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Efficient degradation of organic dyes using
peroxymonosulfate activated by magnetic
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and Guanghui Ding*

Magnetic graphene oxide (MGO) was prepared and used as a catalyst to activate peroxymonosulfate (PMS)
for degradation of Coomassie brilliant blue G250 (CBB). The effects of operation conditions including MGO
dosage, PMS dosage and initial concentration of CBB were studied. CBB removal could reach 99.5% under
optimum conditions, and high removals of 98.4-99.9% were also achieved for other organic dyes with
varied structures, verifying the high efficiency and wide applicability of the MGO/PMS catalytic system.
The effects of environmental factors including solution pH, inorganic ions and water matrices were also
investigated. Reusability test showed that CBB removals maintained above 90% in five consecutive runs,
indicating the acceptable recyclability of MGO. Based on quenching experiments, solvent exchange (H,O
to D,0O) and in situ open circuit potential (OCP) test, it was found that "“OH, SO4"~ and high-valent iron
species were responsible for the efficient degradation of CBB in the MGO/PMS system, while the
contributions of O,"~, 10, and the non-radical electron-transfer pathway were limited. Furthermore, the
plausible degradation pathway of CBB was proposed based on density functional theory (DFT)
calculations and liquid chromatography-mass spectrometry (LC-MS) results, and toxicity variation in the
degradation process was evaluated by computerized structure—activity relationships (SARs) using green
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1. Introduction

Various organic pollutants in water including dyes, antibiotics
and phenolic compounds pose potential threats to aquatic
organisms and human health. Compared to physical treatment
technologies such as adsorption, coagulation and membrane
separation, the advanced oxidation process (AOP) is considered
as an attractive approach due to its wide applicability and its
ability to achieve degradation or even mineralization of
contaminants. Recently, persulfates including perox-
ymonosulfate (PMS) and peroxydisulfate (PDS) have been widely
employed as green oxidants in AOP.>* Persulfates are easy to
transport and store due to their solid nature at ambient
conditions. After use, they are converted into nontoxic sulfate
anions, the release of which is considered acceptable through
optimization of the oxidant dosage and further application of
treated water.?

Although persulfates can directly react with some pollutants
by non-radical oxidation, the relatively low reaction rate and
mineralization degree hindered the application of this
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algae, daphnia, and fish as indicator species.

approach.*® Therefore, activation of persulfates is generally
required. Compared to PDS possessing a stable symmetric
structure, the activation of asymmetric PMS is easier and
stronger oxidation performance to mineralize pollutants is ex-
pected. The input of external energy, such as heat,® light,”
ultrasound® and electricity® can trigger the activation of PMS to
produce reactive oxygen species (ROSs) such as sulfate radicals
(SO, ), hydroxyl radicals ("OH) and singlet oxygen (*0,), which
possess strong oxidative ability and promote the degradation of
organic pollutants. Besides, catalysts are also extensively
employed for PMS activation. Although transition metal ions
(Co**, Fe**, Cu', etc.) can highly efficiently activate PMS, the
residue metal ions in treated water may be a potential concern
and need further treatment. Considering this, metal-based
heterogenous catalysts are receiving increasing attention, and
iron-based heterogenous catalysts stand out due to the lower
cost and lower toxicity of Fe compared other transition metals.*
Among various iron-based catalysts, Fe;O, which can be facilely
separated from water after use by an external magnetic field
may be a feasible choice."* However, Fe;O, nanoparticles are
easy to aggregate and their catalytic activities are thus dimin-
ished.” To solve this problem, dispersion of Fe;O, nano-
particles onto certain supports can help to enhance the catalytic
activity through synergetic effects between Fe;O, and the
support.’*™*?

© 2022 The Author(s). Published by the Royal Society of Chemistry
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On the other hand, carbon materials with large surface areas
and rich functionalities are also widely investigated for persul-
fate activation. Graphene oxide (GO) is a well-known carbon
material with a two-dimensional structure and abundant
oxygen-containing functional groups, which has attracted
global attention since its birth."® GO and its derivatives have
been successfully applied for persulfate activation towards
efficient degradation of organic pollutants in water."”>* Never-
theless, due to the well dispersion of GO in water, the separation
of GO after the catalytic process is difficult, and the residual GO
in water may pose some negative impacts on the ecological
system.”* Considering this, GO can be combined with Fe;O, to
prepare Fe;0,-GO composite materials known as magnetic GO
(MGO), which are endowed with large surface area, rich func-
tionalities as well as magnetic property and can be considered
as promising candidates for water treatment.

In our recent work,” MGO has been prepared in a facile co-
precipitation method and then utilized for methylene blue
adsorption, where the PMS oxidation method has been found to
be a favorable approach for regeneration of spent MGO. In this
work, we further used MGO as a catalyst to activate PMS for
degradation of Coomassie brilliant blue G250 (CBB). Although
magnetic graphene-based materials have been used for the
catalytic degradation of various organic pollutants,>” gra-
phene and reduced graphene oxide (rGO) rather than pristine
graphene oxide are usually used in these reports. Graphene and
rGO are generally prepared by reduction of GO, thus the utili-
zation of GO can help to simplify the whole preparation
procedure. Besides, the different properties between GO and
graphene/rGO may influence the reaction mechanism, which
needs further evaluation. In addition, to the best of our
knowledge, the degradation of CBB is seldom investigated in
persulfate-based systems. CBB belongs to the triphenylmethane
dyes, which contain three phenyl groups linked by a central
carbon atom and generally possess mutagenic and carcinogenic
properties, posing major health risks to human.”® Besides its
frequent utilization in textile industry, CBB is also widely used
for quantifying proteins as well as other biological applica-
tions.” The CBB solution was found to be significantly toxic to
wheat seeds, suppressing their gemination and growth.* So far,
the oxidative removal of CBB has been investigated in photo-
catalytic*** and sonochemical® processes. Recently, an inte-
grated process combing hydrodynamic cavitation, hydrogen
peroxide and PDS has been employed for the degradation of
CBB, where the activation of PDS was achieved due to the
thermal effect of the hydrodynamic cavitation process.** Thus,
further research is needed to explore the performances of
persulfate-based catalytic systems for CBB degradation. In the
current work, the effects of operation conditions and environ-
mental factors on CBB degradation were investigated. The
impacts of these factors were also evaluated in the previous
work.””> However, as a different treatment approach and
a different target dye were used in the current work, the results
and corresponding mechanisms should be further addressed.
Moreover, since the previous work was mainly focused on
adsorption treatment of MB, the degradation pathway upon
PMS oxidation was not investigated. Considering the larger
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molecular weight and more complex structure of CBB compared
to MB, density functional theory (DFT) calculations have been
used to help to propose its degradation pathway. We also used
computerized structure activity relationships (SARs) to evaluate
the toxicity variation considering the emergence of various
products in the degradation process of CBB.

2. Experimental

2.1. Materials and characterizations

The MGO catalyst was prepared in a co-precipitation method as
described in our previous work.> In brief, (NH,),Fe(SO,),-
-6H,0, NH,Fe(SO,),-12H,0 and GO were mixed in water and
heated at 85 °C. Aqueous ammonia was added subsequently
under nitrogen protection, and the mixture was stirred for 1 h
and cooled naturally. Finally, the precipitate was magnetically
separated, rinsed, and dried to obtain MGO. The fresh and used
MGO catalysts were characterized by nitrogen sorption
(Autosorb-iQ-C, Quantachrome, US), X-ray photoelectron spec-
troscopy (XPS, ESCALAB 250Xi, Thermo Fisher, US) and X-ray
diffraction (XRD, D8 ADVANCE, Bruker, Germany) measure-
ments. The leached concentration of iron in the treated water
was tested by inductively coupled plasma-mass spectrometry
(ICP-MS, Agilent 7800, US). The total organic carbon (TOC)
content was measured with a TOC analyzer (Multi N/C 2100,
Analytik Jena, Germany). The open circuit potential (OCP) test
was conducted with a CHI660E electrochemical workstation
(Chenhua, China). The treated water sample was analyzed with
an ultra-high performance liquid chromatography (UPLC)
system (Agilent 1290, US) coupled to a mass spectrometer
(QTOF6550, US) with an electron spray ionization (ESI) source
in the positive ion mode. More details for the materials and
characterization methods were provided in Text S1.1 in ESI
Materials. T

2.2. Catalytic oxidation experiments

The catalytic oxidation of CBB was conducted in a glass flask
under mechanical stirring (500 rpm) by adding MGO and PMS
to a dye solution. The initial concentration of the dye solution
was in the range of 25-100 mg L', which was selected based on
previous reports.**** The initial pH was tailored when needed
with aqueous NaOH after the addition of PMS. NaCl, NaHCO; or
Na,HPO, was added when needed. These ions commonly found
in real water matrices may influence the efficiency of the cata-
Iytic oxidation process, and the addition of them could help to
provide more data for potential practical applications.
Quenchers including 2 M methanol (MA), 2 M tert-butanol
(TBA), 1 mM furfuryl alcohol (FFA), 10 mM benzoquinone (BQ)
and 0.2 mM methyl phenyl sulfoxide (PMSO) were added when
needed. PMSO was added as a quencher for high-valent iron-oxo
species®® considering the presence of iron species in the cata-
lyst. To investigate the effect of water matrix, tap water, lake
water or sea water was spiked with CBB. To test the reusability of
the catalyst, the spent MGO catalyst was magnetically separated
and washed with 2 L g~ water for the next catalytic oxidation
run. To investigate the solid concentration of CBB, spent MGO
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was magnetically separated and then extracted with ethanol
twice by sonication to obtain two liquid samples. To investigate
the contribution of leached Fe ion, 0.5 g L™" MGO was first
stirred with 2 mM aqueous PMS for 5 h and then magnetically
removed. After that, 50 mg L' CBB was added to the solution to
start the catalytic oxidation reaction. In this way, the homoge-
neous iron species were introduced in situ, and the contribution
of homogeneous reaction could be better evaluated. The cata-
lytic oxidation experiments for methylene blue (MB), Rhoda-
mine B (RhB), basic blue 17 (BB17) and methyl orange (MO)
were performed as well. The concentrations of the dyes were
analyzed with a UV-visible spectrometer (TU-1901, Beijing Puxi,
China) at 584, 664, 554, 630 and 506 nm for CBB, MB, RhB,
BB17 and MO respectively. Control tests without PMS addition
were also conducted at a series of initial pH. The removal of dye
was calculated by eqn (1):

Removal (%) = 100(Cy — C)/Cy (1)

where C, is the initial concentration of dye and C is the
concentration at time ¢.

The apparent rate constant (k,pp) in the catalytic oxidation
process was obtained from pseudo-first-order kinetic model
(eqn (2)) by linear regression:

In(C/Co) = —kappt @)

The oxidation or adsorption experiments were conducted at
least in duplicates to report average results with error bars.

2.3. Theoretical calculation and toxicity evaluation

The structure of CBB was constructed and then optimized using
the DFT/B3LYP method with the 6-31g(d,p) basis set consid-
ering the solvent effect by the Solvation Model based on Density
(SMD) with Gaussian 16 program.®” Frequency analysis was
performed at the same level to confirm the structure. The
orbital-weighted Fukui functions of fow  and fow® as well as
condensed Fukui indexes were calculated using the wave-
function analysis program of Multiwfn*® and the images were
further optimized with the Virtual Molecular Dynamic (VMD)
software.** Compared to the methods based on the Frontier
Molecular Orbital (FMO) theory, the orbital-weight Fukui
function put different weight to all molecular orbitals and is
considered to perform better for reactivity prediction.*>** The
acute and chronic toxicities of the parent CBB and its oxidation
products to aquatic organisms of three trophic levels (green
algae, daphnia, and fish) were evaluated with the Ecological
Structure Activity Relationships (ECOSAR) V2.0 program using
computerized SARs.

3. Results and discussion

3.1. Characterizations of the catalyst

The MGO composite material employed in this work was
prepared in the same manner as described in our previous
work,?* where characterization results of transmission electron
microscopy (TEM), XRD, Fourier transform infrared (FTIR),
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XPS, vibrating sample magnetometry (VSM), nitrogen sorption
and zeta potential measurements were comprehensively re-
ported. In brief, TEM, XRD, FTIR, and XPS results showed that
the material was composed of Fe;O, and GO with abundant
—-OH and -C=0 groups. VSM test proved the magnetic separa-
tion property of MGO, showing a saturation magnetization of
23.0 emu g~ '. Nitrogen sorption test verified the porous nature
of MGO with a specific surface area (Sggr) of 173 m”> g~ and
a pore volume of 0.299 cm® g~ *, and the isoelectric point (IEP) of
MGO was estimated to be 5.2 according to zeta-potential
measurements.

3.2. Catalytic performance

To investigate the catalytic performance of MGO for CBB
oxidation, the effects of operation conditions including MGO
dosage, PMS dosage and initial concentration of CBB were
studied. As illustrated in Fig. 1a, the removal of CBB was 41%
with 2 mM PMS in the absence of MGO, which was attributed to
the direct oxidation of CBB with PMS. However, limited TOC
removals were generally observed in non-activated systems and
activation of PMS towards deeper oxidation is essential from an
environmental viewpoint.** When 0.3 ¢ L™" MGO was added,
the removal of CBB was drastically increased to 96.1%, indi-
cating the efficient catalytic performance of MGO. Further
increasing MGO dosage to 0.5 and 0.7 ¢ L™ " led to better CBB
removals of 99.5% and >99.9% respectively (Fig. 1a) due to the
presence of more active sites. The effect of PMS dosage was also
studied (Fig. 1b). The removal of CBB was enhanced when PMS
dosage was increased from 1 to 2 mM, but a further increase to
3 mM resulted in a slightly declined CBB removal. This was
probably attributed to the self-quenching effect when excessive
ROSs were produced, similar to the trend observed in previous
works.?>** In addition, the concentration of TOC after the
catalytic process was analyzed. The removal of TOC at 0.5 g L™
MGO and 2 mM PMS was found to be 50.9%, which was lower
than the value of CBB removal (99.5%). This was ascribed to the
incomplete oxidation of CBB in this process, indicating the
formation of other oxidation intermediates. No improvement in
TOC removal was observed by extending the reaction time to
480 min, which was probably ascribed to the exhaustion of PMS
as an oxidant and the adsorption saturation on the catalyst
surface. For comparison, the TOC removal in the absence of
MGO was also measured and found to be only 6.2% (Fig. S17).
Both CBB and TOC removals obtained with the MGO/PMS
system were much higher than those obtained with PMS only,
which verified the superiority of the MGO catalyst.

When it came to the effect of initial CBB concentration,
a higher concentration led to a lower removal (Fig. 1c). This was
conceivable because of the relatively reduced amounts of PMS
and catalytic sites at a higher CBB concentration. In addition, as
discussed above, organic intermediates were formed during the
oxidation process, and more intermediates could be produced
when more pollutants were presented,** which exacerbated the
shortage of oxidative species and catalytic sites. Despite of this
fact, CBB removal could still reach a high value of 97.8% at
initial CBB concentration of 100 mg L™, indicating the efficient

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Effect of MGO dosage (a), PMS dosage (b), initial concentration of CBB (c) on catalytic CBB oxidation and oxidation of various dyes (d).
Experimental conditions: MGO dosage = 0.5 g L™, PMS dosage = 2 mM, initial dye concentration = 50 mg L™, temperature = 25 °C.

catalytic performance of the MGO/PMS system. Considering
that CBB was an anionic dye, the oxidations of another typical
anionic dye (MO) and three typical cationic dyes (MB, RhB and
BB17) were conducted as well. High removals of 98.4-99.9%
were achieved (Fig. 1d) for these dyes with varied structures,
verifying the wide applicability of the MGO/PMS catalytic
system.

3.3. Effect of pH

The above experiments were conducted in deionized (DI) water
without pH tailoring. After the addition of MGO and PMS, the
solution pH dropped to around 2.7 immediately and further
dropped to 2.5 after the oxidation process, which was ascribed
to the acid nature of PMS** and the possible formation of acidic
oxidation intermediates. For real water treatment, the pH value
may vary significantly and impact the performance of the MGO/
PMS system. To address this issue, additional oxidation exper-
iments were conducted by adjusting the solution pH to 5.0, 7.1,
9.0 and 11.0 after PMS was added. As depicted in Fig. 2a, high
CBB removals similar to the case without pH adjustment were
obtained at pH 5.0, 7.1 and 9.0. According to the local standard
of GB 18918-2002 in China, the pH of wastewater was regulated
to be in the range of 6-9. Thus, the result here indicated that the
MGO/PMS system was applicable to most practical pH condi-
tions. The slightly enhanced removal efficiency at pH 9.0 was
attributed to the alkaline activation of PMS under a weak
alkaline condition (eqn (3) and (4)), in line with the result

© 2022 The Author(s). Published by the Royal Society of Chemistry

reported previously.*®* From a practical viewpoint, pre-

adjustment of pH to 9.0 may be the optimum choice. Under
this condition, the removal efficiency was enhanced, and the
final pH value was close to neutral, making it possible to avoid
the post-adjustment of pH before discharging the treated water.
When the initial pH was tailored to 11.0, CBB removal dropped
to 90.1% after being treated for 300 min (Fig. 2a). The declined
removal under the strong alkaline condition was attributed to
the decomposition of PMS without generating ROS triggered by
excessive OH™ (eqn (5)—(7)).*"**

HSOs™ + H,O0 — H,0, + HSO,~ (3)
H,0, — 2°OH (4)

HSOs™ + H,0 — SOs5>~ + H;0" (5)
HSOs™ + SOs*~ — HSO4 + SO, (6)
HSOs~ + OH™ — H,0 +S0,* + 0, 7)

On the other hand, considering the porous structure of
MGO, change in adsorptive behavior of PMS and CBB may also
make a contribution. As mentioned above, IEP of MGO was 5.2,
suggesting that the surface of MGO should be positively charged
at pH < 5.2 and negatively charged at pH > 5.2. For PMS, the
fraction of SO5>~, which was an divalent anion, would increase

RSC Adv, 2022, 12, 21026-21040 | 21029
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Fig. 2 Effect of pH on catalytic CBB oxidation (a), adsorptive removal of CBB with MGO only (b), effect of inorganic ions (c) and water matrix (d)
on CBB oxidation. Experimental conditions: MGO dosage = 0.5 g L%, PMS dosage = 2 mM, initial CBB concentration = 50 mg L™, temperature

=25°C.

sharply when the solution pH reached 9.4 (the pK,, of PMS).*
Thus, enhanced electrostatic repulsion between PMS and MGO
surface at pH > 9.4 would weaken the adsorption and subse-
quent activation of PMS, leading to a decline in ROS generation
and thus CBB degradation. For CBB, chromophores were
included in its anionic organic part, so an increase in pH should
be unfavorable for CBB adsorption due to enhanced electro-
static repulsion. The adsorptive removals of CBB at different
initial pH values were shown in Fig. 2b. As expected, a contin-
uous drop in adsorptive CBB removal was observed with
increasing initial pH. According to previous reports,”*** the
efficient adsorption of organic pollutants on the catalyst surface
could facilitate their degradation in the persulfate activation
process, leading to enhanced removal efficiency. At pH 11.0, the
adsorption of CBB was suppressed most significantly. This
reason, as well as the useless decomposition and suppressed
adsorption of PMS discussed above, hindered the degradation
of CBB collectively and led to the lowest removal of CBB. For the
cases at initial pH values of 5.0, 7.1 and 9.0, high CBB removals
could still be achieved despite of the suppressed CBB adsorp-
tion, indicating that adsorption was not the rate-determining
step under these conditions.

The UV-visible spectra of parent CBB, CBB after adsorption
and CBB after catalytic oxidation as well as the corresponding
optical photos were shown in Fig. S2.7 The absorbance at
584 nm for CBB after catalytic oxidation was lower than that for

21030 | RSC Adv, 2022, 12, 21026-21040

CBB after adsorption (Fig. S2at), in accordance with the lighter
color and higher CBB removal in the former case (Fig. S2bt). By
comparing the removals with and without PMS at pH 2.7 (the
case without pH adjustment), it seemed that the contribution of
catalytic oxidation was quite limited, which was calculated to be
only 15.3% by subtracting the value without PMS (84.2%) from
the value with PMS (99.5%). However, it should be noted that
this was not the truth. To illustrate this point, the spent MGO
samples after catalytic oxidation (with PMS) and adsorption
(without PMS) were extracted with ethanol twice and the optical
photos of the ethanol samples were displayed in Fig. S3.1 The
two samples obtained after catalytic oxidation were colorless, in
contrast to the blue color of the samples obtained after
adsorption. After being adsorbed by MGO in the catalytic
oxidation system, the CBB molecules in the solid phase did not
remain intact but were oxidized and transformed into colorless
species. In other words, although adsorption played an indis-
pensable role in the efficient catalytic oxidation process, the
final “apparent” contribution attributed to adsorption was
limited. This result clearly demonstrated the superiority of the
MGO/PMS system, where low residue CBB concentrations were
achieved in both the aqueous and solid phases. This one of the
main advantages of the catalytic oxidation system compared to
the adsorption one. Besides, extreme acidic conditions were
required for the adsorption system, which limited its applica-
tion in large scales. Finally, from the viewpoint of cost, both pre-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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adjustment and post-adjustment of pH were needed for the
adsorption system, while post-adjustment of pH may be avoi-
ded for the catalytic oxidation system at the optimum initial pH
of 9.0. The use of PMS as an oxidant could bring additional cost.
However, the spent MGO could be easily regenerated by
washing with water in the catalytic oxidation system, while
alkaline solutions or organic solvents were often required for
the regeneration of used adsorbents in the adsorption system.
Thus, a relatively lower cost is expected for the catalytic oxida-
tion system. Considering all the above aspects, the catalytic
oxidation system is better than the adsorption one.

3.4. Effect of inorganic ions and water matrix

Background inorganic ions present in real waters may also
influence the efficiency of the catalytic oxidation process. The
effects of CI”, HCO; ~ and HPO,>~ as typical inorganic ions were
investigated. As illustrated in Fig. 2c, the removal of CBB was
accelerated upon the addition of 10 mM Cl™. The reactions
between Cl™ and ROS such as SO,"~ and "OH could lead to the
production of chlorine radicals such as Cl,”". According to
a previous report, although the redox potential of Cl,”" was
relatively lower than SO, and "OH, it may be produced in
larger amounts, offsetting the scavenging effects of SO,"~ and
‘'OH.>»* In addition, ClI- was reported to react with PMS
directly, forming active species such as HOCI to participate in
the oxidation of organic pollutants.* This point was verified by
the oxidation experiments of CBB with the PMS/Cl™ system at
different Cl~ concentrations without MGO. As illustrated in
Fig. S4a,t almost complete removals of CBB were achieved at
10-2000 mM CI, verifying that the presence of Cl~ was
conducive to the oxidation of CBB.

Upon the addition of 10 mM HCO; ™, the initial pH was
around 8.6 and remained stable during the whole process due
to the buffering effect of HCO; . This was different from the
situation when the initial pH was adjusted to 9.0 by NaOH,
where the solution pH dropped gradually and finally reached
5.6. Since the weak alkaline condition remained stable in the
presence of 10 mM HCO; ™, the adsorption of CBB should be
suppressed in a larger degree. In addition, HCO; ™~ could act as
a quencher and react with SO,"~ and "OH, generating less active
species such as HCO;" and CO;'~.>® However, the stable weak
alkaline condition could also favor the decomposition of PMS,
fascinating the formation of ROS.** That is to say, the presence
of HCO;™ could exert multiple impacts on the degradation
process. As shown in Fig. 2¢, when 10 mM HCO;~ was added,
the removal of CBB lagged that of control in the first 20 min and
then became faster, reaching a final value of 99.9% at 300 min.
It was inferred that the suppression effects played a deter-
mining role in the early stage of the process. After that, the
suppression effects became less important due to the gradual
consumption of HCO; , and the promotion of PMS decompo-
sition seized the dominant position. The dual functions of
HCO;  were also reflected from the CBB removals in the PMS/
HCOj;™ system at different HCO;~ concentrations without MGO
(Fig. S4bt). The removal of CBB was 48.3% with 10 mM HCO;3; ™
and 2 mM PMS, higher than the value of 41.3% with PMS only,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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indicating that a suitable amount of HCO;~ was beneficial. A
further increase to 100 mM HCO;~ boosted CBB removal to
98.5%, but higher HCO;  dosages resulted in dramatically
declined values even lower than 41.3%, verifying that excessive
HCO;~ became detrimental to CBB oxidation. According to
previous reports*** and the discussions above, the effects of
HPO,>~ on CBB oxidation should also be multiple, including (1)
favoring the decomposition of PMS and accelerating the
generation of ROS, (2) creating a weak alkaline environment
and suppressing CBB adsorption to MGO, (3) combining with
the iron-containing active sites on surface of MGO. As illus-
trated in Fig. 2c, the addition of 10 mM HPO,>~ hindered the
removal of CBB to some extent, and a relatively lower removal of
97.4% was obtained. This result suggested that the latter two
negative impacts were dominant in the MGO/PMS system. In
contrast, in the absence of MGO, CBB removal was enhanced
with the addition of HPO,>~ due to its beneficial effect
(Fig. S4ct).

To further study the effects of water matrices, real water
including tap water, lake water and sea water were spiked with
CBB and then treated with the MGO/PMS system. The proper-
ties of different water matrices employed here were provided in
Table S1.7 The removal efficiencies in tap water and lake water
were slightly lower than that in DI water (Fig. 2d), which was
mainly attributed to the presence of varied inorganic ions and
natural organic matters in them.” Despite of this, high
removals close to that in DI water could be obtained, indicating
the wide applicability of the MGO/PMS system for different
water matrices. For sea water, the removal of CBB was very fast,
reaching 99.8% after a short reaction time of 20 min. This was
ascribed to the high concentration of Cl™ ions in sea water
which greatly promoted the oxidation process.

3.5. Reusability test

From a practical viewpoint, reusability of the catalyst is an
important issue. After the first catalytic oxidation run, the spent
MGO catalyst was characterized by nitrogen sorption, XPS and
XRD for comparison with the fresh one (Fig. 3a—c). The textural
properties obtained from nitrogen sorption results and
elemental compositions determined by XPS for fresh and spent
catalysts were displayed in Table 1. Compared to the fresh
catalyst, the spent one possessed reduced surface area, pore
volume and average pore size. As discussed above, the amount
of CBB was limited on the surface of spent MGO. Thus, the
reduced porosity of spent MGO was attributed to the accumu-
lation of oxidation intermediates on its surface. XPS results
revealed a higher carbon content and the appearance of
nitrogen and sulfur elements in spent MGO, which also sug-
gested the presence of organic substance on its surface. In
addition, the atomic ratio of nitrogen to sulfur in spent MGO
was calculated to be 2.3, which deviated from the theoretical
value of 1.5 calculated from the molecular formula of CBB
(C47H4N3NaO-S,). This also suggested that it was oxidation
intermediates rather than the parent CBB that was presented on
the surface of spent MGO. High resolution analysis of C 1s, O 1s
and Fe 2p spectra for both samples was further performed. As
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Fig. 3 Nitrogen sorption isotherms (a), XPS spectra (b) and XRD patterns (c) of fresh and used MGO; reusability of MGO for catalytic CBB
oxidation (d). Experimental conditions: MGO dosage = 0.5 g L%, PMS dosage = 2 mM, initial CBB concentration = 50 mg L™, temperature =

25 °C.

Table 1 Textural properties and elemental compositions of fresh and u

sed MGO

Textural properties

Elemental compositions (atom%)

Sample Sper (M* g™ 1) Viotal (cm® g7 1) D, (nm) C (@) Fe N S
Fresh 173 0.299 6.91 44.7 37.9 17.4
Used 102 0.172 6.75 64.2 23.9 4.7 5.0 2.2

shown in Fig. S5a and b, the three peaks in the C 1s spectra at
round 284.8, 286.6 and 288.7 eV were ascribed to C-C/C=C, C-
0O, and C=O0 species respectively.">** The fraction of C-C/C=C
in used MGO was higher than that in the fresh one (Table S27),
again indicating the presence of organic substances on the
surface of the used catalyst. Deconvolution of the O 1s spectra
led to three peaks at 529.9, 531.2 and 532.5 eV (Fig. S5c and d¥),
which could be attributed to Fe-O, Fe-O-C and C-O species."**
The decreased relative content of Fe-O in used MGO (Table S27)
could be attributed to the leaching of iron as well as the accu-
mulation of organic substances on the catalyst surface. For the
Fe 2p spectra, peaks for both Fe(u) and Fe(u) were observed
(Fig. S5e and ff), and the relative contents of them did not
changed significantly (Table S27). This is in consistent with the
XRD results (Fig. 3c), where the patterns of the two samples
were similar to each other. In both patterns, the six diffraction
peaks in the range of 30-65° could be attributed to Fe;0, (JCPDS
19-0629).

21032 | RSC Adv, 2022, 12, 21026-21040

The spent MGO was washed with water and then used for the
next catalytic oxidation run. As shown in Fig. 3d, CBB removals
of five consecutive runs were 99.5%, 99.3%, 96.4%, 93.5% and
90.3% respectively. The decline in removal efficiency indicated
that the oxidation intermediates on the catalyst surface could
not be completely removed by washing. These intermediates
occupied some active sites and consumed some oxidative
species, leading to decreased CBB removals. Iron leaching could
also play a role in the decreased activity, but its contribution was
inferred to be limited considering the relatively low leaching
amount and limited role of homogenous reaction in the MGO/
PMS system.

3.6. Reaction mechanism

'OH and SO, as typical ROS are generally involved in PMS-
based catalytic oxidation system. Thus, MA and TBA as widely
used quenchers were first employed to investigate their

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effects of MA, TBA, PMSO, MA + PMSO (a) and BQ, FFA, D,O (b) on catalytic CBB oxidation. Insets are the corresponding apparent rate
constants. Experimental conditions: MGO dosage = 0.5 g L™, PMS dosage = 2 mM, initial CBB concentration = 50 mg L™, temperature = 25 °C.

contributions. MA is known as an effective quencher which
could quickly quench both "OH and SO, ~,* while TBA showed
1000 times higher reactivity towards "OH than SO, .** As
shown in Fig. 4a, the addition of MA or TBA suppressed CBB
removal, and the effect of MA was more significant. To further
investigate their effects, the kinetic data were fitted in the
pseudo-first-order model to obtain the apparent rate constant
(kapp) (Fig. S6at). As compared in Fig. 4a inset, k,p;, decreased by
39.7% and 14.9% with the addition of MA and TBA respectively,
suggesting that both ‘OH and SO,"~ were involved in the
oxidation process. However, the high final removal (96.8%) in
the presence of MA suggested the existence of other reactive
species. Recently, it was demonstrated that high-valent iron-oxo
species played a role in the PMS-based oxidation process when
iron-containing materials were used as the catalysts.?*¢%%
Similar to the case reported previously,* k., for CBB removal
decreased in the presence of PMSO (Fig. 4a). PMSO is known as
a quencher for high-valent iron-oxo species.’® Thus, this result
indicated the involvement of high-valent iron-oxo species in the
catalytic oxidation system. Similar to the cases with other
quenchers, these reactive species were consumed by PMSO,
leading to the decreased removal efficiency of CBB. Further-
more, when MA and PMSO were added simultaneously,
a stronger inhibition effect was observed with 60.3% reduction
in k,pp. Under this circumstance, the final CBB removal was still
relatively high, reaching 87.1%. One may argue that homoge-
nous reaction catalyzed by leached ions could also make
a contribution. Leaching of iron was measured by ICP-MS and
found to be 3.74 mg L " at initial pH of 2.7. The content of iron
was calculated to be 47.1 wt% from XPS results (Table 1). Thus,
the leaching ratio at 0.5 g L™' MGO dosage was estimated to be
1.6%. The performances of Fe(u) and Fe(m) for homogeneous
activation of PMS were significantly different.®® The ICP result
showed the total amount of leached iron but the ratio of Fe(u)
and Fe(m) remained unknown. Thus, when conducting the
experiment of leached iron, iron ions were introduced in situ as
detailed in Section 2.2 rather than added directly. As illustrated
in Fig. S6b, T the removal of CBB was promoted to some extent in
the presence of in situ introduced leached ions compared to the

© 2022 The Author(s). Published by the Royal Society of Chemistry

case of PMS only, but it was still far from the value obtained in
the MGO/PMS system. Although leached ions made a contribu-
tion, the reaction mechanism in homogeneous systems were
also generally related to "OH, SO, and high-valent iron
species.®® Thus, in the MGO/PMS/MA + PMSO system, the
contribution of leached ions could be ruled out because these
species had been quenched. In addition, the metal species are
less stable under acid conditions and the leaching amount
generally decreases with increasing pH values.®**” As discussed
in Section 3.3, high CBB removals similar to the case at pH 2.7
were obtained at pH 5.0, 7.1 and 9.0 and the pH of 9.0 may be
the optimum choice. Thus, the leaching of iron at pH 9.0 was
further investigated and found to be 0.27 mg L™, much lower
than that obtained at pH 2.7. This was in accordance with
previous reports and verified the increased stability of iron
species with increasing pH.

Other reactive species such as superoxide radical (O, ) and
singlet oxygen (*O,) may also play a part. BQ is considered as
a quencher for O, .*® As shown in Fig. 4b, CBB removal was
almost not influenced with the addition of BQ, which excluded
the involvement of O, . FFA is regarded as a quencher for
'0,.% It seemed that 'O, played an important role because kapy,
dropped by 34.0% in the presence of FFA (Fig. 4b and Séct). To
verify the contribution of '0,, the H,O solvent was replaced by
D,0. Since 'O, possessed a much longer lifetime in D,O (55 ps)
than that in H,O (4 ps),”® the removal of CBB should be accel-
erated if 'O, played an essential role. However, kapp Temained
almost unchanged after solvent exchange (Fig. 4b), and the
suppression effect brought by FFA was attributed to the its
direct reaction with PMS rather than the quenching of '0,.7 In
summary, ‘OH, SO, ~ and high-valent iron species were the
dominant species for the degradation of CBB in the MGO/PMS
system, while the contributions of O," and 10, were limited.

When carbonaceous materials were used as catalysts for PMS
activation, the non-radical electron-transfer pathway was
usually involved.”»”® The in situ OCP test is a useful tool to
characterize the electron-transfer pathway, where the potential
of catalyst increased with PMS addition and then decreased
with the addition of organic pollutants, indicating that
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metastable catalyst-PMS* complex was formed and then
oxidized the pollutants.””® However, in the current work,
although the potential of MGO was raised upon the addition of
PMS, the subsequent addition of CBB did not trigger a decrease
but an increase in its potential (Fig. S6d¥). Thus, it was inferred
that the metastable catalyst-PMS* was formed but did not
participate in the oxidation of CBB. Considering the abundant
functionalities on GO surface, its conductivity should be much
lower than the carbonaceous materials such as CNT and highly
graphitized carbons in previous works,”>”® hindering the non-
radical electron-transfer pathway. The result here is also
different from previous works where the non-radical electron-
transfer pathway was found to play an indispensable role
using Fe;O,/graphene* and Fe;0,/rGO* as catalysts. This is
also ascribed to the higher oxygen content and thus lower
conductivity of GO compared to graphene and rGO.

Looking back to the 87.1% CBB removal obtained in the
MGO/PMS/MA + PMSO system, it could be safely concluded that
this relatively high removal was ascribed to the contribution of
adsorption as well as direct oxidative reaction between CBB and
PMS. Similar to the case discussed in Section 3.3, the contri-
bution of direction oxidation could not be simply calculated by
subtracting the removal value in the MGO/PMS/MA + PMSO
system (87.1%) from the value obtained by adsorption at pH 2.7
(84.2%). This is also reflected from the results of extraction
tests. As shown in Fig. S3, the colors of the extracted sample
obtained in the MGO/PMS/MA + PMSO system (Fig. S3cT) were
considerable lighter than those obtained after adsorption only
(Fig. S3bt). That is to say, although the removals in the aqueous
phase were similar for MGO and MGO/PMS/MA + PMSO
systems, the concentration of CBB in the solid phase was much
lower in the latter case due to direct oxidation of CBB by PMS.
Similarly, compared to the samples obtained in the MGO/PMS
system (Fig. S3at), the concentration of CBB in the solid
phase in the MGO/PMS/MA + PMSO system was considerably
higher. When both MA and PMSO were added, the catalytic
oxidation process was significantly suppressed not only in the
aqueous phase but also in the solid phase. Under this condi-
tion, the suppression effect of MA and PMSO was under-
estimated by observing the change in aqueous CBB removal.

3.7. Degradation pathway and toxicity evaluation

As mentioned in Section 3.2, the lower TOC removal compared
to CBB removal indicated the formation of organic products in
the catalytic oxidation process. This is also reflected from the
higher absorbances at 200-400 nm in the spectrum of CBB after
oxidation (Fig. S2af). Thus, the aqueous sample after treatment
with the MGO/PMS system was analyzed by LC-MS to identify
the oxidation products. Considering the large molecular weight
and complex structure of CBB, the orbital-weighted Fukui
functions of CBB were calculated to assist the analysis of its
degradation pathway. The orbital-weighted Fukui functions of
fow  and fow® were depicted in Fig. 5, which represented the
tendency of electrophilic attack and radical attack respec-
tively.”»”® 1t could be observed that the most positive part of
fow  was localized on N34, N63 and N88, indicating that these
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Fig. 5 The optimized molecular structure of CBB (a) and the orbital-
weighted Fukui functions of fow ™ (b) and fow?® (). The green isosurface
corresponds positive regions of foy ™ and fow®.

sites were more favorable for electrophilic attack. Here the
oxygen sites were not considered because the large values
around them were mainly attributed to the electronegativity of
oxygen and electrophilic attack could unlikely occur there.” For
fow?’, the most positive part was localized on C1, suggesting the
strong tendency of radical attack on this site. In addition, the
condensed Fukui indexes for fow  and fow® were calculated and
listed in Table S3.f The highest fow~ values for N34 (0.2748),
N63 (0.2845) and N88 (0.2233) as well as the highest fo° value
for C1 (0.4283) also suggested that these sites were vulnerable in
the oxidation process of CBB.

Based on MS results (Fig. S77), the above analysis and the
previous report,* the plausible degradation pathway of CBB was
proposed and illustrated in Fig. 6. The attack on the N34 or N63
site of A (parent CBB) resulted in formation of B and release of
C. Meanwhile, the attack on the N88 site of A led to the
formation of D and E. Furthermore, the attack on the C1 site of
B resulted in the formation of H and I, which underwent further
attack on the nitrogen sites to form N and O. The attack on the
C1 site of D led to the formation of K, which transformed into P

© 2022 The Author(s). Published by the Royal Society of Chemistry
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subsequently through attack on its nitrogen site. For the attack
on the C1 site of A, oxidation products of F and G are expected,
and further attack on the nitrogen sites of them resulted in the
formation of K and M. The secondary amine group in the
released smaller product of C was further oxidized to hydroxyl
amine, leading to the formation of J. The released smaller
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product of E possessed a primary amine group, which was
further oxidized to L with a nitro group.

Since a variety of degradation products were formed, the
toxicity variation in the degradation process should be evalu-
ated. Thus, the ecotoxicity of CBB and its degradation products
was estimated by the ECOSAR program using aquatic species of
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Fig. 7 Acute (a—c) and chronic toxicity (d—f) of CBB and its degradation products for green algae, daphnia, and fish.
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three trophic levels (green algae, daphnia, and fish) as indica-
tors. As shown in Fig. 7, CBB and its degradation products
showed different toxicity for the three indicator species. The
products J, C, G and D possessed higher EC50/LC50 values than
A (the parent CBB) for all the three species (Fig. 7a—c), indicating
decreased acute toxicity of them. From the aspect of chronic
toxicity (Fig. 7d-f), besides the above four products, other two
products B and K were also less toxic compared to A. For the
product O, the higher LC50 and ChV values compared to those
of A for daphnid suggested its declined toxicity. However, lower
EC50/LC50 and ChV values for green algae and fish were also
observed, suggesting increased toxicity for these two species.
This divergency indicated the trophic-level dependent toxicity of
some products. Besides, products with increased toxicity were
also observed. According to the Globally Harmonized System of
Classification and Labelling of Chemicals, chemicals with
EC50/LC50/ChV values lower than 1 mg L' are considered as
very toxic.”””® As shown in Fig. 7a, the product I with an EC50 for
green algae less than 1 mg L™ " should be classified as very toxic.
From the chronic toxicity aspect (Fig. 7d-f), more products
including O, M, P, N and E should be considered as very toxic,
which should rouse attention for potential practical applica-
tions. In this sense, further research on the following aspects
may to be conducted. On the one hand, considering the
different concentrations of the products and their potential
joint toxicity effects, toxicity experiments may help to reveal the
overall toxicity of the treated water. On the other hand, when
optimizing the operation conditions, changing the target to
achieving lower toxicities may help to reduce potential envi-
ronmental risks. In addition, after catalytic oxidation, the
resulting water may be further treated by adsorption,
membrane filtration or other technologies for the removal of
those remaining toxic oxidation products.

4. Conclusions

The Fe;0,-GO composite material was prepared and used as
a catalyst to activate PMS for degradation of CBB. The effects of
several operation conditions including MGO dosage, PMS
dosage and initial concentration of CBB were studied. CBB
removal could reach 99.5% at 0.5 g L' MGO and 2 mM PMS
when the initial CBB concentration was 50 mg L', and the
removal of TOC under this condition was found to be 50.9%.
High removals of 98.4-99.9% were also achieved for other dyes
with varied structures including MO, MB, RhB and BB17, veri-
fying the wide applicability of the MGO/PMS catalytic system.
The effects of environmental factors were also investigated.
High CBB removals could be achieved in a wide initial pH range
of 2.7-11.0 and in the presence of inorganic ions including C1~,
HCO;~ and HPO,>". The removal efficiencies in tap water and
lake water were slightly lower than that in DI water, and the
accelerated removal in sea water was ascribed to the high
concentration of Cl~ ions. Reusability test showed that CBB
removals maintained above 90% in five consecutive runs,
indicating the acceptable recyclability of MGO. Based on
quenching experiments, solvent exchange (H,O to D,0) and in
situ OCP test, it was concluded that “OH, SO,"~ and high-valent
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iron species were responsible for the efficient degradation of
CBB in the MGO/PMS system, while the contributions of O, ",
'0, and the non-radical electron-transfer pathway were limited.
Furthermore, based on DFT calculations and LC-MS results, the
plausible degradation pathway of CBB was proposed. Finally,
toxicity variation in the degradation process was evaluated by
SARs using green algae, daphnia, and fish as indicator species,
and the trophic-level dependent toxicity of the degradation
products was observed. Although some products possessed
decreased acute and chronic toxicity compared to the parent
CBB, the presence of some very toxic products should rouse
attention for potential practical applications. Further research
on toxicity experiments, process optimization for lower toxic-
ities as well as combination with other treatment technologies
should be conducted.

Abbreviation list

AOP Advanced oxidation process
BB17 Basic blue 17

BQ Benzoquinone

CBB Coomassie brilliant blue G250
DFT Density functional theory

DI Deionized

ECOSAR  Ecological structure-activity relationships
ESI Electron spray ionization

FFA Furfuryl alcohol

FMO Frontier molecular orbital

FTIR Fourier transform infrared

GO Graphene oxide

ICP-MS Inductively coupled plasma-mass spectrometry
IEP Isoelectric point

LC-MS Liquid chromatography-mass spectrometry
MA Methanol

MB Methylene blue

MGO Magnetic graphene oxide

MO Methyl orange

OCP Open circuit potential

PDS Peroxydisulfate

PMS Peroxymonosulfate

PMSO Methyl phenyl sulfoxide

rGO Reduced graphene oxide

RhB Rhodamine B

ROSs Reactive oxygen species

SARs Structure-activity relationships

SMS Solvation model based on density

TBA Tert-butanol

TEM Transmission electron microscopy

TOC Total organic carbon

UPLC Ultra-high performance liquid chromatography
VMD Virtual molecular dynamic

VSM Vibrating sample magnetometry

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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