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Abstract

In this report, we successfully synthesized NiCoFe layered double oxide (NiCoFe-LDO) by
heating a hydrothermally prepared NiCoFe layered double hydroxide in the air at 400-700 °C. The
morphology, crystal structure, surface area, elemental composition and environment, functional
groups, thermal stability, and magnetic properties of the materials were determined by SEM, XRD,
BET, XPS, FTIR, TGA-DTG, and VSM analyses. The material was then used to activate
potassium peroxymonosulfate (PMS) for degrading Rhodamine B (RhB) other dyes in different
conditions of water, surface water, and wastewater. The results showed that NiCoFe-LDO
annealed at 500 °C can remove 97.86% RhB (20 mg/L) in 14 min at pH 7. Moreover, the presence
of anions (i.e., HPO4', HCO3s", CO3%, NOs', CI', and SO4?) in the solution affected the RhB removal
efficiency. In various dyes removal tests, the removal efficiency of the dyes was in the order of
RhB > 0OG > DB71 ~ MO ~ TTZ ~ JGB ~ MB. In the radical scavenging tests, the occurrence and
role of radicals in RhB degradation were in the order of O2* > !0, > SO,* > HO®, thus the
degradation of RhB is based on both radical and nonradical reactions. Moreover, the intermediates
formed during the reaction were detected. Accordingly, the mechanism of RhB degradation by the
NiCoFe-LDO under PMS activation was proposed. Finally, the durability of the materials and its
high dyes and organics removal efficiency in both surface water and actual wastewater suggests a
great potential for practical applications of NiCoFe-LDO/PMS in wastewater treatment, especially

for the recalcitrant components.

Keywords: peroxymonosulfate, NiCoFe-LDO, dyes, wastewater treatment, reactive oxygen

species

1. Introduction
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Organic dyes discharged from the printing, textile, and dyeing industries have adverse effects on
the environment, characterized by their high color, COD, and pH. This prevents the penetration of
sunlight and affects aquatic life by reducing dissolved oxygen [1-3]. Therefore, the development
of treatment methods to remove dyes from wastewater is urgently required. Several procedures
have been used to solve this problem such as coagulation/flocculation [4], activated carbon
adsorption [5], membrane technology [6], and advanced oxidation processes (AOPs) [2, 7].
Among them, AOPs based on potassium peroxymonosulfate (PMS) are considered the prospective
method to decomposition organics pollutions in water by high oxidizing ability. The reactive
oxygen species such as sulfate (SO4°*7), hydroxyl (*OH), superoxide (O2*’), and singlet oxygen
(*02) can be formed directly from the activation of PMS by heterogeneous catalysts. They are
potential oxidizing agents that can decompose organic pollutants into low toxicity intermediates
or even mineralized products of H2O and CO. [8-10]. Compared with hydroperoxide and
persulfate, the activation of peroxymonosulfate by heterogeneous catalyst has many advantages
such as asymmetric structure, low activation energy, wide pH range (instead of at pH = 3 for H.0,)

with a O - O distance of 1.453 A and a binding energy in the range 140-213.3 kJ/mol [9, 11, 12].

On the other hand, layered double hydroxide (LDH), also known as hydrotalcite, is a synthetic
clay-like material with a special layered structure and variation of metal ions in the sheet, which
create a great catalytic potential for contaminant removal. The general formula for LDHs is [M?*1.
«M3 5 (OH) 2P [(A™)wn- 1. mH20. Regarding cations, M®* is a trivalent metal cation (e.g., Al, Cr,
and Fe) and M?* is a divalent metal cation (e.g., Mg, Ni, and Co). Regarding anion, A™ can be an
anion (e.g., halogen, or SO+%, COs%, and HO") anion complex, organics anion, high-molecular-
weight polymer, and x is the M3*/(M?* + M3*) atomic ratio with 0.1 < x < 0.5 [13-17]. After being

heated at a high temperature in the air, the alternating anions of LDH can be eliminated, resulting
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in the annealed products of LDH as layer double oxide (LDO) retaining the original layered
structure of LDH. LDO has a large specific surface area and porosity, excellent metal oxide
dispersion, and is more stable than the corresponding LDH, thus it has the potential to be used as
a catalyst more widely than LDH [18-20]. Besides, LDOs prepared from LDH precursors have
advantages over metal oxide mixtures (i.e., metal mixed oxide, MO) because they tend to be more
homogeneous due to the insertion of divalent and trivalent metals into brucite layers [9, 21]. Using
LDO as a heterogeneous catalyst to activate PMS has many advantages such as no energy input,
reusability of the catalyst, and limited secondary pollution of dissolved metals. Recently, there
have been several publications on the synthesis of secondary and tertiary LDOs that activate PMS
to degrade organic pollutants in water such as CoAl-LDO for RhB [22], CoMgAI-LDO for atrazine
[23], CoCuAl-LDO for orange acid 7 [24], CoMgFe-LDO for carbamazepine [25], CoOMnAI-LDO
for bisphenol A [26], and CuCoFe-LDO for p-nitrophenol [27]. Compared to other transition
metals, the Ni%*, Co?*, and Fe?* ions are more favorable for redox properties and could be highly
catalytically effective for PMS activation for organic pollutant degradation. However, to the best
of our knowledge, there has not been any study on the synthesis of NiCoFe-LDO for PMS

activation and dyes treatment in both synthetic and actual water/wastewater.

In this study, NiCoFe-LDO was synthesized from NiCoFe-LDH precursor to activate PMS for dye
removal. The crystalline structure and morphological characteristics of NiCoFe-LDO were
characterized by several surface analysis techniques. The influence of some factors such as
annealing temperature, catalyst system, catalyst dosage, PMS and Rhodamine B concentration,
and solution pH on the decomposition of Rhodamine B was investigated. In addition, the stability,

as well as the reusability of the catalyst, was also studied. The reactive oxygen species formed in
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the NiCoFe-LDO/PMS system were determined and the reaction mechanism is also proposed. The

tests with various dyes, surface waters, and wastewaters were also conducted.
2. Materials and methods
2.1. Synthesis and characterizations of the material

Chemicals used for material synthesis in this study include cobalt (Il) nitrate hexahydrate
(Co(NOs3)2.6H20), nickel (1) nitrate hexahydrate (Ni(NOz)2.6H20), potassium peroxymonosulfate
(PMS), iron (I nitrate (Fe(NOs3)3.9H20), urea ((NH2).CO), and double-distilled water. Other
chemicals for running experiments and analysis were NaNOs, NaCl, Na2SOs, Na,HPOs, Na2COs,
NaHCOs3, C2sH31CIN203 (Rhodamine B or RhB), Orange G (OG), Direct Blue 71 (DB71), Methyl
Orange (MO), Tartrazine (TTZ), Janus Green B (JGB), Methylene Blue (MB), C2HsOH, CeHsOH
(phenol or PheOH), C4HyOH (tert-butyl alcohol or TBA), CsHsO- (furfuryl alcohol or FFA), and
CesH40O2 (p-Benzoquinone or p-BQ), 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), and 2,2,6,6-
tetramethylpiperidine (TEMP). All of them are in pure form bought from China and are intended

for direct use without any further treatment.

NiCoFe-LDH was synthesized by a hydrothermal method. A mixture of 2.5 mmol Ni(NOs)..6H20,
7.5 mmol of Co(NO3)2.6H20, 5 mmol of Fe(NO3)3.9H20, and 3 g of urea was mixed and
completely dissolved in 50 mL of ethanol after 30 min. The solution was then transferred into an
autoclave and hydrothermally treated at 120 °C for 12 h (Fig. S1 of Supplementary Material). After
that, the suspension was filtered and washed several times with ethanol and double distilled water
to pH 7. The material was subsequently dried at 60 °C for 12 h to yield a brown NiCoFe-LDH
powder. Next, the powder was heated in air at a temperature of 400-700 °C at a heating rate of 2

°C/min to yield a black color material named as NiCoFe-LDOXx, where x is the calcination
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temperature. Other materials such as NiCo-LDO, CoFe-LDO, and NiFe-LDO were synthesized

under the same conditions without adding a third element in the material synthesis procedure.

The morphology and surface elemental composition of the synthesized materials were analyzed
by scanning electron microscopy (SEM, S-4800, Hitachi) coupling with energy-dispersive X-ray
spectroscopy (EDX). The crystalline structure was examined through X-ray diffraction (XRD,
X'Pert PRO, Philips). The surface chemistry and functional groups were investigated by Fourier-
transform infrared spectroscopy (FTIR, Spectrum Two, Perkin Elmer). The Brunauer-Emmett—
Teller (BET) adsorption-desorption method was used to determine the surface area and pore size
distribution of the material using a surface area and porosity analyzer (TriStar 1l Plus 2.03,
Micromeritics). Thermal gravimetric analysis (TGA) was used to study the thermal transformation
and the stability of the material. The chemical environment was studied by X-ray photoelectron
spectroscopy (XPS, VG Multilab 2000, Thermo Fisher Scientific). The magnetic properties of the
synthesized materials were examined by a vibrating sample magnetometer equipped witha 1 T
magnet (MicroMag 3900 model, PMC). The composition and weight of metals in the NiCoFe-
LDO material samples before and after the reaction were analyzed by ICP-MS 7900 Instrument
(Agilent, USA) with analytical conditions: Argon gas flow rate of 15 L/min, carrier gas flow of 1
L/min, auxiliary gas flow of 0.5 L/min, Helium measurement mode, and 1500W RF energy. The
intermediates of RhB degradation were detected by MS (Waters, USA) with electrospray positive
ion (ESI+) mode. The MS conditions were as follows: capillary voltage of 3.47 kV, cone voltage
of 115V, source temperature and desolvation temperature of 150 °C and 200 °C, respectively, and
in the positive mode. The scanning range was in the m/z range from 0 to 600 with a flow rate of

20 pL/min.
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The reactive oxygen species was identified by electron paramagnetic resonance spectroscopy (EPR, Bruker
300, Germany) using DMPO and TEMP as spin trapping agents. The operating conditions were as follows:
center field of 3300 G, sweep width of 1000 G, microwave frequency of 14.5 GHz, modulation frequency
of 100 kHz, and microwave power of 6 mW. The detection of O, was conducted in water solution while

the detection of O,*" was carried out in ethanol solution.

The chemical oxygen demand (COD) of the sample was measured by the method of SMEWW
5220B:2017. The point of zero charge (pHpz) of the material was determined by the titration
method at the pH point that was not change after adding of material in a solution of NaCl 0.1 M

with different initial pH values.
2.2. Catalytic activation experiments

The NiCoFe-LDO stock suspension with a concentration of 1000 mg/L and the PMS stock solution
of 5000 mg/L were prepared daily by weighing an exact amount of the material/chemical and then
dispersed/dissolved in a volumetric flask with double distilled water. The RhB stock solution of
1000 mg/L was also prepared and the RhB working solution of 100 mg/L RhB was prepared by

diluting from the stock RhB solution.

The catalytic activation was performed as follows. A 5-mL volumetric flask containing 1 mL of
100 mg/L RhB was added with 0.3 mL of 1000 mg/L NiCoFe-LDO suspension, shaken for 30 min
for reaching adsorption-desorption equilibrium. The mixture was then added with 0.5 mL of 5000
mg/L PMS solution, filled with double distilled water, and continuously shaken during the test. In
the test for investigating the effects of temperature, the tested volume is increased by 100 times
and put in a beaker containing water heated at different temperatures. At certain periods, 4 mL of
water samples were taken and added with 0.2 mL of 0.1 M Na2SOs solution to stop the oxidation
process by radicals before sending for RhB concentration measurement at 554 nm using a UV-

visible spectrophotometer (Libra S60, Biochrom, UK). In the test of anion effects, solutions
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containing CI", COs%", HCO3", HPO4*, NOs", and SO4* were added at a concentration ranging from
1to 10 mM. The role of radicals was tested by adding quenching agents such as FFA, EtOH, TBA,
IPA, PheOH, and p-BQ with a concentration of 1 mM to the RhB solution before adding PMS
solution. The study also conducted experiments using water from rivers and lakes to investigate
the applicability of the technology in practice. Anh huéng ciia nén trong cdc mau nuc mat dén su
loai bo RhB di duoc khao sat. Cac mau nude mit duoc thu thap tir cac song va hd (Ha Nai, Vit

Nam).
3. Results and discussion
3.1. Material characterizations

The SEM images of the NiCoFe-LDH and NiCoFe-LDO prepared at different annealing
temperatures are displayed in Fig. 1. NiCoFe-LDH shows flower-like spheres with needles of
various lengths on the surfaces. In addition, the surface structure of the material is relatively
uniform and highly ordered. After being heated at 500-700 °C, the needles gradually transform
into nanofibers, nanorods, and nanoparticles, thus reducing the porosity but still keeping the
original spherical structure. The diameter of the needles in NiCoFe-LDH was estimated at 30-50
nm. The diameters/sizes of the NiCoFe-LDO fibers (at 500 °C), rods (at 600 °C), and particles (at
700 °C) were estimated to be 30-50, 50-100, and 70-200 nm, respectively. EDX result of NiCoFe-
LDO material annealed at 500 °C is presented in Fig. S2, showing the main component of Ni, Co,
Fe, and O elements and proving that the material was successfully synthesized and of high purity.
On the other hand, the analysis results of the Ni, Co, and Fe elements by ICP-MS method showed
that the percentage of Ni, Co, and Fe elements were 1.86, 16.44, and 14.45% ¢ 500°C, 3.72, 11.29
and 24.37% ¢ 600°C, 5.85, 10.36 and 27.04% & 700°C, respectively. Nhu vay, & nhiét do 500°C,

ham lwgng nguyén té Ni trong vat lisu NiCoFe-LDO 500 thip (1.86%), khong quan sat sy hinh
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thanh pha NiFe204 & nhiét @6 nay. Tuy nhié, khi nhiét do tang ham lugng Ni va Fe ¢6 xu hudng
tang, ddng thoi ham lugng cua Co giam, didu d6 phi hop vai két qua phan tich phd nhidu xa tia X
sy hinh thanh pha NiFe,04 ¢ nhiét d6 cao, két qua nay ciing phui hop vai cong bé cua P.D. Patil va

cong su [https://doi.org/10.1016/j.est.2021.102821].
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The XRD patterns of the synthesized materials are shown in Fig. 2(a). NiCoFe-LDH material is a
typical layered double hydroxide structure with peaks at 26 of 12.64, 25.26, and 32.66°,
corresponding to the planes of (003), (006), and (012), respectively [28], proving that the material
was successfully synthesized. Co ché hinh thanh NiCoFe-LDH c6 thé dwoc giai thich nhu sau:
Diu tién, ethanol s& trai qua qué trinh ete héa (phan tng 1) tao ra mét lwong nhé nudc, lugng nudc
nay cling véi nudc trong tinh thé cia céc tién chat mudi nitrat s& hd tro qua trinh thity phan uré dé
tao thanh amoni cacbonat, nhu dwoc minh hoa trong cac phan ing 2 va 3. Tiép theo, su thiy phan
cuia cachonat sé tao ra lwrgng nhé ion hydroxyl [DOI 10.1007/s12274-016-1197-4]. Do tich s tan
cua Fe(OH)s (Ksp=4.0x10"%%) thip hon rét nhidu so véi Ni(OH)2 (Ks=1.58x10"%) va Co(OH).
(Ksp=2.0x101%), vi vay Fe3* uru tién hinh thanh & dang Fe(OH)s, trong khi Ni?* va Co?* uu tién
hinh  thanh & dang két toa cacbonat [DOI  10.1007/s12274-016-1197-4;
https://doi.org/10.1016/j.electacta.2017.10.074]. Su hinh thanh tinh thé NiCoFe-LDH trai qua mot
sb bugc nhu hinh thanh cac bang nano LDH 2D bing qua trinh ting truéng tinh thd. Khi phan tng kéo
dai, cac bang nano LDH 2D ty I4p rép thanh céc vi cau 3D giéng nhu bong hoa véi sy phan cép cau tric
xbp. O day, co nhiéu luc lugng tham gia xay dung ciu tric doc dao nay, bao gf”)m tinh di¢n, twong tac mat
tinh thé, lién két hydro va van der Waals. Do ethanol 1 dung méi phan cuc, vai trd caa né thé hién ¢ chd
c6 thé thay ddi nang luong bé mat cia tinh thé, lam giam tdc do tiang truong cua tinh thé do cac dac tinh
ddc dao cuia nd nhu nhu nhiét d¢ sodi cao, kha va tuong dbi manh cuc. Diéu d6 dan dén sy hinh thanh cu
trdc vi ciu hoa [10.1016/.jallcom.2016.11.419]

Chung t6i tinh toan duoc gia tri d003 cua NiCoFe-LDH téng hop bing phuong phap thuy nhiét trong moi
ethanol 12 0,7nm bé hon so v&i gia tri d003 cua NiCoFe-LDH tdng hop bang phuong phap thay nhiét trong
dung méi nuéc hodc dong két taa (0,79nm) [https://doi.org/10.1016/j.electacta.2017.10.074], ciu tric
NiCoFe-LDH bi thu gon cé thé dugc tao ra bai su thiéu nudc trong 16p xen k&. NiCoFe-LDH téng hop
bing phuong phap thity nhiét trong ethanol c6 gia tri 20 cua dinh dic trung 003 (12,64) duoc chuyén sang
I6n hon déng ké so véi gia tri 20 truyén thdng (11,76), diéu nay dwoc giai thich bai sy giam khoang cach
gitra cac 16p (d003).

2CH3CH20H — C3Hs50C2Hs + H20 1)
CO(NHz)2 —> NH4CNO @)
CO(NHa)2 + 2H20 —> 2NH4* + COs?- ®)
CO3* + Hz0 — HCOs™ + OH" (4)
Ni?* + 3Co?* 2Fe®* + B0H" + BCNO" + 0.165C035> — 6[Nio165C00505Fe0 33(OH)(CNO)J°%%*
[(COs*)o.165.mH20] ®)

After annealing at 500-700 °C, the layered structure was corrupted while the spinel structures
appeared. Specifically, the trivalent cations in the brucite structure diffuse into the anion interlayer
space, accompanied by the dehydration and elimination of the interlayer anion. Whereas trivalent
cations move from octahedral to tetrahedral, divalent cations remain in octahedral. Then, trivalent

cations in the interlayer space and divalent cations in the layered plate can form spinel oxide [24].
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In NiCoFe-LDO material calcined at 400 °C, the peak at 28 of 12.64° was found for NiCoFe-LDH
structure. The characteristic peaks at 20 of 18.93, 31.24, 36.72, 38.56, 44.83, 55.68, 59.23, and
65.08° were observed for Co304 (JCPDS 43-1003), at 26 of 18.34, 30.22, 35.65, 43.30, 57.24 and
63.00° for Fe3O4 (JCPDS 75-1609), and 24.35, 33.19, 49.54, 54.10, and 74.32° for Fe>O3 (JCPDS
33-0664). These indicate that the low temperature of 400 °C was not sufficient for the complete
transformation of NiCoFe-LDH into NiCoFe-LDO. Moreover, the diffraction peak intensities of

Co304 are higher than those of FezOa.

After being calcined at 500 °C, characteristic peaks were observed for Coz04 (JCPDS 43-1003) at
20 of 18.93, 31.24, 36.72, 44.83, 55.68, 59.23, and 65.08°; for Fe3sO4 (JCPDS 75-1609) at 26 of
18.34, 30.22, 35.65, 43.30, 57.24, and 63.00°; and for Fe203 (JCPDS 33-0664) at 26 of 24.35,
33.19, 49.54, 54.10, and 74.32°. The diffraction peak intensities of C0304 are similar to those of
Fe30a4, improving the magnetic property of the material. Noticeably, no characteristic diffraction
peaks of nickel compounds were observed, possibly due to the low content of Ni in the catalyst.
In addition, it is also possible that at 400-500 °C, the nickel compounds exist in amorphous form
and are highly dispersed in the crystal lattice of the spinel. After annealing of 600°C and 700°C,
the characteristic peaks of the NiCoFe-LDO material were observed for CozO4 (18.93, 31.24,
36.72, 44.83, 55.68, 59.23, and 65.08°), NiFe204 (JCPDS 44-1485, at 18.28, 30.21, 35.53, 43.21,
57.13, and 62.80°) and Fe-03 (24.35, 33.19, 54.10, and 74.32°). |Fina||y, NiCoFe-LDO annealed at
700 °C has characteristic peaks of Cos04 (18.93, 31.24, 36.72, 44.83, 55.68, 59.23, and 65.08°)
and NiFe;O4 (18.28, 30.21, 35.53, 43.21, 53.47, 57.13, 62.80, and 74.20°). f‘l’herefore, when
increasing the annealing temperature from 500 to 700 °C, the diffraction intensity of Co3O4 tends
to decrease while the diffraction intensity of NiFe;O4 increases, cuc dai nhidu xa caa NiFe2O4 tro
nén hep va sic nét hon khi ting nhiét d6 nung [https://doi.org/10.1016/j.est.2021.102821], kich
thudc tinh thé trung binh caa NiFe,O, tai gia tri 26= 35.53° & nhiét do 600 va 700°C theo cong
thuc Debye — Scherrer (Phuong trinh 1) 1a 73.2 va 28.1 nm tuong ung.
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cuc dai (FWHM) cua dinh nhiéu xa va gdc nhiéu xa Bragg twong ting. At 600 °C, no FesO4 phase
was observed while at 700 °C, the Fe>O3 phase was not detected. Since the radius of Ni(ll) (0.72
A) and Ni(ll1) (0.62 A) are smaller than those of Fe(ll) (0.76 A) and Fe(lll) (0.64 A), a part of
Ni(Il) and Ni(lIl) could be inserted into the lattice of FesO4 or Fe203 to form a NiFe2Os solid
solution at high annealing temperatures of 600-700 °C. In brief, there was a gradual increase in the
crystalline structure of the materials with the increase of calcination, where the LDH structure

almost completely transforms into an LDO structure at a calcination temperature of 500 °C.

The FTIR spectra of NiCoFe-LDH and NiCoFe-LDO prepared at temperatures of 400-700 °C are
plotted in Fig. 2(b). NiCoFe-LDH shows a broad absorption peak at a wavenumber of 3480 cm™,
possibly due to the stretching vibration of OH groups in water molecules of the interlayer. The
peak appearance at 2148 cm™ characterizes the absorption band of OCN- formed from urea
degradation by-products [28]. The peaks at 1380 and 1316 cm™ are attributed to the deformation
of the water molecules and the asymmetric stretching vibration of the carbonate anion in the
interlayer [29]. Furthermore, the peaks in the range of 400-1000 cm are attributed to metal-
oxygen (M-0) and metal-hydroxyl (M-OH) bonds. The combination of XRD and FTIR results
shows that the NiCoFe-LDH material was successfully synthesized. In NiCoFe-LDO materials,
the bands at 1380 and 1316 cm* almost disappeared, suggesting the destruction of the anion layer
interspersed with COs?" after being annealed at 400-700 °C. Furthermore, the band observed near
659 and 533 cm is specific for the M-O bond. The XRD and FTIR results indicated that the
annealing at 500-700 °C destroyed the structure of LDH and transform it into the new form of

LDO structure.
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Fig. 2. (a) XRD patterns and (b) FTIR spectra of NiCoFe-LDH and NiCoFe-LDO prepared at

different temperatures

The N2 adsorption-desorption isotherms of NiCoFe-LDO and the pore sizes at different annealing
temperatures are demonstrated in Fig. S3. All NiCoFe-LDO materials display type IV isotherm
characteristics with an H3 hysteresis loop (IUPAC classification). These types represent a structure
of narrow parallel walls, bottle-neck, or aggregates of uniform particles. NiCoFe-LDH and
NiCoFe-LDO materials prepared at 400, 500, 600, and 700 °C have surface areas of 49.38, 42.27,
22.74, 7.86, and 5.15 m?/g, respectively, pore size of 25.44, 8.70, 24.50, 12.96 and 10.78 nm,
respectively, and pore volume of 0.3051, 0.086, 0.156, 0.032, and 0.0234 cm?3/g, respectively
(Table S1 of Supplementary Material). The decrease of surface area with the annealing
temperature could be due to the larger particle size and more aggregation at higher temperatures.
Dién tich bé mat BET caa LDO thap hon so véi tién chit LDH, cd thé 1a do trong qué trinh nhiét
phan da 1am cho cAu tréic 16p bi sup dé va su co lai trong qua trinh nung dan dén Iam cho thé tich

15 x8p ciing giam theo [https://doi.org/10.1016/j.est.2021.102821], diéu nay duoc quan sét thiy &
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anh SEM cua céc vat liéu. Besides, the decrease in the surface area of the NiCoFe-LDO materials
decreases as compared to NiCoFe-LDH could be due to the large size of Fe®* ion, preventing its
transfer from octahedral to the tetrahedral structure and resulted in the low porosity and low surface
area of the material [30]. Besides, the decrease in the surface area was also caused by the formation
of spinel structure with the increase of calcination temperature, which is consistent with XRD
results [31]. Tuy nhién, véi dién tich bé mat di 16n, NiCoFe LDO500 dugc sir dung dé tang cuong
kha nang hip phu va cung cip céc vi tri hoat dong trén bé mit xuc tac dé hoat héa PMS, hinh thanh

c4c loai oxy hoat dong, phan ty chét 6 nhidm hitu co trong nuéc.

The saturation magnetization of the material is an important parameter for determining the
magnetic property of the material. As presented in Fig. S4, NiCoFe-LDO 500 material shows very
narrow magnetic hysteresis and magnetic coercivity, indicating that NiCoFe-LDO 500 is a
superparamagnetic material with a saturation magnetization of 35.13 emu/g. Therefore, the
NiCoFe-LDO 500 solid material can be easily collected for reuse from the suspension by applying
an external magnetic field. As displayed in the inset of Fig. S4, the NiCoFe-LDO 500 can be
readily collected by using a magnet, indicating that this material can be efficiently recovered and
recycled for using many times. This reduces the cost of material use and makes it possible for

practical application.

The thermal stability of the NiCoFe-LDH material was analyzed by TGA in the temperature range
of 50-950 °C and the result is depicted in Fig. S5. In the temperature range from 50-200 °C, the
evaporation of adsorbed and interstitial water occurs, leading to a slight mass decrease of 8%. The
decomposition of the hydroxide layer of brucite structure occurs in the temperature range of 200-
300 °C with a weight loss of 17%. Next, the process of breaking COs?" alternating layers of anion

occurs at around > 400 °C to form NiCoFe-LDO oxide and spinel oxide phase, resulting in a slight
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mass loss of about 3.82% [32, 33]. In summary, the mass loss can be attributed to the following
causes: (i) release of water in the anionic layer and adsorbed water on the surface of the material,
(i) release of hydroxyl groups from brucite-like layers (as water), and (iii) the release of COz*

anion between the interlayers.

@

Ni2p

Co2p

Fe2p

Intensity (a.u.)
@
Intensity (a.u.)

Cis

r T T T T T T T T T T T ¥
1200 1000 800 600 400 200 0 885 880 875 870 865 860 855 850
Biding energy (eV) Biding energy (eV)

(C) Co2p,,

Intensity (a.u.)
Intensity (a.u.)

i

7 7 7 7 7 7 T T T T T T T 1
805 800 795 790 785 780 775 745 740 735 730 725 720 715 710 705
Biding energy (eV) Biding energy (eV)

Fig. 3. XPS results of NiCoFe-LDO sample: (a) survey scan, (b) Ni 2p, (c) Co 2p, and (d) Fe 2p

X-ray photoelectron spectroscopy (XPS) was used to analyze the valence state of the NiCoFe-
LDO sample. The full-scan XPS spectra of NiCoFe-LDO (Fig. 3(a)) shows the appearance of
binding energies at 285.8, 531.9, 711.9, 781.0, and 856 eV, which are assigned to C 1s, O 1s, Fe
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2p, Co 2p, and Ni 2p, respectively [34]. The appearance of C 1s at 285.8 eV is due to adventitious
hydrocarbon in the XPS instrument [35, 36]. The Ni 2p spectrum (Fig. 3(b)) can be fitted into six
peaks. The peaks at 855.8 eV and 872.9 eV are assigned to Ni?*, while peaks at 857.9 and 874.6
eV should be attributed to Ni** and two shake-up satellites at 855.5 and 875.45 eV (denoted as
sat.) [37]. In the Co 2p spectrum (Fig. 3(c)), peaks in the binding energies of Co 2pz» can be
attributed to Co?* and Co®* with peak positions at 779.8 and 782.4 eV, respectively, while Co 2p1
peaks can be assigned to Co?* and Co®* with peaks centered at 795.2 and 796.4 eV, respectively
[38]. The two shake-up satellites are at 784.9 and 798.4 eV (denoted as sat.) The high-resolution
XPS spectra of Fe 2p spectrum (Fig. 3(d)) show two peaks located at 711.2 and 725.3 eV for Fe?*,

and two peaks located at 713.2 and 728.8 eV for Fe3* [39].
3.2. Catalytic RhB decomposition

The annealing temperature has a great influence on the morphology, surface chemistry, crystalline
structure, and surface area of the material, which in turn affects the active center of the catalyst.
Thus it affects the ability to activate PMS, and therefore the formation of reactive oxygen species
(e.g., SO4*, OH®, O,*, and 102) for RhB removal. As seen in Fig. 4(a), The RhB decomposition
efficiencies by NiCoFe-LDO prepared at 400, 500, 600 and 700 °C were 89.18, 97.86, 93.91, and
90.12%, respectively, after 14 min of reaction, which was much higher than that of NiCoFe-LDH
(69.22%). The low efficiency by NiCoFe-LDO prepared at 400 °C could be due to its low
crystallinity (as observed from XRD results) since it still contains the LDH structure. The pseudo-
first-order reaction rate constant of NiCoFe-LDO prepared at 500 °C had 1.31 and 1.45 higher
than those at 600 and 700 °C, respectively, and 3.84 times higher than that of NiCoFe-LDH (Fig.
S6). The highest efficiency at 500 °C can be explained by: (i) the decrease of surface area in the

annealing temperature range of 500 °C > 600 °C > 700 ° C leads to the reduction of active sites on
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the surface of the catalyst, thereby reducing the ability to activate PMS, and (ii) PMS activation
ability of transition metal ions increases in order of Ni?* < Fe®* < Mn?" < V" < Ce® < Fe** < Ru®*
< Co% [40]. Edy Saputra va cong su da chi ra kha niing hoat héa PMS ctia CosOs manh hon Fes04
[http://dx.doi.org/10.1016/j.jcis.2013.06.061], két qua nay ciing duoc chi ra trong nghién ctru cua
Hejun Ren [https://doi.org/10.1002/jcth.6498], Liwei Chen
[https://doi.org/10.1016/j.cej.2018.11.120]. Among the spinels formed in the NiCoFe-LDO
structure, CosO4 can strongly activate PMS. In XRD results, the intensity of the diffraction peak
of Co304 decreased with the increase of annealing temperature from 500 to 700 °C, thus reduces
the ability to activate PMS of NiCoFe-LDO catalyst. Therefore, NiCoFe-LDO annealed at 500 °C

was chosen for the next studies.
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Fig. 4. (a) RhB treatment efficiency of NiCoFe-LDO annealed at different temperatures and (b)

RhB treatment efficiency of different reaction systems
(Condition: 20 mgRhB/L, 500 mgPMS/L, 60 mgLDO/L, pH 7.0, 25 °C)
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Fig. 4(b) demonstrates the performance of different LDO materials for RhB removal. Without
PMS, the RhB removal was negligible with only 1.02% after 14 min, showing insignificant
adsorption of RhB on the surface of the NiCoFe-LDO catalyst. In the absence of catalyst, the
efficiency of RhB removal by PMS was as low as 5% due to the weak oxidizing property of PMS
with a redox potential of 1.82 V. In the simultaneous presence of heterogeneous catalyst and PMS,
the RhB degradation efficiency increased sharply to 25.07% (NiFe-LDO), 80.94% (NiCo-LDO),
91.68% (CoFe-LDO), and 97.86% (NiCoFe-LDO). The rate constant of RhB degradation by the
NiCoFe-LDO (k = 0.269 min™) was 12.8, 2.23, and 1.62 times higher than those of the NiFe-LDO,
NiCo-LDO, and CoFe-LDO, respectively (Fig. S7). The highest RhB decomposition efficiency of
97.86% by NiCoFe-LDO catalyst could be attributed to its optimum condition of high crystallinity
and large surface area, which provide more active sites on the catalyst surface. Therefore, it can
increase the PMS activation for forming more reactive oxygen species, thus increasing the RhB

degradation. Hence, the NiCoFe-LDO catalyst was chosen for subsequent studies.

The UV-Vis absorption spectra of RhB solution during the reaction were also investigated in the
range of 200-700 mm and the results are exhibited in Fig. S8. It can be observed that the RhB
molecule has three characteristic peaks at wavelengths of 260 nm for benzene ring, 353 nm for
naphthalene ring linking with —-C=N- group, and 554 nm is the n-z* interaction of C=N and C =
O groups [41]. The decreased intensity during the reaction time at peaks of 260 and 353 nm
indicates the degradation of benzene and naphthalene rings of RhB. Meanwhile, the intensity of
the peak at 554 nm was rapidly decreased during the reaction, which could be the N-de-ethylation
of RhB and the loss of carboxyphenyl group, leading to the degradation of the color structure of

RhB [42, 43].
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The catalyst content directly affects the efficiency of RhB degradation due to the available number
of Co(ll), Ni(ll), and Fe(lll) active sites for the PMS activation. As seen in, The RhB removal
efficiency after 14 min rapidly increased from 5% to 46.6% (Fig. 5(a)), and the rate constant
increased 39.1 times (Fig. S9) when adding 20 mg/L of catalyst. With further increase of catalyst
content to 60 mg/L, the efficiency rapidly increased to 97.86%. This can be attributed to the
generation of more active sites with the increase of catalyst exposed to the environment, in which
high catalyst content provides more transition metal ions as active sites for PMS activation to
produce more radicals (e.g., SO4*, OH®, O,*, and 0y) for pollutant decomposition [22, 25, 26].
The catalyst contents from 60-120 mg/L provided similar removal efficiency (98.57-99.19%) and
rate constant (0.2690-0.3574 min™) because the excess of metal ions such as Ni?*, Co?*, and Fe?*
could quench the produced radicals. Consequently, the catalyst content of 60 mg/L was chosen for

the next investigations.

As depicted in Fig. 5(b), the RhB degradation efficiency after 14 min increased from 33 to 97.86%
when PMS concentration increased from 100 to 500mg/L, where it reached the highest efficiency
with a rate constant of 8.8 and 3.3 times higher than the PMS content of 100 and 300 mg/L,
respectively (Fig. S10). The increase in PMS content creates favorable conditions for the
generation of radicals by adsorbing more HSOs™ on the catalyst surface. With further increases of
PMS content to 750 and 1000 mg/L, the RhB treatment efficiency did not change significantly in
the range of 97.86-98.58%. This is because the resulting sulfate radical can react with itself and be
decomposed by residual PMS according to Reactions 1 and 2. Therefore, 500 mgPMS/L was

selected for the subsequent experiments.
SO4*" + S04~ — S$208” (Re. 1)
HSOs™ + SO4* — SOs* + SO4% + H* (Re. 2)
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As observed in Fig. 5(c), an increase in RhB concentration reduced its decomposition efficiency
and extended the treatment time to meet the target outlet concentration. RhB can be almost
completely degraded at initial concentrations of 5-20 mg/L after 14 min of treatment with a rapid
removal in the first 2 min and insignificant change after 6 min. The removal efficiency dropped to
41% at a concentration of 30 mg/L and was almost not removed during 14 min of treatment with
the concentration of 40 mg/L. With the fixed condition of PH and content of catalyst and PMS,
the production amount of reactive oxygen species is fixed, and it requires a longer time to remove
RhB. Moreover, when RhB concentration is too high (e.g. 40 mg/L), it is adsorbed on the catalyst
surface and occupied the position of active sites for PMS activation, thus reducing the formation

of the active oxygen species for RhB degradation [25].

The pH value of the solution can affect the surface charge of the catalyst and the speciation of
PMS and RhB, and therefore the formation of active oxygen species. PMS exists in the form of
HSOs in the pH range of 4-8 (pKal < 0 and pKa2 = 9.4). At pH = 9.4, PMS exists in HSOs™ and
SOs? forms with about 50% for each form. When pH > 9.4, the existing form of PMS is SOs>
[44]. As demonstrated in Fig. S11, the pHpzc Of the catalyst surface was determined to be 7.7, which
is the pH condition that the catalyst surface has no charge. When the solution pH is smaller pHpzc,
the catalyst surface has a positive charge and vice versa. As observed in Fig. 5(d), the pH 3.5
condition strongly inhibited the decomposition of RhB with low efficiency of 12.61% after 14 min
of reaction. This is because the interaction between H* (under high proton concentration of low
pH) and O-O in PMS reduces the adsorption of PMS on the surface of the material, leading to a
decrease in PMS activation. Furthermore, H* ions can also react with active free radicals such as
S0O4*" and OH* to form inactive forms of HSO4* and H.O, respectively, according to Reactions 3

and 4.
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SO.* +H' +¢° — HSO.* (Re. 3)
HO® + H + ¢ — H20 (Re. 4)

When pH increased from 5.0 to 7.0, the RhB treatment efficiency rapidly increased from 41.79%
to 97.86%. The rate constants of RhB degradation at pH = 7.0 (0.2690 min!) were 6.9 and 28.6
times higher than those at pH 5.0 and 3.5, respectively (Fig. S12). At pH = 7.0, PMS exists in the
form of HSOs while the surface of the material has a positive charge, thus enhancing the
adsorption ability of HSOs™ on the surface of the material. This increases the activation ability and
the degradability of RhB, which exists in a dielectric form (RhB*). At pH 9 (pH > pHpzc), there is
an electrostatic repulsion of the negatively charged surface with both the anionic form of RhB and
HSOs™ and SOs? forms of PMS, thereby reducing the possibility of activating PMS and the RhB
removal. Furthermore, in a strongly alkaline environment, the sulfate radical would convert to a
weaker radical (HO®), which reduces the ability to degrade RhB (Reaction 5). These are severely
observed at pH 11, where SOs> is the main existing form of PMS is, with a very low removal
efficiency of only 9.08% after 14 min of reaction. Therefore, pH 7 was chosen for further

investigations.
SO4* + HO — HO® + SO+ (Re. 5)

The effect of reaction temperature on the removal of RhB was investigated in the range of 15-45
°C (Fig. 5(e)), showing a promotion effect of reaction temperature. At a low temperature of 15°C,
84.79% of RhB removal reached after 14 min of reaction, while at higher temperatures of 25, 35,
and 45 °C, 95% of RhB was removed after 14, 10, and 8 min, respectively. The reaction at different
temperatures also follows the pseudo-first-order kinetics (R%> 0.9839), where the rate constant
increases 3.24 times when reaction temperature increases from 15 to 45 °C (Table S2). This

enhancement is due to the faster production of sulfate radical by activating PMS at high
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temperatures [45] and the improvement in the mass transfer of the pollutants and the radicals on

the catalyst surface [46].

The relationship of temperature and reaction rate constant is described by the Arrhenius equation:

Ea
k=C/Co= Ae &r (Eq. 3)

Ea1l

Hence, Inkapp = In(C/Co) = - —— + InA (Eq. 4)

Where kapp is the rate constant of RhB degradation, Ea is the activation energy (kJ/mol), R is the
ideal gas constant (8.314 J/(mol.K), T is the absolute temperature (K), and A is the frequency or

pre-exponential factor (constant).

As presented in Fig. S13, the good linear relationship between Inkapp and 1/T with R 2= 0.973
indicates the suitability of the Arrhenius equation. The activation energy (Ea) was determined to
be 29.12 kJ/mol, which is higher than the Ea value (10-13 kJ/mol) of the reaction under diffusion
control [47]. Thus, the apparent reaction rate constant in our work is determined by the surface
reaction rate of RhB on NiCoFe-LDO material instead of the mass transfer rate. Moreover, the
activation energy value in NiCoFe-LDO/PMS system is lower than those reported in the literature
of 30.8 kJ/mol for MgCuFe-LDH/PMS [45], 56.9 kJ/mol for CoAl-LDO/PMS [22], 76.83 kJ/mol

for COMnAI-LDO/PMS [46], and 45,36 kJ/mol for CoFe;04/ OSC/PMS [47].

Surface water, groundwater, and wastewater contain different anions which can absorb on the
surface of the catalyst and react with reactive oxygen species (i.e., extinguishes the radicals),
affecting the RhB degradation. The effect of anions CI, SO4*, NO3", HCOs", COs%, and HPOs*
using sodium salts on the RhB removal is illustrated in Fig. 5(f) and Fig. S14 at concentrations of
1 mM and 10 mM, respectively. The presence of NOg", CI-, and SO4% ions at a concentration of 1
mM caused a slight decrease in RhB degradation with efficiencies of 83.52, 84.8, and 91.01%,
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respectively, but their concentration at 10 mM significantly inhibited the RhB degradation with
efficiencies of 77.56, 74.08, and 72.08%, respectively. At high salt concentrations, anions adsorb
onto the catalyst surface, thus reducing its ability to activate PMS. Among the anions, SO4% has a
strong inhibiting effect at the concentration of 10 mM. On the other hand, since anions react with
radicals to form new radicals with weaker oxidizing potential, the degradation of RhB is reduced.
Specifically, CI" can react with sulfate and hydroxyl radicals to produce chlorine radicals of CI®,
Cl2*, and CIHO®*" (E° CI*/CI" = 2.4 V and E° Cl*/2CI" = 2.1 V). These radicals are weaker
oxidizers than sulfate radicals ( Eo SO4*/SO4* = 2.5 - 3.1V) through Reactions 6-11, which is also

reported in the literature [25].

SO4* + NO3 — S04 +NO3* (Re. 6)
SO4* +CI — S04 +CI® (Re. 7)
cl® +CI — ClL* (Re. 8)
HO® + CI — CIHO* (Re. 9)
CIOH® +H* 5 CI* + H20 (Re. 10)
2CI° —Cl (Re. 11)

On the other hand, HCO3', CO3* and HPO4% anions strongly inhibit the decomposition of RhB,
which is more severe with the increase of anion concentration. At the concentration of 1 mM,
HPO4? was the highest inhibitor for RhB degradation. The HPO4? anion quenches sulfate radicals
to form less active phosphate radicals (Reaction 12). Moreover, the HPO4? anion can form stable
complexes with Co?* and Fe®* ions on the catalyst surface, thus reducing PMS activation and
leading to a sharp decrease in RhB degradation efficiency. At a concentration of 10 mM, HCOs,

CO3?%, and HPO.*, the RhB degradation efficiency decreased significantly to 38.52, 3.94, and
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16.1%, respectively. At this concentration, COz? anions almost completely inhibit RhB removal.
The COs? and HCOs3" anions can react or decompose SO4* and HO® according to Reactions 13-
14 to form less active carbonate radicals. On the other hand, the presence of COs® makes the
solution become highly alkaline, thus strongly inhibiting the decomposition of RhB due to the

influence of solution pH as discussed above.

HPO.> +SOs* — HPO4* + SO4* (Re. 12)
HCO3" +S0.* — HCOs3® + S04 % (Re. 13)
HCO3" +HO* — CO3* + H20 (Re. 14)

The durability of the NiCoFe-LDO is very important for its applications in practice, which was
evaluated by the recycling test. After each test, the material was collected by using an external
magnetic field, then washed with double-distilled water several times and ethanol for removing
the organics on the surface, and finally dried at 70°C overnight before applying for the next test.
The RhB removal efficiency was almost stable at 96.07-97.86% for the first 3 cycles, and then
slightly decreased to 94.84% and 89.95% after 4 and 5 cycles, respectively (Fig. S15), proving the
relatively high stability of the NiCoFe-LDO material. The decrease of RhB removal at 4™ and 5™
cycles can be attributed to the leaching of Ni, Co, and Fe metal ions that can lead to loss of active
sites the contamination of the surfaces by adsorption of RhB degradation products [23]. The
stability of the crystal structure of NiCoFe-LDO was determined through XRD analysis. The
results in Fig. S16 show that is no obvious change in the diffraction peaks of NiCoFe-LDO after
five cycles of reuse compared with the freshly prepared NiCoFe-LDO catalyst. However, a slight
decrease in intensity at 36.72° peak of CosO4 and 62.74° of FesOs was observed, while the
diffraction intensity slightly increased at 38.56° and 65.08° of C0304 before and after catalysis. It

indicates the good stability of the crystalline structures of NiCoFe-LDO in the PMS catalyst
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system. Ngoai ra, duong cong tir hda cua xtc tdc NiCoFe-LDO sau 5 chu ky tai sa dung dugc xac
dinh, két qua hinh S4 cho thay gia tri tir héa bdo hoa sau 5 chu ky sir 1a 27.20 emu/g cho thiy xtic
tac NiCoFe-LDO van dugc thu hdi tét nho tinh chét tir tinh cia né. Cuong do tir héa giam nhe c6
thé do céc san phdm phan hay trung gian cia RhB hdp phu lén bé mit cua xdc tc
[http://dx.doi.org/10.3390/catal10020225], ddng thai két qua phan tich XRD cho thiy c6 su giam
cudng do nhiéu xa cia FesOs giam da anh huéng dén cuong do tir hda. The loss of Ni, Co, and
Fe after the reaction was not significant through the ICP-MS analysis. The results show that at pH
3.0 after 14 minutes of reaction, the Ni, Co, and Fe contents in the solution were 0.07, 0.11, and
0.39 mg/L, respectively. At pH 7.0, the leached concentrations of these metals were 0.06, 0.06,
and 0.17 mg/L, respectively. The leaching of Ni, Co, and Fe in the NiCoFe-LDO/PMS system is
lower than the National standard for surface water QCVN 08-MT:2015/BTNMT of 0.1 mg/L and
0.5 mg/L (Column A1) for Ni and Fe, respectively, which indicates the stability of the NiCoFe-

LDO catalyst.
3.3. Reaction mechanism
3.3.1. Determination of reactive oxygen radicals

The decomposition of RhB by the NiCoFe-LDO and PMS is described according to the formation
and decomposition activities of active oxygen types such as superoxide (O2*), single oxygen 1O,
sulfate radical (SO4*), hydroxyl radical (HO®), and peroxymonosulfate radical (SOs*"). Among
these radicals, SOs*" plays a minor role in RhB decomposition because of its weak oxidizing
properties (E = 1.05V). Dé xac dinh loai oxy hoat dong hinh thanh va quyét dinh sy phan hay
RhB bai hé NiCoFe-LDO/PMS, céc thi nghiém dap tat triét dé duoc thuc hién bang cach sir dung
céc chét dap tit chon loc TBA, IPA, EtOH, Phenol, FFA va p-BQ. Trong d6, TBA duoc ding dé
dap tit nhém *OH vi téc do phan &ng cua TBA v6i HO® nhanh hon so v6i SO4* khoang 1000 1an
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(Kuo- =3.8-7.6x108 M1s1, Ksos.- = 4-9.1x10° Ms?)
[https://doi.org/10.1016/j.chemosphere.2020.128627]. Trong khi d6 EtOH duogc xem la dap tét ca
S04* va *OH boi EtOH tdc do phan tng véi nhém HO® nhanh hon gbc SO4* tir 36-75 13n (Ksos--
= 1.6-7.7x10" M.s%; kno. = 1.2-2.8x10° M1.s)*°. Ngoai ra, IPA phan ttng manh véi ca HO® va
S04* v6i hing sb téc d6 phan ung 1a  8.2x107 Mts? va 1.9x10° MLs? tuong ung
[https://doi.org/10.1016/j.seppur.2020.117023]. Fufuryl ancohol (FFA) duoc st dung dé dap tt
10, va *OH (Krraloz = 1.2x108 M%s 1 K ramio- =1,5.10%° M~2s 1), Phenol duoc st dung dé xac
nhan su hinh thanh cta oxy don (Keneor-toz2 = 108 M™*s%) [https://doi.org/10.1039/C8CP04852E,
https://doi.org/10.1016/0045-6535(87)90004-X]. Ngoai ra, p-benzoquinone (p-BQ) duoc su dung
dé dap tét hiéu qua O2° (koze- =0.9-1x10° M™.s™) [https://doi.org/10.1016/j.cej.2019.123361]. As
presented in Fig. S17, the decomposition efficiency of RhB gradually decreased when adding
quenching agents in the order of TBA (71.78%) ~ IPA (68.98%) > EtOH (57.06%) > PheOH
(31.71%) > FFA (27.12%) > p-BQ (8.64%). Két qua cho thiy sir dung FFA va PheOH dé dap tit
10, cho két qua twong dong, didu d6 cho thay oxy don 1a mét trong céc loai oxy hoat déng chinh
hinh thanh trong hé NiCoFe-LDO/PMS. Hon nita, dé chung minh vai trd cua oxy hoa tan trong
phan hiy RhB, Nito bdo hoa duoc suc lién tuc vao hé phan ing truge khi thém PMS. Két qua hinh
17 a cho thay khi oxy bi loai b, hiéu qua phan hiy ciia Rhodamin B giam manh con 30,69%, diéu
d6 cho thay oxy hoa tan 1a can thiét dé tao ta O,*" va *O; trong hé NiCoFe-LDO/PMS, két qua nay
ciing phu hop véi thi nghiém dap tat, trong d6 02* va 'Oz dong vai tro quyét dinh, két qua nay
cing duwgc chi ra trong nghién cau coa Chencheng Dong va cong su
[https://doi.org/10.1016/j.apcath.2021.120223]. The rate constant of RhB degradation in the
absence of quenching agents (0.269 min™!) was 3 and 40 times higher than those in the presence

of TBA and p-BQ, respectively (Fig. S17). Thus, the order of radicals playing a role in RhB
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584

degradation is O2* > 0, > SO4** > HO®, in which the O>* and O radicals play a major role in
RhB degradation, trong khi su phan huy RhB bai cac géc SO4°- va HO® chiém & mot mirc d6 nho

hon nhiéu.

Hon nita, cac loai oxy hoat dong duoc xac nhan bing phan tich EPR. O day, DMPO duoc si dung
lam chét by spin cho SO4°*", HO® va O,* trén co s tin hiéu cia DMPO-X (X: SO4, OH va OOH)
[https://doi.org/10.1016/j.cej.2019.123361], trong khi TEMP duoc st dung cho O3 trén co sé tin

hiéu TEMP-O [https://doi.org/10.1016/j.jhazmat.2019.121350] (Hinh. So d6...) két qua duoc dua

ra ¢ hinh.....
DMPO-SO,4 DMPO DMPO-OH
Va
CHy N

\
o

Y
|

3
05~ 4
CHjy N H
DMPO-OOH
IOZ
_—

N 5 N

H Ny
TEMP TEMP-O

Hinh. So d6 phan ting gitta DMPO va TEMP véi céc loai oxy hoat dong

Két qua cho thdy, khdng c6 tin hisu DMPO-X va TEM-O nao duoc quan sét trong hé théng PMS
mét minh. Tuy nhién, khi c6 mat xtc tac NiCoFe-LDO, khéng quan sét thiy bét ky tin hiéu nao

cia DMPO-OH va DMPO-SO; (khdng thé hién dit lidu & day) diéu nay c6 thé do ndng d6 gbc
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hydroxyl va sunphat thap, déng thoi DMPO-SO4 véi thoi gian ton tai ngan va do nhay thip nén

khéng quan sat thiy tin hiéu [https://doi.org/10.1016/j.cej.2020.125903].

Hon nita, dé nhan dién O»*", ngudi ta st dung etanol 1am dung méi (thay vi nu6c) dé dap tit SO4*
va HO*®, ngan chan su hinh thanh DMPO-OH hoac DMPO-S04
[https://doi.org/10.1016/j.chemosphere.2018.11.197]. Nhu quan sét trong hinh ...a, ¢6 thé quan
sét thdy bdn dinh ddc trung (1:1:1:1) co cudng d6 manh, cho thay su hién dién cua cac goc
superoxide, két qua EPR phl hop vai céc thi nghiém dap tit, chi ra ring Oz* chiu trach nhiém
chinh cho su suy thoai cia RhB. Hon nita, khi thém p-BQ cudng d6 cac dinh dic trung cia DMPO-
OOH cua giam rd rét, didu do cho thdy mot lwong lén 02°~ dugc hinh thanh trong hé NiCoFe-
LDO/PMS. Mt khac, oxy don duoc nhan dién trén co s6 tin hiéu TEMP-O, két qua EPR hién thi
tin hiéu cna ba dudng 6 cudng do biang nhau (1: 1: 1) ciia cac san pham TEMP-O, ching té su ¢6
mit cia *02. Do d6, noé chi ra rang con duong phi truyén théng tao thanh khdng géc xay ra trong
qua trinh hoat hda PMS bgi NiCoFe-LDO. Hon nita, khi c6 mat p-BQ, cuong do tin hiéu TEMP-
O giam manh, didu d6 cho thiy cac gbc superoxide trong truedng hop ndy da tham gia vao viéc
chuyén dbi thanh 0, [https://doi.org/10.1016/j.apcath.2021.120223]. Do d6, két qua EPR ciing
xac nhan O,° ~ va 'O, la cac loai phan g chinh gy ra su phan ay RhB trong khi SO4°* va HO®
dong vai trd han ché. Két qua nay ciing duogc chi ra trong mot sé hé FesO4@C/PB/PMS/ 2,4-DCP
[https://doi.org/10.1016/j.chemosphere.2018.11.197], MoSe2/PMS/Vis
[https://doi.org/10.1016/j.apcath.2021.120223], Fe®-montmorillonit/PMS
[https://doi.org/10.1016/j.cej.2018.04.175]. Nhu vay, su két hop cac thi nghiém déap tit va phan
tich EPR chi ra ring O2*~ va *O dugc hinh thanh chinh trong hé NiCoFe-LDO/PMS, theo hiéu

biét cia chung t6i day 1a cong bd dau tién vé xic tac LDO c6 thé hoat hda higu qua PMS hinh
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thanh chu yéu O,* ~ va '0,, khac véi hiu hét cac LDO khac hoat hda PMS (bang S3) tao ra SO4*

va HO". loai bo cac chét 6 nhidm hitu co trong nudc.

- NiCoFe-LDO/PMS/DMPO/Ethanol NiCoFe-LDO/PMS/TEMP
=]
< =
~ 3
2 s
‘@ 2
g 2
f=4 NiCoFe-LDO/PMS/DMPO/Ethanol/ p-B e
= £ NiCoFe-LDO/PMS/TEMP/p-BQ
PMS/DMPO
PMSITEMP
M
3240 3280 3320 3360 3400 3440 3240 3280 3320 3360 3400 3440
Magnetic field (G) Magnetic field (G)

Hinh. (a) EPR spectra for the detection of O2° ~ in the presence of DMPO and ethanol at room temperature;

(b) EPR spectra for the detection of O, in the presence of TEMP at room temperature (Experimental

conditions: 1.2 mmol/L PMS, 0.3 g/L MoSe2, light source: 300 W Xe lamp with 420 nm cut filter).
(Condition: [NiCoFe-LDO]=60 mg/L, [PMS]=500mg/L, [DMPO]=40mM, [TEMP]=20mM, [p-

BQ]=1mM, pH 7.0, 25 °C)
3.3.2. Degradation pathway of RhB by NiCoFe-LDO/PMS system

The degradation of RhB by NiCoFe-LDO/PMS to intermediate products was determined by MS.
The structure of RhB contains nitrogen atoms, thus it is suitable for the positive ion ionization
(ESI+) technique [48]. The degradation of RhB by ROS mainly occurs through 4 main processes:
N-de-ethylation, cleavage of color-bearing group, xanthene ring-opening, and mineralization [49,
50], as proposed in Fig. 6. Rhodamine B was identified by m/z = 443 [51]. In the first stage, the
de-ethylation in the RhB structure forms M1 (m/z = 415) [51] and the N-de-ethylation forms M2
(m/z=374). On the other hand, ROS break the C-Phenyl bond to remove the benzoic acid from the

xanthene ring, forming M3 (m/z = 322). The decarboxylation and hydroxylation of M2 form M4
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(m/z =307). The cleavage of the C-Phenyl bond, removal of the ethyl group, and the hydroxylation
of M1 and M3 produce M5 (m/z = 285). After that, M6 (m/z = 232) was formed from several
processes such as C-Phenyl bond cleavage, N-de-ethylation, and hydroxylation of M4 and M5,
leading to the decolorization of RhB [52]. The products from M2-M6 were only found in this
study, but not found by other works. The dehydroxylation of M6 then forms M7 (m/z = 197) and
M8 (m/z = 181) by removing 2 and 3 hydroxyl groups, respectively [53]. In the second stage, ROS
directly react with xanthene and open the ring to form M9 (phthalic acid, m/z = 166) [54], open-
chain organic acids such as M10 (3-hexenedioic acid, m/z = 144), M11 (propanoic acid, m/z = 74)
and M12 (acetic acid, m/z = 60) [51, 55]. Finally, the mineralization of these open-chain organic

acids forms the final products of CO, H20, NOs", and NH4*.
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635 Fig. 6. The possible degradation pathway of RhB in the NiCoFe-LDO/PMS system.

636  Dé danh gia kha nang khoang hoa ciia RhB bai hé NiCoFe-LDO/PMS, COD cua dung dich phan
637  ung duoc xac dinh va két qua dugc mo ta trong hinh ..... Viéc loai b6 COD dat dugc 32.25; 74.87
638  va98.33 sau 7; 14 va 30 phit phan ing. Su khoang héa ciia RhB 13 twong dbi cao so véi mot s6
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hé a-MnO2/PMS la 61 % sau 30 phat phan tng [https://doi.org/10.1007/s11270-016-2782-6],
CoMn/SBA-15/PMS la 45% sau 30 phut [https://doi.org/10.1016/j.seppur.2021.119081]
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Hinh. Hiéu qua loai bo COD cua RhB theo thoi gian bai hé NiCoFe-LDO/PMS

3.3.4. Proposing the reaction mechanism

Trén co s6 két qua phan tich XPS, nhan dién loai oxy hoat dong & trén, co ché suy thodi RhB

trong hé NiCoFe-LDO/PMS bao gdm hai qué trinh oxy héa géc va khéng géc. The PMS activation
mechanism by NiCoFe-LDO for the decomposition of RhB is proposed in Fig. 7. After adding
PMS, Co?*, Fe?*, and Ni?* ions on the catalyst surface can activate HSOs™ to form SO4*, and Co®*,
Fe®*, and Ni®** (Reactions 15. Then, Co®, Fe**, and Ni** can be reduced to Co?*, Fe?*, Ni?* by
reacting with HSOs and produce a weak oxidizing SOs*" radical (Reactions 16) [
https://doi.org/10.1016/j.seppur.2020.117685 ]. Besides, there are also interactions between metal
ions (Reactions 17-19). Trong hé NiCoFe-LDO/PMS, sir hién dién ctia O2° c6 thé dugc giai thich
tir cac qua trinh sau: (i) Cac chd tréng oxy (oxygen vacancies-OVs) trén bé mit caa LDO giau

electron s& hoat héa oxy hoa tan hinh thanh O2* (phan &ng 20) trén bé mat pha rén (vai tro cua
oxy hoa tan da dugc chi ra & muc 3.3.1), tham gia hiéu qua vao qua trinh phan Gng véi chat &
nhiém [https://doi.org/10.1016/j.cej.2018.04.215]. (ii) Phan ng phan ly HSOs thanh SOs* (phan
tng 21), qua trinh phan tng ciia SOs%, HSOs™ véi nuéc tao thanh H202 va SO4% (phan tng 22).
Su khir cac ion kim loai hda tri ba boi H20: tao thanh O2*~ (phan (ng 23), phan ang tai tao kim
loai héa tri hai bai 02°~ (phan ng 24 ) & hoat hda PMS mang lai higu qua cao cho qua trinh phéan
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hay RhB [https://doi.org/10.1016/].seppur.2020.117685].(iii) The sulfate radical is partially

converted to hydroxyl radical in the presence of HO (Reactions 25), su chuyén héa gc sunphat

thanh gdc hydroxyl c6 thé da 1am giam ndng d6 cua né trong dung dich va khong phét hién duoc
tin hiéu EPR, phan ng phan hay gbc hydoxyl béi hydropeoxit (phan ng 26), hinh thanh géc
hydroperoxyl, sau d6 phan ly thanh géc  supeoxit (phan Gng  27)
[https://doi.org/10.1016/j.apcatb.2021.120223]. Su phan hay cac gdc hydroxyl c6 thé din téi 1am
giam manh ndng d6 ciia nd, din dén khong phét hién tin hiéu EPR cia DMPO-OH. Co ché thir hai
chiém wru thé trong hé NiCoFe-LDO/PMS la qua trinh oxi héa phi truyén théng véi sy hinh thanh
clia oxy don 'O, dugc Xac nhan tir thi nghiém dap tit va EPR. Mot s6 phan ung ¢ lién quan dén
sy hinh thanh 10, tir phan ung gitra HSOs™ va SOs? (phan tng 28), phan ng phan hay géc
peroxymonosulfate (SOs*~ ) bai nuGe (phan ung 29)
[https://doi.org/10.1016/j.chemosphere.2018.11.197], chuyén héa gdc superoxit va hydroxyl
(phan ung 30) [https://doi.org/10.1016/j.cej.2020.127066][
https://doi.org/10.1016/j.seppur.2021.118666]. Ngoai ra, oxy don con dugc hinh thanh tir phan
ung cua cac loai oxy hip phu (Oaas) (phan ung 31-32)
[https://doi.org/10.1016/j.seppur.2021.118666], diéu nay dwoc xac nhan boi sy thay ddi cua Oads
truéc va sau xuc tac. Active oxygen species produce O,*; singlet oxygen (*02), sulfate radical
(SO4*7), and hydroxyl radical (HO®) participate in the oxidation of RhB to form intermediate

molecules and further inorganic substances (Reactions 33-34).

=M?* + HSOs" — =M% +S04*" + OH" (Re. 15)
=M?3* + HSOs" —=M?"+S0s*" +H* (Re. 16)
=Ni®* + =Co?* — =Co* + =Ni* (Re. 17)
=Fe’* + =Co? — =Co®* + =Fe?* (Re. 18)
= Fe¥* + =Nj# — = Ni®* + = Fe?* (Re. 19)

O2+e — 02 (Re. 20)
HSOs 5 SO + H* (Re. 21)
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HSOs (SO0s%) + H,0 — H202 + HSO4 (SOx)
=M%+ H,0, — =M%+ 0* + 2H*
=M¥*+ 0,  —=M*+0,

S04 +H0 — HO*®*+HO

HO*+ H.0, — HOz* + H,0
HO.* — 02* +H*

SOs? + HSOs" — 10+ 2S04 + H*
2S0s*" + H,0 — 1.510, + 2HSOs
0,* +HO* — 102+ HO®

Ougs — O

0" +HSOs — 02+ HSO4

02+ 10, + SO4*+ HO® + RhB — intermediates + SO4*

02*"+ 10, + SO4*+ HO® + intermediates — H20 +CO; + SO4*
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Fig. 7. Proposed mechanism for degradation of RhB in water using NiCoFe-LDO material for

PMS activation
3.3. Treatment of other dyes and in different water environments

The PMS activation by NiCoFe-LDO was applied for treating various textile dyes, including
xanthene group (RhB), azo (TTZ, OG, JGB, DB71, and MO), and phenothiazine (MB). Fig. 8(a)
shows that the degradation efficiency after 14 min of the dyes was in the order of RhB (97.86%)
> 0G (70.55%) > DB71 (56.98%) ~ MO (56.0%) ~ TTZ (55.83%) ~ JGB (55.22%) ~ MB(
53.56%). Sau 30-40 phit, trén 95% céc thubc nhuém con lai déu bi phan hiy (dit liu khéng dugc
hién thi & day), mot s6 hé can thoi gian loai bo cac thudc nhuém dai hon nhu NiO-NiFe,0,-rGO/PMS
sau 40 phut loai bd hoan toan RhB [doi:10.3390/w11020384], CoFe204/ZIF-8/PMS sau 60 phat phan
hay 97.9% MB [https://doi.org/10.1016/j.chemosphere.2019.125021], Fes04@ C/Co/PMS loai bo
AO7 hoan toan sau 40 phut [DOI: 10.1039/C5RA13078F], MnFe204/rGO/PMS loai bé hoan toan
methyl dacam sau 40 phuat, metyl xanh sau 120 phat, rhodamin B, dacam Il sau 240-270 phut

[http://dx.doi.org/doi:10.1016/j.jhazmat.2014.01.027]. Different molecular structures of the dyes
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resulted in different selectivity of the radicals formed during the PMS activation by NiCoFe-LDO
material. The degradation kinetics of OG, TTZ, JGB, and MB followed pseudo-first-order kinetics
with R > 0.943 while those of DB71 and MO did not, which could be due to their complex

molecular structures that require multi-step reactions during the decomposition process (Fig. S18).

ohes ®)

0.8+

== Double Distilled Water

0.2| =O=West Lake
=To Lich River
=& =Hong River
~{=Hoan Kiem Lake

0.04 == Nghia Do Lake

~{>=Dieu Hoa Lake
By Mau Lake

Time (min) Time (min)

Fig. 8. Ability of NiCoFe-LDO and PMS to decompose (a) different dyes in water and (b) RhB

dye in different types of natural surface water
(Condition: 20 mgdye/L, 500 mgPMS/L, 60 mgLDO/L, pH 7.0, 25 °C)

This study also evaluated the treatment of RhB in water taken from many rivers (To Lich and
Hong) and lakes (West, Hoan Kiem, Bay Mau, Dieu Hoa, and Nghia Do) in Hanoi (Vietnam). As
shown in Fig. 8(b), the RhB degradation after 14 min reached 97.86% in double distilled water but
was strongly inhibited in the water of Hoan Kiem Lake (51.1%) > Dieu Hoa Lake (26.43%) ~
Hong River (25.92%) > West Lake (22.68%) > Bay Mau Lake (20.28%) > To Lich River (9.65%)

> Nghia Do Lake (7.73%). The rate constants of RhB degradation in double distilled water was 2
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728  and 49 times higher than those in the water of Hoan Kiem Lake and Nghia Do Lake, respectively
729 (Fig. S19). Két qua xac dinh mét s6 thong s6 co ban trong nudc mat séng, hd duge dua ra &
730  bang... ham luong cac thong sé 6 nhidm nhu COD, clorua, amoni va photphat déu vurot tiéu chuén
731 cho phép ciia QCVN 08:2015 (Column A2) ctia nwéc mit. Cu thé, ham lugng COD vuot qua tidu
732 chuén cho phép tir 1.15-3.41 I4n, ham luong clorua, photphat, amoni cao hon tir 2.23-15.22; 2-31,
733 4.5-56.4 lan twong tng. Nhu vay, so V6i nudc cat hai 1an, hiéu qua loai bé RB trong nudc mat bi
734 wc ché manh. Didu ndy c6 thé 1a do su ton tai cua cac chit canh tranh nhu ham luogng cc chat 6
735 nhidm hitu co cao COD cao, dong thdi sy c6 mat ham lwong I6n anion clorua cé thé gay trc ché
736 do sy tao thanh cac dang clo hoat dong cé tinh oxi héa yéu hon. The inhibition of RhB degradation
737  can be explained by the presence of high levels of ammonium and surfactants from domestic
738  wastewater discharged directly into the lake, and high concentrations of dissolved organic
739  substances. The natural colloidal particles with particle size from 1 nm - 1 um could also adsorb
740  on the catalyst surface, thus preventing the contact of the NiCoFe-LDO catalyst with PMS and
741 greatly reducing the decomposition of RhB. Do d6, hiéu qua suy thodi RhB trong hé théng
742 NiCoFe-LDO/ PMS bi han ché trong cac nén nuéc mit khéc.
743 Bang: Céc thdng s6 co ban ciia nudc song hd
: 3 . Do cimg
Actual water bH COD CI (mg/L) NOs PO, NHy4 TSS CaCOs
samples (mg/L) (mg/L) (mg/L) | (mg/L) (mg/L) mg/L
West Lake 7.164 17.6 3550 0.82 0.41 2.52 3.2 310
To Lich River 7.334 51.2 2414 3.26 4.15 16.91 215 310
Hong River 6.881 17.8 781 1.13 0.68 1.94 13.2 120
Hoan Kiem lake 6.855 28.3 1633 0.92 3.58 151 54.4 210
Nghia Do Lake 6.509 48.6 5325 3.25 6.11 10.2 16.8 490
Dieu Hoa Lake 7.125 17.2 2873 1.25 0.47 1.36 135 270
Bay Mau Lake 6.543 434 4854 3.58 5.13 12.35 18.4 320
QCVN 08:2015 ] ]
(Column Ay) 6-8.5 15 350 5 0.2 0.3 30
744
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The application of NiCoFe-LDO 500/PMS in practical wastewater treatment was tested with real
recalcitrant wastewater such as textile wastewater containing dyes (from Hopex Company, Hai
Duong Province, Vietnam), redwater containing trinitrotoluene (from Hoa Phat Company, Quang
Ninh Province, Vietnam), paper wastewater (from An Hoa Company, Tuyen Quang) and landfill
leachate (from Nam Son landfill, Ha Noi) . The COD values of these wastewaters were 520, 450,
584, and 448 mg/L, which exceed the limit of 150 mg/L for discharging into the environment
(QCVN 40:2011/BTNMT, Column B, National Technical Regulation on Industrial Wastewater).
After being treated with NiCoFe-LDO 500/PMS system (500 mgPMS/L, 60 mgLDO/L, pH 7.0,
25 °C) for 60 min, the COD removal efficiency reached 62.23% for textile wastewater, 42.31%
for redwater, 66.10% for paper wastewater and 71.43% for landfill leachate (Fig. S20). This
implies that the PMS activation by NiCoFe-LDO could be a promising technology for the

treatment of recalcitrant compounds in industrial wastewater.

The comparison of using different LDO catalysts for PMS or PS activation to remove the organics
of this study and other works in the literature [22-27, 56, 57] is summarized in Table S3. It is
difficult to compare the performance of different reaction systems since they used different LDO
materials with diverse crystal phases and the reactions were conducted under various conditions.
However, it can be seen that the NiCoFe-LDO material has the advantages of low contents of
catalyst and PMS used for high organic concentration, fast decomposition, and high RhB removal

efficiency. Besides, 02°*; 102, SO4*7 and HO® radicals play an important role in the RhB removal.
4. Conclusions

This study successfully synthesized NiCoFe-LDO material for PMS activation and applied it for

removing RhB and some other dyes in water. The NiCoFe-LDO prepared at 500 °C had the highest

40



768

769

770

771

772

773

774

775

776

777

778
779
780
781
782
783
784
785
786
787
788
789
790
791
792

RhB removal efficiency of 97.86% after 14 min of reaction. This is due to the high surface area
and crystallinity of the material at this temperature. The optimum condition was found to be 20
mg/L of RhB, 500 mg/L of PMS, 60 mg/L of NiCoFe-LDO, and pH 7.0. Via radical scavenging
tests, the reactive oxygen species such as 0, 102, SO4°*; and HO® were determined to be the key
radicals for the degradation of RhB. The reaction mechanism was also proposed to describe the
activation of PMS by NiCoFe-LDO material and reaction pathways for decomposing RhB in
water. The tests with various actual surface waters and wastewaters showed that PMS activation
by NiCoFe-LDO material could be a promising technology for removing hard-biodegradable

organic pollutants in practical applications.
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