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e A scalable spray-flame technique to produce novel LaxCoQO4+5 nanoparticles is presented.
e Outstanding PMS activation capacity with very low amount of leached cobalt was achieved
e A high content of Co?* and high electron transfer ability are identified as key parameter

e The La;CoO4+5 material has a good chemical stability over a wide pH range (3-11)
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Abstract

The scalable synthesis of stable catalysts for environmental remediation applications remains
challenging. Nonetheless, metal leaching is a serious environmental issue hindering the
practical application of transition-metal based catalysts including Co-based catalysts. Herein,
for the first time, we describe a facile one-step and scalable synthesis of LaxCoOs+s
nanoparticles containing excess oxygen interstitials (+0) using spray-flame synthesis, and use
them as a stable and efficient catalyst for activating peroxymonosulfate (PMS) towards the
degradation of bisphenol A. Importantly, the LaxCoOs+s catalyst exhibits higher catalytic
degradation of bisphenol A (95% in 20 minutes) and stably than LaCoQO3— nanoparticles (60%)
in the peroxymonosulfate activation system. A high-surface area and high content of Co*" in
the structure showed a strong impact on the catalytic performance of the LaxCoO4+5+PMS
system. Despite its high specific surface area, our results showed a very low amount of leached
cobalt (less than 0.04 mg/L in 30 minutes), indicating high chemical stability. According to the
radical quenching experiments and the electron paramagnetic resonance technology SO4™, "OH,
and 'O, were generated and SO4~ played a dominant role in bisphenol A degradation.
Moreover, the La;Co04+5+PMS system maintained conspicuous catalytic performance for the
degradation of other organic pollutants including methyl orange, rhodamine B, and methylene
blue. Overall, our results showed that we developed a new synthesis method for stable
La>,Co0Os4+5 nanoparticles that can be used as a highly active heterogeneous catalyst for PMS-

assisted oxidation of organic pollutants.

Keywords: heterogeneous catalysis, gas-phase synthesis, peroxymonosulfate, sulfate radical,

bisphenol A degradation.
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1 Introduction

Bisphenol A (2,2-bis (4-hydroxyphenyl) propane, BPA) is intensively utilized as a key
industrial chemical for the production of polycarbonate plastics and epoxy resins in the plastic
industry [1]. Unfortunately, a significant amount of BPA is continuously discharged into the
environment and detected in food, drinking water, and aquatic animals [2]. BPA mimics
estrogenic activity in human and animal bodies causing disruption of the endocrine system
through interfering with hormonal and homeostatic functions [3]. Therefore, the removal of
BPA especially from aquatic environments is of great interest.

Recently, the Fenton reaction employing hydroxyl ("OH) and sulfate radicals (SO4™) has
attracted increasing interest as a promising method to oxidize organic pollutant in water [4].
Compared to the "OH, SO4™ has a longer half-life time, higher standard oxidation potential, and
wider pH range applicability, which is more efficient for bisphenol A degradation [5]. Sulfate
radicals are typically generated by peroxymonosulfate (PMS) or peroxydisulfate (PDS)
activation using heat [6], ultrasound [7], UV [8], electrochemical processes [9], and transition
metal ions (e.g., Co, Mn, Cu, Fe, and Ni) [10].

Homogenous transition-metal catalysis is one of the feasible and cost-effective ways to generate
SO4. Among the transition metals, Co®" exhibits the most efficient homogeneous catalyst for
PMS activation [11] and is catalytically regenerated during PMS activation, which enhances its
catalytic activity [12]. However, Co-based homogeneous activation has serious drawbacks,
especially secondary metal-ion pollution and high catalyst consumption [13]. Thus,
heterogeneous, Co-based catalysts such as cobalt oxide [14], cobalt-based bimetallic oxide [15],
and supported cobalt oxide [16] nanoparticles have been investigated for PMS activation.
Among them, transition metal-based perovskites (ABO; with B being the transition metal) have
attracted increasing attention in heterogeneous catalysis because of their flexibility in chemical

composition and their ability for generating oxygen vacancies, thus enabling catalytic redox

3
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reactions [ 17]. More recently, some reports have focused on different transition metals La-based
perovskites (LaMO3 (M: Co, Cu, Fe, and Ni)) for PMS activation [18]. Particularly, LaCoO3
perovskites have been considered being very effective to generate SO4™ from PMS as Co—O—
bonding enable a high number of reactive sites for PMS activation [19]. Moreover, the B-site
cation deficiency in the LaCoOs-5 perovskite structures ehances their catalytic activity [20].
Although these perovskite catalysts have some advantages such as high catalytic activity, they
suffer from metal leaching in the aqueous medium [21]. Thus, it is essential to explore highly
stable heterogeneous catalysts for PMS activation.

Compared to transition metal-based perovskites (ABO3), Ruddlesden-Popper mixed oxides
(A2BO4) nanoparticles (RP-MONp) exhibit higher stability and redox ability, because their
crystal structure is more opened due to extra space between A-site atoms. They consist of
alternating layers of perovskite (ABO3) and rock salt (AO) [22]. These layered structures
possess good thermal stability [23] and show high ionic conductivity. Another study on RP-
based catalysts show that the RP-MONp reveal better oxygen diffusion coefficients and surface
exchange than other ABO3 perovskite type.

RP-MONp has been reported as catalysts in various heterogeneously catalyzed reactions
including oxygen reduction reaction (ORR) and evolution reaction (OER) [24], photocatalytic
water splitting process [25], NO and CO removal [26], oxidation of urea and small alcohols
[27], a cathode for a solid oxide electrolysis cell [28], and Fenton reaction [29]. In this regard,
LaxCoOu4+s nanoparticles have been selected to use as a PMS activator as their structure can
tolerate excess amounts of oxygen up to a & of 0.16 upon oxidation at room temperature [30].
Moreover, the oxidation state of the B-site ion in this structure can be controlled by tailoring
oxygen non-stoichiometry [31]. Therefore, La;CoO4+s materials are suitable for advanced
catalytic oxidation processes.

Several methods have been demonstrated to synthesize Ruddlesden-Popper mixed oxide

catalysts including co-precipitation [32], sol-gel synthesis [33], combustion methods [34],
4
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hydrothermal flow synthesis [35], and solid-state reactions [36]. However, all these methods
require high-temperature annealing (> 1000 °C) at an extended period, which promotes particle
growth and sintering, leading to a reduced catalytically active surface area. As an alternative,
spray-flame synthesis is an established method to produce non-sintered, homogeneously
distributed perovskite nanoparticles down to 10 nm, and even below [37,38]. Surface-sensitive
measurements of spray-flame-synthesized LaCoOs3 nanoparticles show a high content of Co*"
ions being present at the particles’ surface. These results are attributed to the local formation of
oxygen-deficient or layered perovskite structures such as A>;BO4 type Ruddlesden-Popper
structures, which can stabilize Co?" much better than the pure perovskite ABOs3 [39]. Thus,
specific interest is in the targeted formation and investigation of Co-containing Ruddlesden-
Popper-type nanoparticles as highly active heterogeneous catalysts.

Herein, the objective of this study is to seek a one-step method for the synthesis of La;CoO4+5
nanoparticles using a spray-flame method with the purpose of improving their catalytic
performance with a very low amount of metal leaching to achieve the environmental friendly
requirement during organic pollutant degradation. The performance for PMS activation of the
catalysts was evaluated in terms of BPA degradation. Moreover, effects of several important
parameters such as initial pH value, inorganic anions (such as CI", NO3;™ HoPO4~, HCO3™, etc.),
and water bodies (tap water) on their catalytic performances along with the reusability of the
La;Co0Os4+5 nanoparticles were also investigated. The radical generation was identified by
radical scavenging experiments and electron paramagnetic resonance studies and a mechanism

for PMS activation is proposed.
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2 Material and methods

2.1 Materials

For the synthesis of La;CoOs+s nanoparticles, La(CH3COO)3 ¢ 1.05 H2O (99.9%; Sigma-
Aldrich) and Co(CH3COO); * 4 H20O (>98%; Sigma-Aldrich) were used as the metal precursors
while propionic acid (ACS reagent, >99.5%; Sigma-Aldrich), propanol (anhydrous, 99.7%:;
Sigma-Aldrich), ultrapure DI water (18.2 MQ cm at 25 °C) and ethanol (>99.8%; Sigma-
Aldrich) were employed as solvents. 5,5-dimethyl-1-pyrroline N-oxide (DMPO) (>97.0%;
TCI), Bisphenol A (>99%), potassium peroxymonosulfate, sodium phosphate monobasic
(>99%), sodium nitrate (>99%), sodium chloride (=99%), sodium hydrogencarbonate (=99%),
B-carotene (>95%), tert-butyl alcohol (>99.5%), methylene blue (> 97%), rthodamine B (>
95%), Acid Orange 7 (> 98%) potassium bicarbonate (>99.5%), potassium iodide (=90%), and
absolute ethanol were purchased from Sigma Aldrich to be used for the catalytic tests. Sodium
hydroxide (>97%) and nitric acid (>69%, both VWR International) were used to adjust the pH

of the respective solution. All chemicals were used as received without further purification.

2.2 Synthesis of La;Co0QOa4+; nanoparticles

Spray-flame synthesis of lattice-oxygen-deficient LaCoO3— perovskite and interstitial-oxygen-
rich LaxCoOs+s Ruddlesden-Popper phases was carried out similar to the process described
before [40] (Figure 2) using precursor solutions and process parameters are given in detail in
Table S1. Briefly, a precursor solution is transferred to a syringe pump connected to a
homemade enclosed reactor, which allows full control of gas flow and pressure. The syringe
pump is connected to a hollow needle (0.4 mm inner diameter and 0.7 mm outer diameter)
adjusted in the center of a burner nozzle. Oxygen dispersion gas (introduced through an annular

gap surrounding the hollow needle) was used to atomize the precursor solution injected into the

6



O J o U bW

OO OO U U OO BB BB DWWWWWWWWWWNDNDNDNDNDNDNDNNDNNDNNRERRRRRRERERERRE
GO WNREFPOWOWO-JOHUPDd WNEFEFOWOW-TITOHOUPd WNREFPOWOJIOHUDdWNREPEOWOWOJOUPDdWNE OWOWTO U D WNEFE O W

reactor at a precursor solution flow rate of 3 mL/min. A premixed pilot flame (CH4/O2)
surrounding the hollow needle was used to ignite and stabilize the spray-flame while a sheath
gas surrounding the flame was used to stabilize the reactor gas flow. The reactor was operated
at pressures of 930 and 900 mbar, respectively, adjusted by a valve and a rotary vane pump.

The formed particles were collected on a filter membrane.

s La,CoO,,
(a) na;opaéigles (b)

Spray flame

Dispersion O, gas

CH,/O, pilot flame Pprous
sinter plate
Spray Precursor

\ solution

AR

J

Sheath gas i )
Pilot gas Pilot gas

Sheath gas

Figure 1. (a) Schematics of the spray-flame synthesis (adapted from Ref [40]and (b) a photo of spray-flame

during the synthesis of La2CoO4+9.

To investigate the influence of cobalt oxidation states on PMS oxidation, we aimed to
synthesize two types of catalysts: LaCoOs perovskites with mostly Co®" surface ions, and
La>CoO4 compounds containing a high number of Co®" ions. Thus, for the formation of almost
stoichiometric LaCoOs, the process and combustion parameters were adjusted to lean
conditions using low hydrocarbon chained components as solvent (i.e. propanol and propionic
acid), a high volume flow of the CH4/O; pilot flame, and a high volume flow of O dispersion
gas. The product is labeled “LaCoOsz—“. For the synthesis of La,C0O4-+s5, fuel-rich combustion
conditions were employed as a strategy to efficiently obtain a cobalt oxidation state of Co?" in

the nanoparticle product. For this reason, a high carbon chained carboxylic acid was used in the
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precursor solution as well as lower volume flows of the CH4/O» pilot flame gases and the O2
dispersion gas.

The precursor solution for LaCoO3-x was composed of propionic acid mixed with 1-propanol
in a glass flask at room temperature and stirred for 10 min. La- and Co-precursors were
subsequently added to the solvent mixture and the flask was then heated in a silicon oil bath at
60°C to dissolve the precursors under constant magnetic stirring for 2 h. The total metal
concentration of La and Co was adjusted to 0.45 M and the nominal atomic ratios of La/Co
were adjusted to 1. For the precursor solution of La,CoO4+5,a similar procedure was used except
that octanoic acid was used as an organic acid and a small amount of water was added to the
solvent mixture to appropriately dissolve the La-acetate. The precursor solution was then heated
in a silicon oil bath at 70°C under constant magnetic stirring for 2 h. The total metal
concentration of La and Co was adjusted to 0.15 M and the nominal atomic ratios of La/Co

were adjusted to 2.

2.3 Methods of Characterization

The crystal phases of the samples were determined by X-ray diffraction (XRD) recorded with
a PANalytical X-ray diffractometer X'Pert (Netherlands) with a Cu K, radiation (4 = 1.5406
A). The surface morphology and energy dispersive spectra were analyzed using transmission
electron microscopy (TEM, JEM-2200FS, JEOL, Japan). X-ray photoelectron spectroscopy
(XPS, VersaProbe II, ULVAC-PHI, Japan with monochromatic Al K, light at an emission angle
of 45°) was applied to analyze the surface elemental composition and chemical state of the
samples. All measured binding energies were referenced to the Cu2p peak at 933 eV.
Attenuated total reflectance Fourier transform infrared spectra (ATR-FTIR) were recorded
using a Bruker Vertex 80 spectrometer (Brucker, Germany) in the 400-4000 cm™! region. The

zeta potential of the catalysts was determined by a Malvern Zetasizer (Malvern Panalytical,
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United Kingdom). The specific surface areas were measured on a Quantachrome NOVA2200
(Quantachrome GmbH, Germany) analyzer at 77 K by the Brunauer-Emmett-Teller (BET)

Nitrogen adsorption/desorption isotherm method.

2.4 Catalytic studies and analyses

The catalytic performance of the as-prepared La,CoO4+5 nanoparticles was evaluated for PMS
activation in terms of BPA degradation. The concentration of BPA was analyzed by high-
performance liquid chromatography (HPLC, Shimadzu LC-10AT, Shimadzu Corporation,
Japan). The HPLC was equipped with an SPD-M10A diode array detector (detection
wavelength: 230 nm) and a Kinetex C18 reverse-phase column (100 mmx2 mm, 5 pm). The
flow rate of the mobile phase consisting of 0.1% formic acid in water and acetonitrile (80:20,
v:v) was 0.5 mL/min. In a typical experiment, 2.4 mg catalyst was initially dispersed into 40
mL BPA aqueous solution (40 mg/L) at 25 °C and the resultant suspension was magnetically
stirred in dark for 30 min to ensure the establishment of an adsorption/desorption equilibrium
between catalyst and BPA before a certain dose of PMS was added. At selected time intervals,
2 mL of the suspension was withdrawn, immediately quenched with 0.5 mL methanol, filtered
with a 0.22 um membrane filter, centrifuged (12000 rpm, 20 min) to remove the particles, and
injected into the HPLC vial. 1.0 M solutions of NaOH and HNO; were used to adjust the initial
pH. The same operation was repeated with different organic compounds such as methylene blue
(MB), rhodamine B (RhB), and acid orange 7 (AO7). The concentrations of MB, RhB, and
AQO7 were measured by UV-Vis spectroscopy (Varian Cary 400, Varian, Australia) at
wavelengths of 664, 553, and 483 nm, respectively. To study the reusability of the LaxCoOa+5
nanoparticles, the catalyst was collected by centrifugation at 14000 rpm for 10 min, followed
by thorough washing with deionized water and then re-dispersed into fresh BPA solution for

the next experimental run reaction.
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To compare the degradation reaction kinetics of the BPA degradation, pseudo-first-order
kinetics reaction rate constants (kapp) of the BPA removal were measured according to the

following equation:

C .
In (C—Z) = —Kkappt (equation 1)

where C; depicts the pollutant concentration at time, Co is the initial pollutant concentration,
kapp 1s the kinetics rate constants, and ¢ is the time.

The concentration of dissolved metal ions in concentrated nitric acid (60%) was determined by
atomic absorption spectroscopy (M-Serie, Thermo Electron Corporation, Germany). Total
organic carbon (TOC) concentration was analyzed by using a TOC-L total organic carbon
analyzer (Shimadzu, Japan) to evaluate the degree of BPA mineralization. To determine the
residual concentration of PMS, 100 pL of the suspension was withdrawn at given time intervals,
mixed with potassium bicarbonate (5 g/L) and potassium iodide (40 g/L), and then was
measured by UV-Vis spectroscopy (Varian Cary 400, Varian, Australia) at a wavelength of 352
nm. To evaluate the contributions of the radical reactions to mineralization, a certain amount of
ethanol (EtOH), tert-butyl alcohol (TBA), and B-carotene were added to the catalytic system to
scavenge SO4™ and ‘OH, "OH, and 'O, respectively. The B-carotene experiment was conducted
in 37 mL of acetone and 3 mL of deionized water for dissolving PMS. The intermediates of
BPA degradation were identified by Agilent 1260 Infinity II Liquid Chromatography system
equipped with 6120 Quadrupole Mass Detector and Kinetex C18 reverse-phase column (100
mmXx2 mm, 5 pm). Same mobile phase as HPLC. The generated reactive radicals were
measured using the MiniScope MS-5000 electron spin resonance spectrometer (Freiberg
Instruments, Germany) with a microwave power of 10 mW and modulation amplitude of 0.2 G
at room temperature. The impedance measurements were performed using impedance analyzer

Solartron 1260 (Solartron Analytical, United Kingdom) with a frequency range of 0.1 Hz—1

10
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MHz and with an output signal voltage of 100 mV. Gold sputtering was done on both sides of

the pellet before the experiment.

3 Results and discussion

3.1 Characterization of La;C0Q4+5 nanoparticles

The XRD patterns of the pristine nanoparticles were analyzed to determine crystalline phases
of La2Co0O4+5 and LaCoOs—~ (Figure 2). The LaCo0Os.5 diffraction peaks show a good match to
a LaCo002.937 perovskite phase (Inorganic Crystal Structure Database (ICSD): 153995), while
the XRD pattern of La,CoO4+5 can be mainly related to a Ruddlesden-Popper type phase of
LaxCo04.13 (ICSD: 237238) with a minor content of La(OH); (ICSD: 31584). Notably, the
diffraction peaks of La;CoOa4+s5 appear more broadened compared to those of LaCoO3-x, and
this finding points out a low degree of crystallinity and/or small crystal sizes of La2CoOas+s5. A
possible decrease in the crystallinity of the LaxCoOs+s phase can be owing to hydrated groups
incorporated in its structure as previously reported in Co-based Ruddlesden-Popper type

crystals [41].

11
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Figure 2. XRD patterns of as-prepared LaCoO;-x and La,CoOs+5 nanoparticles. Reference phases are La;CoO4.13
(ICSD no: 237238, blue line), LaC002.937 (ICSD no: 153995, blue line), and La(OH); (ICSD no:

31584), respectively.

To investigate the morphology and size distribution of as-prepared nanoparticles, transmission
electron microscopy was performed as shown in Figure 3. For both samples, the count median
diameter (CMD) and geometric standard deviation (cg) were determined by fitting the size
distribution histograms of about 400 nanoparticles to a lognormal distribution. The CMD and
oz of LaCoOs— were measured as 17.5 nm and 1.5 while those of La;CoO4+5 correspond to 10.1
nm and 1.5. Lower particle sizes of La2C0Oa4+s are also implied from the specific surface areas
of La,Co04+5 and LaCoOs— nanoparticles being determined by nitrogen adsorption-desorption
isotherms through the BET measurements (Brunauer Emmett Teller) [32]. The specific surface
area (SSA) of LaxCoOu+s was measured as 89 m?/g, being considerably higher than the SSA of
LaCoOs— about 43 m?/g. The lower CMD and higher SSA of La,CoOQ4+s particles compared to
LaCoOs can be associated with precursor characteristics in that lower concentration of La and
Co metals being used in the precursor solution of LaxCoOs+s bring about lower nanoparticles
sizes and higher SSA of La;CoOs+s (see supplementary material, Table S1). Beside that, the

chemical composition of LaCoOs-x, being determined by Energy dispersive X-Ray (EDX)
12
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measurements, indicate that their La/Co atomic ratio is close to unity (see supplementary
material, Figure S1), while La/Co atomic ratio of LaxCoOs+s was measured about 2.3, being
slightly higher than nominal atomic ratios in La,CoQO4+s. Excess La content can be owing to
small amounts of La(OH); secondary phase being detected from XRD analyses. Overall, the
bulk compositions of LaCoO3- and LaxCoQO4+5 nanoparticles show a good agreement with the

expected nominal compositions.
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Figure 3. TEM images of LaCoQO3- and La,CoQO4+5 materials (on the left side) and the respective histograms of
their particle sizes fitted to a log-normal particle size distribution (on the right side). Count median

particle diameter and geometric standard deviation were abbreviated as a CMD and a o,, respectively.

Surface oxidation state and chemistry of Co and La ions were further investigated using the
core-level and satellite X-ray photoelectron spectroscopy (XPS) features of Co2ps/2 and La3ds)»
spectra (Figure 4). In both Co2p and La3d spectra, lower XPS signals were measured for
LaxCoO4+5 compared to for LaCoOs-x and this result can be well attributed to the effect of
higher contents of carbon impurities in LaxCoOs+s, which reduce the overall XPS signals

coming from this sample. For LaCoO3-, the intense XPS signals of the Co2ps3 at ~779.3, 781.4
13
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and 789.5 eV correspond to those of Co®" ions [42], whereas the low-intensity signals of
Co2psp at ~780.4, 782.2 and 785.2 eV can be assigned to the core-level and satellites of Co®"
ions, respectively [43]. The atomic proportion of surface Co**/Co?" for LaCoOs— was found as
58/42, which corresponds to a chemical formula of LaCoO.ss. At the XPS spectra of
La>Co04:s, the core-level signals of Co?* ions show more intense XPS signals relative to those
of Co®" ions, and a low-intensity peak of metallic Co appears at ~778.1 eV. The proportion of
Co**/Co?*/Co in La;CoOs+ 5 was measured as 40/49/11, confirming reduced oxidation of cobalt
ions in this sample. The La3d spectra of LaCoO3;-x and La;CoQO4+5 exhibit similar XPS spectra
at different binding energies. The core-level and satellite signals of La3ds, signals of LaCoO3-
x are visible at ~833.3 and ~ 837.1 eV with a multiplet splitting of 3.8 eV being in agreement
with the La3d spectrum of La-based perovskites [44]. Despite showing a similar multiplet
splitting, La3ds/, signals of La,CoOa+s5 shift about 1.1 eV towards higher binding energies, and
these spectral feature can be attributed to those of Ruddlesden-Popper-type compounds [45].
All in all, XPS analyses of Co and La ions draw attention to a varying content of surface Co*"

and Co*" ions in LaCoOj3—x and La>;CoQs-5, which can govern their catalytic activity for PMS

activation.
Co* - Co2p [ La3q,, La3d
Co” Paz La3d,,
I Co(0) Plasmon
= =
by Co2p, , ~
< 172 3
&= 3
é LaCoO, 5
= AL - At =
838.2 834.4
A‘ /Y\MZCOO:-:
800 795 790 785 780 775 770 860 855 850 845 840 835 830 825
Binding Energy / eV Binding Energy

Figure 4. XPS spectra of Co2p and La3d in LaCoOs— and La;CoQ4+5, respectively.

14



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

3.2 Catalytic activity and stability of catalysts

Figure 5a shows the removal efficiency of BPA for both catalysts and control measurements.
The removal of BPA was negligible in the presence of only PMS or catalyst. In the case of the
LaxCo04+5/PMS system, 97% BPA was removed within 30 min, which was higher than that in
a LaCoOs- xtPMS system (70%), implying that the catalytic activity of LaxCoOs+s 1is
significantly higher than that of LaCoO3-x. We attribute the remarkable catalytic enhancement
of LaxCoOQg4:+5 to the high specific surface area (see supplementary material, Figure S2) and
especially the higher surface concentration of Co*" compared to LaCoOs3 material, as we have
shown before (Figure 4). Moreover, the BPA removal in both systems could be well fitted by
pseudo-first-order kinetics (see supplementary material, Figure S3). The k,,, of BPA
degradation was about 0.152 min ! and 0.03 min! for LaxCoOas:s and LaCoOs-x samples,
respectively, confirming that the catalytic performance of the LaxCoOs+s catalyst is
significantly higher than that of LaCoO3— material.

Besides, electrochemical impedance analyses were further performed to investigate the electron
transfer behavior of both materials (see supplementary material, Figure S5). Obviously, the
La;Co0Os4+5 electrode (44898 Q) exhibited lower charge transfer resistance compared to the
LaCoOs -« electrode (5705*%107 Q), suggesting that the electron transfer in the La>xCoOu+s
structure is more efficient than that in the LaCoOs«., which is favorable for the electron transfer
during PMS activation [46].

To support these findings, the variation of residual PMS during the PMS activation in both
systems was performed (Figure 5c). The residual PMS concentration in a LayCoQO4+5 +PMS
system (0.1 mM) was lower to a LaCoO3+PMS system (0.32 mM), which attributed to about
80 % and 64 % of the initial PMS concentration, respectively, manifesting that the
LaxCo0O4+5+PMS system activates more PMS as a result of fast electron transport from PMS
molecules to the La,Co0O4:+5, and therefore higher BPA degradation is obtained. The comparison
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of previously reported heterogeneous Co-based catalysts for BPA degradation (Table 1)

indicates that La,CoQs+5 materials show a remarkable improvement for PMS activation.
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Figure 5. a) BPA degradation with various catalysts in different reaction systems, b) Stability tests of La;C0oOuss,

and c) Residual PMS variation along with the reaction time in different systems. Reaction conditions:

(BPA) =40 mg/L, (PMS) = 0.5 mM; (Catalyst) = 60 mg/L, initial pH = 6.8.

Table 1. Comparison of the BPA degradation by LaxCoQOs+s in this work with those of other related Co-based

catalysts in the literature.

Catalyst Dosage BPA conc. PMS conc BPA Time  Co leaching References
(mgL™ (mgL™ (mM) removal (%)  (min) (mgL™
CoFe;04- 50 30 1 98 30 ~1.2 [47]
16
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Co304/MXene 100 20 1 >99 20 =0.36 [48]

Fe3C02204 100 20 0.65 95 60 ~0.36 [49]
Fe;Cos/C 100 20 1.3 98 30 ~3.30 [50]
Co0304/MOFs 100 20 1.6 95 10 ~0.35 [51]
Co0304/Bi,0; 300 20 0.32 98 30 ~0.35 [52]
Co304/CC 100 10 0.32 >99 10 ~0.25 [53]
LaCo03/AL0Os3 100 5 0.32 >99 30 ~0.001 [54]
(Atrazine)
La;CoO4+5 60 40 0.5 95 20 ~0.04 This work

To confirm the practicability of the catalyst in the La2CoO4+s/PMS system, the reusability of
the La,CoO4+5 material was investigated in four cycling experiments. As displayed in Figure
5b, the reused La2CoO4+s exhibited excellent catalytic performance in the first three reaction
runs. However, a decrease in BPA removal to 89% was observed after three reaction runs,
which can be mainly ascribed to the formation of insoluble lanthanum carbonate contaminants
on the surface of La2CoOQu4+s, resulting in the partial deactivation of the catalyst. This structural
change of La,CoO4+s catalyst could also be identified by XRD and FTIR. The XRD pattern of
the multiple used catalyst shows three additional low-intensity peaks at 26 = 18.4°, 28°, and
41° (Figure 6a), which can be indexed to the orthorhombic layered structure of
Lax(CO3)3-1.1H20 [55]. A similar phenomenon was also observed in the FTIR spectra (Figure

1

6b). An increased peak intensity around 730 cm™ might be ascribed to the formation of

Lax(CO3)3-1.1H20.
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Figure 6. a) XRD patterns and b) FTIR spectra of fresh and reused La;CoQO4+5 catalyst.

Besides, the mineralization extent of BPA was monitored by the TOC analyzer. After 30 min,
the TOC removals of BPA was 27% and 49% for LaCoOs-x and La;CoOs+s materials,
respectively, implying the high BPA mineralization in the La;C0O4+5+PMS system. Moreover,
the leaching of cobalt and lanthanum ions was further investigated by Atomic absorption
spectroscopy analysis during the PMS activation. Compared to LaCoOs-x (2.6 mg/mL),
LaxCo04+5 showed less Co leaching (0.04 mg/mL), which attributed to about 4.3% and 0.06%
of the initial catalyst concentration, respectively, whereas the concentrations of leached
lanthanum for LaCoOs3-x and La2CoO4+s material were around 6.1 and 0.7 mg/L, respectively,
which accounted to about 10.2% and 1.17% of the initial catalyst concentration, respectively.
We also tested the BPA removal efficiency using the leaching solution under the same
conditions (see supplementary material, Figure S5). The BPA removal on the homogenous
system was less than 5%. This suggests that the catalytic activity mainly results from the
heterogeneous La;CoO4+5/PMS system. These results showed that the LaxCoQO4+5 catalyst
exhibited high stability and very low cobalt leaching, compared to other cobalt-based catalysts

used for BPA removal (Table 1) and further cobalt-based perovskite materials [21,56,57].
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3.3 Reactive species and possible mechanisms

Many reactive oxygen species such as SOs~, ‘OH, !0z, and SOs~ may be involved in the
reaction of BPA degradation [58]. SOs™ is less efficient to oxidize BPA due to its lower
oxidation potential (0.81 V) compared to SO4™ [59]. To obtain more detailed information, the
contribution of different reactive radicals to BPA degradation was investigated by radical
quenching experiments employing LaxCoOs+5. Ethanol (EtOH) was used to scavenge both

SO4~ and "OH with a high quenching rate constant of koo = (1.2-2.8) x10° M™'s ™' and
kpomsos = (1.6-7.7) x10° M s7!, while tert-butyl alcohol (TBA) was employed to scavenge
only ‘OH with a reaction rate constant of kg x -0 = (3.8—7.6) x10° M"'s 1 [60]. Besides, singlet

oxygen ('02) might be generated during PMS activation and can be scavenged by B-carotene

with a rate constant of Ky curotene/i0, = (2-3.0)x10"" M™'s7! [61].

As shown in Figure 7a, the addition of 0.1 M TBA slightly decreased the removal efficiency of
BPA from 97% to 95%, and no significant change was observed with the increase of TBA
concentration to 0.5 M. In contrast, the BPA removal with the addition of 0.1 M EtOH was
significantly declined to about 58% and even stronger inhibition was observed for higher EtOH
concentration (0.5 M). However, the BPA removal inhibited by EtOH is incomplete, suggesting
that other reactive radicals may be involved in the reaction of BPA degradation. Singlet oxygen
('02) may also be generated during PMS activation and can be scavenged by B-carotene [61].
It can be seen from Figure 7a that the addition of 0.5 mM -carotene declined the BPA removal
to about 76%, while the addition of PB-carotene together with EtOH decreased the BPA
degradation in 30 min from 97% to 6%, confirming that 'O, was also generated in
LaxCo04+5/PMS system. The quenching tests imply that SO4™ is the primary active radical in
the La;Co0O4+5/PMS system.

To confirm the generation of reactive radicals from PMS activation, Electron paramagnetic

resonance (EPR) experiments were conducted using DMPO and TEMP as a radical spin-
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trapping agent (Figure 7b). There was no signal peak detected in the presence of PMS alone or
of the catalyst alone, indicating that no radicals could be generated with bare PMS and catalyst.
However, when LaxCoO4+5/PMS were added, characteristic signals for DMPO-"OH adducts
(with hyperfine splitting constants of ay = an = 14.8 G) and DMPO-SO4™ adducts (an = 13.2
G, an=9.6 G, o = 1.48 G, an = 0.78 G) were observed, confirming that both ‘OH and SO4™
radicals were produced by the La;CoQO4+5/PMS system. Thus, we propose that the generation
of "'OH in the La;CoO4+5/PMS system originates from the reaction of SO4™ with the hydroxyl
ion (equation 2) or water (equation 3) [62].
S04~ + OH — "OH + SO4* (equation 2)
SO4 + H20 — "OH + SO4> + H' (equation 3)

Besides, TEMP was selected as the trapping agent to gain more evidence for the generation of
the singlet oxygen ('O,) by the EPR test. As illustrated in Figure 7c, the characteristic peak
assigned to TEMP-'0; was observed in the LaxCoQOu+s/PMS system. These results are in good
agreement with the quenching experiments, confirming the generation of 'O2 in the

LaxCo004+5/PMS system.
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Figure 7. a) Effect of radical scavengers on BPA degradation in different reaction systems, b) EPR spectra in

LayCo04:5/PMS systems with DMPO, and ¢) EPR spectra in La;CoO4:5/PMS systems with TEMP as

the trapping agent. Reaction conditions: (BPA) = 40 mg/L, (PMS) = 0.5 mM, (Catalyst) = 60 mg/L,

(DMPO) = 50 mM, (TEMP) = 20 mM, initial pH = 6.8.
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To further elaborate the mechanism of PMS activation and the roles of La, Co, and O species,
the XPS spectra of La,CoO4+5 before and after four runs of catalytic experiments were studied.
There was no significant change in the La3d spectrum before and after the reaction, suggesting
that La is not involved in the PMS activation (see supplementary material, Figure S6). As
depicted in Figure 8a, the high-resolution Co2p XPS spectra for the fresh and used catalysts

can be fitted using five core-level peaks centered at ~ 778.2, 779.6, 780.4, 781.4, 782.2, and the
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satellite at ~786.5 eV. The binding energies at 780.4 and 782.1 eV can be assigned to Co*",
whereas the peak with binding energy positioned at 779.6 eV is assigned to Co>" [63]. The
shake-up satellite peak located at 786.5 eV indicates the presence of Co** species [63]. While
the initial proportions of Co*/Co*"/Co were determined as of 40/49/11, they changed to
37/55/8, which indicates the increasing surface concentration of Co®" ions, thereby suggesting
aredox process Co?*-Co*"-Co?" at the catalysts’ surface. This finding is supported by analyzing
the Ols spectra (Figure 8b). The peaks centered at 528.5, 529.6, 531.2, and 532.3 eV
corresponded to oxygen in the lattice (OL), surface O,> /O™, surface hydroxyl groups (OH), and
adsorbed water and carbonates, respectively, and initially accounted for 22, 13, 46, and 19%,
respectively [57]. These relative proportions change to 17, 14, 46, and 23% after the catalytic
reaction [57]. The decline in the OL can be attributed to the release of oxygen in combination
with the reduction of Co®" to Co?*, suggesting that lattice Or participated in the cobalt redox
reaction. The increment of carbonate and water contents can be attributed to the formation of

lanthanum carbonate contaminants on the surface of LaxCoQu4+s.
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Figure 8. XPS spectra of (a) Co2p and (b) Ols for fresh and used La,CoOs+5 materials.

Based on the above results, a catalysis mechanism of PMS activation by La;CoOa-+s5 is proposed
as follows: After the addition of PMS, SO4™ is initially generated by the activation of HSOs™
species on LaxCoOa+5 (equation 4) and simultaneously some initially generated SO4™ will react

with hydroxyl ion or water to generate "OH (equations 2-3). These radicals could attack and

22



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

mineralize the BPA to small organic intermediates and then finally to CO; (equation 7). On the
other hand, to keep the charge balance on the La;CoQO4+s surface, the lattice oxygen could
facilitate the charge transfer to Co*>" and be released to the system in the form of O (equations
5-6). Lattice oxygen ions cannot migrate from the bulk to the surface under the atmospheric
ambiance in the aqueous phase [64,65]. Therefore, the adsorbed oxygen might transform to
lattice oxygen due to the high charge and oxygen-ion conductivity [66], which would
compensate the surface lattice oxygen to improve catalytic efficiency. Furthermore, since the
standard potential value of Co?"/Co’" redox pairs (1.8 V) is higher than that of HSOs/ SOs™
(1.1 V), the reduction of Co** is thermodynamically favorable. Therefore, the regeneration of
the catalyst can be achieved by the reverse electron transfer from Co** to Co*".
Co*" + HSOs  — Co*" + S04~ + OH ™ (equation 4)
Co*" + HSOs — Co*" + SOs" + H' (equation 5)
SOs™ + OL — SO4™ + Oz (equation 6)

SO4™~ /'OH + BPA — intermediates — CO; + H>O (equation 7)

3.4 Effect of reaction parameters on BPA degradation

To select the optimum dosage of La,CoO4+5 and PMS concentration, the influence of catalyst
dosage and PMS concentration on the BPA removal efficiency was investigated. Moreover, the
pH of the medium is one of the important factors for the catalytic stability of LaxC0Os+5. Thus,
different initial pH values, as well as the effect of the inorganic anions in the process of PMS

oxidation, were also investigated as a basis for a practical application of the LayCoQO4-+5 catalyst.
3.4.1 Effect of catalyst dose and PMS concentration

Not surprisingly, as depicted in Figure 9a, BPA removal efficiency was enhanced from 37%
within 1 min to 92% when the La,CoO4+;s loading was increased from between 0.03 to 0.24 g/L.

We attribute this to an increasing number of active sites on the surface of LaxCoOs+5 which are
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accessible for PMS activation and thus generating more active radicals. The removal efficiency
also was promoted as the PMS concentration was increased from 0.25 to 2 mM (Figure 9b),
however, it decreased slightly in the case of overdose (4 mM), which was most likely due to

the scavenging of SO4™ by the excessive HSOs ™ (equation 7) [67].

HSOs + S04~ — SO4* + SOs+ H" (equation 7)

3.4.2 Effect of initial pH

The initial pH of the reaction solution is also a significant parameter for PMS activation that
can affect the interfacial interactions between the catalyst and PMS and is studied in the process
of PMS oxidation. Figure 9c displays the influence of initial pH on BPA removal in the
LaxCo04+5/PMS system. It is obvious that the BPA was almost degraded within 30 min over a
pH of 5.0 to 8.8. However, when the initial pH of the solution was adjusted to 3.3 and 10.6, the
BPA removal efficiency decreased to 50 and 89%, respectively. Since the pKa1 of PMS is 0 and
pKaz is 9.4, PMS mainly exists as HSOs™ in the pH range of 0-9.4. The pHp.. (pH at the point
of zero charges) of LaxCo0Q4+5 is determined at around 9.5 (see supplementary material, Figure
S7). Accordingly, when pH is higher than 9.4, SOs*>~ would replace HSOs~, which reduces the
amount of active reactive species and therefore diminishing the LaxCoQO4+5/PMS efficiency
[68]. Moreover, the electrostatic repulsion interactions between negatively charged LaxCoOas+s
and PMS species would slow the activation efficiency of PMS, thus the removal efficiency of
BPA is reduced. At strong acidic conditions (pH=3.5), a large number of hydrogen ions H"
attached to HSOs™ and form a hydrogen bond, which is unfavorable for the interaction between
La;Co0O4+5 and PMS species. Furthermore, lower pH can result in the leaching of cobalt ions
into the solution, resulting in a decrease in the number of catalytic sites (Figure 9d). The
concentration of leached cobalt ions in the acidic solution (pH = 3.5) is 0.8 mg/L and decreased
to 0.04 mg/L at pH = 6.8. Therefore, BPA removal efficiency declined significantly at acidic

conditions (pH = 3.5).
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3.4.3 Effect of co-existing ions

The effect of various anions relevant in aqueous systems (such as C1-, NO3s~ H,PO4, HCO3",
etc.) on the degradation of BPA in LaxCoO4+5/PMS was also investigated and is shown in Figure
9e. Compared to the La;Co0O4+5/PMS system, the addition of NO3;~ anion did not have a
significant impact on BPA degradation. Moreover, H2PO4~ and HCO;™ anions exerted an
inhibitory effect on BPA degradation while the Cl™ anions accelerated the BPA degradation. In
the presence of HoPO4 ™, the degradation of BPA was reduced due to the formation of complex
compounds of phosphate-Co during the PMS oxidation system (see supplementary material,
Figure S8), which deactivate the catalytic reactive sites. However, HCO3  exhibited an
inhibitory effect on BPA removal higher than the inhibition caused by HoPO4 ™. This negative
influence might be due to the scavenging effect of SO4~ and ‘OH by HCO3™ in the solution
(equation 8-9), which can lead to a decrease in the performance of BPA degradation.
HCO; + S04~ — HCO5"+ SO4> (equation 8)
HCO; + ‘OH — COs* + H>O (equation 9)
In contrast, the removal efficiency is increased with the addition of C1". The positive influence
of CI" ions on BPA degradation may be ascribed to the generation of active chlorine species
(e.g. HOCI, Cl,, and CI') which participate in BPA degradation because of the reaction with
HSOs™ (equations 10-11) and SO4™ (equations 12-13), which can react with the unsaturated
bonds of BPA and form organic halides, which are more susceptible to degradation [69].
CI” + HSOs — HOCI + SO4> (equation 10)
2CI” + HSOs™ + H*— Cl, + SO4* + H>0 (equation 11)
S04~ + CI" — CI" + SO4> (equation 12)

CI' + CI' — Cl2" (equation 13)
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Figure 9. Effects of (a) catalyst loading, (b) PMS dosages, (c) initial pH values and (d) cobalt leaching, and ()

inorganic anions on BPA degradation by La;CoO4+5/PMS. Reaction conditions: (BPA) = 40 mg/L,

(PMS) = 0.5 mM, (Catalyst) = 60 mg/L, initial pH = 6.8.
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3.4.4 Effect of water matrices and different pollutants

The catalytic performance of the LaxCoOs+s nanoparticles in degrading different types of
organic pollutants is important for its environmental remediation applications. Hence, the
catalytic activity LaxCoOa4+5 was evaluated with different charge organic pollutants including
MB, RhB, and AO7. As shown in Figure 10a, the removal efficiency of MB, RhB, and AO7
after 30 min was 99%, 90%, and 99%, respectively, proving that the La;CoO4+5/PMS system
could be employed to degrade effectively different kind of organic pollutant. Moreover, to
detect the applicability of the La;Co0O4+5/PMS system in real aquatic environments, the effect
of various water matrices such as drinking water and taping water on the catalytic activity of
LaxCoO4+s was studied. As depicted in Figure 10b, the removal efficiency of BPA was
unremarkably affected in the drinking water sample, whereas the degradation efficiency of BPA
was decreased slightly in the tap water sample to 90%. These results suggest that the anions in

the water had an insignificant inhibitory effect on the BPA removal.

1013 = BPA 101® = Distilled water
e e MB : o Drinking water
| 4 RhB | 4— Tap water
0.8 \ + AO7 084
|
0.6 0.6
o o
Q Q k
O 04 Ooad T
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Figure 10. a) The catalytic activity of LaxCoQOa:5 a) in the removal of various organics dyes and b) in water

matrices.

27



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

3.5 Possible degradation pathways

To study the degradation pathway of BPA, the degradation intermediates of BPA via the
LaxCo0O4+5/PMS system were identified by LC-MS (see supplementary material, Figure S9).
According to the mass spectrometric results (see supplementary material, Table S2), the
aromatic and aliphatic intermediates, namely, 2-(4-hydroxypheny)-propanol-2-ol, 4-
isopropenylphenol, ethanedioic acid, 1,5-hexadiene-3-ol, and trimethylhexane were detected.
Mainly, the aromatic ring in BPA is attacked by SO4~ or "OH and converted to 2-(4-
hydroxypheny)-propanol-2-ol [49] and the attack on the tertiary hydroxyl produces 4-
isopropenylphenol. Afterwards, the intermediate products were subsequently attacked to form
ethanedioic acid, 1,5-hexadiene-3-ol, and trimethylhexane. Finally, the intermediate products

were further oxidized and mineralized into CO, and H»O.

4 Conclusions

In summary, we have demonstrated that La,CoQO4+s nanoparticles were successfully synthesized
via spray-flame synthesis, and applied as novel catalysts for PMS activation. The spray-flame
synthesis method has practical advantages such as producing a large amount of LaxCoOa+s
nanoparticles in one step without high-temperature annealing, eco-friendly, and cost-effective.
Compared to LaCoOs catalyst, La2CoOas+s nanoparticles exhibit a faster catalytic activity for
BPA oxidation and better stability with less cobalt leaching in the presence of PMS. Such
enhancement was attributed to the lower oxidation state of cobalt, fast regeneration of Co?"
during PMS activation, and large surface area. Moreover, the removal efficiency maintained
89% after four successive experimental runs reaction. The radicals quenching experiments and
electron paramagnetic resonance studies showed that SO4™ played a dominant role during the

activation of PMS.
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In consideration of cost, this study provides an option to broaden the application of La2C0QO4+s

catalysts for water treatment by PMS activation.
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Abstract

The scalable synthesis of stable catalysts for environmental remediation applications remains
challenging. Nonetheless, metal leaching is a serious environmental issue hindering the
practical application of transition-metal based catalysts including Co-based catalysts. Herein,
for the first time, we describe a facile one-step and scalable spray-flame synthesis of high
surface area LaxCoQO4+5 nanoparticles containing excess oxygen interstitials (+9) and use them
as a stable and efficient catalyst for activating peroxymonosulfate (PMS) towards the
degradation of bisphenol A. Importantly, the LaxCoOs+s catalyst exhibits higher catalytic
degradation of bisphenol A (95% in 20 minutes) and stability than LaCoO3_x nanoparticles
(60%) in the peroxymonosulfate activation system. The high content of Co?" in the structure
showed a strong impact on the catalytic performance of the La;CoO4+5+PMS system. Despite
its high specific surface area, our results showed a very low amount of leached cobalt (less than
0.04 mg/L in 30 minutes), distinguishing it as a material with high chemical stability. According
to the radical quenching experiments and the electron paramagnetic resonance technology,
SO4, "OH, and 'O, were generated and SO4~ played a dominant role in bisphenol A
degradation. Moreover, the LaxCoO4+5+PMS system maintained conspicuous -catalytic
performance for the degradation of other organic pollutants including methyl orange,
rhodamine B, and methylene blue. Overall, our results showed that we developed a new
synthesis method for stable La;CoOas+s nanoparticles that can be used as a highly active

heterogeneous catalyst for PMS-assisted oxidation of organic pollutants.

Keywords: heterogeneous catalysis, spray flame synthesis, peroxymonosulfate, sulfate radical,

bisphenol A degradation.



1 Introduction

Bisphenol A (2,2-bis (4-hydroxyphenyl) propane, BPA) is intensively utilized as a key
industrial chemical for the production of polycarbonate plastics and epoxy resins in the plastic
industry [1]. Unfortunately, a significant amount of BPA is continuously discharged into the
environment and detected in food, drinking water, and aquatic animals [2]. BPA mimics
estrogenic activity in human and animal bodies causing disruption of the endocrine system
through interfering with hormonal and homeostatic functions [3]. Therefore, the removal of
BPA especially from aquatic environments is of great interest.

Recently, the Fenton reaction employing hydroxyl ("OH) and sulfate radicals (SO4™) has
attracted increasing interest as a promising method to oxidize organic pollutant in water [4—6].
Compared to the "OH, SO4™ has a longer half-life time, higher standard oxidation potential, and
wider pH range applicability, which is more efficient for bisphenol A degradation [7]. Sulfate
radicals are typically generated by peroxymonosulfate (PMS) or peroxydisulfate (PDS)
activation using heat [8], ultrasound [9], UV [10], electrochemical processes [11], and transition
metal ions (e.g., Co, Mn, Cu, Fe, and Ni) [12].

Homogenous transition-metal catalysis is one of the feasible and cost-effective ways to generate
SO4. Among the transition metals, Co®" exhibits the most efficient homogeneous catalyst for
PMS activation [13] and is catalytically regenerated during PMS activation, which enhances its
catalytic activity [14]. However, Co-based homogeneous activation has serious drawbacks,
especially secondary metal-ion pollution and high catalyst consumption [15]. Thus,
heterogeneous, Co-based catalysts such as cobalt oxide [16], cobalt-based bimetallic oxide
[17,18], and supported cobalt oxide [19] nanoparticles have been investigated for PMS
activation. Among them, transition metal-based perovskites (ABO3 with B being the transition
metal) have attracted increasing attention in heterogeneous catalysis because of their flexibility

in chemical composition and their ability for generating oxygen vacancies, thus enabling

3



catalytic redox reactions [20]. More recently, some reports have focused on different transition
metals La-based perovskites (LaMOs; (M: Co, Cu, Fe, and Ni)) for PMS activation [21].
Particularly, LaCoOs3 perovskites have been considered being very effective to generate SO4™
from PMS as Co—O- bonds enable a high number of reactive sites for PMS activation [22].
Moreover, the B-site cation deficiency in the LaCoOs-s perovskite structures enhances their
catalytic activity [23]. Although these perovskite catalysts have some advantages such as high
catalytic activity, they suffer from metal leaching in the aqueous medium [24]. Thus, it is
essential to explore highly stable heterogeneous catalysts for PMS activation.

Compared to transition metal-based perovskites (ABOs3), Ruddlesden-Popper mixed oxides
(A2BO4) nanoparticles (RP-MONp) exhibit higher stability and redox ability, because their
crystal structure is more opened due to extra space between A-site atoms. They consist of
alternating layers of perovskite (ABOs3) and rock salt (AO) [25]. These layered structures
possess good thermal stability [26] and show high ionic conductivity. Several studies on RP-
based catalysts show that the RP-MONp reveal better oxygen diffusion coefficients and surface
exchange than other ABO; perovskite type. They have been reported as catalysts in various
heterogeneously catalyzed reactions including oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) [27], photocatalytic water splitting [28], NO and CO removal [29],
oxidation of urea and small alcohols [30], as a cathode for a solid oxide electrolysis cell [31],
and as a catalyst in the Fenton reaction [32]. In this regard, La,CoQO4+5 has been selected to be
used as a PMS activator since its structure can tolerate excess amounts of oxygen upon
oxidation at room temperature up to a & of 0.16 [33]. Moreover, the oxidation state of the B-
site cation in this structure can be controlled by tailoring oxygen non-stoichiometry [34]. To
summarize, LaxCoOa+s 1s a highly suitable material for advanced catalytic oxidation processes.
Several methods have been demonstrated to synthesize Ruddlesden-Popper mixed oxide
catalysts including co-precipitation [35], sol-gel synthesis [36], combustion methods [37],

hydrothermal flow synthesis [38], and solid-state reactions [39]. However, all these methods
4



require high-temperature annealing (> 1000 °C) at an extended period, which promotes particle
growth and sintering, leading to a reduced catalytically active surface area. As an alternative,
spray-flame synthesis is an established method to produce non-sintered, homogeneously
distributed perovskite nanoparticles down to 10 nm, and even below [40,41]. Surface-sensitive
measurements of spray-flame-synthesized LaCoOj3 nanoparticles show a high content of Co**
ions being present at the particles’ surface. These results are attributed to the local formation of
oxygen-deficient or layered perovskite structures such as A;BO4 type Ruddlesden-Popper
structures, which can stabilize Co?" much better than the pure perovskite ABOs [42]. Thus,
specific interest is in the targeted formation and investigation of Co-containing Ruddlesden-
Popper-type nanoparticles as highly active heterogeneous catalysts.

Herein, the objective of this study is to seek a one-step method for the synthesis of LayCoQO4-+5
nanoparticles using a spray-flame method with the purpose of improving their catalytic
performance with a very low amount of metal leaching to achieve the environmental
requirements in respect of organic pollutant degradation. The performance of the catalysts for
PMS activation was evaluated in terms of BPA degradation. Moreover, effects of several
important parameters such as initial pH value, inorganic anions (such as Cl", NO3™ H2PO4,
HCOs7, etc.), and water bodies (tap water, and drinking water) on their catalytic performances
along with the reusability of the La;CoOa4+s nanoparticles were also investigated. The radical
generation was identified by radical scavenging experiments and electron paramagnetic

resonance studies, and a mechanism for PMS activation is proposed.

2 Materials and methods

2.1 Materials

For the synthesis of La;CoO4+s nanoparticles, La(CH3COO)3 ¢ 1.05 H2O (99.9%; Sigma-

Aldrich) and Co(CH3COO): * 4 H0 (>98%; Sigma-Aldrich) were used as the metal precursors
5



while propionic acid (ACS reagent, >99.5%; Sigma-Aldrich), propanol (anhydrous, 99.7%:;
Sigma-Aldrich), ultrapure DI water (18.2 MQcm at 25 °C) and ethanol (>99.8%; Sigma-
Aldrich) were employed as solvents. 5,5-dimethyl-1-pyrroline N-oxide (DMPO) (>97.0%;
TCI), Bisphenol A (299%), potassium peroxymonosulfate, sodium phosphate monobasic
(299%), sodium nitrate (=99%), sodium chloride (=99%), sodium hydrogencarbonate (=99%),
B-carotene (>95%), tert-butyl alcohol (>99.5%), methylene blue (> 97%), rthodamine B (>
95%), Acid Orange 7 (= 98%) potassium bicarbonate (>99.5%), potassium iodide (=90%), and
absolute ethanol were purchased from Sigma Aldrich to be used for the catalytic tests. Sodium
hydroxide (>97%) and nitric acid (>69%, both VWR International) were used to adjust the pH

of the respective solution. All chemicals were used as received without further purification.

2.2 Synthesis of La;Co0QOas+; nanoparticles

The spray-flame syntheses of lattice-oxygen-deficient LaCoO3 x perovskite and interstitial-
oxygen-rich La;CoOs+5 Ruddlesden-Popper phases were carried out similar to the process
described before [43] (Figure 1) using precursor solutions and process parameters given in
detail in Table S1. Briefly, a precursor solution is transferred to a syringe pump connected to a
homemade enclosed reactor, which allows full control of gas flow and pressure. The syringe
pump is connected to a hollow needle (0.4 mm inner diameter and 0.7 mm outer diameter)
adjusted in the center of a burner nozzle. Oxygen dispersion gas (introduced through an annular
gap surrounding the hollow needle) was used to atomize the precursor solution injected into the
reactor at a precursor solution flow rate of 3 mL/min. A premixed pilot flame (CH4/O2)
surrounding the hollow needle was used to ignite and stabilize the spray-flame while a sheath
gas surrounding the flame was used to stabilize the reactor gas flow. The reactor was operated
at pressures of 930 and 900 mbar, respectively, adjusted by a valve and a rotary vane pump.

The formed particles were collected on a filter membrane.
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Figure 1. (a) Schematics of the spray-flame synthesis (adapted from Ref [43]) and (b) a photo of the spray-

flame during nanoparticle synthesis.

To investigate the influence of cobalt oxidation states on PMS oxidation, we aimed to
synthesize two types of catalysts: LaCoOs perovskites with mostly Co®* surface ions, and the
newly investigated La>CoO4 compounds containing a high number of Co?" ions. Thus, for the
formation of almost stoichiometric LaCoQOs, the process and combustion parameters were
adjusted to lean conditions using low hydrocarbon chained components as solvent (i.e. propanol
and propionic acid), a high volume flow of the CH4/O> pilot flame, and a high volume flow of
O: dispersion gas. The product is labeled “LaCoO3—“. For the new synthesis of La;C0O4+5
developed in the course of these investigations, fuel-rich combustion conditions were employed
as a strategy to efficiently obtain a cobalt oxidation state of Co®" in the nanoparticle product.
For this reason, a high carbon chained carboxylic acid was used in the precursor solution as
well as lower volume flows of the CH4/O> pilot flame gases and the O» dispersion gas.

The precursor solution for LaCoO3_x was composed of propionic acid mixed with 1-propanol
in a glass flask at room temperature and stirred for 10 min. La- and Co-precursors were
subsequently added to the solvent mixture and the flask was then heated in a silicon oil bath at

60°C to dissolve the precursors under constant magnetic stirring for 2 h. The total metal



concentration of La and Co was adjusted to 0.45 M and the nominal atomic ratios of La/Co
were adjusted to 1. For the precursor solution of La,CoO4+5,a similar procedure was used except
that octanoic acid was used as an organic acid and a small amount of water was added to the
solvent mixture to appropriately dissolve the La-acetate. The precursor solution was then heated
in a silicon oil bath at 70°C under constant magnetic stirring for 2 h. The total metal
concentration of La and Co was adjusted to 0.15 M and the nominal atomic ratios of La/Co

were adjusted to 2.

2.3 Methods of Characterization

The crystal phases of the samples were determined by X-ray diffraction (XRD) recorded with
a PANalytical X-ray diffractometer X'Pert (Netherlands) with a Cu K, radiation (4 = 1.5406
A). The surface morphology and energy dispersive spectra were analyzed using transmission
electron microscopy (TEM, JEM-2200FS, JEOL, Japan). X-ray photoelectron spectroscopy
(XPS, VersaProbe II, ULVAC-PHI, Japan with monochromatic Al K, light at an emission angle
of 45°) was applied to analyze the surface elemental composition and chemical state of the
samples. All measured binding energies were referenced to the Cu2p peak at 933 eV.
Attenuated total reflectance Fourier transform infrared spectra (ATR-FTIR) were recorded
using a Bruker Vertex 80 spectrometer (Brucker, Germany) in the 400-4000 cm ! region. The
zeta potential of the catalysts was determined by a Malvern Zetasizer (Malvern Panalytical,
United Kingdom). The specific surface areas were measured on a Quantachrome NOVA2200
(Quantachrome GmbH, Germany) analyzer at 77 K by the Brunauer—Emmett-Teller (BET)

Nitrogen adsorption/desorption isotherm method.



2.4 Catalytic studies and analyses

The catalytic performance of the as-prepared La,CoO4+5 nanoparticles was evaluated for PMS
activation in terms of BPA degradation. The concentration of BPA was analyzed by high-
performance liquid chromatography (HPLC, Shimadzu LC-10AT, Shimadzu Corporation,
Japan). The HPLC was equipped with an SPD-M10A diode array detector (detection
wavelength: 230 nm) and a Kinetex C18 reverse-phase column (100 mmx2 mm, 5 pm). The
flow rate of the mobile phase consisting of 0.1% formic acid in water and acetonitrile (80:20,
v:v) was 0.5 mL/min. In a typical experiment, 2.4 mg catalyst was initially dispersed into 40
mL BPA aqueous solution (40 mg/L) at 25 °C and the resultant suspension was magnetically
stirred in dark for 30 min to ensure the establishment of an adsorption/desorption equilibrium
between catalyst and BPA before a certain dose of PMS was added. At selected time intervals,
2 mL of the suspension was withdrawn, immediately quenched with 0.5 mL methanol, filtered
with a 0.22 yum membrane filter, centrifuged (12000 rpm, 20 min) to remove the particles, and
injected into the HPLC vial. 1.0 M solutions of NaOH and HNO; were used to adjust the initial
pH. The same operation was repeated with different organic compounds such as methylene blue
(MB), rhodamine B (RhB), and acid orange 7 (AO7). The concentrations of MB, RhB, and
AQO7 were measured by UV-Vis spectroscopy (Varian Cary 400, Varian, Australia) at
wavelengths of 664, 553, and 483 nm, respectively. To study the reusability of the LaxCoOu4+s
nanoparticles, the catalyst was collected by centrifugation (Sigma 3-30KS centrifuge, Sigma
Laborzentrifugen GmbH, Germany) at 14000 rpm for 10 min, followed by thorough washing
with deionized water and then re-dispersed into fresh BPA solution for the next experimental
run.

To compare the degradation reaction kinetics of the BPA degradation, pseudo-first-order
kinetics reaction rate constants (kwpp) of the BPA removal were measured according to the

following equation:



c .
In (C_Z) = —Kkappt (equation 1)

where C; depicts the pollutant concentration at time, Co is the initial pollutant concentration,
kapp 1s the kinetics rate constants, and ¢ is the time.

The concentration of dissolved metal ions in concentrated nitric acid (60%) was determined by
atomic absorption spectroscopy (M-Serie, Thermo Electron Corporation, Germany). The total
organic carbon (TOC) concentration was analyzed by using a TOC-L total organic carbon
analyzer (Shimadzu, Japan) to evaluate the degree of BPA mineralization. To determine the
residual concentration of PMS, 100 pL of the suspension was withdrawn at given time intervals,
mixed with potassium bicarbonate (5 g/L) and potassium iodide (40 g/L), and then was
measured by UV-Vis spectroscopy (Varian Cary 400, Varian, Australia) at a wavelength of 352
nm. To evaluate the contributions of the radical reactions to mineralization, a certain amount of
ethanol (EtOH), tert-butyl alcohol (TBA), and B-carotene were added to the catalytic system to
scavenge SO4™ and "OH, "OH, and 'O respectively. The B-carotene experiment was conducted
in 37 mL of acetone and 3 mL of deionized water for dissolving PMS. The intermediates of
BPA degradation were identified by an Agilent 1260 Infinity II Liquid Chromatography (LC-
MS) system equipped with a 6120 Quadrupole Mass Detector and a Kinetex C18 reverse-phase
column (100 mmx2 mm, 5 pum). The mobile phase of LC-MS was the same as HPLC. The
generated reactive radicals were measured using the MiniScope MS-5000 electron spin
resonance spectrometer (Freiberg Instruments, Germany) with a microwave power of 10 mW
and a modulation amplitude of 0.2 G at room temperature. The impedance measurements were
performed using an impedance analyzer Solartron 1260 (Solartron Analytical, United
Kingdom) with a frequency range of 0.1 Hz — 1 MHz and with an output signal voltage of 100

mV. Gold sputtering was done on both sides of the pellet before the experiment.
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3 Results and discussion

3.1 Characterization of La;C0Q4+5 nanoparticles

The XRD patterns of the pristine nanoparticles were analyzed to determine crystalline phases
of LaxCo04+5 and LaCoOs_x (Figure 2). The LaCoOs_x diffraction peaks show a good match to
a LaCo0O2.937 perovskite phase (Inorganic Crystal Structure Database (ICSD): 153995), while
the XRD pattern of La,CoO4+5 can be mainly related to a Ruddlesden-Popper type phase of
LaxCo04.13 (ICSD: 237238) with a minor content of La(OH); (ICSD: 31584). Notably, the
diffraction peaks of LayCoOs4+5 appear more broadened compared to those of LaCoOsx, and
this finding points out a low degree of crystallinity and/or small crystal sizes of La2CoOas+s5. A
possible decrease in the crystallinity of the LaxCoOs+s phase can be owing to hydrated groups
incorporated in its structure as previously reported in Co-based Ruddlesden-Popper type

crystals [44].

LaCoO, 4 * La(OH),
La,CoO,,;
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Figure 2. XRD patterns of as-prepared LaCoO3_ and LaxCoOs+5 nanoparticles. Reference phases are LaxCoO4.13
(ICSD no: 237238, blue line), LaC00O1.037 (ICSD no: 153995, blue line), and La(OH)3; (ICSD no:

31584), respectively.
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To investigate the morphology and size distribution of as-prepared nanoparticles, transmission
electron microscopy was performed as shown in Figure 3. For both samples, the count median
diameter (CMD) and geometric standard deviation (cg) were determined by fitting the size
distribution histograms of about 400 nanoparticles to a lognormal distribution. The CMD and
oy of LaCoO;_x were measured as 17.5 nm and 1.5 while those of LaxCoO4+5 correspond to 10.1
nm and 1.5. Lower particle sizes of LaxCoQ4+; are also implied from the specific surface areas
of La;Co04+5 and LaCoOs3 x nanoparticles being determined by nitrogen adsorption-desorption
isotherms through the BET measurements (Brunauer Emmett Teller) [32]. The specific surface
area (SSA) of LaxCoOu+s was measured as 89 m?/g, being considerably higher than the SSA of
LaCoOs-x about 43 m?/g. The lower CMD and higher SSA of La>CoQu:s particles compared to
LaCo0Os-x can be associated with precursor characteristics in that lower concentration of La and
Co metals being used in the precursor solution of LaxCoQO4+5 bring about lower nanoparticles
sizes and higher SSA of La;CoOs+; (see supplementary material, Table S1). Beside that, the
chemical composition of LaCoOs3 x, being determined by Energy Dispersive X-Ray (EDX)
measurements, indicate that their La/Co atomic ratio is close to unity (see supplementary
material, Figure S1), while La/Co atomic ratio of La2CoO4+5 was measured about 2.3, being
slightly higher than nominal atomic ratios in La2CoOs+5. Excess La content can be owing to
small amounts of La(OH); secondary phase being detected from XRD analyses. Overall, the
bulk compositions of LaCoO3x and La,CoO4+s nanoparticles show a good agreement with the

expected nominal compositions.
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Figure 3. TEM images of LaCoQO3_ and La,CoQO4+5 materials (on the left side) and the respective histograms of
their particle sizes fitted to a log-normal particle size distribution (on the right side). Count median

particle diameter and geometric standard deviation were abbreviated as a CMD and a o,, respectively.

The Surface oxidation state and chemistry of Co and La ions were further investigated using
the core-level and satellite X-ray photoelectron spectroscopy (XPS) features of Co2ps,» and
La3ds), spectra (Figure 4). In both Co2p and La3d spectra, lower XPS signals were measured
for LaxCoO4+5 compared to LaCoOs x. This result can be well attributed to the effect of higher
content of carbon impurities in La2CoQO4+5, which reduces the respective XPS signal of this
sample. For LaCoO3, the intense XPS signals of the Co2p3, at ~779.3, 781.4, and 789.5 eV
indicate Co>" ions [45], whereas the low-intensity signals of Co2ps» at ~780.4, 782.2, and
785.2 eV can be assigned to the core-level and satellites of Co®" ions, respectively [46]. The
atomic proportion of surface Co*"/Co** for LaCoO3_x was found as 58/42, which corresponds
to a chemical formula of LaCoO2.ss. At the XPS spectra of La2CoQOu+3, the core-level signals of
Co*" ions show more intense XPS signals relative to those of Co®" ions, and a low-intensity

peak of metallic Co appears at ~778.1 eV. The proportion of Co**/Co**/Co in La;CoO4+ 5 was
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measured as 40/49/11, confirming reduced oxidation state of cobalt ions in this sample. The
La3d spectra of LaCoO; x and La;CoQO4+s exhibit similar XPS spectra at different binding
energies. The core-level and satellite signals of La3ds» signals of LaCoOs_x are visible at
~833.3 and ~ 837.1 eV with a multiplet splitting of 3.8 eV being in agreement with the La3d
spectrum of La-based perovskites [47]. Despite showing a similar multiplet splitting, La3ds»
signals of LayCoOs+; shift about 1.1 eV towards higher binding energies. This spectral feature
can be attributed to Ruddlesden-Popper-type compounds [48]. All in all, XPS analyses of Co
and La ions draw attention to a varying content of surface Co*" and Co®" ions in LaCoO3 x and

LaxCoOu4+s, which can govern their catalytic activity for PMS activation.
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Figure 4. XPS spectra of Co2p and La3d in LaCoO;— and La,CoOa4+s, respectively.

3.2 Catalytic activity and stability of catalysts

Figure 5a shows the removal efficiency of BPA for both catalysts and control measurements.
The removal of BPA was negligible in the presence of only PMS or catalyst. In the case of the
La;Co04+5/PMS system, 97% BPA was removed within 30 min, which was higher than that in
the LaCoOs3_x+ PMS system (70%), implying that the catalytic activity of La;CoOas+s is

significantly higher than that of LaCoOs3_x. Furthermore, the catalytic activity of La;CoOa4+5 was
14



compared to those of other related Co-based catalysts in the literature (Table 1), and the spray-
flame synthesized La;O3 and Co0304, which attained 7% and 45% BPA removal efficiency,
respectively, indicating that La,CoQO4+s materials show a remarkable improvement for PMS
activation.

We attribute the remarkable catalytic enhancement of La;CoOs+5 to the high specific surface
area (see supplementary material, Figure S2) and especially the higher surface concentration of
Co** compared to LaCoOs x material, as we have shown before (Figure 4). Moreover, the BPA
removal in both systems could be well fitted by pseudo-first-order kinetics (see supplementary
material, Figure S3). The k,p, of BPA degradation was about 0.152 min ' and 0.03 min~! for
LaxCo04+s5 and LaCoOs-x samples, respectively, confirming that the catalytic performance of
the La,CoOs+5 catalyst is significantly higher than that of LaCoO3_x.

Besides, electrochemical impedance analyses were further performed to investigate the electron
transfer behavior of both materials (see supplementary material, Figure S4). Obviously, the
LaxCo0s4+5 electrode (44898 Q) exhibited lower charge transfer resistance compared to the
LaCoOs-x electrode (5705-107 Q), suggesting that the electron transfer in the LaxCoOuxs
structure is more efficient than that in the LaCoO3_x, which is favorable for the electron transfer
during PMS activation [49].

To support these findings, the variation of residual PMS during the PMS activation in both
systems was performed (Figure 5c). The residual PMS concentration in a LaCoO4+5 + PMS
system (0.1 mM) was lower to a LaCoOs3; + PMS system (0.32 mM), which attributed to about
80 % and 64 % of the initial PMS concentration, respectively, manifesting that the
LaxCo04+5 + PMS system activates more PMS as a result of fast electron transport from PMS

molecules to the La2CoOa4+5, and therefore higher BPA degradation is obtained.
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Figure 5. a) BPA degradation with various catalysts in different reaction systems, b) Stability tests of La;CoOs+s,
and c) Residual PMS variation along with the reaction time in different systems. Reaction conditions:

(BPA) =40 mg/L, (PMS) = 0.5 mM; (Catalyst) = 60 mg/L, initial pH = 6.8.

Table 1. Comparison of the BPA degradation by LaxCoQOs+s in this work with those of other related Co-based

catalysts in the literature.

Catalyst Dosage BPA conc. PMSconc BPAremoval Time Kapp Co leaching  References
(mgL™)  (mgL™) (mM) (%) (min)  (min!)  (mgL™)
CoFex04-x 50 30 1 98 30 - =12 [50]
Co304/MXene 100 20 1 >99 20 0.3984 ~0.36 [51]
Fe0.8C02.204 100 20 0.65 95 60 0.049 ~0.36 [52]
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FesCo7/C 100 20 13 98 30 0.132 ~3.30 [53]

Co0304/MOFs 100 20 1.6 95 10 0.87 ~0.35 [54]

Co0304/Bi203 300 20 0.32 98 30 0.1219 =0.35 [55]
Co304/CC 100 10 0.32 >99 10 ~0.52 ~0.25 [56]
La2Co04+5 60 40 0.5 95 20 0.152 ~0.04 This work

To confirm the practicability of the catalyst in the La2CoO4+5/PMS system, the reusability of
the La,CoO4+5 material was investigated in four cycling experiments. As displayed in Figure
5b, the reused La;CoQO4+s exhibited excellent catalytic performance in the first three reaction
runs. However, a decrease in BPA removal to 89% was observed after three reaction runs,
which can be mainly ascribed to the formation of insoluble lanthanum carbonate contaminants
on the surface of LaxCoQu4+3, resulting in the partial deactivation of the catalyst. This structural
change of La;CoOs+5 catalyst could also be identified by XRD and FTIR. The XRD pattern of
the multiple used catalyst shows three additional low-intensity peaks at 26 = 18.4°, 28°, and
41° (Figure 6a), which can be indexed to the orthorhombic layered structure of
Lax(CO3)3-1.1 H20 [57]. A similar phenomenon was also observed in the FTIR spectra (Figure

1

6b). An increased peak intensity around 730 cm ' might be ascribed to the formation of

Lax(CO3)s-1.1 H20 [58].
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Figure 6. a) XRD patterns and b) FTIR spectra of fresh and reused La,CoQO4+;5 catalyst.
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Besides, the mineralization extent of BPA was monitored by the TOC analyzer. After 30 min,
the TOC removals of BPA was 27% and 49% for LaCoOs—x and LaxCoOus+s materials,
respectively, implying the high BPA mineralization in the La2CoOs+5 + PMS system. Moreover,
the leaching of cobalt and lanthanum ions was further investigated by Atomic Absorption
Spectroscopy (AAS) analysis during the PMS activation. Compared to LaCoO3_x (2.6 mg/mL),
LaxCo04+5 showed less Co leaching (0.04 mg/mL), which attributed to about 4.3% and 0.06%
of the initial catalyst concentration, respectively, whereas the concentrations of leached
lanthanum for LaCoO3_x and La;CoQO4+5 material were around 6.1 and 0.7 mg/L, respectively,
accounting to about 10.2% and 1.17% of the initial catalyst concentration, respectively. We
also tested the BPA removal efficiency using the leaching solution under the same conditions
(see supplementary material, Figure S5). The BPA removal on the homogenous system was
less than 5%. This suggests that the catalytic activity mainly results from the heterogeneous
LaxCo04+5/PMS system. These results showed that the La;CoOs+s catalyst exhibited high
stability and very low cobalt leaching, compared to other cobalt-based catalysts used for BPA

removal (Table 1) and further cobalt-based perovskite materials [24,59,60].

3.3 Reactive species and possible mechanisms

Many reactive oxygen species such as SO4~, ‘OH, !0, and SOs may be involved in the
reaction of BPA degradation [61]. SOs™ is less efficient to oxidize BPA due to its lower
oxidation potential (0.81 V) compared to SO4™ [62]. To obtain more detailed information, the
contribution of different reactive radicals to BPA degradation was investigated by radical
quenching experiments employing La,CoOs+s. Ethanol (EtOH) was used to scavenge both

SO4~ and "OH with a high quenching rate constant of koo = (1.2-2.8) x10° M™'s ™' and
kpomsor = (1.6-7.7) x10° M s™!, while tert-butyl alcohol (TBA) was employed to scavenge

only ‘OH with a reaction rate constant of kg .o = (3.8-7.6) x10° M s 1 [63]. Besides, singlet
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oxygen ('0) might be generated during PMS activation and can be scavenged by B-carotene

with a rate constant of Kg_crotene/10, = (2-3.0)x10"" M™''s7! [64].

As shown in Figure 7a, the addition of 0.1 M TBA slightly decreased the removal efficiency of
BPA from 97% to 95%, and no significant change was observed with the increase of TBA
concentration to 0.5 M. In contrast, the BPA removal with the addition of 0.1 M EtOH was
significantly declined to about 58% and even stronger inhibition was observed for higher EtOH
concentration (0.5 M). However, the BPA removal inhibited by EtOH is incomplete, suggesting
that other reactive radicals may be involved in the reaction of BPA degradation. Singlet oxygen
(102) may also be generated during PMS activation and can be scavenged by B-carotene [64].
It can be seen from Figure 7a that the addition of 0.5 mM B-carotene declined the BPA removal
to about 76%, while the addition of B-carotene together with EtOH decreased the BPA
degradation in 30 min from 97% to 6%, confirming that 'O, was also generated in
LaxCo04+5/PMS system. The quenching tests imply that SO4™ is the primary active radical in
the LaxCoO4+5/PMS system.

To confirm the generation of reactive radicals from PMS activation, Electron Paramagnetic
Resonance (EPR) experiments were conducted using DMPO and TEMP as a radical spin-
trapping agent (Figure 7b). There was no signal peak detected in the presence of PMS alone or
of the catalyst alone, indicating that no radicals could be generated with bare PMS and catalyst.
However, when La;CoO4+5/PMS were added, characteristic signals for DMPO-"OH adducts
(with hyperfine splitting constants of an = an = 14.8 G) and DMPO-SO4™ adducts (an = 13.2
G, an=9.6 G, ag = 1.48 G, an = 0.78 G) were observed, confirming that both ‘OH and SO4™
radicals were produced by the La;C00O4+5/PMS system. Thus, we propose that the generation
of 'OH in the La;Co04+5/PMS system originates from the reaction of SO4™ with the hydroxyl
ion (equation 2) or water (equation 3) [65].

SO4~+ OH™ — "OH + SO4* (equation 2)

SO4~ + H,0 — "OH + SO4> + H' (equation 3)
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Besides, TEMP was selected as the trapping agent to gain more evidence for the generation of
the singlet oxygen ('O,) by the EPR test. As illustrated in Figure 7c, the characteristic peak
assigned to TEMP-'0, was observed in the LaxCoO4+5/PMS system. These results are in good
agreement with the quenching experiments, confirming the generation of 'O2 in the

LaxCo04+5/PMS system.
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Figure 7. a) Effect of radical scavengers on BPA degradation in different reaction systems, b) EPR spectra in
La;C004+5/PMS systems with DMPO, and c) EPR spectra in La;C0oO4+5/PMS systems with TEMP as
the trapping agent. Reaction conditions: (BPA) =40 mg/L, (PMS) = 0.5 mM, (Catalyst) = 60 mg/L,

(DMPO) = 50 mM, (TEMP) = 20 mM, initial pH = 6.8.
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To further elaborate the mechanism of PMS activation and the roles of La, Co, and O species,
the XPS spectra of La,CoOs4+;5 before and after four runs of catalytic experiments were studied.
There was no significant change in the La3d spectrum before and after the reaction, suggesting
that La is not involved in the PMS activation (see supplementary material, Figure S6). As
depicted in Figure 8a, the high-resolution Co2p XPS spectra for the fresh and used catalysts
can be fitted using five core-level peaks centered at ~ 778.2, 779.6, 780.4, 781.4, 782.2, and the
satellite at ~786.5 eV. The binding energies at 780.4 and 782.1 eV can be assigned to Co*",
whereas the peak with binding energy positioned at 779.6 eV is assigned to Co>" [66]. The
shake-up satellite peak located at 786.5 eV indicates the presence of Co?" species [66]. While
the initial proportions of Co**/Co**/Co were determined as of 40/49/11, they changed to
37/55/8, which indicates the increasing surface concentration of Co** ions, thereby suggesting
a redox process Co’" — Co®" —Co?" at the catalysts’ surface. This finding is supported by
analyzing the O1s spectra (Figure 8b). The peaks centered at 528.5, 529.6, 531.2, and 532.3 eV
corresponded to oxygen in the lattice (OL), surface Q2> /O™, surface hydroxyl groups (OH), and
adsorbed water and carbonates, respectively, and initially accounted for 22, 13, 46, and 19%,
respectively [60]. These relative proportions change to 17, 14, 46, and 23% after the catalytic
reaction [60]. The decline in the O can be attributed to the release of oxygen in combination
with the reduction of Co®" to Co?*, suggesting that lattice Or participated in the cobalt redox
reaction. The increment of carbonate and water contents can be attributed to the formation of

lanthanum carbonate contaminants on the surface of LaC0QOa44s.
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Figure 8. XPS spectra of (a) Co2p and (b) Ols for fresh and used La;CoQO4-+5 materials.

Based on the above results, a catalysis mechanism of PMS activation by La;CoOa-+s5 is proposed
as follows: After the addition of PMS, SO4" is initially generated by the activation of HSOs~
species on La,CoO4+5 (equation 4) and simultaneously some initially generated SO4™ will react
with hydroxyl ion or water to generate ‘OH (equations 2-3). These radicals could attack and
mineralize the BPA to small organic intermediates and then finally to CO: (equation 7). On the
other hand, to keep the charge balance on the La,CoOus+; surface, the lattice oxygen could
facilitate the charge transfer to Co*" and be released to the system in the form of Oz (equations
5-6). Lattice oxygen ions cannot migrate from the bulk to the surface under the atmospheric
ambiance in the aqueous phase [67,68]. Therefore, the adsorbed oxygen might transform to
lattice oxygen due to the high charge and oxygen-ion conductivity [69], which would
compensate the surface lattice oxygen to improve catalytic efficiency. Furthermore, since the
standard potential value of Co?"/Co** redox pairs (1.8 V) is higher than that of HSOs/ SOs™
(1.1 V), the reduction of Co*" is thermodynamically favorable. Therefore, the regeneration of
the catalyst can be achieved by the reverse electron transfer from Co®* to Co?".
Co*" + HSOs™ — Co*" + S04~ + OH™ (equation 4)
Co** + HSOs™ — Co*" + SOs™ + H* (equation 5)
SOs5™ + OL — SO4™ + O2 (equation 6)

SO4™ /'OH + BPA — intermediates — CO; + H>O (equation 7)
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3.4 Effect of reaction parameters on BPA degradation

To select the optimum dosage of La,C00O4+5 and PMS concentration, the influence of catalyst
dosage and PMS concentration on the BPA removal efficiency was investigated. Moreover, the
pH of the medium is one of the important factors for the catalytic stability of La2C0QO4-+s. Thus,
different initial pH values, as well as the effect of the inorganic anions in the process of PMS

oxidation, were also investigated as a basis for a practical application of the La2CoQO4+5 catalyst.

3.4.1 Effect of catalyst dose and PMS concentration

Not surprisingly, as depicted in Figure 9a, k,,,was enhanced from 0.046 min! to 0.19 min ™!

when the La2CoQO4+5 loading was increased from between 0.03 to 0.24 g/L. We attribute this to
an increasing number of active sites on the surface of La2CoQO4+s which are accessible for PMS
activation and thus generating more active radicals. The k,p, also was increased as the PMS
concentration was raised from 0.25 to 2 mM (Figure 9b), however, it decreased in the case of
overdose (4 mM), which was most likely due to the scavenging of SO4™ by the excessive HSOs™

(equation 8) [70].

HSOs + S04~ — SO4* + SOs™ + H' (equation 8)
3.4.2 Effect of initial pH

The initial pH of the reaction solution is also a significant parameter for PMS activation that
can affect the interfacial interactions between the catalyst and PMS and is studied in the process
of PMS oxidation. Figure 9c displays the influence of initial pH on BPA removal in the
LaxCo04+5/PMS system. It is obvious that the BPA was almost degraded within 30 min over a
pH of 5.0 to 8.8. However, when the initial pH of the solution was adjusted to 3.3 and 10.6, the
BPA removal efficiency decreased to 50 and 89%, respectively. Since the pKai of PMSis 0 and

pKaz is 9.4, PMS mainly exists as HSOs™ in the pH range of 0-9.4. The pHp.c (pH at the point
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of zero charges) of La2CoQ4+5 is determined at around 9.5 (see supplementary material, Figure
S7). Accordingly, when pH is higher than 9.4, SOs*>~ would replace HSOs~, which reduces the
amount of active reactive species and therefore diminishing the La;CoO4+5/PMS efficiency
[71]. Moreover, the electrostatic repulsion interactions between negatively charged La;CoOs+s
and PMS species would slow the activation efficiency of PMS, thus the removal efficiency of
BPA is reduced. At strong acidic conditions (pH=3.5), a large number of hydrogen ions H"
attached to HSOs™ and form a hydrogen bond, which is unfavorable for the interaction between
LaxCo0O4+5 and PMS species. Furthermore, lower pH can result in the leaching of cobalt ions
into the solution, resulting in a decrease in the number of catalytic sites (Figure 9d). The
concentration of leached cobalt ions in the acidic solution (pH = 3.5) is 0.8 mg/L and decreased
to 0.04 mg/L at pH = 6.8. Therefore, BPA removal efficiency declined significantly at acidic
conditions (pH = 3.5).

3.4.3 Effect of co-existing ions

The effect of various anions relevant in aqueous systems (such as C1-, NO;~ H,PO4, HCO3",
etc.) on the degradation of BPA in LaxCoO4+5/PMS was also investigated and is shown in Figure
9e. Compared to the La;CoO4+5/PMS system, the addition of NO3~ anion did not have a
significant impact on BPA degradation. Moreover, HoPO4~ and HCO;3;™ anions exerted an
inhibitory effect on BPA degradation while the Cl™ anions accelerated the BPA degradation. In
the presence of H2PO4™, the degradation of BPA was reduced due to the formation of complex
compounds of phosphate-Co during the PMS oxidation system (see supplementary material,
Figure S8), which deactivate the catalytic reactive sites. However, HCO3™ exhibited an
inhibitory effect on BPA removal higher than the inhibition caused by HoPO4™. This negative
influence might be due to the scavenging effect of SO4™ and 'OH by HCOs3™ in the solution
(equation 9-10), which can lead to a decrease in the performance of BPA degradation.

HCO; + S04~ — HCOs"+ SO4> (equation 9)
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HCOs + "OH — CO3* + H,0 (equation 10)
Low concentrations of C1™ (0.01-0.03 M) had a slight inhibitory effect on BPA degradation (see
supplementary material, Figure S9), which may be ascribed to the reaction of CI™ with SO4™
(equations 11-12), producing radicals with lower redox potentials (CI" and Cl>"") compared to
SO4™. In contrast, the removal efficiency is enhanced with the addition of CI™ (0.05-0.1 M).
The positive influence of Cl™ ions on BPA degradation may be ascribed to the generation of a
large amount of more effective chlorine species (e.g. HOCI) which participate in BPA
degradation because of the reaction with HSOs™ (equations 13). To further investigate the
influence of C1I” on BPA degradation, the catalytic processes in the presence of only PMS were
carried out (see supplementary material, Figure S10). The BPA degradation was significantly
enhanced with 0.1 M CI7, suggest that HOCI generated from the reaction of CI™ ions with HSOs~
as a nonradical pathway for BPA degradation. Moreover, the adsorption of BPA with the
different Cl concentrations was also studied (see supplementary material, Figure S11). 4-6% of
BPA was adsorbed by the LaxCoOs+s5 at different Cl concentrations, indicating that the impact
of Cl'on BPA adsorption was almost negligible. Thus, we propose that the accelerated BPA
degradation is based on the generation of HOCL in the La;C00O4+5/PMS/CI system
S04~ + CI” — CI" + SO4* (equation 11)
CI' + CI' — Cl2" (equation 12)

CI” + HSOs — HOCI + SO4> (equation 13)
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3.4.4 Effect of water matrices and different pollutants

The catalytic performance of the LaxCoO4+s nanoparticles in degrading different types of
organic pollutants is important for its environmental remediation application. Hence, the
catalytic activity LaxCoOa4+5 was evaluated with different charge organic pollutants including
MB, RhB, and AO7. As shown in Figure 10a, the removal efficiency of MB, RhB, and AO7
after 30 min was 99%, 90%, and 99%, respectively, proving that the La;CoO4+5/PMS system
could be employed to degrade effectively different kind of organic pollutant. Moreover, to
detect the applicability of the La;CoOa4+5 + PMS system in real aquatic environments, the effect
of various water matrices such as drinking water and taping water on the catalytic activity of
LaxCoO4+s was studied. As depicted in Figure 10b, the removal efficiency of BPA was
unremarkably affected in the drinking water sample, whereas the degradation efficiency of BPA
was decreased slightly in the tap water sample to 90%. These results suggest that the anions in

the water had an insignificant inhibitory effect on the BPA removal.
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Figure 10. a) Catalytic activity of La;CoOs.5 a) in the removal of various organics dyes and b) in water matrices.

3.5 Possible degradation pathways

To study the degradation pathway of BPA, the degradation intermediates of BPA via the

La;Co04+5/PMS system were identified by LC-MS (see supplementary material, Figure S12).
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According to the mass spectrometric results (see supplementary material, Table S2), the
aromatic and aliphatic intermediates, namely, 2-(4-hydroxypheny)-propanol-2-ol, 4-
isopropenylphenol, ethanedioic acid, 1,5-hexadiene-3-ol, and trimethylhexane were detected.
Mainly, the aromatic ring in BPA is attacked by SO4~ or "OH and converted to 2-(4-
hydroxypheny)-propanol-2-ol [52] and the attack on the tertiary hydroxyl produces 4-
isopropenylphenol. Afterwards, the intermediate products were subsequently attacked to form
ethanedioic acid, 1,5-hexadiene-3-ol, and trimethylhexane. Finally, the intermediate products

were further oxidized and mineralized into CO»> and H>O.

4 Conclusions

In summary, we have demonstrated that La,CoO4+s nanoparticles were successfully synthesized
via spray-flame synthesis, and applied as novel catalysts for PMS activation. The spray-flame
synthesis method has practical advantages such as scalability to produce large amounts of
La>Co0Q4+5 nanoparticles in one step without high-temperature annealing, eco-friendliness, and
cost-effectivity. Compared to LaCoOs x catalyst, LaxCoO4+s nanoparticles exhibit a faster
catalytic activity for BPA oxidation and better stability with less cobalt leaching in the presence
of PMS. These enhancements were attributed to the lower oxidation state of cobalt, fast
regeneration of Co*" during PMS activation, and large catalyst particle surface area. Moreover,
the removal efficiency maintained 89% after four successive experimental runs. Radicals
quenching experiments and electron paramagnetic resonance studies showed that SO4™ played
a dominant role during the activation of PMS. In consideration of catalytic activity and costs,
this study provides an option to broaden the application of LaxCoOs+s catalysts for water

treatment by PMS activation.
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