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ARTICLE INFO ABSTRACT

Keywords: As bifunctional materials for adsorption and peroxymonosulfate (PMS) activation, iron — cobalt bimetallic
Bimetallic organic frameworks (FeCo — MOF) were successfully fabricated via a facile method at room temperature, and
Adsorption characterized by XRD, SEM, TEM, XPS, TGA, BET and FTIR. Due to the high specific surface area and electrostatic
Il:;;)})zf[rlril:;osulfate interaction, FeCo — MOF showed excellent adsorption capacity. 30 mg of FeCo — MOF can adsorb 87.5 % of

tetracycline (TC) in a 100 mL aqueous solution (70 mg/L). The adsorption data are well fitted by the Langmuir
model and pseudo — second — order adsorption kinetics, indicating the TC capture probably was monolayer
molecular adsorption and chemisorption. Meanwhile, FeCo — MOF/PMS had the outstanding catalytic activity
for TC degradation via PMS activation. 10 mg of FeCo — MOF can remove 91 % of TC within 5 min in a 100 mL
aqueous solution (20 mg/L) with PMS (0.1 mmol-L™!). Quenching experiments showed that ¢OH, SO, 03~ and
10, all participate in the TC degradation. The effects of PMS concentration, pH value, reaction temperature on TC
degradation were investigated. Although the coexisting inorganic anions and small molecule acids inhibited the
catalytic performance of FeCo — MOF/PMS, the TC removal rates were still greater than 80 %, indicating the
FeCo — MOF/PMS system has a strong anti — interference ability to complex water environments. In addition,
the complete degradation of various pollutants, including TC, methylene orange (MO) and methyl blue (MB), and
TC degradation in different water bodies confirmed the wide applicability of the FeCo — MOF/PMS system.

1. Introduction only raise potential risk to ecosystems and human health, but also lead

to increased antimicrobial resistance of microorganism. Hence, the

In recent years, with the rapid development of industry, water
pollution has become more and more serious, and then been highly
concerned. Therefore, the safe and effective treatment of water pollut-
ants has become a hot topic of research (El-Aswar et al., 2022);
(Ghorbani et al., 2023) ; (Samy et al., 2023) . Tetracyclines (TCs) are a
group of broad-spectrum antibiotics having vast human, veterinary, and
aquaculture applications.The continuous release of TCs residues into the
environment and the inadequate removal through the conventional
treatment systems result in its prevalent occurrence in soil, surface
water, groundwater, and even in drinking water (Scaria et al., 2021).
Among all of the antibiotics, tetracycline (TC) ranks second in produc-
tion and usage throughout the world and possesses antibacterial activ-
ities against a wide range of pathogenic bacteria. Misuse of TC will not
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removal of TC from water is of importance from the perspective of
environmental protection and health (Chen et al., 2021).

Sulfate radical — based advanced oxidation processes (SR — AOPs)
have been proved as an efficient and concise way to deal with water
pollution (Azizollahi et al., 2023); (Trawinski et al., 2022) ; (Xu et al.,
2022) . Sulfate radical (SO5™) has higher redox potential and longer half
— life than that of hydroxyl radical (¢OH) (Wang et al., 2022); (Zhou
et al., 2023) . Peroxymonosulfate (PMS), as one kind of the oxidant in
SR — AOPs, can be activated by various strategies (Bui et al., 2021);
(Yang et al., 2023) ; (Yuan et al., 2021); Zhang et al., 2023). Among
them, heterogeneous transition metal activation systems own some
especial advantages, such as simple reaction systems, mild reaction
conditions, no additional energy, and the collaboration between loaded
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materials and transition metals (ElMetwally et al., 2021); (Qin et al.,
2018); (Huang et al., 2023) . Due to the adjustable structure and porous
size, high surface area, more metal active sites, metal — organic frames
(MOFs) always be used to activate persulfate (Masoomi et al., 2019);
(Shi et al., 2019) ; (Xia et al., 2021) . Numerous studies have shown that
the reaction mechanism of SO3~ and organic matter is mainly through
three reaction mechanisms: electron transfer, hydrogen extraction and
addition. MOFs not only provides the active site but also improves the
electron transfer, and thus efficiently activates the PMS to produce
active oxides (Zhong et al., 2022).

Bimetallic MOFs retain most of the advantages of monomeric MOFs,
and have higher catalytic activity and stability than monomeric MOFs
(Chen et al., 2020); (Liu et al., 2022) ; (Luo et al., 2023) ; (Sanati et al.,
2021) ; (Sanati et al., 2022) . In this work,We synthesized iron — cobalt
bimetallic organic frameworks (FeCo — MOF) according to a modified
simple and safe synthesis method (Ge et al., 2021). DMF was used as
organic solvent, 1,4 — benzenedicarboxylic acid as organic linker, iron
and cobalt salt as metal source, and a small amount of triethylamine
(TEA) as structural control agent. The mixture of a small amount of
water and ethanol to prevent the agglomeration of the ideal material
structure. Meanwhile, because of the high surface area, MOFs always be
used as an adsorbent to remove various organic pollutants (Zhang et al.,
2023). In our study, it is found that the adsorption of FeCo — MOF for
tetracycline hydrochloride (TC) is more consistent with the pseudo —
second — order kinetic model and belongs to chemical adsorption. The
adsorption thermodynamic study showed that the adsorption process is
spontaneous and belongs to the Freundlich model (Jiang et al., 2023).

The prepared FeCo — MOF were systematically characterized by
TGA, SEM, HRTEM, XRD, FTIR, BET and XPS. The catalytic ability of
FeCo — MOF for PMS activation was evaluated through the TC degra-
dation. The results showed that the FeCo — MOF/PMS system was better
than the Fe — MOF/PMS and Co — MOF/PMS for the TC degradation.
The influencing factors were also investigated, such as the reaction
temperatures, initial pH value, PMS concentrations, catalyst dosage, and
the presence of various inorganic anions. Furthermore, the applicability
and stability of the FeCo — MOF/PMS system were also evaluated. In
addition, the generated reactive oxygen species (ROS) in the FeCo —
MOF/PMS system were verified by the quenching experiment, and the
reaction mechanisms of the FeCo — MOF/PMS system for TC degrada-
tion was illustrated.

2. Experimental part
2.1. Reagents and materials

The chemicals in this study were purchased in analytical grade and
used without any additional purification, the deionized water used in
this research was purified by Millipore Milli — Q system. FeCl3-6H20, Co
(NO3)2-6H20, triethylamine (TEA), tert — butanol (TBA), isopropyl ol
(IPA), furfurfurol (FFA), sodium chloride (NaCl) and sodium sulfate
(NagSO4), tetracycline hydrochloride (TC), methyl orange (MO) and
submethyl blue (MB) were purchased from MacLean Biochemical Ltd.
(Shanghai, China). Potassium persulfate (PMS) and N, N — dime-
thylformamide (DMF) were purchased from Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). Para — phthalic acid (PTA),
ethanol (EtOH), methanol (MeOH) and ascorbic acid (AA), sodium
carbonate (NayCO3) and sodium bicarbonate (NaHCO3) were purchased
from Sinopharm Chemical Reagents Co., Ltd. Sodium nitrate (NaNO3)
and sodium dihydrogen phosphate (NaHyPO4) were obtained from
Tianjin Fuchen Chemical Reagent Factory.

2.2. Synthesis of FeCo — MOF, Fe — MOF, Co — MOF
Firstly, 0.18 g of Co(NO3)2-6H20, 0.36 g of FeCls-6H20, 0.24 g ter-

ephthalic acid (2,4 — BDC) were mixed in 100 mL of DMF solution under
stirring in a conical flask at room temperature for one hour, and the
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mixture was sonicated for another 1 h. Next, 5 mL of deionized water,
10 mL of ethanol and 10 mL of triethylamine (TEA) were added, and the
mixture was sequentially stirred at room temperature for 12 h. Then, the
precipitate was collected by centrifugation, washed with ethanol for
three times, and then stirred in ethanol for 6 h. Products were finally
collected by centrifugation and vacuum — dried at 50°C overnight to
obtain the desired finished product. The synthesis process of FeCo —
MOF is illustrated (Fig. 1). As control samples, monometallic MOFs were
prepared by the same method as described above, using the same total
metal molar concentration as bimetallic-based MOFs, but without add-
ing Co(NOg3)-6H,0 or FeCl3-6H20, which were defined as (Fe — MOF or
Co — MOF), respectively.

2.3. Material characterization

X — ray powder diffraction (XRD) pattern of samples were recorded
on a powder X — ray diffractometer (D/max — 2200/PC, Rigaku Cor-
poration, Japan) with Cu Ka radiation, operating at 40 kV and 30 mA,
where 1 = 0.15418 nm for the Cu Ka line. XPS experiments were carried
out on a RBD upgraded PHI — 5000C ESCA system (Perkin — Elmer,
USA), the shift of the binding energy due to relative surface charging
was corrected using the C 1 s level at 284.6 eV as an internal standard.
The structure and morphology of the coatings were investigated by the
field emission scanning electron microscopy (FESEM, FEI SIRION 200,
FEI, USA) and Transmission Electron Microscope (TEM, JEM — 100CX,
JEOL, Japan). The functional groups in FeCo — MOF were identified by
Fourier Transform Infrared Spectroscopy (FT — IR, FTS3000FX, DIG-
ILAB, USA). The surface area and pore diameter were determined by a
Micromeritics surface area analyzer at a liquid Ny temperature of 77 K.
Thermogravimetric analysis (TGA) was conducted in the temperature
range of 30-800 °C at heating rate of 10 °C min ~! using PerkinElmer
TGA/Pyris 1 analyzer.

2.4. Experimental procedures

2.4.1. Adsorption experiments

All adsorption experiments were performed in a 200 mL conical flask
placed in a thermostatic water bath oscillator. The adsorption properties
of FeCo — MOF was evaluated by the amount of adsorption of TC. Place
0.03 g of adsorbent in 100 mL of TC (30, 40, 50, 60, 70 mg/L) at 298 K
under strring with speed of 200 rpm. Under continuous stirring, a
certain amount of suspension was taken at interval time, and immedi-
ately filtrated by a 0.22 mm hydropolyesulfone filter to measure the
concentration by a UV — vis spectrometer. The similar processes were
adopted at different temperatures (298 K, 308 K, 318 K, 328 K) to
measure the equilibrium concentration and analyze the adsorption
thermodynamics.

2.4.2. Catalytic experiments

The catalytic performance of FeCo — MOF was evaluated by acti-
vating PMS to degrade TC. Typically, 0.01 g of the prepared catalyst was
placed into 100 mL of TC (20 mg/L), and the mixture were stirred at
room temperature for 10 min to form a uniformly dispersed phase. Then,
0.1 mL of PMS solution (1 mol/L) was added to the above suspension to
allow PMS activation to generate active species for TC degradation.
Under strring, a certain amount of suspension was extracted with a
disposable syringe at a specified time interval (5 min), filtered through a
0.22 p m drainage polyether sulfone filter membrane, and measured its
concentration at a wavelength of 357 nm using a UV — visible spec-
trophotometer. In order to assess the extensive degradability of organic
pollutants by the FeCo — MOF/PMS system, the degradation of MB and
MO was also understood under the same conditions, and the concen-
trations were measured at 664 nm and 464 nm using a UV — visible
spectrophotometer.
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3. Results and discussion
3.1. Material characterization

The crystal structures of asprepared Fe — MOF, Co — MOF and FeCo
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— MOF were analyzed by XRD patterns(Fig. 2a). Co — MOF has very
distinct diffraction peaks at 8.28°, 15.24°,17.14°, which can be assigned
to the (200), (201), and (400) planes of the layered triad structure
(Zhao et al., 2017). However, no obvious diffraction peak was detected
for Fe — MOF, which indicates its poor crystallinity. Moreover the FeCo
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Fig. 2. (a) XRD patterns, (b)FT — IR spectra and (c) TGA files of Fe — MOF, Co — MOF and FeCo — MOF. (d) N, adsorption — desorption isotherm of FeCo — MOF.
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— MOF only showed a significant diffraction peak at 8.7°, corresponding
to the (200) crystal surface, indicating the introduce of Fe affect the
structure of Co — MOF. To insight on the surface chemistry character-
istics of the prepared materials, the FTIR spectroscopy was utilized to
analyze the functional groups in Fe — MOF, Co — MOF, FeCo — MOF and
FeCo — MOF collected after TC degradation (Fig. 2b). The absorption
peaks at around 755 cm~! and 818 cm™! are due to the bending vi-
bration of the C — H bond on the benzene ring of the organic ligand (Li
et al., 2021); (Zhang et al., 2015) . Note that symmetrical vibration
peaks of — COOH appear at positions around 1390 cm — 1, indicating
that the organic ligand in the prepared material is p — phthalic acid
(Gong et al., 2017). The peaks at 1570 and 3430 cm ! respectively
corresponded to the C = C stretching vibrations of the aromatic ring
and-OH groups (Liu et al., 2017). The stretching vibrations of C = O lead
to adsorption peaks at 1660 cm™'. The absorption peaks at low fre-
quencies of less than 600 cm ™! were attributed to mental — oxo bond (M
— O) vibrations. Thus, the peaks generated near 558 cm — 1 represent
the stretching vibration of the Co — O bond from Co — MOF and FeCo —
MOF. However, the peaks generated near 532 cm™! represent the
stretching vibration of the Fe — O bond from Fe — MOFand FeCo — MOF,
which demonstrated the successful fabrication of FeCo — based bime-
tallic organic frameworks (Banerjee et al., 2012).

The TGA profiles of on Fe — MOF, Co — MOF, and FeCo — MOF
materials were shown in Fig. 2¢, When Fe — MOF rises from room
temperature to about 340°C, the weight decreases to 74.99 %, which
should be caused by the evaporation loss of water in Fe — MOF. Then,
between 340 °C to 459 °C, the mass loss of Fe — MOF was 14.49 %,
which may be caused by the destruction of the structure and the
carbonization of organic matter. While the quality of Fe — MOF barely
unchanged between 459 °C and 800 °C. When Co — MOF rises from
room temperature to about 389°C, the loss of water evaporation resulted
in mass reduction to 85.78 %. Then, between 389°C and 509°C, a
massive mass loss of the Co — MOF occurs due to the carbonization of
the organic matter, The mass loss was 50.19 %. There mass of the Co —
MOF was also very little change between 509 °C and 800 °C. When FeCo
— MOF rises from room temperature to about 403 °C, the loss of water
evaporation causes the mass reduction to 77.23 %. Then, between
403 °C and 549 °C, the mass loss of FeCo — MOF occurred due to the
carbonization of organic matter occurred, with a mass loss of 39.25 %.
However, the FeCo — MOF quality barely unchanged between 549 °C
and 800 °C. From the weight loss of the three materials, it is found that
Fe — MOF loses the least weight, followed by FeCo — MOF, while Co —
MOF has the most weight loss. The most direct reason for this is the
spatial structure of the three materials. Ny adsorption — desorption
isotherm of FeCo — MOF was measured (Fig. 2d). It appears the type I
isotherm,which is a typical feature of microporous materials. The BET
surface area of FeCo — MOF was approximately 57.77 m? - g*. The pore
diameter distribution curves of FeCo — MOF was displayed in Fig.S1.

The microstructure and morphology of the prepared MOFs were
characterized by SEM and TEM. Fe — MOF has a tightly packed large
structure and no complex spatial structure on the surface (Fig.S2).
Conversely, Co — MOF has a distinct sheet — stacked structure (Fig.S3),
indicating its characteristic of high crystallinity. As shown in Fig.54, the
apparent structure of FeCo — MOF was formed by the agglomerated
block structure and the lamellar stacking structure. The TEM images
showed a layered structure of the FeCo — MOF with a uniform distri-
bution (Fig.S5). The EDS mapping of FeCo — MOF showed a uniform
distribution of C, O, Fe and Co elements (Fig.S6).

3.2. Adsorptive performances of FeCo — MOF

3.2.1. TC adsorption

The standard curve between concentration and absorbancy of TC
was showed in Fig.S7. The concentration of TC can be calculated based
on the standard curve.The adsorption capacity (q;, mg-g~*) and removal
efficiency (%) of TC by the FeCo — MOF can be calculated based
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formulas (1—3) (Jiang et al., 2023):
_ (G -GV

et W @
(G —C)V
9 = W ()]
- 1
Removal efficiency(%) = (G =Ce) x 100 3

Co

where Cy, Ce and C¢ (rng~L’1) respectively represent the Initial concen-
tration, concentration at equilibrium, and concentration at a certain
time (min) of TC; q; and qe (mg-g~*) denotes the represents adsorbance
for a certain time and at adsorption equilibrium, respectively; V (L) and
W (mg) are the volume of TC solution and mass of adsorbent,
respectively.

As shown in Fig. 3a, The initial concentration of TC is different, and
the amount of adsorbent adsorption to TC is different.The greater the
concentration of TC, the more TC is adsorbed, and the faster the
adsorption rate. In addition, the times for reaching the adsorption
equilibrium at different original TC concentrations were different. It
needed longer time to reach equilibrium if the original concentration of
TC was higher. This phenomenon is attributed to the lack of adsorption
sites on the FeCo — MOF surface to capture more TC (Jiang et al., 2023).
In the initial concentration of TC solution, only a small part of TC
molecules can be quickly captured on the surface, while most of them
enter the structure of FeCo — MOF by intramolecular diffusion. Also
shown in Fig. 3b, when the concentration of TC increased from 30 mg/L
to 70 mg/L, the adsorption amount (qe) at adsorption equilibrium
increased steadily, and q. increased from 99.8 mg-g ™! to 198.8 mg-g .
Conversely, the removal rate of TC showed a gradual decline, decreasing
from 99 % at the beginning to 87.5 %. This phenomenon may also be
attributed to the larger the concentration of TC, the more the final
adsorption amount, but the limited FeCo — MOF surface adsorption site
is not enough to capture more TC, resulting in a decrease in the removal
rate (Liu et al., 2014).

3.2.2. Adsorption kinetics

The adsorption equilibrium data of TC on FeCo — MOF were fitted by
two extensively used kinetic models, i.e., pseudo — first — order kinetics,
pseudo — second — order kinetics models. The above mentioned kinetics
model equations are respectively expressed as follows (Al—Mhyawi
et al., 2023); (Valadi et al., 2022) ; (Vinayagam et al., 2023) :

The pseudo — first — order kinetics model:

qe klt
In|—— | =—— 4
“(qe - q,) 2303 @
The pseudo — second — order kinetics model:

t 1 t
q: B qug * qe (5)
where k; (min~1) and ko (g/mg min~1) severally denote the rate con-
stants of pseudo — first — order and pseudo — second — order equations.
The circumstantial adsorption behavior of FeCo — MOF was further
investigated. Two pseudo kinetic models were fitted to obtain the
regression curvesand further used for calculating relevant parameters
(Fig. 4). As a result, the regression correlation coefficients of non —
linear pseudo — second — order kinetic model (R2 > 0.97)(Fig. 4b) were
evidently larger than that of the non — linear pseudo — first — order
kinetic model (R? < 0.97)(Fig. 4d) for all TC concentrations. However,
the R? values obtained by the two pseudo kinetic models are not much
different, and the quasi — second order is all larger than the quasi — first
— order dynamics except at the TC concentration of 60 mg/L. This is
consistent with the nonlinear fit. Notably, the pseudo — second — order
kinetic model was much fit for depicting the adsorption of TC on FeCo —
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MOF, implying that the chemisorption involved electron exchange,
transfer and sharing was the main adsorption rate controlling step (Liu
et al., 2014). Meanwhile, the values of q. increasingly aggrandized with
the rising of original TC concentrations.While the rate constants (ky
values) decreased as the original TC concentrations increased. This
observation could be attributing to the competition for the adsorption
sites might be high at larger original TC concentrations, leading to a
relatively low rate constant.

3.2.3. Adsorption isotherm

The adsorption isotherms from different initial TC concentration at
various temperature conditions (298, 308, 318 and 328 K) were per-
formed. The linear and non — linear Langmuir and Freundlich models
were respectively fitted based on the equilibrium data (Fig. 5). The fitted

correlation coefficients got from linear and non — linear Freundlich
isotherm models were all above 0.93. The corresponding correlation
coefficients got from Langmuir isotherm models were almost above
0.95. The results indicatied that the Langmuir model was more suitable
for describing current adsorption behavior. Thus, the Langmuir isotherm
model could better depicted the current adsorption process, indicating
the TC capture probably was monolayer molecular adsorption,and
chemisorption.

The expression for both models are as follows (Habimana et al.,
2016); (Li et al., 2013) :

Langmuir model:

1
Gmax 'kL

Ce

qe

Ce

(6)

Gmax
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Freundlich model:

Logg. = Logkr + Loge, @
Where C. is the concentration at adsorption equilibrium (mg/L), Qmax iS
the maximum adsorption amount (mg/g), ki, is langmuir constant (L/
mg) indicates the adsorption strength; qe is the adsorption amount at
adsorption equilibrium, kg is Freundlich constant (mg(“ + 1)/g/L“), in-
dicates the adsorption capacity, n is the adsorption strength.

The constant Ry, can reflect the essential characteristics of the lang-
muir model, expressed as (Liu et al., 2014):

1

Ri=—
LT 1Y Ok,

(€))

Where Cj is the initial concentration (mg/L) and ki, is the langmuir
constant. When Ry, = 0, adsorption is irreversible; when 0 < Ry, < 1,
adsorption is preferred; when Ry, = 1, linear adsorption; when Ry, > 1,
adsorption is unfavorable.

The current Ry, values between 0.139 and 0.069 in the concentration
scope from 30 to 60 mg/L, revealing favorable capture in current
adsorption system. It is worth noting that the increases of the original TC
concentration and the reaction temperature decreased the Ry values
correspondingly, indicating that the high concentration of TC and the
increased temperature are conducive to adsorption.

3.2.4. Adsorption thermodynamics

For deeply understanding of the capture behavior, the thermody-
namic experiments of adsorption of TC by FeCo — MOF were carried out
from 298 to 328 K. The adsorption isotherm curves of non — linear
Langmuir model were first fitted to obtain the Langmuir isotherm con-
stants (K, L/mg). Results indicated that the capture capacities of TC in
the FeCo — MOF gradually increased with the increase of temperature
(Fig. 5b), which may be ascribed to the increased mobility of TC

molecules with increasing temperature. Subsequently, Thermodynamic
analysis was carried out to further explain the influence of temperature
on TC capture. Based on adsorption isotherms results, the thermody-
namic parameters such as enthalpy change (AH, KJ molfl), Gibbs free
energy change (AG, KJ mol 1), and entropy change (AS, KJ mol 1) were
calculated as the following formulas (Chen et al., 2022); (Chen et al.,
2022) ; (Khakbaz et al., 2022) :

kD =k X Gmax (9)

AG = —RT X Inkp (10)
AS AH

Inkp = ——— 11

nkp R RT an

Where Kp and T (K) are the thermodynamic constant at equilibrium and
the absolute temperature accordingly; K (L/mg) and Qmax (mg/g)
respectively denote the Langmuir isotherm constant at various temper-
atures and the theoretical maximum adsorption capacity.

Further, the thermodynamics curve and thermodynamic parameters
were respectively fitted and calculated. Results indicated that the AH
value was 13.53 KJ mol~}, indicating endothermic property of the
current adsorption system. It meants that enhancing temperature would
be benefit to the boosting of TC uptake. Negative AG (—9.051, —9.386,
—9.857, and — 10.006 kJ mol~! at 298, 308, 318 and 328 K, respec-
tively) revealing spontaneous characteristics of adsorption behavior. In
addition, positive AS (0.49 J mol’lK’l) enhanced the randomness at the
solid — solution interface during anchoring of TC onto the binding sites
of FeCo — MOF.

3.3. Catalytic performance of FeCo — MOF

The catalytic performance of FeCo — MOF was evaluated by the
degradation of TC (Fig. 6a). For significant contrast, only 0.1 mM PMS
was added, and the degradation efficiency of TC is 26.4 % for 30 min.



S. Zhang et al.

a

1.0

—O-PMS@TC
—/A\—Fe-MOF@TC

—/— Co-MOF@TC
—=0O=FeCo-MOF@TC
—]=Fe-MOF@PMS@TC

0.4 g —C— Co-MOF@PMS@TC
\ —[>— FeCo-MOF@PMS@TC
ﬁ\
0.0 : : . . . :
0 5 10 15 20 25 30

Time (mim)

Arabian Journal of Chemistry 17 (2024) 105483

K=0.439

Fe-MOF

Co-MOF FeCo-MOF

Fig. 6. (a) The degradation of the TC in the different systems, (b) the K values of Fe — MOF/PMS, Co — MOF/PMS and FeCo — MOF/PMS.

This shows that PMS has some self — activation to produce ROS for TC
degradation at room temperature, but the effect is not strong. In addi-
tion, the removal rates of TC were 19.9 %, 22.8 % and 20.5 % at 30 min
by adding Fe — MOF, Co — MOF, FeCo — MOF without PMS, respec-
tively. Exhilaratingly, TC can be quickly degraded when the MOFs and
PMS were added into the TC solution simultaneously. The removal rate
of TC was 82.5 % for the Fe — MOF/PMS system at 30 min (Fig. S8).
Astoundingly, the removal rates of TC were up to 88.5 % and 91.0 % for
Co — MOF/PMS and FeCo — MOF/PMS at 5 min, respectively. The
apparent rate constant (k) of TC removal was calculated via the pseudo
— first — order kinetic model to compare the activation performance
(Fig. 6b). The k values were calculated as 0.09, 0.389 and 0.439 min~!
for Fe — MOF/PMS, Co — MOF/PMS and FeCo — MOF/PMS, respec-
tively. The result displayed that the bimetallic MOFs have better cata-
lytic activities for PMS activation than that of the monometallic ones.
That may be attributed to the existence of synergistic effect between
metals.

3.4. Reaction mechanism

To unravel the primary ROS for the TC elimination in FeCo — MOF/

a
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PMS systems, the following scavenging experiments were performed.
Ascorbic acid (AA), furfuryl alcohol (FFA), tert — butanol (TBA) and
methanol (MeOH),were used as effective radical scavenger to scavenge
superoxide radical (O2° ™), singlet oxygen (102), sulfate radical (SO4°7),
S04°*~ /hydroxyl radical (¢OH), respectively. Besides isopropyl alcohol
(IPA) also can trap SO4°~ /eOH (Wang et al., 2022); (Zhang et al., 2015) .
As shown in (Fig. 7a), With the addition of 100 mM TBA, the degrada-
tion rate of TC decreased from 91 % to 83 %, and the K value decreased
from 0.439 min~! to 0.203 min "}, suggesting the involvement of ¢OH in
the system. When 100 mM MeOH or IPA was added, the TC degradation
rate was reduced to 67 % or 68 %, the K value decreased to 0.121 min~!
or 0.119 min . This verified the participation of ¢OH for TC degrada-
tion. However, 5 mM FFA was added, the TC degradation rate was only
31 %, and the K value decreased to 0.036 min~'. when 5 mM AA was
added, the TC degradation rate was only 0.02 %, and the K value was
only 0.003 min~! (Fig. 7b), indicating that 102 and O,°"are the main
reactive oxygen species, while SO4*"andeOH played a supporting role.
The combination of four reactive oxygen species makes the catalytic
degradation effect of the system very significant, which further shows
the excellent application prospect of the material.

To unveil the mechanism of electron transfer and conversion

K=0.439
0.4}
=
QO 03}
S~
UH 0.203
£ 0.2 =
- ==
' =
0.1 i
0.0 =

TBA MEOH

IPA

None

Fig. 7. (a) Effect of free radical capture agent on TC degradation in the FeCo — MOF / PMS system, (b) the corresponding values. Experimental condition:[TC]o = 20

mg/L, [PMS]p = 0.1 mM, [catalyst]o = 100 mg/L, pH ~ 6, T ~ 298 K.
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between bimetallic sites and PMS during the oxidation reaction, the
chemical composition of FeCo — MOF before and after the reaction were
analyzed by XPS. As seen in Fig. 8a — b, four peaks for C 1 s (284 eV), O
15 (531 eV), Fe 2p (713 eV), and Co 2p (782 eV) were displayed clearly
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in the XPS survey spectra (Wang et al., 2016); (Zhao et al., 2022) .
However, the peaks of Fe 2p and Co 2p of used FeCo — MOF were not as
strong as that of the fresh one. After the oxidation reaction, the Fe**
percentage increased from 74.8 % to 76.5 % while the Fe®* percentage
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Fig. 8. XPS full spectrum of FeCo — MOF before and after using (a, b). (c) Fe 2p, (d) Co 2p XPS spectra of FeCo — MOF before degradation reaction. (e) Fe 2p, (f) Co
2p spectra of FeCo — MOF after reaction. C1s XPS spectrum of FeCo — MOF before and after using (g, h).
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decreased from 25.2 % to 23.5 % (Fig. 8c — d). Similarly, the Co**
percentage increased from 36.9 % to 46.3 %, while the Co>* percentage
decreased from 63.1 % to 53.7 % (Fig. 8e — f). These results verified that
the bimetallic Fe and Co sites simultaneously involved in the activation
of PMS, and form a continuous rapid redox process between Co®>*/Co?*
and Fe3*/Fe?" during the oxidation reaction. Instead, the peak of Cls
becomes more pronounced (Fig. 8g — h). This may be the activation of
PMS caused by partial carbonization of the metal organic frame. But
only the intensity changes, and the position remains the same.

Combined with the above analysis, the mechanisms of the PMS
activation and ROS evolution processes were proposed in (Fig. 9.).
Firstly, PMS has been adsorbed on the surface of the FeCo — MOF and
activated by the reaction between PMS and Co>'/Fe?* to generate
S04~ via electron transfer (Eq.12-13) (Chen et al., 2018); (Pang et al.,
2019); (Yao et al., 2014) . The eOH is generated by the reaction of SO4°~
with water molecules (Eq.14) (Li et al., 2019). Meanwhile, the PMS and
the dissolved oxygen in water both can create 05"~ (Eq.15-16) (Lou
etal., 2017); (Rao et al., 2022) ; (Wang et al., 2021) ; (Wang et al., 2017)
; (Zhu et al., 2022) . then the generated O2°~ was converted to 10, by
reacting with H' or ¢«OH (Eq. (17) — 18) (Vinayagam et al., 2023; Wang
et al., 2022; Wang et al., 2021; Wang et al., 2016; Wang et al., 2022).
Since the redox potential of HSO5/SOs°~ (1.10 V) is lower than that of
Co%*/Co%" (1.84 V), the Co®" can be effectively reduced to Co®" via
reaction with HSO5, achieving a continuous cycle between Co®'/Go?"
(Eq.19). However, the redox potential of Fe>*/Fe?* (0.77 V) is more
negative than that of HSO5/SOs*~ (1.10 V), thus reducing Fe3*t by PMS
is thermodynamically unfavorable. Alternatively, the redox potential of
05"~ /04 is — 0.33 V, which is more feasible to reduce Fe>* than PMS.
Therefore, the circulation of Fe*>*/Fe?" can be realized by 02"~ (Eq.20).
The SOs5*~ can react with itself or Co?t/Fe’" to generate 10,, which
could be another pathway of 102 creation (Egs.21-23). In addition, the
electron transfer between bimetals can effectively accelerate the redox
process of Co°>*/Co?t and Fe>*/Fe?*, thereby promoting the formation
of ROS (Eq.24). Finally, the organic contaminants were decomposed by
ROS (Eq. (25).

Co®" 4+ HSO5 —»Co>* + SO,*~ + OH™ 12)
Fe?* + HSO5 —Fe** + S0,°” + OH™ 13)
S0,*~ + H,0 — HSO; + ¢OH a4
0, +e =-0,*" (15)
SO3™ + H,0 — SO~ + 0,°~ + 2H" 16)
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0, + 0,°” +2H" -0, + H,0, 17

0,°" + ¢OH —'0, + OH™ 18)

Co** 4+ HSO5 —Co*" + SOs*~ + HF 19)

Fe’* + 0, >Fe’t + 0, (20)

SOs*™ + SOs*~ —2S07~ + 0, 21)
1 1

Co*t + 807 —Co* +507 + 02 (22)
11

Fe** + 807 »Fe*t + 507 + 502 (23)

Co’t + Fe?™ »Fet + Co** 24)

ROS + organic contaminants — intermediates — CO, + H,O (25)

3.5. Effects of the experimental conditions

3.5.1. The effect of temperature

In order to explore the effect of temperature on the FeCo — MOF/
PMS system, TC degradation was performed at different temperatures
(25°C, 35°C, 45°C, 55°C). As shown in (Fig. 10a), most TC can be
degraded at 5 min at the different temperatures. The higher the tem-
perature, the degradation rate is slightly increased. The degradation
rates of TC were 88.4 %, 90.5 %, 91.4 % and 92.9 % at 25°C, 35°C, 45°C
and 55°C, respectively. The k values calculated by the pseudo — first —
order kinetic model were 0.439, 0.479, 0.472, and 0.502 min ! at 25°C,
35°C, 45°C and 55°C, respectively (Fig. 10b). In fact, PMS can be acti-
vated by energy, and a higher reaction temperature can supply more
energy to promote the decomposition of PMS into more ROS (Duan
et al., 2018). In additon, the molecular movement would be accelerated
with the increase of temperature, the higher temperature may facilitate
the mass transfer process of heterogeneous systems (Asif et al., 2021);
(Yu et al., 2022) .

3.5.2. The effect of pH value
The effect of pH value on TC elimination was shown in (Fig. 10c — d).
When the pH value is between 4 and 8, the degradation efficiency all

reached more than 80 %, and the reaction rate constant are 0.253 min?,

j; S+

FeCo-MOF _ PMs €Oz H:0

Intermediates

02 0, .0
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.‘_rgk

o .
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c

Fig. 9. Schematic illustration of the reaction mechanismsof the FeCo — MOF/PMS system for TC degradation.
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Fig. 10. The effects of temperatures(a), pH values (c) and PMS concentrations (e) on the TC degradation; The K values of TC degradation at different temperatures
(b), pH values (d) and PMS concentrations (f). The experimental conditions: [TC], = 20 mg/L, [PMS]p = 0.1 mM, [catalyst]o = 100 mg/L, pH ~ 6, T ~ 298 K.

0.355 min~! and 0.326 min~!, respectively. When the pH value was
reduced to 2, the removal rate and the reaction rate constant dropped to
71.5 % and 0.120 min~'. This phenomenon was attributed to the sta-
bilizing effect of H" on HSO5 species (Li et al., 2019); (Lou et al., 2013) ;
(Pan et al., 2020) . That is to say, excessive acidic conditions are not
conducive to activating PMS to remove pollutants. Increasing the pH
value from 8 to 10 strongly inhibited the removal rate. The oxidation
efficiency decreased from 85.7 % to 44.5 %, and the k value dropped
dramatically to 0.042 min . This may be related to two factors. Firstly,
cobalt tends to produce hydroxide complexes at pH above 10, resulting
in the loss of active metal sites (Lai et al., 2018); (Tan et al., 2022) .
Secondly, when pH is above 10, SO2~ will replace HSO3 to be the main
substance of PMS, which severely hindered the producing of 105 (Liu
et al., 2020). Obviously, when the pH value is 12, the oxidation effi-
ciency and K value are even lower, at only 42 % and 0.033 min .
Therefore, the appropriate pH value of FeCo — MOF/PMS/TC system is
about a neutral range of 6 ~ 7, and its effect can be the best. Of course,
through experiments, although the pH value is beyond the appropriate
range, it still has a good degradation effect.

10

3.5.3. The effect of PMS concentration

The concentration of catalyst and TC where we fixed this catalytic
system is unchanged, and the other experimental conditions are the
same as before, the degradation effect of TC was observed by changing
the concentration of PMS. As shown in the (Fig. 10e — f), the concen-
tration of PMS was 1 mM/L, the FeCo — MOF/PMS system has the
highest catalytic activity. When the concentration of PMS was reduced
to 0.5 mM/ L, the degradation effect of TC decreases from about 91 % to
about 80 %. The k value was also changed from 0.450 min~! to 0.283
min~!. This may be due to the low concentration of PMS leading to fully
binding to the active site on the FeCo — MOF surface, which produces a
low amount of ROS and fails to adequately degrade the TC. However,
when increasing the PMS concentration, the degradation rate of TC did
not increase, and its degradation rate constant k value also decreased.
Excessive PMS can cause the self — quenching reactions of PMS (Zhao
et al., 2021). In addition, as described in Egs. (26) — 28), excessive PMS
will promote the conversion of ¢OH and SO4°~ to SOs*~ and HOe with
lower reactivity (Liu et al., 2021); (Zhao et al., 2021) .

eOH + HSO5 — SOs5*~ + H,0 (26)
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SO,° + HSOs — SOs*~ + HSO; @27)

SO,*~ + HSO5 + H,0 — HOye + 2HSO; (28)

3.5.4. The effect of various inorganic anions

The effect of coexisting ions in natural water on the TC oxidation
efficiency was studied in the presence of various inorganic ions (SOF
HCO3, CO%", NO3, HoPO3 and CI7). The existence of SO5~, HCO3, HoPOg
and CI™ all have nearly negligible effects on the degradation rates
(Fig. 11). The main reason is that these inorganic ions can react with
S04°~ or ¢OH to from new radicals with lower oxidation ability (Yan
et al., 2021). Take CO%’ as the sample, 2 mM, CO%’ was added into the
FeCo — MOF/PMS system, the TC removal rate was below 80 %, and the
K value was only 0.165 min~! (Fig. S9). As the molar mass of CO%’ in-
creases, the removal rate of TC also decreases, and the K value continues
to decrease. When the molar mass reached 8 mM, the removal rate of TC
was only about 70 %, and the k value was only 0.112 min~'. One reason,
CO%‘can react with SO4°~ or eOH (Egs.129,30), leading to the con-
sumption of SO4°~ or ¢OH (Wang and Wang, 2021); (Wang et al., 2022) ;
(Wang and Wang, 2018) , and consequentially resulting in lower
degradation of TC. Besides, the pH value of the solution should be
gradually increased with the addition of CO3~, and increasing pH will
lead to a decrease in the catalytic activity of FeCo — MOF/PMS system,
that has been demonstrated by the experiments about the pH effect on
the TC degradation for the FeCo — MOF/PMS system (Fig. 10c). It is
gratifying that when all kinds of 2 mM inorganic salts were added to the
solution, the removal rate and K value of TC did not decrease signifi-
cantly(Fig. 11d), which further reflects that the system can show
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excellent degradation ability in various complex water environments.
HA, as small molecule acids, also inhibited the TC degradation, because
HA may compete with PMS for the active sites on the surface of FeCo —
MOF, resulting in the reduction of the generated radicals. Delightfully,
all the TC removal rates were greater than 80 % and the K value all were
greater than 0.25 min~! in the presence of various inorganic ions and
HA. These results indicated that the FeCo — MOF/PMS system has a
strong anti — interference ability to complex water environments.

CO% + SO~ —»SOT + COy~ (29)

CO% + OH — OH™ + CO3~ (30)

3.5.5. The wide applicability

To examine the wide applicability of the system, TC degradation in
different water bodies, including deionized water (DW), laboratory tap
water (TW) and campus lake water (LW) were explored. As can be seen
in (Fig. 12a), the degradation of TC in the deionized water has the best
result, followed by the tap water, and the lake water has the worst
degradation effect. After 30 min, the degradation rate of TC in deionized
water reached 91 %, and that of TC in tap water reached 91.5 %, while
the degradation rate of TC in lake water was only 88.5 %, which was
slightly lower compared with deionized water and tap water. This may
be because the tap water contains a small number of ions that can
promote the FeCo — MOF/PMS system, while there are more complex
components in the lake water, which affects the degradation of TC.
Moreover, as seen from Fig. 12b, the degradation rate constant of TC in
deionized water is the largest, reaching 0.439 min?, the degradation
rate constant of TC in tap water is 0.380 min ", and the degradation rate
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Fig. 11. (a — c)The degradation effect of FeCo — MOF on TC at different inorganic anions corresponding to different concentrations, (d) The degradation effect of

FeCo — MOF on TC at coexistence of the inorganic anions.
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Fig. 12. (a) The degradation effect of FeCo — MOF on TC at different water bodies, (b) and the K value of FeCo — MOF/PMS/TC at different water bodies.

constant of TC in the lake water is only 0.321 min~!. Thankfully,
although tap water and lake water had some effect on the degradation of
TC, the overall effect was satisfactory. It also shows that the catalytic
system has superior degradation performance for TC in different water
bodies.

In addition, other organic pollutants, including TC, methyl orange
(MO) and methylene blue (MB), were degraded under the same exper-
imental conditions. As shown in (Fig. 13a), The results clearly obvious
that the catalytic system showed more rapid degradation of MO and MB.

The TC removal rate of the catalytic system is about 91 %, while the
removal rate of MO and MB can reach about 100 % (Fig. 13b). The
different removal rates achieved for different types of contaminants was
ascribed to the effect of their substituents which determined the
oxidation capacity in AOP (Wang et al., 2022). As 102 and O,°~ are the
primary ROS in the FeCo — MOF/PMS system, they tend to react with
electron — rich substances, such as the organics with electron donating
groups (e.g. like — CH3, —OH, —NH,, and — NRy), but have lower re-
activities to substances with electron withdrawing groups (e.g. — NO3)
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Fig. 13. The degradation curves of various contaminants (a), the corresponding removal rates (b), the Structural formulas and spatial ball and stick models for
corresponding organic pollutants (c — d). Experimental condition: [contaminants]o = 20 mg/L, [PMS]o = 0.1 mM, [catalyst], = 100 mg/L, pH ~ 6, T ~ 298 K.
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(Li et al., 2022); (Xiao et al., 2016) . As shown in Fig. 13c — d, the
structures of MO, MB, TC all contain certain — CHs, —OH, or — NHy. This
indicates that all three organic pollutants can be successfully degraded
by the FeCo — MOF/PMS system. In addition, the degradation rate of TC
is not as high as that of MO and MB, and the possible reason is that the
relatively large molecular weight of TC, and the molecular structure is
more complex.

4. Conclusions

FeCo — MOF had enhanced adsorption of TC. The adsorption data are
well fitted by the pseudo — second — order kinetic model and Langmuir
model, indicating the adsorption belongs to monolayer molecular
adsorption and chemisorption. Negative gibbs free energy change,
positive entropy change and positive enthalpy change proved that the
adsorption had spontaneous endothermic property, and the enhancing
temperature is benefit to the boosting of TC uptake. FeCo — MOF also
can effectively active peroxymonosulfate for the TC degradation. For the
TC degradation by the FeCo — MOF/PMS system, the higher tempera-
ture is better, the neutral pH is the best in the range of 2-12, and 1 mM/L
is the best concentration of PMS in the range of 0.5-4 mM/L. The
coexisting inorganic anions and small molecule acids slightly inhibited
the catalytic performance of FeCo — MOF/PMS. Scavenger results show
eOH, SO4*~, 03~ and 10, all participate in the TC degradation. Gener-
ally, FeCo — MOF as an efficient adsorbent and catalyst had a potential
application in water treatment applications.
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