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Ultraviolet (UV)-light or a cocatalyst (e.g., chelating agents) is commonly used to promote a Fenton-like
technique in the treatment of organic contaminants in wastewater. However, the energy costs for generat-
ing UV and the poor recyclability of the iron (Fe)-based catalyst/cocatalyst remain primary concerns for
their further implementation. Herein, we present a visible-light-driven collaborative process comprising
photocatalysis and Fenton-like reaction that are both conducted using a derivative of a zirconium (Zr)-
based metal-organic framework (UiO-66 MOF), in which Fe(i) tetra(4-carboxylphenyl)porphyrin chloride
(Fe""-TCPPCI) is coordinated in the pore of UiO-66. The mixed ligand Fe"-TCPPCIl not only plays the role
of a photosensitizer that fosters light absorption and suppresses the recombination of photo-induced car-
riers over the integrated structure, Fe'"-TCPPCICUIO-66 (FTU), but also acts as a potential iron-based cata-
lyst for decomposing hydrogen peroxide (H,O,) to engender oxidative hydroxyl radicals (OH). Further-
more, besides achieving virtually 100% decomposition of a surrogate pollutant, rhodamine B (RhB),
compared with 51% achieved by photolysis alone within 60 min, introducing H,O, into the visible-light irra-
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diating system could also promote the mineralization of RhB, as indicated by a 15.5% increment in chemi-
cal oxygen demand (COD) removal. The photo-excited electrons partially participate in the reduction of
the immobilized Fe!"-TCPPCl into Fe'-TCPPC|, and therefore greatly accelerate the Fenton-like reaction.
Moreover, the structural similarity of FTU to the robust parent UiO-66 guarantees its reliable recycling per-
formance with respect to degradation over four times.
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Environmental significance

In support of UV light or organic chelating agents, Fenton-like wastewater treatment can achieve the efficient and ameliorated removal of organic contami-
nants. However, the high production costs of UV systems, and the poor recycling capability of many iron-based catalysts or chelators, still limit its further
practical application. Herein, we present a cooperative catalysis consisting of photocatalysis and Fenton-like reaction driven by visible light. The catalyst
used is a UiO-66-based MOF that is implanted with a Fe'" metalloporphyrin, the coordination modality of which enables the structure to maintain the pa-
rental robustness and thus ensure it could be reliably recycled.

1. Introduction
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In recent decades, the advanced oxidation process (AOP) has
demonstrated a bright future in wastewater treatment. Rely-
ing on the generation of a non-selective oxygen species, hy-
droxyl radicals ("OH) with a standard redox potential of 2.8 V,
is capable of decomposing nearly all kinds of organic pollut-
ant.' One of the most representative AOP techniques is
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Fenton process involving ferrous ions (Fe**) that aims at cata-
lyzing the decomposition of hydrogen peroxide (H,0,) to pro-
duce 'OH (eqn (1)-(4)).>” Note that the recovery of Fe*" ions
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from homogeneous catalysis is not possible. Iron-based
heterogeneous catalysts, e.g., iron oxide,’ are used to conduct
the so-called Fenton-like process, and consequently allow
recycling of the catalyst while reducing the problematic for-
mation of iron sludge that catalytically poisons the reaction
and increases the economic burden of the treatment.” In
many Fe-based catalysts, iron is primarily present in the form
of Fe'", which significantly limits the reaction rate (eqn (2)
and (3)).>®

Fe’" + H,0, — Fe** + OH+OH  k~70M 's ' (pH=3)(1)
Fe’ + Hy0, — [Fe™(OOH)" +H* k=3.1x10"  (2)
[Fe™(OOH)** — Fe** +'O,H k=2.7x10"s" (3)

Fe’* +'O,H — Fe*" +H" +0, k=31x10°M"'s™" (4)

To address this dilemma, ultraviolet radiation (UV) is gen-
erally used to promote the transformation of Fe™ into Fe"
(eqn (5)).” Nonetheless, this results in other issues; ie., a
harmful influence on human health and increased expendi-
ture. On the other hand, organic chelating ligands, playing
the role of ferric chelator (Fe™L) and capable of accelerating
the reduction of ferric ions into ferrous ions (eqn (6)),'’ can
also be introduced through a Fenton-like technique, such as
using ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic
acid (NTA), citrate and porphyrin."** These so-called cocata-
lysts, however, might dissolve in treated water and conse-
quently lead to secondary pollution, not to mention their
poor recyclability.

Fe' —OH;?”]Fe“ +'OH (5)
[Fe™L] + hv — [Fe™L]* — Fe" + L’ (6)

Metal-organic frameworks (MOFs),"® a class of crystalline
porous compounds composed of metal clusters that are
cross-linked by polyfunctional organic ligands and possessing
diverse and tunable structures, have been intensely studied
in various practical uses.’®>° In their catalytic applications,
the high porosity in MOFs could also provide access to suffi-
cient surface active sites for substrate transport.>’ By
selecting robust organic ligands exhibiting oxidative resis-
tance to 'OH and a strong bonding affinity towards iron ions,
Fe-based MOFs have been widely investigated in Fenton-like
technique.”” For instance, NH,-MIL-88B(Fe), which is built
by the organic linker of 2-aminoterephthalic acid and the
metal cluster of Fe'", is able to effectively mineralize methy-
lene blue within a broad working pH range of 3.0-11.0.*
Moreover, the organic linker plays the role of a photo an-
tenna, and subsequently harvests light and activates metal
clusters, favoring linker to metal cluster charge transition,
and revealing semiconductor-like behavior of MOFs with the
production of oxidative holes (h") and reductive electrons
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(e) (eqn (7)-(10)).>*** Although many MOF structures tend
to suffer photo-instability,®® the UiO-66 class, based on
Zrs04(OH), secondary building units and dicarboxylate li-
gands, prefers high crystallinities and thereby exhibits im-
pressive stability under harsh conditions.”” In effect, UiO-66
shows a steady generation of hydrogen in UV-assisted water
splitting.”® Moreover, it could act as a photosensitizer for in-
corporation with some inorganic materials so as to
strengthen their light absorption and restrict the recombina-
tion of photo-induced carriers, thus ameliorating the photo-
catalytic performance in degradation against organic
pollutants.>**°

MOF + hv — ¢ +h' (7)
h* + H,O0 — 'OH + H" (8)
h*+ OH — "'OH 9)
e +0, —~ 0y (10)

Herein, we report a visible-light-driven cooperative process
composed of photocatalysis and a simultaneously accelerated
Fenton-like reaction that are both catalyzed by a UiO-66 deriv-
ative, a structure denoted as Fe"'-TCPPCICUiO-66 (FTU), in
which a metalloporphyrin is steadily immobilized through
the coordination between the carboxyl (-COOH) in Fe(m)
tetra(4-carboxylphenyl)porphyrin chloride (Fe"'-TCPPCI) and
the zirconium (Zr) cluster in UiO-66.>' The mixed ligand
Fe"'-TCPPCI here not only favors a photosensitization advan-
tage due to its narrow band gap,** but is also capable of pro-
viding a potential iron-based catalyst for decomposing H,O,.
In fact, the introduction of H,0, can break down rhodamine
B (RhB) to virtually 100% within 60 min. The pseudo-first-
order rate constant (k) of the incorporative process is about
6-times that of photocatalysis alone. Furthermore, it can ef-
fectively intensify the mineralization of RhB, as indicated by
the chemical oxygen demand (COD) abatement extent rising
from 35.0% for photocatalysis alone to 50.5%. In addition,
the FTU structure inherits the stability from its parent UiO-
66, and thereby presents a steady recycling use of more than
four times. The corresponding mechanism for degradation
was also conjectured.

2. Experimental
2.1. Materials and synthesis

Details concerning experimental reagents and syntheses are
available in ESI{ (section S1 for the reagents and S2-S4 for
the synthetic procedures).

2.2. Characterizations

The morphology and structure of all composites were ob-
served by JSM-6701E scanning electron microscope (SEM).
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and elemental mapping analysis
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were conducted using a JEM-ARM 200F scanning transmis-
sion electron microscope. Powder X-ray diffraction (PXRD)
measurements were carried out on a Bruker powder X-ray dif-
fraction D8 Advance diffractometer with a monochromatized
Cu-Ko radiation (4 = 0.15418 nm) source at 40 kV and 40 mA.
Fourier transform infrared (FT-IR) spectroscopy was
performed on a Nicolet NEXUS 670 spectrometer. Ultraviolet-
visible light diffuse reflectance spectroscopy (UV-vis DRS) was
measured using a PuXin TU-1901 UV-vis spectrophotometer
equipped with an integrating sphere attachment. The photo-
luminescence (PL) spectra were measured on a Fluoro Sens
9003 fluorescence spectrophotometer. X-ray photoelectron
spectrum (XPS) analysis was recorded on PHI5702 photoelec-
tron spectrometer. The electron spin resonance (ESR) signals
of radicals spin-trapped by spin-trapping reagent 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) were examined via a
Bruker ER200-SRC spectrometer under visible-light irradia-
tion (4 > 420 nm) (pH = 3.5). The Brunauer-Emmett-Teller
(BET) isotherm was obtained using an Autosorb-iQ2-MP
Sorptometer, and the samples were degassed at 120 °C. COD
detection was measured using a 5B-3B(H) type COD multi-
parameter quick tester of Lian-hua Tech Co., Ltd (detection
limit: 0.01 mg L™). The content of total Fe ions in FTU was
measured by USA PE300D inductively coupled plasma optical
emission spectrometry (ICP-OES).

2.3. Analytic methods

For the ICP-OES measurement, FTU was digested prior to the
detection of the total iron content in the sample. Specifically,
a 0.10 g sample (accurate value, 0.0001 g) was loaded into a
high-pressure microwave digestion tank. 3.0 mL HNO; (~65-
68%), 1.0 mL HF (=40%) and 2.0 mL H,0, (30 wt%) were fur-
ther dropped into the tank in order. The capped tank was
shaken and then allowed to stand for 30 min to mix the
loaded components evenly. After settling the tank in Ethos 1
Advanced Microwave Digestion (Milestone, Italy), the temper-
ature was gradually increased to 130 °C within 20 min. This
condition was maintained for 2 min before continuously
warming the digestion system up to 180 °C within 20 min.
This state was maintained for 40 min to allow complete di-
gestion of the sample. Subsequently, the mixture in the tank
was transferred to a 50 mL clean polytetrafluoroethylene bot-
tle for further ICP determination.

For the ESR measurement, the ‘'OH and 'O, species were
trapped by DMPO. 10 mg of the as-prepared samples were
dissolved in 0.5 mL of deionized water (OH) or 0.5 mL of
methanol (‘O,) and then 45 pL of DMPO was added followed
by ultrasonic dispersion for 5 min.

2.4. Photocurrent measurements

Photocurrent measurements were performed on a CHI-660
electrochemical workstation (Chenhua Instrument, Shanghai,
China) in a conventional three-electrode configuration with a
Pt foil as the counter electrode and Ag/AgCl (saturated KCI)
as the reference electrode. A 300 W Xe arc lamp served as
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light source. 0.5 mol L' Na,SO, aqueous solution was used
as the electrolyte. The working electrodes were prepared as
follows: 10.0 mg of the prepared photocatalyst was ground
with 10 pL of a poly (3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) (PEDO/TPSS, 1.3-1.7%) aqueous solu-
tion and 100 pL of distilled water to make slurry. The slurry
was then spread on a 1.0 X 1.0 cm fluorine-doped tin oxide
(FTO) glass substrate with an active area of about 1.0 cm” by
the doctor-blade method, using adhesive tape as the spacer.
Finally, the electrode was dried in an oven and annealed at
150 °C for 30 min. Mott-Schottky experiments were
conducted on an electrochemical workstation (CHI-660E In-
struments) with a standard three-electrode system and an
aqueous Na,SO, solution (0.5 mol L") as the electrolyte in
the dark at 1000 Hz.

2.5. Cooperative catalytic degradation experiments

The cooperative degradation of RhB dominated by UiO-66, TU
and FTU was evaluated using an 800 W Xe lamp with a 420 nm
UV-cutoff filter under standard conditions (1 atm and 25 + 2
°C). The quartz tube with reactant mixtures was set 5 cm away
from the light source. 4.0 mg as-prepared sample was added
into 40 mL of RhB aqueous solution (30 mg L") in a 60 mL cy-
lindrical Pyrex vessel reactor. Before exposure to visible light,
the suspension was magnetically stirred in the dark for 0.5 h to
reach the adsorption/desorption equilibrium. 10 pL of the
calibrated H,O, (30%, v/v) was then added into the reactor be-
fore turning on the lamp. Samples were taken at various inter-
vals (10, 20, 30, 40, 50 and 60 min) to detect RhB content, COD
and iron concentration. Centrifugation was operated to sepa-
rate out the solution for further measurements. With respect to
pure photocatalysis, the procedure was similar to the process
above, except for the absence of H,0,.

3. Results and discussion

3.1. Structure and morphology

The solvothermal reaction of ZrCl,, terephthalic acid (BDC),
Fe"'-TCPPCl and benzoic acid (BA) in DMF yielded octahe-
dral microcrystals, FTU, which exhibited an even size distri-
bution due to the SEM in Fig. 1a, demonstrating a similar ap-
parent morphology to that of UiO-66 (Fig. S3at). Due to the
inherent fluorescence of Fe"-TCPPC], the color of FTU was
brown (inset of Fig. 1a) as compared with the white color of
UiO-66 (inset of Fig. S3af). High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
and elemental mapping analysis (Fig. S3bt), together with el-
emental mapping, confirm the existence of the component el-
ements (C, N, O, Fe and Zr) and their homogenous distribu-
tion in the entire structure. According to the (111), (002),
(022), (004), (115), (224), (046) and (137) crystal facets situ-
ated at 7.3°, 8.5°, 12.0°, 17.0°, 22.2°, 25.6°, 30.7° and 33.1°,
respectively, as shown in the PXRD patterns (Fig. 1b), the
crystalline features of FTU and UiO-66 are consistent.>?

To determine the micro-structure of as-prepared samples,
Fourier transform infrared (FT-IR) was initially performed.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) SEM image of FTU composite (scale bar: 1 pm) (the internal
illustration is photograph of FTU); (b) PXRD patterns, (c) XPS survey
spectra and (d) Barrett-Joyner-Halenda (BJH) mesoporous size
distribution of the UiO-66 and FTU samples.

For both UiO-66 and FTU, signals at 1710, ~1626-1630 and
654 cm* are ascribed to the stretching vibration absorption
of C=0, C=C and Zr-O-Zr, respectively (Fig. S4at).>* The
absorption band at 3495 cm™' can be assigned to the
stretching vibration absorption of O-H of the adsorbed water
in both structures, the hydrophilicity of which guarantee
their dispersion in aqueous solution. Significant distinction
between these two MOFs lies in the peaks at ~1310-1316
ecm™, responsible for C=N as well as the metal ion-centered
porphyrin ring in FTU only. In detail, the deformation vibra-
tion of the ring increases and a new characteristic absorption
peak of Fe-N bond appears at 1000 cm™","* confirming that
Fe"-TCPPCI has been successfully incorporated into UiO-66.
The Fe-N bond is also justified by the comparison between
FT-IR spectra of TCPP and Fe'"-TCPPCI (Fig. S4bt).

To explore the surface chemical composition of the prod-
ucts, wide-scan survey XPS evaluations were carried out. C, O
and Zr in UiO-66 were 80.64 wt%, 17.53 wt% and 1.83 wt%,
respectively. Owing to the integration of Fe'"-TCPPCI, the
contents in FTU were changed to 74.48 wt% for C, 22.30 wt%
for O, 2.74 wt% for Zr and 0.46 wt% for N (Fig. 1c). Although
the measurement for iron was unclear due to its low content,
ICP-OES determination revealed that there were 0.3 wt% Fe
ions in the integrated structure. The binding energies of C 1s
in FTU located at 284.7 eV and 288.5 eV correspond to C-O
(N) and -COOH bonds, respectively (Fig. S5at). The symbolic
peaks of the Zr 3d region can be detected as two peaks for Zr
3ds, and Zr 3d;/, at around 182.7 eV and 185.2 eV, respec-
tively (Fig. S5bt), demonstrating the existence of zr'".>>3°
The featured signals of O 1s and N 1s are located at 531.7
and 399.7 eV, respectively (Fig. S5c and df).*”®

To investigate the incorporation mode of Fe™-TCPPCI in
FTU, series control trials were operated according to a previ-
ous investigation on a similar structure, Ni"-TCPPCIC UiO-
66, in which Ni"-TCPPCI was coordinated as a mixed ligand

This journal is © The Royal Society of Chemistry 2019
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in Ui0-66.%" Specifically, a comparison between the "H-NMR
spectra of digested compounds derived from the post-
modified UiO-66 (PMU) by Fe™'-TCPPCI and FTU was first
conducted (detailed preparation and "H-NMR detection pro-
cedures are given in section S9 and 10). UiO-66 was synthe-
sized under the same conditions as FTU in the absence of
Fe""-TCPPCI, and afterwards was directly mixed with Fe"'-
TCPPCI to achieve PMU. The obtained PMU was thoroughly
washed with pure water to remove the remaining Fe™-
TCPPCI, giving a light brown product (Fig. S6at) for the ensu-
ing "H-NMR detection (Fig. S7f). Unfortunately, the digested
compounds only present a strong characteristic signal of
BDC at § 8.00 ppm without characteristic peaks of Fe'-
TCPPCI at ¢ 8.32 or 8.80 ppm, suggesting that the light brown
color is primarily driven by the weak attachment of Fe™-
TCPPCI on the outer surface of UiO-66 (Fig. S6b(i)f). In con-
trast, the compound resulting from the digestion of the
washed FTU (Fig. S6b(ii)t) evidently presents featured signals
of both BDC and Fe™-TCPPCI (Fig. S81). Moreover, the total
pore volume of the MOF structure decreases from 0.565
em® ¢! to 0.471 cm® g™' after the incorporation of Fe™-
TCPPCI and UiO-66 (Fig. 1d). Due to the previous study on
Ni"-TCPPCIC UiO-66, it is considered that the majority of
the pores in FTU are randomly occupied by Fe"™'-TCPPCI. To
further confirm this consideration, Fe"™-TCPPCI was replaced
by Fe(m) tetra(4-phenyl)porphyrin chloride (Fe™-TPPCI) in an
analogous size to conduct the same preparation procedure.
Without the coordinative substituent -COOH, the achieved
product can be easily washed to a white color (Fig. S6b(iii)t),
and the "H-NMR spectrum of the accordingly digested com-
pound exhibits an undetectable characteristic signal for Fe''-
TPPCI. Therefore, a large proportion of the Fe"™'~TCPPCI mol-
ecules are integrated in the pores through coordination be-
tween —COOH in Fe"™-TCPPCI and Zr cluster in UiO-66, other
than simply being attached on the outer surface of UiO-66 or
merely encapsulated in the pores of UiO-66.° Immobilization
of metalloporphyrin derivatives into MOFs through coordina-
tion to form an integral structure is valuable since the strong
binding can keep them from aggregation and formation of
catalytically inactive dimers, thereby prolonging their lifetime
for catalytic use."’

3.2. Optical feature and photoelectrochemical measurement

The optical properties of the MOF samples were measured
using UV-vis DRS (Fig. S9a and bf). The implantation of
metal porphyrin into zirconium-based MOF significantly en-
ables the absorption edge to shift towards the long-wave di-
rection in comparison with Ui0-66 (Fig. S9b+t). According to
ahv = A(hv - Eg),”> where a, v, A and Eg are absorption coeffi-
cient, light frequency, proportionality constant and indirect
band gap energy, respectively. The indirect bandgap of UiO-
66 was calculated as 3.66 eV (Fig. S9cf), while the calculation
gives the value of Fe"-TCPPCI as 1.65 eV (Fig. $9d7). In fact,
the light absorption edge can be extended to around 700 nm
by the integrated Fe"™-TCPPCl. As revealed by the
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photoluminescence (PL) spectra of UiO-66 and FTU (Fig.
S9et), a strong peak at 468 nm is observed for UiO-66, while
a weak signal at the same location can be found for FTU.
This significant decrement in fluorescence peak intensity in-
dicates that the recombination rate of photo-induced
electrons and holes in the FTU composite is attenuated. To
ascertain the suppression, Mott-Schottky measurements on
both photoanodes were conducted at frequencies of 1000 Hz.
The positive slope of the obtained C>” to the potential plot is
consistent with that of typical n-type semiconductors, and
the derived flat-band potential for UiO-66 is —0.60 V vs. Ag/
AgCl (Fig. S10%). Considering the small difference between
the flat-band potential and the lower CB edge for n-type semi-
conductors, the conduction band minimum (CBM) position
of UiO-66 can be roughly estimated to be —0.62 V (vs. revers-
ible hydrogen electrode [RHE]) (Fig. S10at). With the
bandgap energy of UiO-66 estimated as 3.66 eV according to
the Tauc plot (Fig. S9ct), its valence band maximum (VBM)
position was then calculated to be +3.04 V (vs. RHE). Associ-
ating with the corresponding band gaps, the energy level of
the lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) of Fe™-TCPPCl were
roughly estimated as —0.68 V (Fig. S10b1) and 0.97 V, respec-
tively, while the VBM and the CBM of UiO-66 that favors
n-type semiconductor feature*' are approximately 3.04 V and
-0.62 V, respectively. Due to the standard redox potential of
Fe’* (Eperpe’ = 0.771 V), it is probable that the core center
(Fe"™) of Fe"-TCPPCI plays the role of trap site for the photo-
induced electrons, and consequently reduces the charge re-
combination to some extent.**** In fact, the photo-
electrochemical measurements indicate that the transient
photocurrent density increases from 0.0025 mA cm > of UiO-
66 to 0.0056 mA cm > of FTU (Fig. SOff).

3.3. Cooperative catalytic performance

In order to closely investigate the collaborative catalysis, se-
ries catalytic operations were implemented under different
situations. In the dark, both of the MOFs, UiO-66 and FTU,
display virtually the same slight RhB removals, which might
be due to their analogous skeleton structures possessing sim-
ilar adsorption abilities toward RhB (<7%, Fig. S111). In a
proof-of-concept that FTU is capable of playing dual-catalytic
performance in assistance of visible-light (1 > 420 nm) (ie.,
photocatalysis and Fenton-like reaction), photocatalytic reac-
tions over the as-prepared samples were first conducted in
the absence of H,0,. FTU/vis photocatalysis can decompose
51% RhB within 60 min, which is 25% and 27% higher than
that of UiO-66/vis and that of the Fe"™-TCPPCl/vis reaction,
respectively (Fig. 2a). The significant improvement by con-
trast to UiO-66 can be explained by the optical advantages
justified by DRS and PL detection (Fig. S97).

In the presence of H,0,, there should coexist a Fenton-
like reaction creating a nonnegligible effect on the degrada-
tion of RhB due to the reduction of Fe™-TCPPCI into Fe"-
TCPPCI under light irradiation that promotes the reaction ki-
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Fig. 2 (a) Degradation of RhB by different catalysts in visible-light sys-
tem; (b) degradation of RhB by different catalysts in visible light and
H,0, system; (c) pseudo-first-order kinetics curves and apparent reac-
tion rate constants k-value of the degradation of RhB under different
conditions; (d) COD testing of RhB mineralization under different con-
ditions. Original dosage of the reactants and catalyst: [Crnelo = 30 mg
L [Fe**]o = 0.3 mg L™, [TCPP, Fe"-TCPPCI, UiO-66, TU and FTUl, =
0.10 g L', [H,05]0 = 2.5 mM, pH = 3.5 and temperature = 25 + 2 °C.

netics (eqn (11)).** When both FTU and H,0, were present in
the visible-light irradiating system (Fig. 2b), the degrading ex-
tent is 37% greater than the theoretical sum (63%) of degra-
dation by H,0, and decomposition via FTU/vis. According to
pseudo-first-order model (eqn (12)), where C denotes the RhB
concentration at the time interval ¢, and C, represents the ini-
tial RhB concentration, the reaction rate constant k is about
6-times that of FTU/vis operation alone (Fig. 2c). In addition,
the mineralization degree of the dye is also greatly enhanced,
as revealed by the COD removal extent increasing from 35%
by FTU/vis to 50.5% of the cooperative process (Fig. 2d).

To provide a concrete justification for the coexistent
Fenton-like reaction, a list of control degradation trials was
designed. As presented in Fig. 2b, owing to the virtually equal
RhB decomposition degree in TU/H,0,/vis treatment (48%) to
a theoretical total value of RhB removal by H,0,/vis (12%)
and TU/vis (32%), it is considered that the TU component
rarely participates in the H,0O, involved reaction. Thus, the
interaction between the coordinated Fe®* iron or the inte-
grated Fe™-TCPPCI and coexistent H,0, should be taken into
account for the demonstration of the nearly complete RhB
decrement vs. 51% RhB removal in FTU/vis system. As re-
vealed in Fig. 2b, the visible light irradiating Fe**/H,0, sys-
tem provides only 15% removal of RhB due to its inferior ki-
netics in the absence of UV light." In contrast, when the
ferric ion was replaced by the slightly soluble Fe"™'-TCPPCI,*
the degradation extent of Fe"-TCPPCI/H,0, increases to
80%, along with 41% diminished COD (Fig. 2d). In contrast,
TCPP/H,0, achieves only 23% decomposition of the dye. The
lower removal degree of Fe'"-TCPPCI/H,0,/vis than that of
FTU/H,0,/vis can be attributed to the abundant active sites
and accelerated charge transfer capacitated by the MOF

This journal is © The Royal Society of Chemistry 2019
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structure. Consequently, the consideration that H,O, decom-
position is catalyzed by Fe"'-TCPPCI in the presence of visi-
ble light, with additional generation of ‘OH accounting for
the enhanced degradation of RhB is definitely ascertained
(eqn (13), Por = porphyrin ligand).****

(Por)Fe" —Cl—2—(Por)Fe" + CI (11)
- In(C/Cy) = kt (12)
(Por)Fe™ + H,0, — (Por)Fe™ + ‘'OH + OH~ (13)

Under neutral or alkaline conditions, another interaction
between H,0, and Fe"™-TCPPCI might also take place. Specif-
ically, it is the activation of hydrogen peroxide by direct con-
tact between the coordinated Fe™ center in porphyrin and
H,0,, resulting in a transient high-valent oxo-iron species
with oxidative capability, (Por™)Fe™™ =0 (E° = 1.80 V, pH at 7,
eqn (14) and (15)).***” However, since Fenton kinetics is cru-
cially relevant to pH value and other factors, we fixed the op-
timal reaction situation match: pH value of 3.5, 0.10 g L™
and 2.5 mM for the initial concentration of [FTU], and
[H,0,]o, respectively (Fig. S12-S14+). Given the acidic ambi-
ence for the catalytic operation, the influence of
(Por™)Fe™=0 on the final degradation can be excluded.

(Por)Fe™ + H,0, — H,0 + (Por™)Fe’" = O (14)
(Por™)Fe = O + H,0, — (Por)Fe' + H,O + O, (15)

In addition, we selected several iron complexes based
heterocatalysts to make a degradation efficiency comparison
with FTU (Table S1t). As compared with the Fe-based MOFs,
FTU can degrade the pollutant surrogate with less Fenton
agent; in comparison with the Fe complex-immobilized
heterocatalysts that employ UV light, FTU is able to achieve
an effective degradation with the assistance of visible light.

3.4. Stability and recyclability

To verify the stability of FTU during its catalytic use, the total
dissolved iron in the treated water over time was collected by
ICP. The leached irons account for 0.06% of the total irons in
the reaction solution, indicating that few integrated Fe™-
TCPPCI molecules leach out from FTU during the degrada-
tion process (Fig. S15at). Meanwhile, each centrifuged solu-
tion sample without FTU was further irradiated by visible
light to identify whether there was further decomposition of
RhB. However, undetectably continuous abatement in RhB
concentration is observed (Fig. S15bf). Hence, the catalyst
maintains its structure well during the catalysis, and the en-
tire degradation is a heterogeneous reaction rather than a
homogeneous process, meaning that either pollutant surro-
gate or H,0, should be adsorbed to the surface of FTU prior
to its continuous reaction.*®

This journal is © The Royal Society of Chemistry 2019
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In order to further confirm its recycling performance, FTU
was employed for a 4-time degradation test (Fig. 3a). More
than 94% RhB removal was achieved for each run, indicating
an excellent reusability of the photocatalyst. Moreover, the
recycled catalyst still sustains well after the four-time employ-
ment, as revealed by the SEM (Fig. 3b), PXRD and FT-IR de-
tection (Fig. 3c and d), all of which suggest a high morphol-
ogy and composition similarity to the original FTU. This
unique robustness can be attributed to the virtual structural
identity between FTU and its parent MOF, UiO-66, which is
considered to be one of the most stable MOFs capable of
bearing harsh chemical conditions while sustaining its crys-
tallinity.””*® Furthermore, the steady coordination mode of
the incorporated Fe'"-TCPPCI in the MOF pores prohibits its
leaking.*

3.5. Identification of the primary reactive oxidants

Commonly, three reactive oxidants, photo-induced holes (h"),
‘OH and ‘O, , are commonly regarded as possible radical spe-
cies in photocatalysis, while the latter two are also involved
in Fenton-like reactions. To verify their impacts on the degra-
dation, tert-butanol (TBA), ammonium oxalate (AO) and
p-benzoquinone (BQ) were used as the scavengers for ‘OH, h*
and ‘0,7, respectively (Fig. $161).>° FTU/vis system gives 51%
degradation of the contaminant, but as TBA and AO were
added, significant loss in removal extents were found (Fig.
S16at). In contrast, the introduction of BQ leads to relatively
slight decline in degradation degree. Hence, ‘OH, h* and ‘O,
are involved in the photocatalytic degradation, and the for-
mer two are crucial. The generation of the latter two oxidants
is due to the fact that the VBM and CBM positions of UiO-66
are located at +3.04 V (vs. RHE) and —0.62 V (vs. RHE), respec-
tively. Therefore, both the oxidation of adsorbed OH™ and
H,O to ‘'OH (+1.9 eV vs. NHE, pH = 4 (Ey,0ron = 2.73 V)) as

™
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=
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Fig. 3 (a) Degradation of RhB over FTU composite at multiple
regeneration cycles; (b) SEM spectra of FTU after catalytic reaction; (c)
XRD patterns and (d) FT-IR spectra of FTU before and after catalytic
reaction.
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well as the reduction of adsorbed O, into ‘O, (-0.33 V vs.
NHE) can be thermodynamically actualized® by the photo-
excited carriers. The ESR detections justify the presence of an
‘OH radical that features quartet peaks and four correspond-
ing troughs of DMPO-'OH adduct with a 1:2:2:1 ratio
(Fig. 4a and b), as well as ‘O, matters that characterizes sex-
tet peaks of DMPO-'0,” (Fig. 4c and d).>>** As compared with
no characteristic signal in the dark, both of their intensities
increased over time when the light was turned on.

For the FTU/H,0,/vis system, the addition of TBA, AO and
BQ reduce the degradation extents to 87.3%, 41.9% and 50%,
respectively (Fig. S16bt). The effects caused by all three active
species are amplified in comparison with those of FTU/vis.
The greater impact of h* can be attributed to the advanced
suppression against the recombination of photo-induced
charges. As mentioned above in the photocatalytic measure-
ments, the unoccupied Fe™ traps levels between the VBM
and the CBM of UiO-66 not only traps the electrons that gen-
erated by the light excited metalloporphyrin, Fe"'-TCPPCI*,
but also captures the electrons that transferred to the VBM of
Ui0-66 to implement the reduction of the core metal Fe**
into Fe*".** In the presence of H,0,, the Fenton-like reaction
further promotes the trapping process, and thus restricts the
recombination with a higher h* generation. On the other
hand, the transformation of Fe*" to Fe*" in turn greatly accel-
erates the Fenton-like reaction, and consequently gives a
greater production of "'OH that propels the decomposition ex-
tent. Thus, ‘OH is still the primary radical responsible for the
removal of RhB. In FTU/H,0,/vis catalysis, however, the con-
tribution of h' to the degradation becomes less than that of
‘0O, , which is opposite to the result in the FTU/vis operation.
It can be also ascribed to the addition of H,0,, which brings
up chain reaction of the Fenton-like process and therefore
produces more "O,H matters (eqn (16)).>* Moreover, the ESR
detection further ascertains the increased reactive oxygen
species (ROS). As shown in Fig. 4, the signal intensities of
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Fig. 4 ESR spectra of radical adducts trapped by (a and b) DMPO-"OH
and (c and d) DMPO-"0O;" either in the dark or under visible-light irradi-
ation of FTU/vis system and FTU/H,0O,/vis system.
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both "OH and ‘O, (eqn (17)) in FTU/H,0,/vis (Fig. 4b and d)
are augmented relative to those of FTU/vis (Fig. 4a and c).

Fe** + Hy0, — Fe*" + 'O,H+H" k=0.02M's™"  (16)

'O,H— 0, +H k=1.6x10"M 's* (17)

3.6. Mechanism investigation

The primary mechanism was proposed, as seen in Fig. 5.
When FTU was irradiated by visible light, the integrated
Fe"™-TCPPCl turned into an excited state and ejected
electrons to the CBM of UiO-66, where the adsorbed O, was
reduced by the electrons to form ‘O, , a critical radical during
the ring cleavage of aromatic intermediate compounds.®® The
generated h" in VBM and the accordingly generated "OH
through the oxidation of adsorbed H,O or OH by h* would
further intensify the decomposition of the pollutant. Note
that the Fe™ core of Fe™-TCPPCI performs the role of trap-
ping site for the electrons; therefore, in addition to the con-
finement of the recombination of photo-induced carriers, the
obtained Fe"-TCPPCIl would catalyze the decomposition of
added H,O, in a rapid reaction kinetic with greater ‘'OH and
‘0,  production (eqn (1)-(4)).>® In particular, the hydroxyl
radicals are capable of intensifying the mineralization of RhB
into CO, and H,O.

4. Conclusions

In summary, a UiO-66 derivative, in which Fe'""-TCPPCI is
integrated by a coordination mode, was used for the catalytic
application of the degradation of RhB. Through the reduction
of the Fe*" core into Fe*" by the photo-generated electrons,
the obtained FTU structure is able to catalyze the Fenton-like
reaction with an accelerated reaction rate and enhanced gen-
eration of 'OH radicals in the presence of H,0,. The reduc-
tion performance also improves the separation of photo-
induced charges, and thus produced more h'. According to
the scavenging trials and ESR measurements, h” and ‘OH are
the major oxidants that account for the deep breakdown of
the contaminant in the cooperative catalytic process compris-
ing photocatalysis and the Fenton-like reaction. This study
provides a new method to exploit organic ligands for the pur-
pose of steadily promoting a Fenton-like reaction under
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visible-light irradiation with significant removal of organic
pollutants in wastewater.
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