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ARTICLE INFO ABSTRACT

Keywords:

PDINH/MIL-88A(Fe) composites (PxMy) were fabricated from MIL-88A(Fe) and perylene-34,910-tetracarboxylic
diimide (PDINH) via facile ball-milling strategy. The optimum P25M175 exhibited outstanding degradation
performance toward chloroquine phosphate (CQ) by activating peroxydisulfate (PDS) under low power LED
visible light. The synergistic effects of photocatalytic activations of PDS via the direct electron transfer PDS
activation over P25M175 and indirect electron transfer PDS activation over pristine MIL-88A contributed to the
boosted CQ degradation efficiency. The active species capture experimental data and electron spin resonance
(ESR) determinations revealed that both active radicals (like ‘SOz, "OH, "0z, h™*) and nonradical singlet oxygen
(*0y) participated in the CQ decomposition. The CQ degradation pathways and the toxicity evaluation of the
intermediates were proposed based on LC-MS determination and DFT calculation. Also, P25M175 demonstrated
good reusability and stability. The findings within this work offered deep insights into the mechanisms of organic

Metal-organic framework

Chloroquine phosphate

Sulfate radical-advanced oxidation process
DFT calculation

Degradation pathways

pollutants degradation via photocatalysis-activated SR-AOP over Fe-MOF photocatalyst.

1. Introduction

Chloroquine phosphate (CQ), with the IUPAC name of N4-(7-Chloro-
4-quinolyl)-N1,N1- diethyl-1,4-pentanediamine diphosphate (its chem-
ical structure can be found in Scheme S1), was usually used in the
treatment and prevention of malaria as generic pharmaceutical drug [1],
the treatment of amebiasis [2] and rheumatoid arthritis [3] as
anti-inflammatory agent. In 2020, CQ received increasing attention as a
possible treatment for coronavirus disease 2019 (COVID-19) resulted
from the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
[4].

The persistent and bio-accumulative CQ, as antiviral and antibacte-
rial pharmaceutical, might exert potential threat to living organisms and
environment due to its high toxicity. As well, the previous research
investigated the transport, transfer and fate of CQ in water environment
based on its chemical stability [5]. At these points, it is necessary to
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remove the CQ from the contaminated wastewater before being dis-
charged into natural water. In 2020, Bensalah and coworkers adopted
electro-Fenton oxidation technology to produce ‘OH radicals for
degrading CQ in simulated wastewater, in which the effects of operating
conditions (like pH, current density, oxygen gas flow rate, and anode
material), degradation pathway and mechanism were clarified [6].
Recently, sulfate radical-advanced oxidation process (SR-AOP) have
attracted increasing attention due to that the ‘SOz (E° = 2.5-3.1 V)
radicals demonstrates higher redox potential than ‘OH (E° = 1.9-2.7 V),
along with longer half-life time (30-40 ps versus 20 ns of ‘OH) and higher
selectivity [7]. The "SO4 radicals are generally generated from the
activation of peroxymonosulfate (PMS, HSOs) and peroxydisulfate
(PDS, szoéf) with the aid of light, heat, ultrasound with or without
catalysts [8]. Recently, increasing attentions were paid to the field of
photocatalysis-activated SR-AOPs with the presence of heterogeneous
catalysts upon the irradiation of ultraviolet (UV) light, visible light,
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UV-vis light or even real solar light [7,9], in which the development of
efficient catalysts is of vital importance [10].

Metal-organic frameworks (MOFs) are porous inorganic organic
functional materials formed by the coordination and self-assembly of
polydentate organic ligands containing O or N atom and transition metal
ions [11]. In particular, the abundant nano cavities and open channels in
frameworks can provide favorable channels for the entry of the targets to
be treated as well as the discharge of the product after treatment, which
helps to promote the mass transfer process of catalytic reaction [12].
Besides the above-stated remarkable properties, the well dispersed
metal components in MOFs can also provide sufficient active sites for
catalytic reaction [13] to achieve high catalytic activity.

Up to now, the individual MOFs, the MOF-based composites and
MOF-derivatives were adopted as effective catalysts to activate PMS and
PDS for environmental remediation [14]. Especially, Fe-containing
MOFs were potential photocatalysis-activated heterogeneous SR-AOPs
catalysts due to the presences of both extensive iron-oxo clusters and
coordinatively unsaturated Fe sites [15]. The environmentally friendly
Fe-MOFs also demonstrated outstanding thermal stability and chemical
stability [16]. The abundant coordination unsaturated sites on the sur-
face of Fe-MOFs can also activate persulfate (PS), which can react with
photogenerated electrons to inhibit photogenerated electron hole
recombination and generate ‘SO; to accelerate the degradation of
organic pollutants [16]. Some Fe-containing MOFs as emerging photo-
catalysts can accomplish photocatalytic activation of PS via indirect
electron transfer due to the Fe(II)/Fe(IlI) transformation [7]. However,
the individual Fe-containing MOFs photocatalysts suffered from the
short lifetimes and fast recombination of photo-induced e -h" pairs. To
overcome these drawbacks, some semi-conductors or conductors were
introduced to construct photocatalyst composites with Fe-containing
MOFs [17,18]. The construction of heterojunctions might promote the
separation and migration of photo-induced e -h" pairs to participate in
PS activation, resulting into boosted organic pollutants degradation via
direct electron transfer [7].

Among various Fe-MOFs, environment friendly MIL-88A(Fe) con-
structed from Fe>" and fumaric acid was previously used to activate PDS
for RhB degradation [19] and TC degradation [16]. Generally, the
combination of MOFs and the secondary or even ternary composites like
semiconductors, conducting polymers or noble metal atoms can further
enhance the photocatalysis activity and stability [18,20]. 34,910-pyre-
netetracarboxydiimine (PDINH), as an organic semiconductor photo-
catalyst, attracts increasing interest due to its low cost, good stability
and biocompatibility, suitable band gap, along with high electron af-
finity and carrier mobility [21-23]. Within this work, MIL-88A(Fe) and
PDINH were adopted to fabricate PDINH/MIL-88A composites (PxMy)
via facile ball-milling procedure to construct
PDINH/MIL-88A/PDS/visible light system, in which CQ was selected as
model contaminant to test the corresponding performance. To the best
of our knowledge, it is the first case to construct PDINH/MIL-88A
composites by facile ball-milling method, and adopt these composites
as photocatalysis-activated SR-AOP catalysts to activate PDS for CQ
degradation upon the irradiation of visible light. This work aimed to
clarify the following issues: (i) the transfer pathway of the charge car-
riers between MIL-88A and PDINH,; (ii) the formation mechanism of the
dominated reactive oxygen species (ROS) in the
PDINH/MIL-88A/PDS/visible light system; (iii) the influence of the
factors including PDS concentration, initial solution pH and foreign ions
on degradation performance; (iv) CQ degradation pathways and the
corresponding detoxification assessment in this system.

2. Experimental
All information of the used materials, detailed characterization in-

struments and techniques, as well as the DFT calculation details are
provided in the Supplementary Information (SD).
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2.1. Synthesis of PDINH/MIL-88A(Fe) (PxMy) composites

The solvothermal synthesis of spindle-like MIL-88A was carried out
according to the method previously reported [17]. The solutions of
FeCl3-6H20 (5 mmol, 1.352 g) and fumaric acid (5 mmol, 0.580 g) dis-
solved in 50 mL DMF were mixed completely in a 100 mL Teflon-lined,
and stirred for 1 h. The MIL-88A(Fe) was produced after the mixture was
heated at 100 °C for 12 h, which was separated from the mother solution
via centrifugation after cooling to ambient temperature. The
as-prepared MIL-88A were further washed twice with DMF and absolute
ethanol.

The PDINH/MIL-88A composites were synthesized from the
commercially available PDINH and the as-prepared MIL-88A via 4 runs’
ball milling (30 Hz, 5 min each run). The obtained PDINH /MIL-88A
composites with different mass ratios can be referred as PxMy, in which
the letters “P” and “M” are abbreviated as PDINH and MIL-88A, as well
as the variables “x” and “y” are the mass fraction of PDINH and MIL-88A
in the composites, respectively.

2.2. Evaluation photocatalysis-activated SR-AOP performances of PxMy
composites

50.0 mL chloroquine phosphate aqueous solution with an initial
concentration of 10.0 mg L' was selected to evaluate the
photocatalysis-activated SR-AOP performances over PxMy composites
with a catalyst dosage of 400.0 mg L™! under the irradiation of
300 + 50 mW LED visible light (PCX50C, Beijing Perfectlight Technol-
ogy Co., Ltd, the light spectrum was shown in Fig. S1). After the
adsorption-desorption equilibrium was accomplished in 1 h under dark
condition, a certain amount of persulfate solution was added, then the
target solution was irradiated with the LED visible light. During the
illumination period, 1.0 mL solution was filtrated from the reactor every
5 min or 10 min for subsequent determination. 10 pL methanol was
added to the filtrate to avoid the further reaction between the residual
CQ and the ROS before determination. The concentrations of residual
CQ in the filtrate was determined by ultra-high performance liquid
chromatography (UHPLC, Thermo Scientific Vanquish Flex), which was
equipped with a UV-vis detector and a C18 reversed-phase column
(2.1 mm x 100 mm, 1.7 pm). The mobile phase consisted of acetonitrile
and 0.3 % triethylamine (adjust pH to 3.3 with phosphoric acid) (10/90,
v/v) with the flow rate of 0.350 mL min~* and a column temperature of
40 °C. The injection volume was 20 pL and the detection wavelength was
342 nm. The concentration of degradation products were determined by
UHPLC coupled with LC-MS (UHPLC, Dionex UltiMate 3000 Series; MS,
Q Exactive, USA) and the details were appended in Supplementary
Information.

3. Results and discussion
3.1. Characterization of PDINH/MIL-88A(Fe) (PxMy) composites

The surface morphology of as-synthesized samples was identified via
SEM, TEM and HRTEM. Fig. 1a and d shows that the original MIL-88A
displays smooth spindle-like morphology with particle size of ca.
500-1000 nm. The commercially available PDINH demonstrates block-
like shape with particle size in the range of 200-500 nm (Fig. 1b and e).
The SEM, TEM and HRTEM observations revealed that PDINH particles
were wrapped over the surface of MIL-88A spindles in the optimal
P25M175, in which the morphology of MIL-88A was maintained well
after the ball milling treatment (Fig.1c, f and S2). The successful fabri-
cation of PDINH/MIL-88A composite (P25M175) was affirmed by the
uniform distribution of Fe (characteristic element of MIL-88A) and N
(characteristic element of PDINH) from the EDS elemental mappings
(Fig. 1g).

The PXRD patterns of PDINH, MIL-88A, and series PDINH/MIL-88A
(Fe) (PxMy) composites were shown in Fig. 2a. It should be noted that
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Fig. 1. The SEM and TEM images of (a, d) pristine MIL-88A(Fe), (b, e) pristine PDINH, (c) and (d) P25M175 composite; (g) The EDS elemental mappings of the

P25M175 composite.

the positions of all peaks for MIL-88A were well matched with the
related references [24]. The three diffraction peaks at 26 = 8°, 10.4° and
12.9° could be assigned to (100), (101) and (002) facets of MIL-88A
respectively [24]. In the PXRD patterns of PDINH/MIL-88A compos-
ites, the main peaks could be observed in those of both PDINH and
MIL-88A, indicating that PDINH/MIL-88A composites were successfully
obtained after ball-milling. In addition, the characteristic peak intensity
at 26 = 27.04° of PDINH gradually rises with the increased PDINH
content. The composition of PxMy composites was confirmed by FTIR
analysis (Fig. 2b). The typical peaks at ca. 1605.45 cm™ ' and
1216.97 cm ™! were ascribed to the stretching vibration of C=C or C=0
and C—O group of Fumarate in MIL-88A [25-27], respectively. The
peak located at 1686.35 cm™! could be the asymmetric vibration of
C=O0 in PDINH [28]. The peaks located from 1600 cm ! to 1500 ecm !
could be attributed to C—N stretching vibrations and N—H bonding of
PDINH [29]. In addition, Fe-O stretching vibration peak (560.7 cm’l)
was observed in both MIL-88A(Fe) and PxMy, further confirming the
successful combination of MIL-88A(Fe) and PDINH.

To explore the surface element information of PxMy composites,
P25M175 was selected as the representative sample to conduct XPS
characterization and analysis. As shown in Fig. 2c, P25M175 contains C,
O, Fe and N elements, which matches well with the EDS test results. In
the Fe 2p XPS spectrum, the two peaks located at ca. 711.4 eV and
725 eV (A = 13.6 eV) are related to the Fe 2p3/2 and Fe 2p1/2 (Fig. 2d),
respectively [19,30-32]. The fitting peaks at 716.8 eV and 727.43 eV are
usually assigned to the satellite peak of Fe 2p>2 and Fe 2p/2. In all, the
four fitting peaks are related to the Fe>*, which prove that the presence

of Fe®" in MIL-88A structure [30,31,33].

The optical features and light absorption ability of MIL-88A(Fe),
PDINH and PxMy were characterized through the UV-vis DRS spectra.
It was evident that all three catalysts can absorb light in the visible re-
gion, indicating that they can be excited by visible light (Fig. 3a). As
well, the increasing PDINH content in PxMy composites resulted into
similar adsorption behavior of PDINH. The band gaps of MIL-88A(Fe)
and PDINH are calculated by Eq. (1) [34]:

athy) = A(hv-E™? @

where a, h and v are the absorption coefficient, the light constant, and
light frequency, respectively. n is judged by the optical transition type of
the semiconductor (indirect (n = 4) or direct (n = 1)) [35]. Therefore,
the band gaps of MIL-88A(Fe) and PDINH were calculated to be 2.75 eV
and 1.78 eV, respectively (Fig. 3b). The stronger optical adsorption of
PxMy can be improved because of the inherent optical properties of the
PDINH. These results indicate that PxMy can be used for photocatalytic
reaction under visible light.

3.2. Photocatalysis-activated SR-AOP performances of PxMy composites

3.2.1. CQ degradation

Chloroquine phosphate (CQ) was selected as model pollutant to test
the photocatalysis-activated SR-AOP activities of MIL-88A, PDINH and
the PxMy composites. The previous research result displayed that, at
neutral and acidic conditions, the CQ (pKa = 8.4) was in cationic form
[36], while MIL-88A(Fe) and PDINH exhibited positive [31] and
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Fig. 2. (a) PXRD and (b) FTIR spectra of as-synthesized materials. (c) Survey and (d) High-resolution XPS spectra of Fe 2p in P25M175 catalyst.

(a) (b) 20.0
17.54

~ 15.0

=

21 s

s 5125

£ oy

g =10.0 4

s | —PDINH 3 —— PDINH

- -P100M100 751 ——— P100M100
—— P50M150 - ) ——— P50M150
—— P25M175 78 €Y —— P25M175
———P12.5M185.5 2.5 /~ —— P12.5M185.5
——— MIL-88A 2.75 eV — MIL-88A

T T T T T 0.0' & T T 'J/(l - T T T T T
200 300 400 500 600 700 800 1.5 20 25 30 35 40 45 50 55 6.0

Wavelength (nm)

Photon evergy (eV)

Fig. 3. (a) The UV-vis DRS spectra and (b) the E; plots of MIL-88A(Fe), PDINH and PxMy composites.

negative zeta potentials [37]. Under dark condition, the pristine
MIL-88A exhibited weak adsorption activity toward CQ due to the
electrostatic repulsion. While the pure PDINH can accomplish 50 %
uptake toward CQ during the adsorption-desorption equilibrium within

1 h because of electrostatic attraction (Fig. 4a). Therefore, it was un-
derstandable to find that with the increase of PDINH content in PxMy
lead to increasing adsorption ability toward CQ. The SR-AOP degrada-
tion performance toward CQ could be boosted by the wrapping PDINH
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Fig. 4. (a) The photocatalysis-activated SR-AOP CQ degradation efficiencies over different catalysts under visible light. (b) The photocatalysis-activated SR-AOP CQ
degradation rates (k values) over different catalysts under visible light. (c) The CQ degradation efficiencies in different systems. (d) The CQ degradation rates (k
values) in different systems. Reaction conditions: catalysts =400 mg L™}, CQ =10 mg L™}, volume =50 mL, PDS =1.0 mM, pH = 5.04.

over the surface of MIL-88A under visible light irradiation. The
P25M175 had the best CQ degradation activity, in which the degrada-
tion efficiency was 94.6 % within 30 min (Fig. 4a). The reaction kinetics
of the CQ degradation over different catalysts were investigated by
pseudo-first-order kinetic (—In[C/Cy] = kt) [20,38]. The results revealed
that the apparent reaction rate (k) for the CQ degradation is
0.1329 min~! over P25M175 system, which is 5.99 and 4.29 times as
high as those of original MIL-88A(Fe) (0.0222 min~") and PDINH
(0.031 min™ 1), respectively (Fig. 4b). To affirm the CQ degradation was
resulted from photocatalysis-activated SR-AOP process, a series of con-
trol experiments were conducted. As illustrated in Fig. 4c, without
P25M175 as catalyst, the CQ degradation efficiency can be negligible in
the presence of PDS alone (CQ/PDS) or in the presence of light alone
(CQ/light). The CQ degradation efficiency increased to 30 % within
30 min in the CQ/PDS/light system. It indicated that some active species
could be produced to degrade CQ, once the PDS is excited upon visible
light. The CQ oxidation efficiency of P25M175/CQ/light system (53.3
%) was higher than that of P25M175/CQ/PDS system (21.9 %),
implying that photocatalysis played an important role in the CQ
degradation over P25M175. Notably, the CQ degradation efficiency was
dramatically increased to 94.6 % within 30 min in the presence of
P25M175, PDS and light, further indicated that more active radicals can
be yielded to attack CQ. The role of co-existence of P25M175, PDS and
visible light was confirmed by reaction kinetics of the CQ degradation in

different systems fitted by pseudo-first-order kinetic (Fig. 4d).

3.2.2. Effects of PDS dosage and initial solution pH

PDS concentration is known to influence the oxidation process
because it is related to the yield efficiency of ROS (like ‘SOz, ‘OH, and
*03) and nonradical 10 directly. With the increase of PDS concentration
from 0.25 mM to 2.0 mM, the CQ removal efficiency increased from
92.6% to 95.7% within 30 min upon the irradiation of visible irradiation
(Fig. 5a). The higher PDS concentration could generate more active
radicals to enhance the CQ degradation. However, the CQ removal ef-
ficiency was maintained at the fixed level when PDS concentration was
up to 2 mM. After that, the slightly decreasing CQ degradation efficacy
was observed when the PDS concentrations were further increased to
4.0 mM and 8.0 mM. The yield of photo-generated charge carriers is
constant over fixed amount of catalyst, which can’t satisfy the demand
of the excessive PDS as electron acceptors during the reaction procedure
(Egs. (2) and (3)) [17,20,21]. In addition, this also can be explained by
the self-quenching reaction between the ‘SO; and excess PDS as illus-
trated in Egs. (4) and (5) [20]. Therefore, PDS with concentration of
2.0 mM was considered to be the optimal dose in the subsequent
experiments.

P25M175 + light - ¢~ + h™ (2)

S,03” + e-— 'SO4- + SOF~ )
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Fig. 5. Effects of (a) PDS concentration and (b) initial pH on the CQ degradation over P25M175. Reaction conditions: P25M175 catalysts =400 mg L ™!, CQ =10 mg
L™}, volume =50 mL, pH = 5.04, PDS =2.0 mM. In the experiments (a) and (b), only one factor was changed, and the other factors were fixed according to the above

description.
'SO; + S,08 — ‘OH + SOT + $,08" k=6.1 x 100 M 5! 4)
'SO7 + "SO7 — S,08 k=4.0 x 108 M ¢! (5)

The effect of initial pH on the photocatalysis-activated SR-AOP CQ
degradation over P25M175 was also investigated. As depicted in Fig. 5b,
P25M175 exhibited effective catalytic activity for CQ degradation over a
wide initial pH range. It was found that the initial pH of the solution
affected the adsorption of CQ on P25M175. Hydrogen-bonding in-
teractions and n-n interaction between the CQ and P25M175 might
contribute to its adsorption performance towards CQ (Fig. S3 and Table.
S1). With the increase of adsorption at higher pH, the degradation ef-
ficiency and rate of CQ decreased. In general, ‘SO is more likely to be
generated under acidic conditions as listed as Eqs (6) and (7). As well,
‘SO can be transformed into SO%’ and "OH following Egs. (8) and (9)
under alkaline conditions. Considering that "SO; possesses higher
oxidation potential ("SO4: 2.6-3.1 V vs. ‘OH: 1.8-2.7 V) and longer half-
life ('SOz: 30—40 ps vs. ‘OH: 20 ns) than "OH radical [7,39], the
photocatalysis-activated SR-AOP reaction rates over P25M175 are faster
under acidic conditions than those under alkaline conditions. The cor-
responding reaction rates are in the order of pH = 5.04 (0.1439 min!) >
pH = 3.02 (0.1377 min!) > pH = 7.00 (0.1351 min) > pH = 9.05
(0.1255 min™") > pH = 11.00 (0.0615 min™).

$,03” + H' = HS,03 (6)
HS,05 + e~ — "SO; + SO7~ + H' )
'SO; + H,0 —» SO;~ + -OH + H' 8)
'SO; + OH™ — -OH + SO3~ ©)]

3.2.3. Effects of co-existing ions

The presence of co-existing ions might affect the CQ degradation
behaviors during photocatalysis-activated SR-AOP process. The influ-
ence of coexisting ions on the photocatalysis-activated SR-AOP process
was further investigated by Box-Behnken experimental design method-
ology [40,41]. It was thought that some inorganic cations (such as K,
Na™, Ca®" and Mg?") existed in aquatic environment cannot capture e~
or h' because of the stable and highest oxidation states, which would
not show obvious effects on CQ degradation [20,40]. Consequently, just
inorganic anions such as Cl~ (A), NO3 (B), SO%’ (C), HCO3 (D) and

HyPOs (E) were chosen as experimental variables to investigate the
influences toward the CQ degradation efficiencies over P25M175 under
LED visible light. The concentration of the five above-stated factors
based on the characteristics of surface water quality in some areas of
Beijing and subsequent designed experiments (46 runs) were summa-
rized in Table. S2 and S3. At the same time, the results indicated that the
response (degradation efficiency %) and independent variables con-
formed to the quadratic polynomial model as listed in Eq. (10).

Efficiency % = 82.00 + 1.30A - 1.38B -0.52C + 4.85D + 2.80F - 0.46AB -
1.14AC + 0.85AD - 0.63AE + 0.15BC + 3.72BD + 1.90BE - 0.11CD +
4.19CE - 1.32DE - 1.184% - 0.63B% - 1.77C? - 0.73D” - 0.55E> (10)

On the basis of the ANOVA results of SR-AOP efficiencies, the R? and
adjusted R? were calculated as 0.9841 and 0.9713, respectively, sug-
gesting that good relationship between the experimental and theoretical
values of the response (Table. S4). Besides, the effect of 5 variables on
CQ degradation based on the F values of variables fitted the following
order: D (764.38) > E (253.85)> A (71.80)> B (61.58)> C (8.84),
suggesting that the HCO3 has the highest relative importance among the
variables, followed by HoPOy. The optimum efficiency was fitted by the
Box-Behnken methodology with the initial concentrations of C1~, NO3,
50‘21_, HCO3 and HyPO; were 98.25, 13.60, 100.25, 272.00 and
0.85mg L'}, respectively (Fig. 6). On the basis of the above experimental
and theoretical results, it can be deduced that the photocatalysis-
activated SR-AOP degradation efficiency toward CQ over P25M175
decreased with the presence of coexisting inorganic anions. In real sit-
uation, the adverse impact of the co-existing ions can be overcome by
some strategies like prolonging hydraulic retention time (HRT) or/and
increasing the catalyst dosage.

3.3. Possible photocatalysis-activated SR-AOP mechanisms over PxMy
composites

To understand the photocatalysis-activated SR-AOP CQ degradation
mechanism over PxMy composites, the band positions of both MIL-88A
and PDINH were primarily measured. As shown in Fig. S4a and S4b, the
slopes of linear C2 potential curve of MIL-88A and PDINH were posi-
tive, indicating that both MIL-88A and PDINH exhibit the properties of
n-type semiconductor [17]. The flat band potentials (Epg) of MIL-88A
and PDINH were determined as -0.28 eV and -0.4 eV vs. Ag/AgCl,
respectively. Therefore, the Epg of MIL-88A and PDINH were calculated
as -0.08 eV and -0.2 eV vs. NHE, respectively. For n-type
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Fig. 6. Response surface graphs of foreign ions (Cl~, NO3, SO%’, HCO3 and H,PO4) on CQ degradation over P25M175.

semiconductors, the position of Egp is ca. 0.1 eV higher than that of Ecp
[42]. As well, considering the effect of pH value, the formula (E = Ej -
0.05915x pH) was used to modify the Epymo of MIL-88A and PDINH
[42]. Therefore, the Ejymo of MIL-88A and PDINH were -0.59 eV and
-0.71 eV vs. NHE at pH = 7.0, which was different from previous studies
because of their different synthetic methods [16]. According to the band
gap calculated from UV-vis DRS spectrum and the formula of E; = Eyp —
Ecg, the potential of the highest occupied molecular orbital (Egomo) of
MIL-88A and PDINH were 2.16 eV and 1.07 eV vs. NHE, respectively.
Based on the above experimental results, the possible photocatalysis-
activated SR-AOP degradation mechanism can be proposed as illustrated
in Fig. 7. During the catalytic reaction, both MIL-88A and PDINH could

products

OFeDc O8N Q0 H ©5

'YETEER

S07 | pmdﬁcts PI)IIINIH

MIL-88A(Fe) Il

Fe-Ocluster 5,04
Direct visible light I
activation [ Direct electron transfer activation

produce photogenerated holes and electrons excited by visible light. In
view of the perfectly matched band positions of the two components, the
photogenerated electrons can migrate from the LUMO orbital of PDINH
to the LUMO orbital of MIL-88A for PDS activation to yield 'SO4 radi-
cals. Significantly, the redox potential of O5/°O3 is -0.33 eV vs NHE [20],
which is lower than the Ejyyo of MIL-88A and PDINH. Therefore, the
dissolved oxygen molecules in the reaction system can react with pho-
togenerated electrons to form ‘O3, which has been proved to be directly
involved in the CQ degradation. On the other hand, the photogenerated
electrons could be captured by the ‘SO4 and ‘O3 effectively, which could
accelerate the separation and migration of photogenerated carriers to
boost the photocatalysis-activated SR-AOP process.

pmducts
10, -:OH
CcQ %)
-0, \

Indirect electron
Il transfer activation

Fig. 7. Illustration of plausible mechanism of photocatalysis-activated SR-AOP oxidation of CQ over P25M175 under LED visible light.
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The transportation pathway of charge carries between MIL-88A and
PDINH was further studied by DFT calculation. The length and width of
PDINH molecule are 14.534 A and 7.291 A, and the longest transverse
vacancy and longitudinal vacancy are 11.184 A and 14.591 A, respec-
tively. Considering that H-bond was easily formed between H and O
atoms, the most stable structure can be constructed between PDINH and
MIL-88A as illustrated in Fig. S5. And the Bader charge analysis was used
to estimate the charge carriers transfer in P25M175 composite. The
atoms involved in Bader charge analysis are shown in Fig. 8a. It was
found that the charge of PDINH surface atoms decreased by 2.339 eV
after combination with MIL-88A(Fe), further affirming that the photo-
generated electrons produced in the photo-activation process were
transferred from PDINH to MIL-88A(Fe). Generally, pt° nanoparticles
(NPs) reduced from HyPtClg via accepting the electron can be adopted to
test the migration path of the photo-generated electron [43]. The
photo-deposition of Pt NPs were conducted over P25M175 to further
confirm the charge transfer route. The HRTEM images (Fig. 8b and c)
showed that the nominal range value of Pt (111) (0.228 nm) was in the
same crystal range (0.228 nm) as the characterized Pt nanoparticle,
while the lattice spacing is 0.24 nm for smaller particle [44,45]. It can be
concluded that the DFT calculation results are consistent with the
experimental results, in which the photo-induced electrons migrate from
PDINH to MIL-88A in the P25M175 composite.

The active radicals generated in the photocatalysis-activated SR-AOP
catalytic reaction was further determined by the active substance cap-
ture experiments (Fig. 9a). As previously reported, the reaction rate of
methanol capturing "OH is similar to "SO4 [20]. While the reaction rates
of tertbutyl alcohol (TBA) with "OH (3.8 x 108 M1s1t07.6 x 108 M!
s1) is faster than that of 'SO4 (4.0 x 10° M!St t09.1 x 10° M1 s
[20]. Therefore, TBA was selected to capture ‘OH and methanol was
adopted to capture both "OH and ‘SOj. It is a remarkable fact that the
inhibition influence of methanol on P25M175/light/PDS system is
significantly stronger than that of TBA, suggesting that ‘SO4 is primary
active radical for CQ degradation. Also, KI, oxalic acid and 1-histidine as
scavengers to seize the h' on the surface of the catalyst, h" in the so-
lution and nonradical singlet oxygen (102) [46]. The CQ degradation
efficiency degreased slightly after the addition of TBA, implying the
insignificant role of "OH in SR-AOP reaction. When Ny, KI, oxalic acid
and 1-histidine were introduced into P25M175/1ight/PDS system, the
catalytic degradation efficiency of CQ decreased significantly, indicating
that all ‘Oz, h™ and nonradical 'O, were involved in the SR-AOP
degradation toward CQ.

To further determine the active radicals produced in photocatalysis-
activated SR-AOP reaction, the radicals produced by MIL-88A, PDINH
and P25M175 in dark and visible light irradiation were qualitatively
detected by ESR technology. As shown in Fig. 9b, ¢ and d, the results
showed that the characteristic intensity of 1:2:2:1 of DMPO-'SO3 with
PDS and visible light irradiation of MIL-88A, PDINH and P25M175
system, which means that ‘SO; was generated in the above systems;
there were no DMPO-"OH signal in the dark and visible light irradiation

(a) 0,026 MO 40205 H.409 (b)

0,487 +0.031 L= J+1.072
+.718

0027 W14 B +0.254
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with MIL-88A, but DMPO-"OH signal was detected after PDS added,
which indicates that the 'OH may come from the interaction between
‘SOz and HyO/OH™ [47]. As expected, the composite structure of
MIL-88A and PDINH may facilitate the transfer of photogenerated
electrons, thus promoting the activation of PDS and producing more
significant ‘SO4 and "OH signals. At the same time, P25M175/PDS/light
can also stimulate the production of other active substances or even
nonradical. As shown in Fig. 9c and d, the signals of DMPO-"0O3 and
TEMP-'0, were obviously observed in the ESR spectra of
P25M175/PDS/light system, and their intensities were relatively
stronger than those of P25M175/light system, indicating that the acti-
vation of PDS may lead to more-'Oz and 'Oy, thus improving the cor-
responding SR-AOP performance.

Based on the above analysis results, the catalytic reaction mechanism
of this study is shown in Fig. 7. Under visible light irradiation, both MIL-
88A and PDINH can produce photogenerated electrons and holes,
especially MIL-88A, which can enhance carrier separation and migra-
tion efficiency through ligand metal charge transfer process (LMCT)
[33]. Due to the good matching of band positions between MIL-88A and
PDINH, photogenerated electrons will transfer from the LUMO of PDINH
to the LUMO of MIL-88A (-0.59 eV vs. NHE). The redox potential posi-
tion (-0.33 eV vs. NHE) of O/°0O3 is more negative than that, so some
free photogenerated electrons can react with O, to form ‘O3, which can
directly oxidize and decompose CQ molecules as reactive oxygen spe-
cies. However, the reason why the degradation rate of CQ increased
significantly was that the electron acceptor PDS was added into the re-
action system. It can not only capture electrons on the LUMO in MIL-88A
and accelerate the separation rate of photogenerated electron hole pairs,
but also react with photogenerated electrons to generate ‘OH, ‘SOz and
nonradical 10y, which can rapidly catalyze the oxidation of CQ mole-
cules. In addition, the Fes-ps-oxo cluster structure of P25M175 could
activate PDS to produce ‘SOz through Fenton-like process [20], which
can accelerate the oxidative decomposition of CQ. The existence of Fe
(II) in XPS analysis of the used P25M175 confirmed the above-stated
discussion (Fig. 13d) [48]. Finally, some photogenerated holes can be
directly involved in the oxidation of CQ. In conclusion, the catalytic
activity of P25M175 composite for the decomposition of CQ is signifi-
cant with the assistance of PDS and visible light.

The highest efficiency of photocatalysis-activated SR-AOP perfor-
mance over P25M175 can be explained by the contribution of different
pathways of CQ degradation listed as below. (i) The S,03" is activated
by visible light to produce ‘SO4 in solution, which was also partially
transformed into "OH and "Os; (ii) The direct electron transfer activation
of PDS can produce ‘SOz in solution, and some free photogenerated
electrons can react with Oy to form ‘O3, 102 and "OH; (iii) The photo-
excited electrons facilitates the in situ redox cycles of Fe(II)/Fe(III) in
MIL-88A(Fe), which accelerated the PDS activation to yield radicals and
improved catalytic performance; (iv) The photo-excited holes can
directly participate in CQ degradation, which can simultaneously inhibit
the electron-hole recombination.

Fig. 8. (a) The Bader charge analysis of PDINH. (b) and (c) HRTEM images of photo-deposited Pt over P25M175.
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The enhancement effect of photocatalysis-activated SR-AOP over
P25M175 was analyzed by electrochemical measurements. The photo-
current response increased significantly while the addition of PDS
(Fig. S6a), implying that the PDS addition could weaken the recombi-
nation between holes and electrons [18]. Moreover, the Nyquist arc
radius of P25M175/light is smaller than P25M175/dark system
(Fig. S6b), suggesting that the visible irradiation reduced the charge
transfer resistance significantly [49]. What’s more, the addition of PDS
further reduces the charge transfer resistance of P25M175, indicating
that electron transfer is more likely to occur in photocatalysis-activated
SR-AOP process.

3.4. CQ degradation pathways and toxicity analysis based on theoretical
calculations

DFT calculation was carried out to further elucidate the ROS attack
on CQ molecule, which helps to precisely propose CQ degradation
pathway in the P25M175/visible light/PDS reaction system. The Fukui
index of organic compound was obtained from the PKU-REOD database.
Specifically, DFT calculations were conducted to get the Fukui index on
nucleophilic (f 7) and electrophilic attack (f ) according to natural
population analysis (NPA) charge distribution of CQ molecule (Fig. 10).
Previous studies have widely reported that HOMO and LUMO can
describe the sites where organic pollutant molecules are easy to lose or
gain electrons in the reaction process [20,50,51]. As shown in Fig. 10b,
the purple region and the light blue region represent the electron rich
region and the electron poor region of CQ molecule. Therefore, the
HOMO mainly locates on the benzene ring and pyridine ring, and thus,
the nitrogen atoms in CQ structure are easy to lose electrons, which
prefer to be attacked by the electrophilic species like ‘SOz, "OH, ‘O3, 10,
and h™ [50,52-54]. At the same time, the carbon atoms in CQ structure
can be easily attacked by the nucleophilic radicals as they are easy to
accept electrons. Fig. 10c presents the Fukui index of different reaction
sites of CQ, and the site with higher Fukui index represents greater
tendency for radical attack. It is indicated that the N15 (f ~ = 0.1094),
N17 (f ~ = 0.1145), and N34 (f ~ = 0.1487) with higher electrophilic
attack Fukui values are the most active sites, which are inclined to be
attacked by ‘SOgz, ‘OH, ‘O3 and 10, in this study.

Fig.11 displays the CQ degradation pathway in this system based on
UPLC-MS products identification (Fig. S7) and DFT calculation. The
degradation of parent CQ (m/z = 320) mainly proceeded from the
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substituents of the side chain, in which there are three primary pathways
for CQ degradation: (1) the N34-C35 or N34-C42 cleavage (red line),
(2) the N17-C19 cleavage (pink line), and (3) C2-N17 cleavage (green
line). The degradation pathway is in good agreement with the DFT
calculation results on Fukui index (Fig. 10). Specifically, the oxidative
‘S04, ‘'OH, 'O, 102 and h* would undergo a series of cleavage reactions
on the side chain of CQ to form the intermediates like B (m/z = 292), C
(m/z = 264), D (m/z = 247), E (m/z = 159), F (m/z = 179) and G (m/
z = 164), which was consistent with previous studies [5,6,55-57]. At the
same time, the existence of radicals and nonradical species were more
likely to attack the side chain of CQ, which was responsible for a series of
continuous deamination and ethylation processes. The products H
(m/z=142),1(m/z=114),K (m/z =102) and L. (m/z = 159) were then
formed in this process, and the products H and K were further oxidized
to obtain the products J (m/z = 158) and M (m/z = 118). In general, the
intermediates could further decompose into low molecular weight
compounds like amines and carboxylic acids, which were finally
mineralized to Hy0, CO5, NO3, and NHF [6,57].

The advantages of an oxidation process can be evaluated by not only
decomposition of target pollutants, but also the toxicity of the formed
intermediates [49]. The acute toxicity (Fathead minnow and
T. pyriformis), bioaccumulation factor, developmental toxicity and
mutagenicity of CQ and its degradation intermediates were evaluated by
using Toxicity Estimation Software (T.E.S.T.) based on quantitative
structure-activity relationship (QSAR) prediction [49,50]. The LDsq of
fathead minnow was 3.07 mg L! for CQ, which can be categorized as
“Toxic” (Fig. 12 a). Nevertheless, the degradation products D and C
showed lower LCsg value, even the product D was “very toxic”. For the
further degradation intermediates, the acute toxicity was significantly
reduced and the LCsg was considered as*“Not harmful” for the less toxic
products. The 48 h Tetrahymena pyriformis IGCsg of CQ was 2.14 mg LY
which was lower than those of degradation products and the several
products turned to “Not harmful”, suggesting that the growth inhibition
of CQ was higher than the degradation products (Fig. 12b). Fig. 12¢
revealed that the developed photocatalysis-activated SR-AOP process
over PxMy system can decrease the bioaccumulation factor of most of
the intermediates except product D. In addition, CQ was a “develop-
mental toxicant”, while the oxidation process lowered the toxicity of
some of degradation products, and products B, C, E, J, K, L, M and Q
were even considered as “developmental non-toxicant” (Fig. 12d).
Fig. 12e demonstrated that oxidation reaction can reduce the
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Fig. 11. Proposed CQ degradation pathways by photocatalysis-activated SR-AOP process over P25M175.
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mutagenicity of CQ by photocatalysis-activated SR-AOP system.
Comprehensive results showed that photocatalysis-activated SR-AOP
process over PxMy system could not only complete removal of CQ but
also decrease the toxicity of CQ. COD data were acquired to investigate
the CQ mineralization in the photocatalysis-activated SR-AOP process
over P25M175. The results revealed that the COD removal efficiency
was 38.5 % within 4 h. The extended reaction time or coupled
biotechnology were proposed in the future work to accomplish complete
mineralization.

3.5. Reusability of P25M175 for the degradation of CQ

To investigate the catalytic stability and recycling of P25M175, five
reuse cycles of catalytic experiments were explored in this work. The
pristine MIL-88A showed inferior degradation activity, in which 44.9 %
and 68.4 % CQ could be removed respectively at the 1 st and 5th cycle
under the identical conditions to that of P25M175 (Fig. 13a). However,
the degradation efficiency of P25M175 remained about 93.8 % after five
reuse cycles of experiments. It is worth noting that CQ will be adsorbed
on the surface or pore structure of P25M175, resulting in the decrease of
the exposed active sites of P25M175, thus weakening its degradation
reaction efficiency. And the above conjecture was confirmed in SEM-
Mapping of used P25M175 that displayed the characteristic elements
Cl and P of CQ on the used P25M175 (Fig. S8). By comparing the SEM
image and PXRD patterns of P25M175 before and after SR-AOP reaction
(Fig. 13b and c), it was found that P25M175 still maintained its original
morphology and structure after five runs of catalytic experiments,
indicating that the good stability and reusability of P25M175. In addi-
tion, the concentrations of leached-out Fe were measured using an ICP-
OES to further evaluate the stability of MIL-88A and P25M175. The
concentrations of leached Fe in the solution were determined by ICP-
OES as 1.03 mg L' and 0.39 mg L7! for individual MIL-88A and
P25M175, respectively. Obviously, the introduction of PDINH into
P25M175 can significantly reduce Fe leaching and enhance its water
stability.

4. Conclusion

The PDINH/MIL-88A (PxMy) composites were successfully prepared
by facile ball-milling, considering the good matching between the band
positions of MIL-88A and PDINH. Compared with individual MIL-88A
and PDINH, PxMy composites exhibited superior SR-AOP activity for
PDS activation under visible light irradiation, in which the P25M175
could remove ca. 95.7 % of CQ within 30 min under the optimal con-
ditions with 5.99 and 4.29 times higher CQ degradation rate than those
of MIL-88A and PDINH, respectively. The enhanced catalytic degrada-
tion ability of P25M175 was mainly attributed to the synergistic effects
from the different active species (like ‘SOz, "OH, "0 and h*) and non-
radical 0, yielded via direct visible light activation of PDS, direct
electron transfer activation of PDS over P25M175, indirect electron
transfer activation of over MIL-88A(Fe). The corresponding migration
route of the photoinduced electrons and holes between PDINH and MIL-
88A(Fe) in P25M175 was proposed and affirmed by DFT calculations
and various experiments tests. It was found that the coexisting anions
might exert negative effect on the SR-AOP degradation performance
toward CQ, which can be overcome by prolonging hydraulic retention
time (HRT) or/and increasing the catalyst input. The CQ degradation
pathway was elucidated by LC/MS determination and DFT calculation,
and the toxicological simulation revealed that the possible intermediates
formed during the CQ degradation exhibited lower toxicity than the
pristine CQ. This work provides a new feasible way to remove emerging
organic pollutants like CQ via photocatalysis-activated SR-AOP over
heterogeneous MIL-88A-based composite catalyst. In our future work,
some efforts should be put to accomplish large-scale applications of Fe-
MOFs based materials in the real environmental remediation.
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