental Engineering (Ministry of Education),
School of Environmental Science and Technology, Dalian University of Technology, Dalian, P. R. China
(Received 26 December 2019  accepted 27 February 2020)

Abstract—Alumina supported bimetallic cobalt-iron oxide (Co;0,-Fe,0/ALO;) catalyst was prepared via co-impreg-
nation of boehmite with the mixture solution of cobalt nitrate and iron nitrate followed by calcination in air. X-ray
photoelectron spectroscopy and high-resolution transmission electron microscope analyses confirmed the existence of
highly dispersed Co,0, and Fe,O; nanoparticles in the as-prepared catalysts. The catalytic activity of Co,0,-Fe,0,/AL0O;
was evaluated for the degradation of H-acid in aqueous solution by heterogeneous activation of peroxymonosulfate.
The results indicated that the Co,0,-Fe,0,/Al,0, catalyst exhibited an identical initial activity but much better recy-
clability than Co,0,/ALO; due to its low amount of metal leaching and possible redox circle of Co(II)/Co(III). Electron
paramagnetic resonance spectroscopy and radical quenching experiments suggested that singlet oxygen (‘O,) contrib-
uted much more than -OH and SO;" to H-acid degradation, and the degradation mainly followed a nonradical reac-

tion mechanism.
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INTRODUCTION

H-acid, 1-amino-8-naphthol-3,6-disulfonic acid, is an important
intermediate in the synthesis of acid, reactive, azo, and direct dyes.
The extensive use of H-acid has inevitably resulted in its release to
wastewaters that are detrimental to human health and ecosystem
[1,2]. The highly soluble nature of H-acid makes it more difficult
to treat H-acid-containing wastewater by conventional physical,
chemical, and biological methods [3]. Therefore, it is of great sig-
nificance to search for efficient methods that can realize complete
degradation of H-acid in the wastewaters.

Advanced oxidation processes (AOPs) based on in situ genera-
tion of hydroxyl radical (-OH) by activation of H,0, with Fe** have
been demonstrated as efficient methods to degrade target aqueous
pollutants [4,5]. However, the Fenton reaction and its modifications
still suffer from several drawbacks, such as safety associated with
transport and storage of H,O,, pH dependence of the reaction, large
amount of sludge produced, and slow kinetics of ferrous iron regen-
eration [6]. Compared with hydroxyl radical (‘OH, 1.8-2.7 eV), sul-
fate radical possesses higher redox potential (2.5-3.1 eV) at neutral
pH and longer half-life and is more selective for the oxidation of
organic compounds [7]. Generally, SO;" can be generated by homo-
geneous activation of persulfate (PS, S,05") or peroxymonosulfate
(PMS, HSO5) with various transition metals, of which Co™" exhib-
its the highest activity towards PMS activation and thus achieves
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outstanding decontamination of organic pollutants [8].

Although the homogeneous activation of PMS can avoid the
involvement of high-energy inputs, the recovery of homogenous cat-
alysts is very difficult. Particularly, the massive usage of cobalt ions
may cause additional contamination problems due to their toxic-
ity, making the homogeneous Co’"/PMS system being not techni-
cally or economically feasible. To date, various alternative hetero-
geneous catalysts including bulk cobalt oxides [9,10] and supported
cobalt catalysts [11-13] have been widely investigated for the pur-
pose of catalyst recycling and repetitive usage. Additionally, many
efforts have been devoted to improving the performance or solv-
ing the leaching problem of monometallic cobalt catalysts by sub-
stituting a part of cobalt ions with other metals [14,15]. Although
iron is not as effective as cobalt for activating PMS, its conjugation
with PMS is still attractive because of irons low toxicity to the envi-
ronment [16]. Alumina supported iron catalysts, which have been
successfully applied to various Fenton-like processes, display en-
hanced performance for the catalytic wet peroxide oxidation of differ-
ent organic pollutants owing to the amphoteric nature and good
adsorption ability of alumina as well as the advantageous Fe-Al inter-
actions [17]. More importantly; the strong metal-metal interactions
could help inhibit the cobalt leaching from the bimetallic Fe-Co
catalysts [18]. Therefore, simultaneously anchoring Fe and Co on
alumina is anticipated to improve the stability of the catalysts. How-
ever, little effort has been made to try to overcome the drawbacks
of monometallic catalysts as an activator of PMS by incorporating
cobalt and iron oxides into alumina support and further to investi-
gate the mechanism of PMS activation on the as-prepared catalyst.

Herein, alumina supported bimetallic cobalt-iron catalyst was
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prepared and used to activate PMS for the degradation of H-acid
in aqueous solution. The catalytic degradation kinetics of H-acid
was systematically investigated. Moreover, radical quenching tests
and electron paramagnetic resonance (EPR) studies were performed
to elucidate the mechanism of PMS activation over Co;0,-Fe,O,/
ALO,; for the first time.

MATERIALS AND METHODS

1. Materials and Chemicals

Boehmite (250 m*-g ') was purchased from Shandong Alumina
Plant, China. Commercial grade H-acid (8-Amino-1-naphthol-3,6-
disulfonic acid monosodium salt), iron (III) nitrate nonahydrate and
cobalt (IT) nitrate hexahydrate were obtained from Sinopharm Chem-
ical Reagent Co., Ltd.,, China. The potassium monopersulfate tri-
ple salt (PMS, KHSOs247%), 5,5-Dimethyl-1-pyrroline-N-
oxide (DMPO, 97%), 2,2,6,6-Tetramethylpiperidone (TEMP, 98%),
L-histidine, and p-benzoquinone (p-BQ) were purchased from Shang-
hai Aladdin Bio-Chem Technology Co., Ltd.
2. Catalyst Preparation

The alumina supported bimetallic cobalt-iron catalyst was pre-
pared by means of one-step incipient wetness impregnation of
boehmite using aqueous solution of cobalt nitrate and iron nitrate.
In a typical preparation procedure, the 5wt% Co,0,-Fe,05/ALO;
catalyst with a Co/Fe mass ratio of 2.0 was prepared by impregna-
tion of boehmite (5 g) with an aqueous mixture solution containing
cobalt nitrate (0.8803 g) and iron nitrate (0.6110g). The impreg-
nated boehmite was then dried at 383K for 12h and calcined at
550°C for 5h in air. The samples with different metal loadings rang-
ing from 1 to 10 wt% were obtained by controlling the concentra-
tions of cobalt and iron ions in the mixture solution. For comparison,
5wt% Co;0,/ALO; was also prepared by using the same method.
3. Catalyst Characterization

Powder X-ray diffraction (XRD) patterns of support and catalysts
were recorded on a D/max-2500/PC X-ray diffractometer (Rigaku,
Japan) with a Cu K radiation source at 40 kV and 150 mA. Field
emission scanning electron microscopy (JEOL JSM 6700F) and
transmission electron microscopy (JEM-2010E JEOL) with a field
emission gun of 200 kV were employed to investigate the morphol-
ogy of the samples. The elemental valence states were investigated
by X-ray photoelectron spectroscopy (ESCALAB 250X1, Thermo
Fisher Scientific, USA) equipped with a monochromatic Al Ker X-
ray source at a pass energy of 30 eV. The Cls peak at 284.6 eV was
used to calibrate peak positions. The levels of metal leaching were
determined by inductively coupled plasma mass (ICP-MS) spec-
trometry (Agilent 7700, USA).
4. Degradation Experiments

The catalytic degradation experiments were carried out in a 100
mL glass bottle installed in a constant temperature water bath. Before
the degradation reaction, a proper amount of catalyst and 50 mL
H-acid aqueous solution were added into the reactor, and then the
solution was magnetically stirred for 30 min to achieve adsorp-
tion-desorption equilibrium. The reaction was initiated by adding
appropriate amount of PMS into the reactor. For a typical test, the
concentrations of H-acid, PMS and catalysts were 20 mg/L, 1.2 mM
and 0.5 g/L, respectively. At predetermined time intervals during deg-
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radation, a 4 mL sample was withdrawn from the suspension, and
then 0.2 ml methanol was quickly injected to the sample to pre-
vent further reaction. After removing the catalyst by filtration with
a 045 pum film, the residual concentration of H-acid was determined
by using a UV-vis spectrophotometer (Yoke). For the quenching
experiments, a known amount of quench reagent, such as metha-
nol (MeOH)), tert-butanol (TBA), L-histidine, and p-benzoquinone
(p-BQ), was added into the RhB solution before the addition of
PMS.
5. Mechanistic Studies

To verify the active species generated in the Co,0,-Fe,0,/ALO,/
PMS/H-acid system, EPR experiments were conducted with an elec-
tron paramagnetic resonance spectrometer (Bruker A200, Germany)
using DMPO and TEMP as the spin-trapping agents to detect
-OH/SO;" and 'O, respectively. For comparison, EPR experiments
on PMS alone and Co;0,-Fe,0,/ALO,/PMS systems were also con-
ducted. Typically, 1 mL sample was withdrawn from Co;0,-Fe,Os/
Al,O,/PMS/H-acid system (H-acid concentration: 20 mg/L, cata-
lyst dosage: 0.5 g/L, and PMS: 0.6 mM) and then mixed with 40
pL DMPO or TEMP solution. A quartz capillary tube was used to
suck up the mixed solution to detect corresponding signals from
spin-trapping adducts in the EPR.

RESULTS AND DISCUSSION

1. Characterization of Co;0,-Fe,0,/AL0,

The XRD patterns of boehmite and the Co;0,-Fe,05/ALO; cat-
alysts with different metal loadings are shown in Fig. 1. The as-
received boehmite exhibited typical (020), (120), (031), and (051)
planes of AIOOH (JCPDS, 49-0133). For the Co,0,-Fe,05/ALO;-
group catalysts, the diffraction peaks centered at 37.5, 45.7 and 67.0°
were indexed to »ALO; (JCPDS, 10-0425) with low crystallinity,
suggesting the transformation of boehmite to -ALO; during the
calcination process. No metallic oxide phases could be detected for
the 1wt% and 2wt% Co,;0,-Fe,05/ALO; catalysts owing to the
low metal content and/or high metal dispersion. However, some
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Fig. 1. XRD patterns of boehmite (a), 1 wt% (b), 2wt% (c), 5wt%
(d), and 10 wt% (e) Co,0,-Fe,0,/AL0;.
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broad and weak reflexes centered at 26=31.2, 36.8, 44.7, 55.4, 59.2, The representative morphologies of 5wt% Co,0,-Fe,05/ALO;
and 65.2° ascribed to Co;0, (JCPDS, 43-1003) crystallites were ob- catalyst are displayed in Fig. 2. The SEM micrograph shows the
served when the metal content amounts to 5 wt%. Note that Fe,O, presence of irregular ALO, clusters formed by the agglomeration
phase was still undetectable on account of low content. of nanocrystallites (Fig. 2(a)). As displayed in Fig. 2(b), the Co;0,-
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Fig. 2. SEM (a), TEM (b) and HR-TEM (c), (d) images of 5 wt% Co,0,-Fe,0,/AL,0;.
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Fig. 3. XPS spectra of O 1s (a), Al 2p (b), Co 2p (c), and Fe 2p (d) for 5 wt% Co;0,-Fe,0,/ALO;.
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Fe,05/ALO; catalyst displays rather similar microstructure as
AlL,O; in which interconnected rod-like particles make up the three-
dimensional porous structure [19,20]. No large Co,0, and Fe,0O;
agglomerates can be observed because of better metal dispersion.
The d-spacing of 0.29 nm corresponded to (220) plane of cubic
Co,0, (Fig. 2(c)) [21]. The d-spacing of 0.25 nm is in good agree-
ment with the (110) plane of cubic Co;0, or (311) plane of Fe,O,
(Fig. 2(d)) [22,23].

High-resolution Co 2p, Fe 2p, C 1s, and O 1s XPS spectra of 5
wt% Co,0,-Fe,0,/ALO; were analyzed to further verify the pres-
ence of Co,0, and Fe,O,. A major Al 2p peak centered at around
74 eV agrees well with the oxidized Al in ALO; (Fig. 3(a)). The major
peak of O 1s centered at around 530.9 €V was assigned to the lat-
tice oxygen bonded with Co™, Co™ and Fe™* [24,25]. Fig. 3(c) shows
the XPS spectrum of Co 2p of the Co;0,-Fe,05/ALO; sample. The
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main peaks centred at 781.0 eV and 796.5 eV match with Co 2p,,
and Co 2p,,, respectively. In addition, two shakeup satellites with
low intensity are present at approximately 6 eV above the main peaks
and indexed to Co,0,. Particularly; the band gap of 15.5eV between
Co 2p5;, and Co 2p,, indicates the existence of Co™" and Co™ [26].
Likewise, the Co0,0,-Fe,05/ALO; sample exhibits Fe 2p;, and Fe
2p,, peaks as well as their weak satellite peaks (Fig. 3(d)). The Fe
2ps;, and Fe 2p,, peaks appear at approximately 711.6 and 724.9
eV, respectively, which is consistent with characteristic Fe** ions
[27,28].
2. Catalytic Activity

Fig. 4(a) shows the catalytic performance of the Co;0,-Fe,Os/
ALO;-group catalysts for H-acid degradation in the presence of
PMS. Obviously, the catalytic activity was significantly dependent
on the metal loading of Co,0,-Fe,0,/Al,0;. The degradation effi-
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Fig. 4. Effects of metal content (a), catalyst dosage (b), PMS concentration (c), pH (d) and reaction temperature (e) on H-acid degradation;
Temporal UV-vis absorption spectral changes during the degradation of H-acid (f). Reaction conditions: [H-acid],=20 mg/L, [PMS],=

0.6 mM, pH=5.0, T=25 °C, [catalyst]=0.5 g/L.
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ciency of H-acid was markedly improved by increasing the metal
loading from 1.0 to 5.0 wt%, which is due to the increment of active
sites available. However, when the metal loading was further in-
creased to 10.0 wt%, the degradation efficiency of H-acid changed
little, possibly owing to the agglomeration of metal oxides and pore
blockage. As expected, the adsorption and degradation of H-acid
also showed a positive dependence on Co;0,-Fe,0,/ALO; dosage
(Fig. 4(b)). The efficiency increased continuously as Co,O,-Fe,O,/
Al,O; dosage was increased from 0.3 to 0.5 g/L at fixed PMS dose,
which could be attributed to the increased amount of active sites
for activation of PMS to generate more ROSs within the same reac-
tion time. Further increasing the dosage to 0.6 g/L, the degradation
efficiency leveled off. The degradation efficiency of H-acid can be
largely improved by increasing the concentration of PMS (Fig.
4(c)). When the concentration of PMS was increased from 0.4 to
0.6 mmol/L, the degradation efficiency increased from 67.1% to
92.2%. Further increasing the concentration from 0.6 to 0.7 mmol/
L resulted in a slight increase in degradation efficiency. The H-acid
degradation experiments were also carried out at different pH of
5, 85 and 11 (Fig. 4(d)). It is obvious that the degradation effi-
ciency in acidic condition was higher than that in neutral and alka-
line conditions because strong alkaline condition could induce PMS
to deprotonate and transform into less oxidative SO;", leading to
the decrease of degradation efficiency [29]. In addition, the solu-
tion pH was reduced after reaction due to the formation of acid
intermediates (not shown).

The influence of reaction temperature on H-acid degradation is
presented in Fig. 4(e). The elevated reaction temperature caused
substantially enhanced effects on both PMS activation and degra-
dation kinetics, and thus improved the degradation efficiency. The
rate constants (k) were obtained based on pseudo-first-order kinetics,
and the activation energy was calculated to be 42.6 kJ/mol through
the plot of 1/T vs. In k from inset of Fig. 4(e).

The variation in H-acid degradation with time for the Co;0,-
Fe,0,/ALO;/PMS system was monitored by collecting UV-visible
spectra (Fig. 4(f)). H-acid displays two UV absorption bands cen-
tered at 358 and 234 nm. The strong absorption at low wavelength
is the characteristic naphthalene structure of H-acid. It was found
that the main absorption bands disappeared and two new bands
appeared at 195 and 215 nm after 5min of reaction, which indi-
cated that the naphthalene ring was destroyed and other interme-
diate compounds formed during reaction [30]. These intermediate
bands gradually declined and diminished after 60 min of reaction.
The degradation process was also accompanied by the color change
of the reactant solution. It was observed that the reaction solution
was deepened firstly, which was ascribed to oxidation of the -NH,
chromophore in the H-acid molecule into -NO, [31]. Then the color
of the solution turned light steadily with the ring open of nitro-aro-
matic hydrocarbon.

3. Reusability

The reusability is vital for the practical application of heteroge-
neous catalysts. The reusability of Co,0,/ALO; and Co;0,-Fe,0,/
Al O, was investigated by repetitive degradation reactions over the
recycled catalysts (Fig. 5). The degradation efficiency decreased
from 94.1% to 70.3% and form 92.2% to 84.2% afer four succes-
sive runs for Co,0,/ALO; and Co;0,-Fe,0,/ALO;, respectively,
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Fig. 5. Reusability of the 5wt% Co,0,-Fe,05/ALO; catalyst for H-
acid degradation. Reaction conditions: [H-acid],=20 mg/L,
[PMS](=0.6 mM, [catalyst]=0.5 g/L, pH=5.0, T=25°C.

indicating that the Co,0,-Fe,0,/ALO; catalyst possessed superior
reusability to the Co,0,/ALO; catalyst. The levels of metal leaching
were verified to be 77.5 pug/L and 38.2 ug/L for Co;0,/ALO; and
C0;0,-Fe,05/AL,0;, respectively. In addition to the inevitable metal
leaching, the poisoning of active sites by adsorption of degrada-
tion intermediates may cause activity deterioration [32]. Previous
studies also demonstrated that the rate-limiting process for PMS
activation is the generation of Co’"-OH complexes derived from
H,0 dissociation with Co’* and that Co,0, is inferior in this pro-
cess since the Co”"-OH complexes are hardly regenerated once they
are consumed [16,33]. It was suggested that the existence of Fe*
can help the regeneration of Co’*-OH complexes via the redox cycles
of metals (M**¢>M"*«>M™") during the PMS oxidation [26]. Simi-
larly, the co-incorporation of Co and Cu bimetallic oxides in CuCo@
ZnO leads to a higher surface hydroxyl density [34,35]. Therfore,
it can be deduced that simultaneously anchoring Fe and Co on
alumina is beneficial to altering the redox circle of Co(II)/Co(III)
and thus improving the activation of PMS.
4. Identification of the Reactive Species

A series of radical-quenching experiments were carried out to
identify the ROSs that could be possibly generated by activating
PMS with Co;0,-Fe,05/Al,0; and evaluate their contributions to
H-acid degradation (Fig. 6). Herein, methanol, tert-butanol, L-his-
tidine and p-benzoquinone were used as the scavengers for SO},
-OH, singlet oxygen (‘O,) and superoxide anion radical (O;"), re-
spectively. Upon the addition of excess tert-butanol and methanol,
the degradation of H-acid within 60 min decreased from 88.8% to
80.6% and 73.4%, respectively. These results indicate that both -OH
and SO;," were definitely produced but neither of them was the
main contributor to H-acid degradation. Similar results were also
reported for selective degradation of sulfonamide antibiotics by PMS
alone [36], paracetamol removal in the Fe-N@C/PMS system [37],
and oxidative degradation of persistent contaminants in the N-doped
graphene/PMS system [38]. Furthermore, an excessive introduc-
tion of p-benzoquinone exhibited very limited inhibition effect on
H-acid degradation, suggesting that involvement of O in the
degradation of H-acid could be reasonably ruled out. In compari-
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966 P. Dai et al.

1.0
—&—Control
—A—TBA=120 mM —®—MeOH=120 mM
0.8 4 —o—L-histidine=30 mM —v—p-BQ =30 mM
. 0.64
Qh
©)
0.4+
0.2 1 - N
0.0 T T T T T T T T T T
0 10 20 30 40 50 60
Time (min)

Fig. 6. Effect of different radical quenchers on H-acid degradation
in Co;0,-Fe,0/ALO,/PMS system. Reaction conditions: [H-
acid]y=20 mg/L, [PMS],=0.6 mM, [catalyst]=0.5 g/L, pH=5.0,
T=25°C.

son, the degradation of H-acid within 60 min decreased by approx-
imately 56.3% in presence of L-histidine, meaning that 'O, played
an important role in the reaction.

EPR tests were further carried to detect the dominant ROSs for
H-acid degradation in the Co;0,-Fe,0;/ALO,/PMS system, using
DMPO and TEMP as the spin trapping agents. As shown in Fig.
7(a), no noticeable DMPO--OH or DMPO-SO;" signal could be
detected for PMS alone possibly because of the relatively low con-
centration of the generated radicals in the system. On the contrary,
a characteristic signal with an intensity ratio of 1:2:1:2:1:2:1
appeared when Co;0,-Fe,0,/Al,0; and PMS coexisted in the sys-
tem. This septuple signal was found in many PMS/catalyst systems
and was assigned to the hyperfine splitting of DMPO-X, an oxi-
dized product of DMPO. However, the exact X species that can
strongly oxidize DMPO to form DMPO-X are not yet clear; SO;”
[39,40], 'O, [41,42], and peroxy radical (ROO-) [43] have been spec-

Non-radical pathway

(major reaction) z

Radical pathway
(minor reaction)

PMS/catalyst/H-aci

@

DMPO-X

PMS/catalyst

Intensity (a.u.)

PMS

3360 3370 3380 3390 3400 3410 3420
Magnetic field (G)

PMS/Catalyst/H-acid (b)

A

PMS/Catalyst

Intensity (a.u.)

PMS

3360 3370 3380 3390 3400 3410 3420
Magnetic field (G)

Fig. 7. EPR spectra obtained with DMPO (a) and TEMP (b) as the
spin-trapping agents. Reaction conditions: [H-acid],=20 mg/L,
[PMS],=0.6 mM, [catalyst|=0.5 g/L, [TEMP],=2 mM, [DMPO],
=2mM, pH=5.0, T=25 °C.

ulated to be the possible ROSs. In addition, some authors attributed
this septuple signal to the combination of DMPO--OH and DMPO-

Fig. 8. Proposed activation mechanism of PMS in Co,;0,-Fe,0,/Al,05/PMS system.
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SO, " adducts [44,45]. Herein, we held a somewhat different view-
point and suggested that the septuple signal was most possibly caused
by the co-attacking of SO;"/“OH and/or 'O, on DMPO. The DMPO-
X signal substantially weakened after introducing H-acid to the
C0,0,-Fe,0,/ALO;/PMS system, which was the result of the com-
petitive consumption of generated ROSs by H-acid. To confirm the
presence of 'O, in the reaction system as inferred from radical
quenching experiments, another group of EPR experiments was
also conducted using TEMP as the trapping agent. Fig. 7(b) pres-
ents a characteristic three-line signal with equal intensity for the
PMS/catalyst system, implying the generation of 'O,. In compari-
son, the weak signal produced for PMS alone system was also possi-
bly ascribed to 'O, caused by self-decomposition of PMS [46]. This
evidence for the existence of 'O, can help to explain the marked
degradation of H-acid occurring in the presence of PMS alone.
After adding H-acid to the Co;0,-Fe,0;/ALO,/PMS system, the
intensity of TEMP-'0, signal decreased notably due to the consump-
tion of 'O, by H-acid. In summary, 'O, was primarily responsible
for the degradation of H-acid, and -OH and SO;" only showed a
limited contribution to the degradation. Non-radical pathways were
mainly involved in the degradation of H-acid for the C0,0,-Fe,Os/
AL O,/PMS system. The proposed activation mechanism of PMS
in Co;0,-Fe,0,/AL,0,/PMS system is illustrated in Fig. 8.

CONCLUSION

A bimetallic Co;0,-Fe,0,/ALO; with high metal dispersion was
evaluated in terms of PMS activation for H-acid degradation. The
degradation efficiency of H-acid was significantly dependent on the
metal loading, catalyst dosage, pH, initial concentration of PMS
and reaction temperature. The as-prepared Co;0,-Fe,05/ALO;
exhibited better reusability than Co/ALO; due to its relatively low
metal leaching and possible redox circle of Co(II)/Co(III). The H-
acid degradation over Co,0,-Fe,0,/AL,0; followed the first-order
reaction with activation energies of 42.6 kJ/mol. Both radical and
non-radical pathways were involved in the degradation of H-acid
in the Co;0,-Fe,0,/ALO,/PMS system. Of these generated active
species, 'O, played a dominant role in the degradation of H-acid.
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