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HIGHLIGHTS

® Powder MIL-101(Fe) is synthesized
and has a bandgap at 2.41 eV.

® MIL-101(Fe)/420 nm/persulfate
system has the highest degradation
efficiency.

® Degradation of TCEP involves an in-
duction period and a radical oxidation
stage.

® Acid conditions are beneficial for the

degradation using MIL-101(Fe).
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ABSTRACT

Metal-organic-frameworks (MOFs) are novel classes of porous materials with diverse potentiality and easily
tailored structures. Great challenges for the applications of MOF-based heterogeneous photocatalysis still exist,
such as its stability and usability for real water bodies. In this study, MIL-101(Fe) was prepared and a MOF/
photo/persulfate system was used to degrade tris(2-chloroethyl) phosphate (TCEP). Synthesized MIL-101(Fe) is
high-purity regular crystal with a band gap energy at 2.41 eV, indicating that short wavelength visible light
(400-520 nm) and ultraviolet light (200-400 nm) can be utilized by this MOF. Mechanism of photocatalysis
reaction involved activation of MIL-101(Fe) for the transformation of Fe(III) to Fe(II), which induced further
transformation of $,0¢%~ to -SO, ", and then TCEP was degraded by radical oxidation. The degradation pattern
demonstrated a S-shape curve with two stages, induction period and radical oxidation. The former would be a
process involving reactants adsorption and photocatalyst activation, while the later mainly included -SO,~ and/
or -OH reactions. Reaction rates of these two stages highly depended on activation wavelength and pH con-
dition. Irradiation at 420 nm and acid condition were conductive to TCEP degradation, while high temperature
and S,042~ addition accelerated the reaction. Five degradation products were elucidated, and the dominant
degradation pathways included cleavage, hydroxylation, carbonylation and carboxylation. Furthermore, MIL-
101(Fe)/420 nm/persulfate system demonstrated a more robust performance than homogeneous ultraviolet/
persulfate system for TCEP removal in real water matrixes, implying that it will be a potential technology for
elimination of organic pollutants in water.
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1. Introduction

Efficient elimination of trace organic chemicals (TOrC) from was-
tewater has become a hot research topic. Since traditional water
treatment technologies can only partially remove TOrC, wastewater
treatment plants (WWTPs) are considered as one of the most important
sources and emitters of TOrC to environmental water bodies [1]. Re-
cently, advanced oxidation processes (AOPs) have become prospective
treatment methods for TOrC elimination. Familiar AOPs, such as ozo-
nation (O3), ultraviolet(UV)-based AOPs (UV/H,0,, UV/H50,/043, UV/
H»0,/Cl ™, etc.), homogeneous Fenton (Fe?™ /H,0,), have been well
evaluated and applied in some full-scale water treatment facilities
[2-4]. Some emerging AOPs, including electrochemical AOPs, plasma,
cavitation based AOPs (ultrasonic), sulfate radical AOPs and photo-
catalytic AOPs, were also extensively studied [5-8]. Among these AOPs,
sulfate radical AOPs (S-AOPs) can generate sulfate radicals (-SO,™)
that possess a strong oxidation potential (2.6 V) under a wider pH range
than hydroxyl radical (-OH) processes, meanwhile generate less disin-
fection by-products [9-12]. Heating, UV irradiation, homogeneous
transition metal catalysis and heterogeneous photocatalysis are
common activating method for S-AOPs [13,14]. For photocatalysis, a
series of interfacial reactions between catalysts and oxidant donors
(persulfate and peroxymonosulfate) generate highly reactive radical
species, which can efficiently degrade refractory TOrC, e.g. pesticides
[15], polycyclic aromatic hydrocarbons [16], antibiotics [17], etc.

Among the various metal catalysts, iron-based catalysts are attrac-
tive due to their affordability, biocompatibility and high activating ef-
ficiency [18]. Whereas, some weaknesses of iron catalysts still exist,
such as reusability and minimise radical scavenging without dimin-
ishing reactivity [13]. Thus, it is desirable to develop novel iron-based
catalysts to improve the performance of S-AOPs. Hybrid metal-organic
frameworks (MOFs) are a class of the novel porous materials which
have nearly infinite structures and magnificent features, such as high
dispersibility, high surface area, semiconduction, microporosity and
photosensitivity [19]. Typical MOFs are composed of metal-containing
nodes connected by organic linkers through strong chemical bonds.
Only some combinations are stable in water matrixes. For example,
combinations of Ti, Zr, Fe, Al, Cr metals core nodes and carboxylate-
based ligands were proven to be stable in acid and neutral water [20].
Among them, Fe-based MOFs may be highly practicable for photo-
catalysis due to their environment-friendly, low-cost and photo-
responsive features.

Fe-based MOFs usually contain FeO4(OH), octahedra or [Fes(p5-O)
(COO0)g] clusters secondary building units (SBUs) with carboxylate li-
gands, forming different topological structure series, such as MIL-53,
MIL-100 and MIL-101 [20]. These SBUs commonly have trivalent iron
ion (Fe(III)) metal nodes, and the electron transfer between the metal
nodes and organic ligands will result in a variation from Fe(IIl) into Fe
(ID) (Eqg. (1)), which can induce a transformation of oxidant donors to
form reactive radicals (Egs. (2) and (3)) [21]. Recently, researches
testing these Fe-based MOFs as photocatalysts for organic pollutant
degradation have only started. Some prototype MOFs, such as MIL-
53(Fe) and MIL-88B(Fe), demonstrated better catalytic activities with
H,0, than conventional catalysts (alpha-FeOOH, Fe,O3; and Fe30,4)
[22]. Combined with persulfate, MIL-53(Fe) also provided an ac-
celerated photocatalytic degradation of dye [23]. Modified Fe-based
MOFs were also developed to enhance their photocatalytic perfor-
mance. Graphene oxide-MIL composite was synthesized, and its im-
proving efficiency was attributed to the enhanced electron transport
[24]. Cobalt and copper doped MIL-101(Fe) was made, and a higher
persulfate activation efficiency was observed compared to original MIL-
101(Fe), which may be due to alteration of morphology and structure
[25]. Furthermore, to provide an recycling function, magnetic Fe;04
doped MOFs [26] and derived iron/carbon composites [27] were pre-
pared. These exploratory research proved that Fe-based MOFs are
versatile and will be potential photocatalysts to activate Hy0,/
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persulfate for organic pollutants elimination.

= M(n+l)+ irra(i;:tion = M+

electron transport (1 )
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However, great challenges for the applications of Fe-based MOFs
heterogeneous photocatalysis still exist due to the complexity of real
water bodies. For example, most of the existing researches used dyes,
which have high affinity to MOFs, but not actual organic pollutants as
targets; Their degradation pathways and products were unclear. In
addition, there is still a knowledge gap in regard to the optimization of
activating wavelength and reaction conditions. To this end, tris(2-
chloroethyl) phosphate (TCEP), an emerging organophosphorus ester in
natural and industrial water bodies, was selected as the representative
pollutant in this study. A tailor-made multiple wavelengths irradiation
module, for the first time, was used to investigate the degradation ef-
ficiency of TCEP in a MIL-101(Fe)/photo/persulfate system.
Degradation kinetics, mechanisms and products were determined,
while the effects of anions and natural organic matter were explored.
Furthermore, the performance of this system in artificial and real water
matrixes was evaluated. This work can provide practicable information
for the Fe-based MOFs photocatalysis of TOrC in water.

2. Materials and methods
2.1. Chemical reagents

TCEP (99%, HPLC grade) was obtained from Toronto Research
Chemicals (CAN), while HPLC grade ethyl alcohol (EtOH), N, N-di-
methylformamide (DMF), tert-butyl alcohol (TBA) and benzene-1,4-di-
carboxylic acid (H,BDC) were acquired from Merck (Germany).
Ascorbic acid (99%), formic acid (99.9%) and humic acid (HA) (90%
dissolved organic matter, CAS: 1415-93-6) were purchased from
Sigma-Aldrich (USA). Analytical grade Na,S»,0g (99%), FeCl36H,0
(98%), Na,CO3 (98%), NaCl (98%), NaNO; (98%) and Na,SO,4 (98%)
were obtained from Sinopharm (China). HPLC grade acetonitrile and
methanol were purchased from Fisher (USA). All reagents were used as
received. All solutions were prepared using 18.2 MQ ultrapure water or
deionized water produced from a Milli-Q Advantage A10 system
(Millipore, USA). Other chemical reagents were of the highest purity
available.

2.2. Preparation and characterization of MOF

MIL-101(Fe) was prepared by a hydrothermal method based on the
reported procedure with some modifications [28]. Typically, 1.351 g
FeCl3-6H>0 (5 mmol) and 0.415g (2.5 mmol) H,BDC were mixed in
DMF (30 mL), and then was sonicated for 20 min to make the solid fully
suspension. The suspension was sealed into a Teflon-lined stainless steel
autoclave and heated at 110 °C for 24 h. Orange mud was obtained and
separated by centrifugation, and then it was washed by DMF and hot
EtOH (60 °C, 3h) for three times to remove the raw materials. The
orange mud was dried at 70 °C for 60 min, and then activated at 150 °C
for 12 h.

Characterization of MIL-101(Fe) includes its morphology, crystal
structure, optical property and composition. First, morphology of MIL-
101(Fe) was observed by a EVO18 scanning electron microscope (SEM)
(Zeiss), while crystal structure and phase purity were determined by a
D2 Phaser Desktop X-ray diffraction (XRD) (Bruker). A UV-3600Plus
spectrophotometer (Shimadzu) with an integrating sphere was applied
to characterize the UV-visible diffuse-reflectance spectrum (UV-VIS
DRS), and its analyzed wavelength range covered 200-900 nm. A
Nicolet iS50 infrared spectrometer (Thermo) was used to evaluate the
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Fig. 1. Characterization of MIL-101 (Fe). (a-b) SEM images, (c) XRD spectrum, (d) FTIR spectrum, (e) UV-Vis DRS spectrum, (f) Band-gap energy.

Fourier transform infrared spectroscopy (FTIR), which reflected the
composition and structure of MIL-101(Fe).

2.3. Basic photocatalysis experiments

A multiple wavelength irradiation module was made (Fig. S1), while
it contained a light source, framework and reactor vessel. Light-emit-
ting diodes (LEDs) with emission peaks at 280, 310, 365, 420, 472, 535,
587 and 625 nm were applied, and the irradiation intensity was mea-
sured using illuminometers. Visible light LEDs were purchased from
NICHIA (Japan), and the power of a single LED is 3W. UV-LEDs were
obtained from OSRAM (Germany), and the power of a single UV LED is
0.1W. A 6 X 6 UV-LED array was packaged and it has a power of
~3.6 W. The pH value of TCEP solution ([TCEP], = 3.51 uM, 20 mL)
was adjusted by buffered solution containing predefined concentration
combinations of NaOH, KH,PO, and H3PO,, and then was transferred
into the reactor vessel. The reaction solution was orbitally shaken at
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60 rpm by a shaker and maintained at 288 K, 298 K and 308 K using
magnetic stirrer with heating function. After adding given amount of
solid MIL-101(Fe), a 30-min pre-adsorption was performed. Photo-
catalysis reactions began by adding given amount of Na,S,Og stock
solution and turning on the light sources with continuous shaking. At
the pre-set times, 0.5 mL treated samples were obtained and filtrated by
0.22um polyethersulfone filter. Reaction was stopped by adding
equivalent ascorbic acid solution, and then transferred into brown
amber tubes before analysis.

2.4. Influence factor, scavenging, recyclability and stability experiments

Influence factor experiments, included wavelength, pH, tempera-
ture, reactant ratio, anions and humic acid, were performed by ad-
justing solution conditions or adding specific reagents into the reaction
system. To explore the reaction mechanism, scavenging experiment was
performed. Only one scavenger (EtOH, TBA or ascorbic acid) at 100 mM
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Fig. 2. Removal efficiencies of TCEP in MIL—lOl(Fe)/light/Szogz’ system. (a) sole $,052~ and sole light irradiation, (b) light/MIL-101(Fe), (c) light/Szogz’, ()]

MIL—lOl(Fe)/light/52082’, “no light” indicates MIL-101 (Fe)/S,08>~ system. Experimental conditions: normalized irradiation intensity = 20.0 mW cm™
[TCEP]o = 3.51 uM, [S,05% 1o = 500mg L~ *, [MIL-101(Fe)]l,, = 500 mg L™, temperature = 298 K. All the experiments were carried out in triplicate with error

bars representing the standard error of the mean.

was spiked into solution during one scavenging experiment. In recycl-
ability experiment, suspension was centrifuged to separate the used
powder after one reaction cycle, and then it was washed by 200 mL
ultrapure water. After drying at 60 °C for 10 h, a same amount of dried
powder was used in the next batch of experiment under identical
conditions. Total three cycles were applied. Analyses of dissolved ferric
ion and ferrous ion concentrations using an iCAP RQ inductive coupled
plasma emission spectrometer (Thermo Fisher) were conducted to
evaluated the stability. Other reaction conditions were similar to
Section 2.3.

2.5. Degradation of TCEP in real water matrix

Real water matrixes were collected from a drinking water treatment
plant (DWTP) in Guangzhou City, China. The main treatment processes
of this DWTP included pre-chlorination (chlorine dioxide), coagulation
(poly aluminium chloride), sedimentation, filtration and disinfection
(liquid chlorine). Source water (from Pearl River) and finished water
(from DWTP) were obtained, and the analysis procedure of water
parameters is presented in Text S2. Degradation experiment was con-
ducted by adding pre-determined amounts of TCEP and MIL-101(Fe)
into the real water matrix, and the main experimental procedure was
similar to Section 2.3.

2.6. Determination of TCEP and degradation products

Determination of TCEP concentration was conducted using a HPLC/

2
>

MS? (TripleQuad 5500, AB-Sciex, USA). Determination of degradation
products was performed using a TripleTOF 5600 + HRMS (AB-Sciex,
USA). The product analysis procedure met the Level 3 in Schymanski
Framework [29], thus, the identified products can be classified as
tentative candidates. Detailed analysis process is presented in Text S1
and Tables S1.

3. Results and discussion
3.1. Characterization

SEM of MIL-101(Fe) is presented in Fig. 1a and 1b. MIL-101(Fe) was
consisted of octahedron crystals at 1.0-2.0 pm with smooth surface,
which was similar to the previous researches [30,31]. XRD was used to
identify the crystalline phase of MIL-101(Fe) (Fig. 1c). Peaks located at
2h = 8.9°, 9.2°, 18.5° and 21.8° were observed, which was resembled
with the existing researches [32,33]. This indicated that the synthesized
powder is high purity crystal. FTIR spectroscopy is displayed in Fig. 1d,
with absorption peaks at around 750, 1020, 1396, 1583 and
1680 cm ~!. These characteristic peaks were consistent with reported
MIL-101(Fe) [33]. Peak at 750 cm ™! indicates the C—H bending vi-
brations in benzene. Peaks at 1396 and 1583cm ™' are assigned to
symmetric and asymmetric vibrations of carboxyl groups (—COO-),
respectively, while peak at 1680 cm ™" is related to C=0 bonds in free
carboxylic groups, indicating the dicarboxylate linker. These FTIR
peaks represent the organic carboxylate bridging ligand structure. In
short, these characterizations confirm that the orange powder is crystal
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Fig. 3. Photocatalysis mechanism. (a) fitting curve and mechanism of reaction, (b) removal efficiencies in scavenger experiments. Experimental conditions: irra-

diation wavelength = 420 nm, irradiation intensity = 20.0 mW cm ™2,

[TCEP], = 3.51 uM,

[S:08%" 1o = 500mgL~", [MIL-101(Fe)l, = 500 mgL™?,

temperature = 298 K. All the experiments were carried out in triplicate with error bars representing the standard error of the mean.

pure MIL-101(Fe).

UV-vis DRS was used to analyze the photology properties of the
MIL-101(Fe) (Fig. 1le). In UV range (200-400 nm), MIL-101(Fe) pre-
sented a high adsorption. For short wavelength visible light
(400-600 nm), a weaker absorption was observed. A very low absorp-
tion was observed in the range of 600-900 nm, with a minimum value
at ~750 nm. This UV-vis DRS suggested that MIL-101(Fe) may have a
high utilization of irradiation in the range of 200-600 nm. The band
gap energy (Eg) can be estimated from the intercept of the tangents to
the plots of A(hv)*? vs. photon energy, as shown in Fig. 1f [34]. The
calculated Eg value is 2.41 eV, suggesting that light irradiation at wa-
velength lower than ~520 nm can promote valence electrons to be-
come conduction electrons in MIL-101(Fe). Considering that natural
organic matter and anions in real water bodies have significant
screening effects against UV light but not visible light, irradiation at
short wavelength visible light (400-520 nm) may be practicable for
MIL-101(Fe)-based photocatalysis in real water.

3.2. Control degradation experiments and irradiation wavelength

A series of control experiments were performed. First, a pre-ad-
sorption (1 mg L~ ! TCEP with 0.5 gL_1 MIL-101(Fe)) was conducted,
and MIL-101(Fe) only absorbed partial TCEP (~20%) within 30 min
(Fig. S2). Adsorption equilibrium was achieved in initial 20 min. Var-
iation of TCEP in sole Na,S,0g addition and sole light irradiation are
presented in Fig. 2a. It seemed that these two control systems had
negligible removal of TCEP. Persulfate is stable in normal environment,
and it cannot react with TCEP directly. Furthermore, TCEP has been
proven to be persistent under sunlight or even UV irradiation [8].

For light/MOF system, there was still no degradation (Fig. 2b). Light
irradiation can excite MIL-101(Fe) to a high-energy state, resulting in
separation of electrons and holes. However, the intensity of LED light
source was 20 mW cm ~2, which was much lower than that of xenon
lamp (> 10%-10* mW cm ~2). Thus, the electron-hole separation was
relatively weak when no oxidant donor existed, which cannot induce
direct transformation of TCEP. To the contrary, continuous removal of
TCEP was observed in some light/persulfate systems (Fig. 2c). For ex-
ample, > 90% TCEP was degraded within 180 min in 280 nm/persul-
fate system. Irradiation at 310 nm seemed to induce a weaker de-
gradation. As the light wavelength increased, the degradation
efficiencies tended to be poorer. UV-C (200-280nm) and UV-B
(280-320 nm) induced cleavage of $,05>~ to generate -SO,~, resulting
in gradual degradation of TCEP. UV-A (320-400 nm) or visible light
cannot induce this process. In our previous study, UV-C/persulfate
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system has been confirmed to degrade TCEP effectively in pure water
solution [35].

Degradation of TCEP in MIL-101(Fe)/light/persulfate systems (for
short, MOF/photo/persulfate) with different wavelengths are shown in
Fig. 2d. Unified concentration of MIL-101(Fe) was added, while the
irradiation intensity of different wavelength light sources was adjusted
to 20.0 mW cm ~ 2. Performance of this system highly depended on the
irradiation wavelength. In general, degradation efficiency decreased in
the order of 420 > 280 > 310 > 472nm, while the systems with
other wavelengths had no degradation. Of note, two different shapes of
evolution curves were observed under different wavelengths. The
curves of 420 nm demonstrated a S-shape tendency, suggesting that this
system required an activating process. Short wavelength visible light
(420nm and 472nm) can activate MIL-101(Fe) to an excited state,
which was consistent with its band gap at ~2.4 eV (~520 nm, Fig. 1f).
Under this condition, increasing conduction electrons transfer in MIL-
101(Fe) induced a splitting of $,0¢>~ to generate -SO,~. Considering
that solar light on the earth surface covers a large range of wavelength
from ~ 300 nm to ~800 nm, this result implied that solar light can also
induce photocatalysis reaction in MOF/photo/persulfate system. For
UV systems, the curves of 280 nm and 310 nm presented continuous
degradation, implying different degradation mechanisms. The lower
degradation efficiencies may be due to the absorption of UV irradiation
by MIL-101(Fe), which weakened the UV-induced cleavage of $,0827.
Furthermore, background NaOH, KH,PO, and H3PO, somewhat ab-
sorbed UV irradiation, aggravating this inhibition. In general, MOF/
photo/persulfate system using 420 nm had the highest efficiency, which
was employed in the following studies.

3.3. Degradation kinetics and mechanism

Degradation of TCEP in MIL-101(Fe)/420 nm/persulfate system
demonstrated a S-shape curve (Fig. 2d). The decline tendency of TCEP
was consisted of two stages, a slow decreasing stage and a rapid decline
stage (Fig. 3a). These two stages were divided at the knee point of the S-
shape curve. In the former stage, a slow degradation was observed,
which lasted ~90 min in the current system. This stage was also re-
ported in other studies using Fe-based catalysts [36,37], which was
defined as the induction period. A kinetics parameter, induction time ¢;,
was used to describe its duration. It was defined as time to the knee of
the best fit S-shaped curve, and its calculation followed a similar pro-
cedure reported by Luo et al. [37]. The later stage demonstrated a rapid
decrease of TCEP. Based on the kinetics fitting, this stage followed a
pseudo-first-order kinetics with an apparent rate constant ks, implying
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Table 1
Induction time (t;) and kinetic rate (kops) of pseudo-first-order kinetics after
induction period under different conditions.

Reaction system t; (min) Kobs (min~1)
MIL-101 + S,042~ + 420 nm (control) 91 0.021

pH = 5.00 117 0.019

pH = 7.00 - -

pH = 9.00 - -

pH = 11.00 - -

T = 288K 119 0.020

T = 308K 62 0.021
[S20g2  Im: [MIL-101],, = 1: 10 108 0.019
[S208% " 1m: [MIL-101], = 1: 2 102 0.018
[S208% ~ Im: [MIL-101],, = 1: 1 (control) 91 0.021
[S208%  Im: [MIL-101], = 1: 0.66 58 0.019

Cl™ 93 0.014

S04~ 92 0.021

NO;~ 91 0.021

CO42~ 98 0.015
Humic acid 118 0.008

Experimental conditions of control group: normalized irradiation

intensity = 20.0mWem ™2, [TCEP], = 3.51uM, [S,05% 1o = 500mgL ™7,
[MIL-101(Fe)],, = 500 mg LY, pH = 3.00, temperature = 298 K.

that radical oxidation may be the dominant mechanism. Calculated t;
and k.ps are presented in Table 1. Of note, only the MIL-101(Fe)/
420 nm/persulfate system had this S-shape tendency.

The mechanism of induction period is not fully clear due to the
complicated heterogeneous reactions. Some researchers proposed that
this period was the time for surface activation of catalysts [38]. Acti-
vation of MIL-101(Fe) may involve the transformation from Fe(III) to Fe

a
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(II), which is induced by the electron transfer between the metal nodes
and organic ligands. In MIL-101(Fe)/420 nm/persulfate system, a full
activation will consume a time period to transform enough Fe(Il),
maintaining the interaction with persulfate to generate -SO, . Besides
the internal electrical transfer, the external reactant transport onto
catalyst could also affect reaction processes. Some scholars suggested
that induction period may be the time for reactants to adsorb onto the
catalysts [37]. Since MIL-101(Fe) is a spatial porous network, full ad-
sorption of persulfate onto MIL-101(Fe) crystals to assess Fe-clusters
will take a while, which may also contribute to the induction period.

To confirm the dominant reaction mechanism in the later radical
oxidation stage, three typical scavengers were spiked respectively. It
was observed that these scavengers have no effect on the induction
period (data not shown), thus, only the degradation efficiency in the
later stage was investigated (Fig. 3b). After adding 10 mM ascorbic
acid, no evident degradation of TCEP was observed. Ascorbic acid is a
strong reductant, and it has high reaction rate with various radicals,
such as -OH (Table S2). Thus, this inhibition suggested that the de-
gradation of TCEP would be an oxidation reaction. To confirm the ex-
istence of radicals, EtOH and TBA were applied. EtOH has high reaction
rate constants with both -OH (k= 1.9 x 10°M~'s™!) and -SO,~
(k =1.6 x 10"M~'s™ 1), while TBA has a high constant with -OH
(k=6.0x10°M"'s™!) but a lower constant with -SO,”
(k = 4.0 x 10°M~*s™1). Therefore, the efficiency difference between
the systems using these two scavengers can verify the existence of -
SO, . Expectedly, both of these two scavengers had significant in-
hibition on reaction efficiency, and the inhibition of EtOH was more
serious than that of TBA, indicating the existence of -SO,~. Thus, the
later stage could be dominant by -SO,~ and/or -OH oxidation.

b
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80+

60 -
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Fig. 4. Influence factors experiments. (a) effect of different pH values, (b) effect of temperature, (c) effect of [MIL-101(Fe)],: [S2082 ™ 1m; (d) effect of anions and
humic acid. Experimental conditions: irradiation wavelength = 420 nm, irradiation intensity = 20.0 mW cm ™2, [TCEP], = 3.51 UM, [S,052" 1o = 500 mg LY, [MIL-
101(Fe)l, = 500 mg L™, temperature = 298 K. All the experiments were carried out in triplicate with error bars representing the standard error of the mean.
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Table 2
Induction time (t;) and kinetic rate (kops) of pseudo-first-order kinetics after
induction period in different actual water matrixes.

Reaction system t; (min) Kobs (min~1)
;06> + 280nm
deionized water, pH = 3.00 - 0.013
finished water, pH = 3.00 - 0.004
source water, pH = 3.00 - 0.001
MIL-101 + S,0g%~ + 420 nm
deionized water, pH = 4.37 96 0.013
finished water, pH = 6.25 146 0.006
source water, pH = 6.37 153 0.008
deionized water, pH = 3.00 (control) 91 0.021
finished water, pH = 3.00 99 0.018
source water, pH = 3.00 132 0.013
Experimental conditions of control group: normalized irradiation

intensity = 20.0mWcem ™2, [TCEP], = 3.51 uM,
[MIL-101(Fe)],, = 500 mgL ™!, temperature = 298 K.

[S205% 1o = 500mgL~?,

On the basis of the results and discussions above, mechanism for
TCEP degradation in MIL-101(Fe)/420 nm/persulfate system was sup-
posed to involve two stages, induction period and radical oxidation
stage (Fig. 3a). In the induction period, diffusion and adsorption of
TCEP and persulfate onto MIL-101(Fe) crystals occurred. Furthermore,
MIL-101(Fe) was excited by light irradiation to become a high-energy
state. A charge separation and electron transfer from 02~ to Fe(Ill) on
the Fe-O clusters occurred, followed by the reduction of Fe(III) to Fe(II)
(Eq. (4)). The accumulation of the above processes may be the domi-
nant mechanisms of induction period, and it was the rate-determining

step during the whole reaction. In radical oxidation stage, the main
reactions may include the interaction between Fe(II) and persulfate to
generate extensive -SO4~ and/or -OH, while Fe(II) was oxidized to Fe
(II) (Egs. 5-7). Both SO, ™ and - OH can react with TCEP to generate a
series of products (Egs. (8) and (9)).

irradiation
-

= Fe(l) - oo, = Fe(II) @
= Fe(1l) + S,02~ — =Fe(IIl) + SO} + -SO; (5)
-SO; +H, O— -OH+H* +S0%~ (6)
-SO; + OH™ — -OH + S03~ %)
-SO; + TCEP — Products 8)
-OH + TCEP — Products (C)]

3.4. Influence factors

Based on the discussion in Section 3.3, changing the rate of internal
electrical transfer and/or external reactant transport can alter the
duration of induction period, while affecting the radical generation or
quenching of radical itself can inhibit the radical oxidation. Thus, it is
important to confirm the influence factors and determine their effects
on this MOF/photo/persulfate system.

Influence factors experiments, including pH value, temperature,
reactant ratio, anion and humic acid, were performed. First, pH had
significant effects on degradation efficiency (Fig. 4a). The highest re-
action rate was observed at pH 3.00, suggesting that acid condition was
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Fig. 6. Recyclability and stability. (a) recycling degradation performance, (b) iron concentration at different pH values. Experimental conditions: irradiation wa-
velength = 420 nm, irradiation intensity = 20.0 mW cm ™2, [TCEP], = 3.51 M, [S;05% 1o = 500 mg L ™', [MIL-101(Fe)],, = 500 mgL ™!, temperature = 298 K.

conductive to the MOF/photo/persulfate reaction. Both induction
period and radical oxidation stage extended when pH increased. Under
acid condition, more H" existed in the reaction system, while the
protonation induced positive charged MIL-101(Fe). Thus, more S;052~
attracted onto MIL-101(Fe), resulting in a faster reactant transport and
a shorter induction time. Under high temperature (e.g. 327K or
higher), H* will react with persulfate and form SO,*~ and -SO,~ (Eq.
(10)), which may weaken the degradation reaction [39]. However, this
transformation may be negligible under ambient temperature (298 K) in
the current experiments. Under basic condition, OH™ can attach onto
Fe(IIl) clusters, resulting in an inactivation of MIL-101(Fe). When pH
further increased (pH > 12), the base (NaOH) was supposed to acti-
vate the persulfate into some other species, such as -OH and -O,~ [40]
(Eq. (11)), which may improve the reaction efficiency. Here the pH
value was in the range of 3-11, thus, the transformation of persulfate
induced by base was also weak. Generally, effect of pH on the MIL-
101(Fe) was the dominant one, and acid conditions were conductive to
the MIL-101(Fe)/photo/persulfate reaction.

S,02” + Ht - H+ + .SO; + S0%~ (10)

OH™
25,0;” +2H, O - 2S03i™ + -SOj + -0; + 4H* an

The second influence factor was temperature. As the temperature
increased, a raising reaction efficiency was observed (Fig. 4b). For ex-
ample, as temperature increased from 288 K to 308 K, t; decreased from
~120min to ~60min, while k., maintained in the range of
0.020-0.021 min~!. The diffusions of TCEP and S,0s2~ were ac-
celerated when temperature increased. Changing the [S20s27]: [MIL-
101(Fe)] ratio also affected the reaction efficiencies (Fig. 4c). When the
S,052~ concentration increased, its probability to access MIL-101(Fe)
also raised, which accelerated the external reactant transport. Effects of
pH value, temperature, reactant ratio all supported the hypothetical
mechanisms in Section 3.3.

Effect of different anions and humic acid are shown in Fig. 4d. Four
anions had different effects on the reaction efficiency. As all anions and
humic acid have little absorption against 420 nm irradiation, their in-
hibitions on reaction were mainly attributed to -OH capture and/or
catalyst inhibition. For example, SO~ and NO;~ have low reaction
rate constants with -OH (Table S2), and their inhibitions were negli-
gible. To the contrary, both C1~ and CO5~ have 10®-10° level reaction
rate constants with -OH. Thus, inhibition of degradation efficiency was
observed in the presences these two anions. Humic acid is a common
catalyst inhibitor, which can attach onto MIL-101(Fe) to reduce its
active sites. Furthermore, it can react with -OH, thus, its existence in-
creased the t; and decreased the k.. Of note, the concentration of these
anions and humic acid was all 100 mg L™, which was higher than their
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common dosages in natural water bodies.
3.5. Degradation of TCEP in real water matrix

Two real water matrixes were used for the degradation of TCEP by
MOF/photo/persulfate system. Basic parameters of water matrixes are
presented in Table S3. Since the particulate materials in these matrixes
were removed by 0.45 um filters before reaction, their different effects
on the reactions can be attributed to the dissolved impurities. Ob-
viously, source water from the Pearl River contained more natural or-
ganic matter and anions than the finished water (Table S3). Homo-
geneous UV/persulfate systems were applied to compare the
degradation performance (Fig. 5a). In the control system (280 nm/
persulfate in deionized water), degradation of TCEP followed a fast
procedure with kops at 0.013min ! (Table 2). Whereas, the impurities
in real waters had critical inhibition on reaction efficiency. For ex-
ample, kops decreased to 0.004min~! and 0.001min~! in finished
water and source water, respectively. It was well known that common
contaminants in natural water bodies had significant screening of UV
irradiation, which may be the reason.

However, it was not true for MOF/photo/persulfate system using
visible light. Degradation efficiency in these systems differed from
water sources and pH conditions. In the experiments without pH ad-
justment, the original pH values were around 7.0 in finished water and
source water, while deionized water was 6.1. After adding 0.5 gL ™"
MIL-101(Fe), pH of finished water and source water reduced to 6.25
and 6.37. For the deionized water, pH reduced to 4.37. High pH value
was not conducive to the MOF/photo/persulfate system, resulting in
significant inhibition of degradation efficiencies without pH adjustment
(Fig. 5b). In finished and source water systems, induction time t; in-
creased to 146 min and 153 min, while k.ps decreased to 0.006 min ™!
and 0.008 min "’

After all the pH values were adjusted to 3.00, compared to deio-
nized water (control group), two real water matrixes had slightly higher
t; and lower kgps (Table 2). For example, t; and ks were 91 min and
0.021min~ ! in deionized water, while they were 99min and
0.018 min ™" in finished water. The slight inhibition can be attributed to
the higher dosage impurities in these two real water matrixes than
those in deionized water. For example, the TOC were 28.63 and
4.14mgL"! in real waters, while it was 0.08 mgL~! in deionized
water. Furthermore, high concentration anions were also observed in
two real waters. According to the results in Section 3.4, all these im-
purities affected the reaction efficiency at pH 3. Since these common
impurities have little absorption at 420 nm (OD45 in Table S3), the
dominant inhibition mechanism may be radical quenching but not light
screening. Nonetheless, removal of TCEP reached 72% and 80% in raw
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temperature = 298 K.

water and finished water, respectively, after 240-min MOF/photo/
persulfate reaction, while the ones were 20% and 48% in homogeneous
UV/persulfate. In general, this MOF/photo/persulfate system showed a
more robust performance, especially after pH adjustment, for organic
contaminants removal in real water matrixes. Considering that the pH is
usually around 7 in real drinking water treatments, modifications of
MIL-101(Fe) to extend its pH flexibility are desirable.

3.6. Electrical energy evaluation

Electrical energy of light irradiation was evaluated by electrical
energy per order (EE/O), which is defined as the electrical energy
(kWh) required to degrade a contaminant by an order of magnitude in
1 cm® matrix. Detailed calculation followed a similar procedure re-
ported in our previous study [8]. Since two stages in MOF/photo/per-
sulfate system both consumed light energy, their EE/O values were
calculated respectively, while the total EE/O value was the sum of
them. EE/O values in the reactions using different water matrixes are

presented in Table S4. In the control group (deionized water, irradia-
tion intensity = 20.0 mW cm ™2, [S208271 o = 500 mM,
[TCEP], = 3.51 uM, [MIL-101(Fe)], = 0.5 gL_l, tempera-
ture = 298 K), the total EE/O value was 25.96kWh m~>order !. It
increased as the induction time t; increased and the k., decreased.
When using real water without pH adjustment, the total EE/O increased
to nearly twice as that in control group. After pH was adjusted to 3.00,
total EE/O declined. All these EE/O values were significantly higher
than those (usually at 10~2-107! level) in UV-based radical oxidation
system for TCEP degradation [8,41]. Since the applied irradiation in-
tensity at 20.0 mW cm ~ 2 was much lower than that of sunlight on earth
surface, if using sunlight as light source for this MOF/photo/persulfate
system, a higher degradation efficiency may be achieved, and this en-
ergy consumption may not be an obstacle.

3.7. Recyclability and stability

Recyclability is crucial for applications of heterogeneous
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Fig. 8. Evolution curves of partial degradation products. (a) product A, (b) products B, C, D and E, (c) total organic matter. Experimental conditions: irradiation
wavelength = 420 nm, irradiation intensity = 20.0 mW cm ~2, [TCEP], = 3.51 uM, [S,05% 1o = 500 mg L.~ ?, [MIL-101(Fe)],, = 500 mg L~ ", temperature = 298 K.

photocatalysts. A three times recycle was performed containing se-
paration, washing, pre-adsorption and photocatalysis reactions. As
shown in Fig. 6a, only a slight deactivation was observed. The final
residual ratio of TCEP increased from 17% to 21%. The reduced re-
moval efficiency can be explained by the slight metal-leaching of MIL-
101(Fe). Of note, the two stages reaction still existed in recycled re-
actions as original reaction, suggesting that MIL-101(Fe) required a re-
activation after drying.

Stability is also important for MOF. For Fe-based MOFs, leakage of
Fe®>* or Fe** may also result in contamination of water matrixes,
especially for drinking water treatment. In the current reaction system
(pH = 3.00), 0.46 mg/L total iron ion was detected in the solution after
180-min reaction, while ~90% TCEP was removed. Generally, a good
stability of MIL-101(Fe) was observed in acid condition. However, as
pH value increased, a more serious iron release was observed. When pH
increased to 11.00, the concentration of total iron increased to
13.9mgL ™! after 180 min reaction.

Based on Pearson’s hard/soft acid/base principle, metal nodes and
organic ligands in MOF can be considered as Lewis acid and Lewis
bases, respectively. It was supposed that MOFs constructed by hard
Lewis acid and hard Lewis bases can maintain its integrity under acid
and neutral conditions, while combinations of soft Lewis acid and bases
are stable in alkaline and neutral conditions [20]. Since the high-valent
metal ions can be regarded as hard acids, while the carboxylate-based
ligands can be regarded as hard bases, MIL-101(Fe) was supposed to be
steady in acid and neutral conditions, but not in alkaline condition. This
hypothesis was confirmed by the slight leakage of iron ion when
pH = 3.00, which was aggravated when pH increased (Fig. 6b). The
leaching of iron ion under acid condition may be due to the oxidation of
the surface iron-benzoic acid complexes of MIL-101(Fe). In all, highest
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degradation efficiency of TCEP was achieved under acid condition, with
the lowest iron leaching (< 0.1% mass of adding MIL-101(Fe)).

3.8. Degradation products and pathways

To elucidate the degradation efficiency and mechanism in MOF/
photo/persulfate system, determination of TCEP degradation products
was performed. Based on the potential degradation reactions, several
product candidates and their evaluation pathways were speculated (Fig.
S3). After the HRMS analysis (Text S1), only five tentative candidates
were confirmed (Fig. 7). Extracted ion chromatograms (EICs, retention
time and m/z data) of these candidates are shown in Fig. S4, while the
MS? chromatograms (fragment data) are shown in Fig. S5.

Structure verification of these product candidates was conducted
based on MS? fragments. For example, product A (C4HsCl,04P, m/z
222.969 Da) had product ions at m/z 207.03, 191.00, 177.05, 172.86,
160.98, 149.02, 98.98, 63.00 Da (Fig. S6). The fragment ion peak at m/
z 98.98 represented the phosphate backbone, while the difference be-
tween these product ions corresponded to the loss of fragments Cl
(36 Da), CO (28 Da), H,O (18 Da), O (16 Da) and CH, (14 Da). There-
fore, the structure of product A was elucidated, and the determination
of other product candidates followed this similar procedure.

Relative intensity variation curves of these products are presented in
Fig. 8. Product A reached the maximum value at ~120min, while
product B kept a high intensity at ~ 150 min, suggesting that products B
was the further transformation product. Furthermore, maximum in-
tensities of products C and D were observed at 120 min, while product E
had a peak value at 150 min. According to their structure and intensity
evolution results, the predominant pathway of TCEP in MOF/photo/
persulfate system may involve cleavage, hydroxylation, carbonylation
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and carboxylation. Of note, -SO4~ can react with OH™ to form -OH.
Since the pH value in product elucidation experiment was ~ 3.0 (lack of
OH7), low yield of -OH implied -SO,~ based reactions would be
dominant. -SO,4~ is a nucleophile, the reaction mechanism would be
mainly nucleophilic addition and substitution. The C=O0 bond in
phosphorus backbone is relative stable, thus, a-carbon adjacent to
oxygen atom may be susceptible to -S04~ attack. A cleavage of one
oxygen-ethyl-chlorine arm occurred, resulting in generation of product
A (Fig. 7b). Further cleavage will generate product B. The terminal C-Cl
bonds are also susceptible to nucleophilic attack, resulting in a radical
substitution to form product C (Fig. 7c). Theoretically, further oxidation
products from products C, D and E would be generated (Fig. S3), which
were reported in the existing study using UV/peroxymonosulfate for
TCEP degradation [42]. However, no clear evidence about these further
products was confirmed in the HRMS data here. This may be due to
their low yields and concentrations in the current reaction. More gen-
eration steps a product required, lower probability a product occurred.
TOC result is presented in Fig. 8c. TOC decreased as the reaction pro-
ceeded. After 240-min reaction, only 45% TOC was removed, implying
an incomplete mineralization and residual of organic products. Even if
the observed by-products were almost degraded, their further de-
gradation products may still contain organic carbon structure.

4. Conclusions

In this study, MIL-101(Fe) was prepared, and its performance as a
photocatalyst in a MOF/photo/persulfate system for the degradation of
TCEP was evaluated. Synthesized MIL-101(Fe) is regular crystal with
high purity, and its light utilization highly depended on wavelength.
Since it has an E,; at 2.41 eV, only irradiation < 520 nm can activate the
transformation of Fe(IIl) to Fe(II) in MIL-101(Fe), which induced fur-
ther transformation of S,0g2~ into -SO4~. Irradiation at 420 nm was
confirmed to have the highest efficiency among all the visible light.
Decreasing pattern of TCEP demonstrated a S-shape curve, including an
induction period and a radical oxidation stage. Induction period would
be a process involving adsorption of reactants and activating of MOF,
while -SO,~ reactions was dominant in radical oxidation stage.
Removal rates of these two stages highly depended on the reaction
conditions. Acid condition (pH = 3.0), high temperature and high
[S20s27]: [MIL-101(Fe)] ratio were conductive. Five incomplete de-
gradation products were elucidated, and the dominant degradation
pathways included cleavage, hydroxylation, carbonylation and car-
boxylation. MIL-101(Fe) was stable in water matrixes under acid con-
dition, and this MIL-101(Fe)/420 nm/persulfate system demonstrated a
more robust performance than homogeneous UV/persulfate system for
TCEP removal in real water matrixes, indicating that it is a potential
technology for elimination of organic pollutants in water.
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