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ARTICLE INFO ABSTRACT

Keywords: Despite the high density and uniform distribution of active sites in metal-organic frameworks (MOFs) and their
Core-shell catalyst derivatives, the relatively low stability in water still limits their utilization in heterogeneous catalysis. Herein, the
Heterogeneous electro-Fenton confinement of pyrolyzed MIL-88B(Fe) derivatives within mesoporous SiO, allowed fabricating core-shell

Metal leaching
Metal-organic framework
Water treatment

nanoreactors (Fe/C@mSiO,) that served as heterogeneous electro-Fenton (HEF) catalysts for the first time,
revealing an excellent performance. The as-prepared catalysts were featured by high specific surface area and
dense active sites. During service as core-shell nanoreactors, they behaved as a dual function adsorbent-catalyst,
exhibiting superior catalytic activity and recyclability as compared to HEF catalysts without shell. Using 0.2 g/L
of catalyst, the complete removal of bisphenol A at pH 6.2 and 100 mA was achieved at 120 min, with extremely
low iron leaching of 0.11 mg/L. The rigid mSiO; shell not only protected the iron active sites from leaching, but it
also provided porous and permeable channels for efficient mass transport. The unique core-shell architecture
concentrates the catalytic sites and reactants within a confined space, promoting the fast degradation of
bisphenol A. Furthermore, the defect-rich carbon substrate and the high dispersibility of iron-rich sites favor a
fast electron transfer. The efficient treatment of several organic micropollutants in consecutive trials corrobo-
rated the high activity and stability of the Fe/C@mSiO,. This work contributes to the rational design of HEF
catalysts, aiming at consolidating their practical application in advanced wastewater treatment.

1. Introduction remarkable challenges to scale-up the traditional EF process still persist,

as for example the need for acidic conditions (2.5 < pH < 3.5) to prevent

In recent years, the electro-Fenton (EF) process has emerged as one the iron precipitation, as well as the strict dependence of the efficiencies

of the most powerful technologies for the treatment of hazardous and of reactions (3) and (4) on the catalytic properties of the electrodes
persistent organic micropollutants, such as pharmaceuticals and per- [7,8].

sonal care products or pesticides [1-4]. The basic configuration of ho-

i _
mogeneous EF systems includes: (i) The in-situ production of H,O, via 0x(g) +2H" + 2 ¢ = H0; @
two-electron oxygen reduction reaction (1), most usually at a carbona- Fe*™ + Hy0, — Fe’™ + *OH + OH™ )
ceous cathode; (ii) the continuous activation of HyO9 by Fe2t catalyst, s X
according to Fenton’s reaction (2), which generates highly oxidizing Fe’* 4+ ¢” — Fe** 3
hydroxyl radical (*OH); (iii) the cathodic regeneration of Fe®" via re- o " _

M + H,O - M(*OH H 4
action (3); and (iv) the oxidation of water at the anode surface (M) to + H0 = M( )+ te S
yield adsorbed M(*OH) (reaction (4)) [5,6]. The as-formed *OH and M The utilization of transition metals-based solid materials as the
("OH) trigger the efficient degradation of pollutants. However, Fenton’s catalysts, which gives rise to the so-called heterogeneous EF (i.
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e., HEF) process, is expected to minimize the aforementioned disad-
vantages, extending the operation pH range from acidic to near-neutral
or even alkaline and reducing the dependence of EF performance on the
efficiencies of reactions (3) and (4) [9]. When solid catalysts are
employed, the HyO, decomposition mainly occurs at the liquid-solid
interface. The efficiency of HoO» mass transport to the catalyst surface
and the availability of metal active sites for HoO5 activation determine
the *OH production rate, thereby affecting the degradation efficiency of
organic pollutants. On the other hand, the reductive recycling of high-
valence metal sites of solid catalyst is fulfilled by Fenton-like reaction
(5), which prevails over homogeneous reaction (3). Unfortunately,
reductive regeneration is usually the rate-limiting step in HEF, regard-
less of the catalyst nature [10,11]. Within this context, an excellent HEF
catalyst must favor mass transport, show high activity and allow fast
regeneration of reduced metal active sites, which becomes challenging
for catalyst design.

MY 4 m H0p » MM + m HOS + m HT (5)

Recently, metal-organic frameworks (MOFs) have been developed as
potentially efficient HEF catalysts because they combine key charac-
teristics such as large surface area, tunable porosity, abundance of active
sites and easy functionalization [3,12,13]. Nonetheless, the direct uti-
lization of MOFs for applications in aqueous media is not advisable
because they suffer from poor stability, which causes metal leaching and
surface deactivation [14,15]. These drawbacks may be addressed by
using the MOFs as precursors to fabricate metal/carbon hybrids through
a relatively simple pyrolysis approach [16,17]. Several advantages of
pyrolyzed MOFs as HEF catalysts can be mentioned: (1) The organic
ligands used for MOFs synthesis are transformed into hierarchical
porous carbon upon pyrolysis; this results in rich micro/nanopore
channels in the carbon matrix, which offer robust sites for metal loading
and allow fast charge transfer and mass transport during the HEF
treatment [18]; (2) the carbon matrix can catalyze the Fe(III)-to-Fe(II)
recycling by decreasing the reduction overpotential [19]; (3) the ther-
mal treatment of MOFs induces changes in the valence of metal sites,
thus creating a higher amount of unsaturated metal active sites that ease
the occurrence of Fenton’s reaction [20]; (4) the pyrolytic derivatives
largely inherit the properties of precursors, such as the tailored porosity
and morphology, or the periodical distribution of metals that leads to
their uniform dispersion in the derivatives, as well as the abundance of
accessible active sites [21]. Among the challenges for the fabrication of
MOF-derived metal/carbon hybrids, the main one is related to chemical
bonding between metal sites and the carbon matrix, since this defines
the structural stability and the electron transfer efficiency. Uncertainty
about the bonding strength increases the risk of losing metal active sites
during the catalyst usage and, additionally, the metal sites are vulner-
able to deactivation because of shedding, oxidation, agglomeration or
dissolution under the harsh oxidizing conditions of HEF [22]. The
carbonaceous backbone may also undergo severe collapse due to hy-
draulic shock, making the material difficult to recover.

Core-shell catalysts, which consist of an active core embedded in a
protective shell, are especially promising among pyrolyzed MOF de-
rivatives [23,24]. In particular, porous shells are intended to retard the
deactivation of the catalyst core by offering the inner active centers a
tight protection, while simultaneously ensuring the diffusion of oxidants
and pollutants from the bulk. Ideally, such confinement may result in
reactant enrichment, presumably becoming an optimal strategy to boost
reactivity [23,25]. The core-shell design has attracted great attention in
the advanced oxidation processes (AOPs) field. Zhang et al. [26] fabri-
cated a CoN/CN@SiO, nanoreactor to enhance the degradation of
tetracycline in persulfate system. Pan et al [24] prepared a bifunctional
MnFe;04@HZO core-shell structure to activate persulfate for nitrilotris-
methylenephosphonic acid removal. Nonetheless, these and other ex-
amples make in evidence that the core-shell catalysts may still be
further improved, since the in many cases the shell acts as a barrier that
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limits the contact between reactants, thereby decelerating the degra-
dation of contaminants. Therefore, precise regulation of the shell
porosity and the thickness is mandatory in future catalyst design [23].

In this work, core—shell particles are synthesized to synergistically
enhance the activity, stability and recyclability of MOF derivatives
during the HEF treatment. In particular, the pyrolyzed derivative of a
typical Fe-MOF like MIL-88B(Fe) was confined in mesoporous SiO; to
form a core-shell structure (Fe/C@mSiOs). Note that the high catalytic
activity of MIL-88B(Fe) and its derivatives in HyO,/PMS-based AOPs has
been attributed due to the abundant unsaturated iron active centers and
fast Fe(II) recycling, although the excessive iron dissolution and low
stability in water still impede their practical application [27-29]. In our
work, nano-silica has been selected as the shell because of its three-
dimensional flocculent mesh quasi-particle structure, which can
enhance the strength and chemical resistance of the final catalysts [30].
The SiO; shell was thus employed as a multifunctional platform with
different roles that have not been sufficiently explored for application in
water treatment by HEF process. In particular, the shell is aimed at
serving as a multichanneled porous barrier that protects the Fe/C core
while enhancing the transport of HoO5 generated in situ and bisphenol A
(BPA) used as target pollutant. In addition, it is expected to offer a
confined microenvironment for the subsequent *OH production and BPA
degradation. Moreover, magnetic properties were conferred to the Fe/C
core to favor the post-treatment recovery. The performance of the Fe/
C@mSiO, was evaluated by comparing the effect of operation parame-
ters on degradation efficiencies of BPA in different systems. The intrinsic
mechanisms can be associated with mass transport and electron transfer
enhancement, as has been deduced from the correlation with catalyst
characterization, finite element analysis and radical scavenging
experiments.

2. Materials and methods
2.1. Catalyst synthesis

The detailed synthesis route to obtain MIL-88B(Fe), MIL-88B(Fe)
@mSiOy and Fe/C@mSiOy is schematized in Fig. la. First, mixed-
valence MIL-88B(Fe) with increased amounts of Fe(Il) centers and un-
saturated metal sites was fabricated following an Fe(II) substitution
method [31]. Typically, 1.62 g FeCl3-6H20, 0.80 g FeCl,-4H>0 and 1.66
g terephthalic acid were dissolved into 50 mL N,N-dimethylformamide
to form a homogeneous solution. Then, a few milliliters of 2 M NaOH
solution were added dropwise under vigorous stirring. Subsequently, the
as-obtained yellow mixture was transferred into a 100 mL Teflon-lined
stainless steel autoclave and heated at 100 °C for 12 h. Once cooled
down naturally, the resulting powder was collected by centrifugation
and repeatedly rinsed with water and ethanol. The final MIL-88B(Fe)
was dried overnight at 70 °C.

The MOF was coated with a SiO- shell via the classic Stober method
using cetyltrimethylammonium bromide (CTAB) as template [32]. First,
400 mg of MIL-88B(Fe) and 5 g of CTAB were uniformly dispersed into a
5:1 (v/v) water/ethanol mixture (total volume of 240 mL), which was
then heated to 50 °C and, subsequently, 1 mL NHj3-H5O solution was
added to form solution A. In parallel, solution B was prepared by mixing
1 mL tetraethylorthosilicate (TEOS) and 7.5 mL cyclohexane (CYH),
dispersed in a small volume of ethanol. Solution B was poured dropwise
(5 times, almost 6 mL each, at 1 h interval to slow down the polymeri-
zation and hydrolysis rates of TEOS) into the solution A, followed by
stirring for 6 h. The MIL-88B(Fe)@mSiO, was collected by centrifuga-
tion, washing several times with water and ethanol. The catalysts with
different shell thickness were prepared following a similar procedure
but employing different wt/v ratios of MIL-88B(Fe) and TEOS, whereas
the pore channel dimensions of the catalyst shell were regulated by
varying the TEOS/cyclohexane v/v ratio.

To obtain the Fe/C@mSiOy, 120 mg MIL-88B(Fe)@mSiO, were
transferred into a tube furnace and heated at 550 °C (or other
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Fig. 1. (a) Schematic illustration of the synthetic route to obtain the Fe/C@mSiO,, exemplifying the pyrolysis made at 550 °C. (b) SEM and (c-e) TEM images of Fe/
C@mSiO,, at different magnifications. (f) TEM elemental mapping of Fe, C, O and Si in Fe/C@mSiO,.

temperatures) for 5 h under N, atmosphere. The carbonization product
was treated with 0.5 M HCl solution for 0.5 h at 70 °C, then rinsed with
water and dried overnight. The MIL-88B(Fe) derivatives without shell
were prepared following an analogous pyrolysis procedure.

2.2. Evaluation of HEF performance

The electrolytic assays were carried out in a single chamber glass cell
with 160 mL of solution kept at room temperature with a water bath.
The cell was equipped with a 3 cm? gas-diffusion electrode as the
cathode, with air flowing at 1 L min~! for constant in-situ HyO» pro-
duction, and a 3 cm? Ti|IrO,-based dimensionally stable anode (DSA)
plate or a 3 cm? boron-doped diamond thin film (BDD) anode. The gap
between the electrodes was around 1.0 cm [33]. Constant current was
applied using a DC power supply (IT6302 from ITECH, China). The HEF
trials were started after catalyst addition. Samples were filtered with
0.22 pm PTFE syringe filters to remove particles.

2.3. Characterization and analytical procedures

The morphology and elements distribution in the catalysts were
assessed by scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HRTEM) coupled to energy-

dispersive X-ray spectrometry (EDS). The X-ray diffraction (XRD) was
employed to analyze the crystallite structure, using a Bruker D8 Advance
with Cu Ky; radiation (A = 1.5406 /0\) from 5° to 90° at a scanning rate of
5 degree min~!. X-ray photoelectron spectroscopy (XPS) served to
investigate the chemical and electronic structures of the catalysts, using
a ThermoScientific K-Alpha with Al K, radiation in steps of 0.1 eV,
calibrated internally using the C 1s (E, = 284.6 eV). Raman analysis,
carried out to identify the graphitization degree, was made with a
Raman microscope (Horiba LabRAM HR Evolution, Japan). The specific
surface area (Spgr) and pore volume were investigated using a surface
area analyzer (Micromeritics ASAP-2460,USA). The Fourier transform
infrared (FTIR) spectra were collected on a TermoScientific Nicolet iS20
spectrometer. The magnetic properties were analyzed on a LakeShore
7404 susceptometer. Electrochemical impedance spectroscopy (EIS),
Tafel polarization and chronoamperometry were carried out on a CHI
760E electrochemical workstation.

The analytical methods for the measurement of pH, dissolved iron
and Hy0; concentrations, and total organic carbon (TOC) content are
presented in Text S1 in Supplementary Material (SM). The degradation
performance was evaluated by determining the concentration of organic
pollutants using reversed-phase high performance liquid chromatog-
raphy (HPLC, SCION6000, China), as described in Text S2 in SM. The
finite element analysis was carried out with COMSOL Multiphysics 5.1
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software using the dimensions measured from TEM images. The setup
and conditions employed for the electrochemical characterization are
summarized in Text S3 in SM.

3. Results and discussion
3.1. Structural characterization of the catalysts

The SEM and TEM images shown in Fig. 1b-e reveal the morphology
and microstructure of the as-obtained Fe/C@mSiO, powder. A rod-like
shape with a major length of around 810 nm can be observed in Fig. 1b,
which was clearly inherited from its MIL-88B(Fe) precursor (Fig. S1).
The TEM images in Fig. 1c and d show the encapsulation achieved in the
pyrolyzed MIL-88B(Fe) derivative, exhibiting a 15 nm-thick SiO; shell.
The ordered mesoporous channels in the SiO; layer are clearly identi-
fied, which are expected to provide favorable routes for the delivery of
the pollutant and HoO» molecules. The formation of mesoporous chan-
nels can be attributed to the addition of the porogen CTAB during the
synthesis [34,35]. The HRTEM image of Fe/C@mSiO, (Fig. 1e) clearly
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displays the lattice fringes with interplanar distance of 0.298 nm, cor-
responding to the lattice spacing of the (220) plane of Fe3O4 [36-38].
Moreover, the EDS mapping in Fig. 1f allows concluding that the Fe/
C@mSiO5 contained C, O, Si, and Fe elements, and the iron sites were
uniformly dispersed in the inner core without distinct agglomeration. In
turn, the SiOy shell was quite uniform as well. Note that the carbon-
ization of MIL-88B(Fe) to achieve carbon-supported Fey03/Fe304/Fe’
particles usually entails severe aggregation of iron sites, resulting in the
formation of relatively large nanoparticles. This is detrimental because
only the surface iron active sites can be involved in the catalytic re-
actions [39-41]. The successful synthesis of the core-shell nanoreactors
is thus expected to not only improve the stability of the catalyst core, but
also boost the transformation of pollutants and H05 into the core.
The XRD patterns of MIL-88B(Fe) and its derivatives are shown in
Fig. 2a. As can be seen, the main diffraction peaks of MIL-88B(Fe)
appear at 9.2° (002), 12.4° (102), 16.6° (110), 19.2° (200) and
21.8° (202), which match well with the simulated diffractogram re-
ported in the CIF database, corroborating the successful synthesis of
MIL-88B(Fe) [10,42]. The main peaks in the pattern of pyrolyzed MIL-
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Fig. 2. (a) XRD patterns of MIL-88B(Fe) (simulated and synthesized), Fe/C and Fe/C@mSiO,. (b) N, adsorption-desorption isotherms. (c) Pore size distribution
curves. (d) Fe 2p XPS spectra and (e) Raman spectra of Fe/C and Fe/C@mSiO,. (f) FTIR spectra of MIL-88B(Fe) and Fe/C@mSiO,. MOF pyrolysis made at 550 °C.
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88B (i.e., Fe/C) are found at 30.0°, 35.4°, 43.1°, 56.9°, and 62.5°, which
can be ascribed to (220), (311), (400), (511) and (440) crystal planes
of Fe3O4 (PDF#99-0073) [43,44]. Additionally, a week broad peak is
observed at around 20°-30° in the pattern of Fe/C@mSiO3, which can be
assigned to amorphous SiO5 [45,46]. The other diffraction peaks in the
latter catalyst are quite similar to those of Fe/C, suggesting that Fe3O4 is
the predominant structure of the core. The peak intensities of Fe/
C@mSiO, are lower due to the presence of the mSiOy shell, which
slightly blocks the penetration of X-rays through the particles
[32,47,48]. From these results, it can be stated that the coating with the
SiOy shell did not alter the crystallinity and purity of the pyrolyzed MIL-
88B (Fe) derivative.

The Ny adsorption-desorption isotherms of Fe/C and Fe/C@mSiOy
are shown in Fig. 2b. Type IV isotherms with typical hysteresis loops at
P/Py > 0.4 are observed for both samples, suggesting the presence of
mesopores. In addition, the desorption branch at P/Py = 0.4-0.5 was
greatly affected due to the delayed evaporation of Ny from the Fe/
C@mSiO,, being blocked by the SiO» shell [32,49]. As evidenced in
Fig. 2c, both pyrolyzed derivatives present small mesopores with
diameter range of 1.2-1.7 nm, which are inherited from the MIL-88B
(Fe) precursor [50,51]. Meanwhile, the Fe/C@mSiO, shows extra
larger mesopores with broad pore sizes in the range of 2.5-14.8 nm,
which are introduced by the SiO; shell. The larger pore size and wider
pore size distribution range of Fe/C@mSiO; can facilitate the mass
transport during the catalytic reactions. Additionally, the double-layer
surface of the core—shell structure endows Fe/C@mSiO, a high BET
specific surface area of 514.1 m? g~! and high pore volume of 0.73 cm?>
g1, as compared to the values obtained for Fe/C (216.0 m? g~! and
0.22 cm® g™1). This seems interesting to provide the reactants with
greater access to the inner active sites.

The XPS analysis contributed to understand the chemical composi-
tion and electronic structure of the two materials obtained by pyrolysis
at 550 °C. The survey spectra of the Fe/C and Fe/C@mSiO, catalysts
shown in Fig. S2a reveal the presence of Fe, O and C elements, with Si
also appearing in the latter, serving to verify the successful coating with
SiO; as discussed from TEM analysis. The Si 2p peak at 104.0 eV arises
from the Si** in the SiO shell (Fig. S2b). The high-resolution Fe 2p
spectrum of Fe/C in Fig. 2d consists of two sets of spin orbital peaks (Fe
2ps3/2 and Fe 2pj,2). The peaks with the binding energies centered at
714.7 and 728.0 eV can be associated to Fe(IIl) species, whereas the
peaks at 711.4 and 724.6 eV are attributed to Fe(II) species. Moreover,
the two broad peaks at 719.5 and 733.3 eV are ascribed to the satellite
peaks of Fe 2p. The high proportion of Fe(Il) species in the pyrolyzed
products was due to the successful incorporation of Fe(Il) in the oxo-
node of MIL-88B (Fe) precursor, which will certainly boost the activity
of the catalyst during HEF process (see below) [31]. On the other hand,
the binding energies of both Fe(IlI) and Fe(Il) in Fe/C@mSiO, are
negatively shifted by around 0.6 and 0.4 eV, which can be attributed to
the electronic metal-support interaction between Fe and SiO», leading to
the decrease in the electron density of Fe [19,52]. Worth noting, the
proportion of Fe(II) species remained almost unaltered, demonstrating
that the introduction of the SiOj shell scarcely affects the inner core
structure. Finally, the C 1s spectra of Fe/C and Fe/C@mSiO; can be
deconvoluted into three peaks centered at 284.8, 286.4 and 288.8 eV,
which are assigned to C-C, C-O-C and C=O0 functional groups (Fig. S2c)
[53].

The defect states of the carbon component in the Fe/C@mSiO5 and
Fe/C catalysts were further analyzed by Raman spectroscopy (Fig. 2e).
The defective D and graphitic G bands are observed at 1350 cm™! and
1600 cm ™Y, respectively, indicating the presence of carbonaceous con-
tent that derives from the MOFs ligands [6]. The intensity ratio of the D
to G band accounts for the defective degree of the carbon. The Ip/Ig
values of Fe/C and Fe/C@mSiO, were 2.00 and 2.16, respectively,
suggesting that the introduction of SiO; shell enhances the degree of
carbon defectiveness. As reported, abundant defects can accelerate the
adsorption of pollutants and enhance the electron transfer during the
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electrochemical reactions [54].

Moreover, the FITR spectra of MIL-88B(Fe) and Fe/C@mSiO, are
shown in Fig. 2f. For MIL-88B (Fe), the peaks at 1600 cm ! and 1391
cm™! can be attributed to the antisymmetric and symmetric stretching
vibrations of ~-COOH groups, respectively. The peak at 750 cm ™! has
been indexed to the C-H bending vibrations of benzene ring, whereas
the peak at 552 emlis assigned to the Fe-O bond stretching [55]. These
results demonstrate again the successful synthesis of MIL-88B(Fe).
Noticeably, all peaks disappeared in the spectrum of Fe/C@mSiO,,
which was accompanied by the appearance of two intense peaks at 450
em ™! and 1065 cm ™! attributed to the Si-O-Si bonds. This means that the
organic ligands in the precursor were fully carbonized during the ther-
mal treatment and SiO5 shell was formed concomitantly [32].

The magnetism of Fe/C@mSiO; was also investigated. As shown in
Fig. 52d, the saturation magnetization value was around 9.3 emu g}, a
sufficiently strong magnetic property to allow the efficient recovery of
the catalyst in the presence of an external magnetic field (i.e., magnet).

3.2. Catalytic performance and stability

To assess the catalytic activity and stability of Fe/C@mSiOo, the
degradation of BPA by different processes was comparatively studied.
Prior to deepen into the electrochemical trials, the adsorption of BPA on
Fe/C and Fe/C@mSiO, was evaluated. As shown in Fig. S3, the presence
of 0.2 g L'} Fe/C only yielded a negligible BPA removal of 4.7 %, whereas
the Fe/C@mSiO, had a larger adsorption capacity, attaining 38.2 % BPA
removal. This can simply accounted for by the larger surface area of the
latter (514.1 m? g1), with the mesoporous SiO, nano-shells providing
abundant permeable channels for the mass transport of BPA [56].
Moreover, the electrostatic attraction between BPA and Fe/C@mSiO,
was also stronger thanks to the shell material, contributing to the better
adsorption performance (details can be seen in Section 3.3).

The electrochemical oxidation with the IrO»-based DSA as the anode
allowed attaining a small BPA removal of 17.5 % after 120 min of
electrolysis (Fig. 3a), as a result of the mild oxidation by IrO,(*OH)
produced anodically via reaction (4) [57]. In contrast, the MIL-88B(Fe)-
catalyzed HEF process led to complete removal of BPA at 120 min,
implying a strong catalytic ability of the uncoated material; however,
the iron leaching was as high as 5.40 mg L at the end of the trial
(Fig. 3b). Despite the fact that mixed-valence MIL-88B(Fe) exhibits a
high amount of Fe(Il) centers that can be used for Fenton’s reaction, its
stability in water is rather low. Accordingly, the dissolved Fe?" species
can trigger homogeneous Fenton’s reaction to produce °OH, thus
competing with the presumed heterogeneous BPA degradation. When
the same catalyst was pyrolyzed, yielding the Fe/C catalyst, the HEF
treatment could only reach 41.3 % BPA decay at 120 min. The corre-
sponding low iron leaching of 0.57 mg L'! (Fig. 3b) prevented the sig-
nificant occurrence of homogeneous Fenton’s reaction and hence, *OH
essentially resulted from the heterogeneous route. The unsatisfactory
performance was due to the limited mass transport of the reactants and
quick diffusion and quenching of *OH. The MIL-88B(Fe) @mSiO»-cata-
lyzed HEF process resulted in a similar BPA removal (38.7 %), which
means that the introduction of a protective mSiO; shell significantly
slowed down the decomposition of labile mixed-valence MIL-88B(Fe).
This is confirmed by the low iron leaching (1.17 mg L'!). Considered as a
whole, all these results demonstrate that the iron active sites in MIL-88B
(Fe) are very accessible, but this characteristic is insufficient to maintain
the effective production of *OH because of the gradual destruction of the
catalyst (with Fe2t leaching). Conversely, the Fe/C@mSiO,-catalyzed
HEF process exhibited an outstanding performance as compared to all
the other trials, reaching the complete BPA removal with extremely low
iron leaching (0.11 mg L'1). The degradation of BPA during the different
electrochemical trials agrees perfectly with a pseudo-first-order kinetics.
As depicted in Fig. 3c, the use of Fe/C@mSiO; led to the highest rate
constant (0.035 min’l), being 1.5-fold greater than that achieved with
MIL-88B(Fe) and about 9-fold greater than those of Fe/C- and MIL-88B
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Fig. 3. (a) Normalized BPA concentration decay during different treatments of 160 mL of 0.11 mM BPA solutions. Comparison of (b) leached iron concentrations
after 120 min and (c) pseudo-first-order rate constants determine from the trials shown in plot (a). General conditions: [Catalyst] = 0.2 g L; current = 100 mA;

initial pH = 6.2; IrO,-based anode; MOF pyrolysis made at 550 °C.

(Fe)@mSiO,-catalyzed HEF. In conclusion, the mesoporous SiO2 shell
confers a confined microenvironment that allows boosting the water
stability and the catalytic activity.

The catalytic properties of Fe/C@mSiO, highly depends on the py-
rolysis temperature. Fig. 4a illustrates the BPA degradation curves for
the HEF treatment with different catalysts fabricated at the temperatures
ranging from 300 °C to 900 °C. A partial BPA removal as high as 90.4 %
was achieved at 120 min by Fe/C@mSiO»-300 catalyzed HEF process
but, unfortunately, the iron leaching was very high (1.49 mg L),
meaning that the BPA degradation counted on a significant contribution
of the homogeneous Fenton’s reaction (Fig. S4a). Furthermore, as shown
by the XRD patterns in Fig. 4b, the low calcination temperature of 300 °C
only led to partial conversion of Fe nodes of MIL-88B(Fe), yielding
Fey03. The incomplete collapse of the raw Fe-MOF reduced its structure
stability, failing to form abundant accessible Fe(II) active centers due to
the limited Fe(Ill) reduction efficiency [58]. Fig. 4a informs about the
superior catalytic performance of Fe/C@mSiO2-550. The higher
carbonization temperature ensured the efficient decomposition of the
organic framework in MIL-88B(Fe) to produce homogeneous carbon
substrate, and the release of pyrolysis gas favored the generation of a
porous structure. The iron sites were effectively converted into ultra-
small Fe3O4 crystals, which were uniformly dispersed on the

carbonaceous matrix. Such unique structure endowed the Fe/C@mSiO»-
550 with high specific surface area and multiple accessible active sites.
In contrast, further increase of the pyrolysis temperature to 800 °C and
900 °C was detrimental, evidenced from the inhibited abatement of BPA
(Fig. 4a). Much higher temperature could further convert the Fe3O4 into
FesSiO4 (Fig. 4b), leading to the collapse of the core-shell structure and
the loss of active sites. Moreover, the carbon skeleton shrinks dramati-
cally at extremely high temperature, leading to the reduction in the
porosity and the aggregation of the iron nanoparticles [59]. Therefore,
550 °C was considered as the optimal pyrolysis temperature to fabricate
the Fe/C@mSiOs.

The amount of TEOS during the synthesis is critical to the SiOj
thickness, which might affect the catalytic performance. The BPA decays
using Fe/C@mSiO; catalysts produced at different MIL-88B(Fe)/TEOS
w/v ratio are depicted in Fig. S4b. The increase in the ratio from
200:1 to 400:1 resulted in a substantial acceleration of the BPA degra-
dation, rising from 80.9 % to total removal at 120 min. Nonetheless,
when further increasing the ratio to 500:1, the removal efficiency
dropped to 71.3 % at 120 min. The shell thickness is expected to increase
as the MIL-88B(Fe)/TEOS ratio is diminished [60]. The mesoporous SiO5
shells provide abundant channels for the mass transport of BPA and
H0> but, if the transport channels become too long, the reactants and/
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Fig. 4. (a) Effect of synthesis temperature on the performance of Fe/C@mSiO,-catalyzed HEF process and (b) XRD patterns for each catalyst in plot (a). Effect of (c)
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at 550 °C.

or pollutants can be trapped and are not able to access the core of the
catalyst. Furthermore, the agglomeration of iron active sites may occur
at too high relative TEOS content [61]. At excessively low TEOS amount
(i.e., highest MIL-88B(Fe)/TEOS ratio of 500:1), the specific surface area
and porosity of the catalyst largely decrease, causing a poor mass
transport. On the other hand, the iron leaching decayed upon increase of
TEOS content (Fig. S4c), suggesting that the core coated with thicker
SiOy shell is more protected.

The addition of cyclohexane oil phase during the synthesis can
greatly affect the assembly of the SiO, shell, as it swells the shell tem-
plates by occupying the hydrophobic cavity, eventually leading to the

increase in the mesopore size [62]. Herein, different cyclohexane/TEOS
v/v ratios were examined (at fixed TEOS volume) for the fabrication of
Fe/C@mSiOy, and the corresponding catalytic performance is shown in
Fig. S4d. When increasing the cyclohexane/TEOS ratio from 2.5:1 to
7.5:1, the BPA removal increased from 75.2 % to 100 %, whereas a
further increase in the ratio to 10.0:1 was detrimental. A high amount of
cyclohexane that transfers into the cavity of the SiO» shell can expand
the mesopores, providing more channels for the mass transport. How-
ever, excessive cyclohexane can form large droplets, which are tempo-
rarily unstable for efficient interfacial co-assembly [35]. Besides, the
iron leaching increased from 0.01 mg L'! to 0.20 mg L' with the increase
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in the cyclohexane/TEOS ratio from 2.5 to 10.0, demonstrating that the
expansion of the mesopore size affects the catalyst stability (Fig. S4e).

The effect of various operation factors, including initial pH, catalyst
dosage and applied current, on the BPA degradation by Fe/C@mSiO2-
catalyzed HEF process was investigated. As shown in Fig. 4c, the
quickest BPA decay was observed at initial pH 3.0, achieving the total
removal at 75 min. Such enhanced performance can be attributed to the
greater oxidation potential of *OH at acidic pH and, more important, the
contribution of homogeneous Fenton’s reaction initiated by the dis-
solved iron ions (1.66 mg L'l, Fig. 4d) [5]. As a very remarkable feature,
overall BPA removal could still be achieved at initial pH 5.0 and 6.2,
with extremely low iron leaching of 0.32 and 0.11 mg L}, respectively,
demonstrating the excellent catalytic activity and stability of the catalyst
at near-neutral pH. Further increase of initial pH to 9.0 caused a drastic
deceleration of BPA removal, only attaining 51.4 % due to the low
oxidation ability of *OH and the accelerated self-decomposition of Hy05
at alkaline pH [10]. Note that the solution pH tended to diminish
(Fig. 4d), which can be explained by the production of acidic in-
termediates like carboxylates [63].

Fig. 4e illustrates that the increase in the catalyst dosage from 0.1 to
0.3 g L'! gave rise to a substantial enhancement of the BPA decay, with a
significant increase in the degradation rate constant from 0.014 to
0.040 min~! at the expense of only a small rise in iron leaching from
0.03 to 0.23 mg L (see inset). The gradually greater catalytic perfor-
mance is therefore due to the higher amount of available active sites,
rather than the occurrence of homogeneous EF. The enhancement of
BPA degradation was insignificant when increasing the dosage to 0.4 g L
! which can be ascribed to the parasitic reaction between the excessive
iron sites and *OH [6]. Finally, as deduced from Fig. 4f, the increase in
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the applied current had a positive effect on the BPA removal. The higher
current was associated to a greater HoO5 production (Fig. S4f), with the
consequent promotion of Fenton’s reaction to generate more *OH.

The TOC abatement during the Fe/C@mSiO,-catalyzed HEF treat-
ment was assessed as well. Fig. S5 highlights a substantial TOC abate-
ment of 62.0 % after 480 min of electrolysis using the IrOs-based DSA
anode at 100 mA. The mineralization was significantly increased to 90.0
% when replacing the anode with BDD, which can be well explained by
the synergistic action of the *OH formed in the core of the catalyst and
the physisorbed BDD(*OH) produced at the anode surface. As reported,
the oxidation ability of BDD(*OH) is clearly superior to that of IrO,(*OH)
[64]. The study of the performance of the Fe/C@mSiO,-catalyzed HEF
system was further extended by degrading different organic pollutants
in their single solutions. As depicted in Fig. 5a, the complete removal of
BPA and amoxicillin, 97.0 % removal of tetracycline hydrochloride and
91.6 % removal of naproxen could be achieved at 120 min, whereas
lower removal efficiencies around 75 % were obtained for diclofenac
sodium, carbamazepine and 2,4-dichlorophenol. The relatively good
performance regarding the degradation of most organics was due to the
nonselective nature of *OH-mediated oxidation. Nonetheless, the phys-
icochemical properties of the target pollutants, such as electron affinity
and specific functional groups, can greatly affect their adsorption and
reactivity with °*OH, leading to different degradation efficiencies.
Finally, the recyclability of Fe/C@mSiO, was assessed by performing
consecutive trials with the used catalyst. The powder was always
recovered by simple magnetic separation, followed by simple cleaning
with ethanol and ultrapure water. As shown in Fig. 5b, the BPA removal
efficiency still remained above 90 % in the 5th cycle, demonstrating the
excellent recyclability of the protected catalyst. The slight deceleration
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Fig. 5. (a) Performance of the Fe/C@mSiO,-catalyzed HEF process considering different target organic pollutants: BPA, amoxicillin (AMX), tetracycline hydro-
chloride (TCH), naproxen (NPX), diclofenac sodium (DCF), carbamazepine (CBZ) and 2,4-dichlorophenol (2,4-DCP). General conditions: [Pollutant] = 10 mg C LY
[Catalyst] = 0.2 g L'%; initial pH = 6.2; current = 100 mA; 120 min of electrolysis. (b) Recyclability test using the Fe/C@mSiOy in five consecutive HEF assays to treat
BPA solutions under the conditions described in Fig. 3a. (¢) XRD patterns of the fresh and used Fe/C@mSiO; catalyst. In all cases, MOF pyrolysis made at 550 °C.
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in the degradation kinetics might be due to the passivation and deacti-
vation of the core iron active sites and the possible blockage of the
mesoporous channels in the SiO, shell. The used catalyst was further
characterized by XRD analysis (Fig. 5c), revealing that the peak posi-
tions and intensities were not substantially altered upon usage. There-
fore, the chemical structure and crystallinity remained very stable
during the treatment. In conclusion, Fe/C@mSiO; exhibited great cat-
alytic activity, stability and recyclability, being highly convenient for
HEF process.

3.3. Mechanistic insights

In order to verify the confinement effect of the SiOy-shelled nano-
reactors, finite element analysis was carried out to simulate the con-
centration gradient distribution of BPA and *OH along the Fe/C and Fe/
C@mSiO5 nanoparticles. As shown in Fig. 6a, when Fe/C particles were
employed, BPA was mainly localized in the solution, with a small
amount confined in/on the catalyst. In strong contrast, Fig. 6b shows
that a large number of BPA molecules were trapped and accumulated
into the porous channels of the SiOy shell and the core catalyst,
demonstrating the nanoconfinement effect resulting from the use of
core-shell nanoreactors [65]. The enhanced mass transport can be
attributed to the better adsorption ability of Fe/C@mSiO; and the
limited desorption of BPA due to the presence of vast nanoscale pores in
the SiO; shell. The superior adsorption ability of the shelled catalyst was
further confirmed by determining the zeta potential as a function of
solution pH. As depicted in Fig. S6, the zeta potential of both Fe/C and
Fe/C@mSiO; decreased with the increase in the pH value. The surface of
Fe/C was positively charged at pH 6.2, whereas the surface of Fe/
C@mSiO, was negatively charged. As reported elsewhere [66], BPA is
positively charged since it predominates in the acidic form at pH 6.2,
which means that the electrostatic attraction between BPA and Fe/
C@mSiO, was favored. Also, the concentration distribution of *OH
along the two types of particles is depicted Fig. 6¢ and d. The generation
of *OH is expected to occur upon the reactive event between H,O2 and
the active sites of the catalyst. However, a high amount of *OH diffuses
away from the Fe/C particle into the bulk, owing to the relatively high

(a) (b)

(c) (d)
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diffusion coefficient of this radical [67,68]. In contrast, the diffusion of
*OH is largely restricted in the case of Fe/C@mSiO; due to the
confinement effect of the nanopores of the SiO shell, resulting in a much
higher steady-state concentration of *OH inside the catalyst. Note that
the *OH generated from the heterogeneous Fenton’s reaction usually
attenuates rapidly during the diffusion from catalyst to solution because
of its extremely short half-life (2 x 10°® s), which significantly reduces
the collision probability between pollutant molecules and *OH [66]. The
high °OH concentration regions formed in the Fe/C@mSiO, greatly
boost the collision probability between BPA and *OH, minimizing their
waste in parasitic reactions.

Two types of *OH can contribute to BPA degradation: free *OH (i.e.,
*OHjfee) available in the bulk (i.e., outside the core-shell nanoreactors),
and surface-bound *OH (i.e., *OH,qs) formed at the surface of catalyst.
The role of these radicals was elucidated by means of radical scavenging
experiments. As reported, n-butanol can efficiently scavenge both
*OHfee and *OH,qs, whereas KI can only eliminate *OH,qs [57,69]. As
shown in Fig. 7a, the BPA removal efficiency decreased to 55.0 % and
42.5 % in the presence of excess KI and n-butanol, respectively,
demonstrating that the major contribution to BPA degradation corre-
sponds to °OH.s in the Fe/C@mSiO-catalyzed HEF process.
Conversely, the BPA removal was significantly inhibited in the presence
of excess n-butanol during Fe/C-catalyzed HEF process, being barely
affected by the addition of KI (Fig. 7b). From this, it can be interpreted
that *OHg.e may play a considerable role in BPA degradation when using
the non-confined catalyst, in agreement with the greater metal leaching
that promotes homogeneous EF. These results are in good agreement
with the observations in Fig. 6¢ and d, since the as-formed *OH with Fe/
C@mSiOz could be well confined in the core due to the nanoconfine-
ment effect, while most of *OH produced at Fe/C particles is free to
diffuse into the bulk solution.

The EIS and Tafel tests were performed to evaluate the electron
transfer during the catalytic processes. The Nyquist plots of Fe/
C@mSiO, and Fe/C with the equivalent circuit displayed inside are
shown in Fig. 7c. The interfacial charge transfer resistance (R) was
obtained from the fitting of the corresponding equivalent circuit, which
informed about the ability of the catalyst to promote the internal
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Fig. 6. Finite element analysis of simulated concentration gradient distribution of: (a, b) BPA and (c, d) ¢OH, employing (a, c) Fe/C and (b, d) Fe/C@mSiO,,

respectively. In all cases, MOF pyrolysis made at 550 °C.



J. Wang et al.

(@)

1.0}
08}
06}
o
O
3]
04Ff
0.2 —¢—Fe/C@mSiO, + n-butanol
—&— Fe/lC@mSiO, + KI
oop —eTFCem: L L T
0 20 40 60 80 100 120
Time (min)
(c)
120 F ——Fe/C@mSiO,
~o—FelC

Z' (kQ)
(e) .
\\ S5, °H202

Well-Defined o‘\’/g,o o

Spindle Shape v BPA
High Dispersibility _\ /

/
Mesoporous Shell and

Large Surface Area —
High Adsorbability
Protective SiO; Shell - \
and Lowlron Leaching A \

High Stability
Confinement of High-
Density Active Sites

in the Core

Chemical Engineering Journal 483 (2024) 149230

(b)

1.0
0.8
0.6
o
o
(8]
04}
0.2} —¢—Fe/C + n-butanol
—#—FelC + KI
—o—FelC
0.0f ) . . . . .
0 20 40 60 80 100 120
(d) Time (min)
8
— FelC
Fe/C@mSiO,
6k
<
E
Ll
c
o
2t
3 Addition of H,0,
° %
0 —\
— ~
Addition of BPA
-2 L k
0 200 400 600
Time (s)
o - — — — — — —
4 Pl otuso” o
/ HO,' Fe(ll) H0p o T H02 |
1£°
BPA |
I H;0, .etl ‘ﬂ{}}{}“ |
I ) I
|
I Byproducts |
PSP ¢
, H,0 Sco, |
I |
I Carbon Substrate |
\ 4 £ .o |
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for the Fe/C@mSiO,-catalyzed HEF degradation of BPA. In all cases, MOF pyrolysis made at 550 °C.

electron transfer [5]. The Rt value of Fe/C@mSiO, was 78.6 kQ, being
much lower than that of Fe/C (162.0 kQ), demonstrating the improved
electron transfer on Fe/C@mSiOy as a result of presence of the SiO,
shell. Similarly, the Tafel slopes from the polarization curves obtained
with Fe/C@mSiO, and Fe/C were 160.6 and 248.6 mV dec™, respec-
tively (Fig. S7). The much lower Tafel slope of the former corroborates
the faster electron transfer rate [10]. Finally, the chronoamperometric
responses were recorded to discern the electrical signals generated by
the electron transfer occurring during the Fe/C@mSiOy- or Fe/C-

10

catalyzed HEF treatment of BPA (Fig. 7d). The current output was
dramatically enhanced upon H,03 injection in the case of Fe/C@mSiOo,
suggesting that HyO» can adsorb on the surface of catalyst to react at the
iron sites at the established potential. After the addition of BPA, a cur-
rent spike was observed due to the fast electron transfer from BPA to the
catalyst surface, implying that efficient electron transfer is feasible at the
catalyst [10,70]. Worth highlighting, the intensities of the current re-
sponses with Fe/C catalyst are obviously weaker. In conclusion, the
greater electron transfer ability of Fe/C@mSiO; enabled fast activation



J. Wang et al.

of H0, to produce more *OH, justifying its better catalytic performance
in HEF.

Based on the above results, a detailed mechanism for BPA degrada-
tion by Fe/C@mSiOs-catalyzed HEF system has been proposed in
Fig. 7e. First, the as-prepared Fe/C@mSiO; inherits many advanced
properties of the MIL-88B(Fe) precursor, such as the tailored
morphology and the uniformly dispersed iron active sites, whereas the
organic ligands give rise to defect-rich carbon substrate that facilitates
the adsorption of BPA and the electron transfer during the reactions. The
introduction of a mesoporous SiOy shell yields a nanoreactor with
increased specific surface area that protects the core catalyst from severe
collapse in water, and the shell favors the rapid diffusion of BPA to the
core sites. Meanwhile, the adsorbed H5O5 is activated by the iron active
sites in the core to generate *OH. Both BPA and *OH are confined within
the microenvironment induced by the core-shell structure, leading to a
higher collision probability. The efficient degradation of BPA releases
the occupied adsorption sites to further adsorb residual BPA.

4. Conclusions

A Fe/C@mSiO, core-shell nanoreactor with abundant inner iron
active sites and protective mesoporous SiO2 shell was synthesized using
an MIL-88B(Fe) precursor. The unique structure of MIL-88B(Fe) ensured
the high dispersibility and density of iron active sites in the resulting
carbonaceous matrix. The rigid mSiO, shell not only slowed down the
deactivation of the iron active sites, but it also provided porous and
permeable channels to enhance the mass transport. The Fe/C@mSiOa-
catalyzed HEF achieved the complete abatement of BPA, with extremely
low iron leaching, being superior to HEF with other catalysts. The effi-
cient removal of BPA and other target organic micropollutants is viable
at near-neutral pH, showing an excellent catalyst reuse. The mechanistic
investigation revealed that the core—shell structure boosts the both mass
transport and electron transfer during HEF treatment, thus facilitating
the degradation.
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