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Abstract

In this work, a novel effective heterogeneous catalyst metal-organic framework MIL-53(Fe) has
been synthesized for the purpose of activating persulfate (PS). Catalytic performance of
MIL-53(Fe) activated under different vacuum conditions was investigated; stability and reusability
of the catalyst were evaluated, and the activation mechanism was also investigated. The results
indicated that vacuum activation could cause variation of the Fe!!/Fe!!! relative amount ratio of the
catalyst, and thus would change the catalytic activities of MIL-53(Fe), because Fe!! or Fe!ll CUS
(coordinative unsaturated metal site) are alternative active sites. It was found that MIL-53(Fe)-2
exhibits good performance for PS activation and could be used for multiple cycles. A removal rate
of 98% for Orange G was obtained within 120min (95.7% mineralization efficiency), and 94.3%
was attained in the fifth cycle. The mechanism of the activation of PS by MIL-53(Fe) was also
suggested, which involves a predominant heterogeneous reaction and an auxiliary homogeneous
reaction. The findings of this study provide new insight into the application of the reactive metal-
organic frameworks in activating persulfate for the degradation of environmental contaminants.

1. Introduction

Advanced oxidation processes (AOPs) have been developed to successfully degrade various
recalcitrant organics. Activated persulfate (PS) oxidation is an emerging AOP for organic
pollutant degradation. PS is a strong oxidant with a higher reduction potential (E° = 2.01 V)
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than hydrogen peroxide (EC = 1.76 V); its activation results in generation of sulfate free
radical (SO4~, E? = 2.5~3.1 V), a powerful oxidant with high redox potential, even higher
than hydroxyl free radical (OH-, EO= 1.9~2.7 V) under certain pH conditions [1]. During the
past several years, SO~ has attracted great interest as a substitution to OH- for the
degradation of recalcitrant pollutants. SO, possesses certain advantages over OH- such as
longer half-life period (T go4..~4s, yet T on.~1079) [2], higher stability, lower reactivity
with background natural organic matter [3, 4], and thus it may have higher efficiency under
certain conditions. And above all, since SO4~-tends to react with contaminants via electron
transfer [5, 6], it is efficient in the degradation of aromatic contaminants containing a
benzene ring. However, persulfate has to be effectively activated to generate SO~ under
certain conditions.

The activation method of persulfate directly determines the generation rate of SO, ~-and its
utilization efficiency in degrading contaminants. Zero-valent iron (ZVI), ferrous iron (Fe2"),
and ferric iron (Fe3*) are the most commonly used activators [7~9]. When using ferrous ion
for activating persulfate, a large amount of soluble Fe2* will instantly react with persulfate to
rapidly release SO4~-. However, excess quantities of Fe2* will react with SO4~to generate
its oxidation product Fe3* [10]. Consequently, SO,~- cannot be fully utilized, thus the
degradation efficiency of the ferrous iron-persulfate process decreases. Besides, this
activation system is significantly affected by the pH value since FeZ* will convert to Fe3* or
its (ox0) hydroxide. At neutral and alkaline pH, Fe3* will precipitate as iron oxide resulting
in reduced activity. In order to regulate and control the concentration of soluble Fe2* in the
solution, various complexing agents such as ethylene diamine tetraacetic acid (EDTA),
ethylene diamine disuccinic acid (EDDS), oxalic acid, and citric acid have been used to
chelate ferrous iron [11, 12]. Although the addition of a complexing agent can successfully
complex iron, the complexing agent itself would react with SO, [13], which results in
scavenging a certain fraction of the free radicals [14]. Concerning zero valent iron activated
persulfate, the catalytic efficiency is still influenced greatly by the initial pH value, though
ZVI successfully serves as a slow-release source of dissolved Fe2* and slows down the
generation rate of SO4~- [15]. In addition, the surface of ZVI would easily corrode to
generate species such as FeOOH and Fe,O3 [16] which cover the ZVI1 core and thus inhibit
the release of Fe2* needed to activate persulfate and degrade the target contaminant.

Metal Organic Frameworks (MOFs) are interesting materials that have attracted more and
more attention in recent years from both academia and industry. MOFs have been
successfully applied in various fields such as gas storage, separation, light and electricity,
sensors and drug-delivery, especially in catalysis such as chemical, photo and biomimetic
applications [17~19]. MOFs are a class of multifunctional inorganic-organic hybrid
materials which usually possess a three-dimensional well-defined periodic infinite network
structure [20]. MOFs can self-assemble via coordination or covalent interaction by metal
ions or clusters linked with organic ligands [21]. So far, much of the research interest on
MOFs was centred on their composition, structure type, tunability, and the accessible,
coordinative unsaturated metal sites (CUS) [22]. The existence of CUS can significantly
facilitate the interaction between MOFs and guest molecules (gases or liquids). Therefore
CUS can promote the redox reactions of MOFs with other substances and thus this topic is
of particular importance in catalytic processes. Previous studies have shown that MOFs
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exhibit semiconducting behaviour that can activate H,O, or PS via capture of the photo-
generated electrons in the conduction band under visible light irradiation [23, 24]. Though
one function of MOFs is as good photocatalysts, another important function is that they can
participate in AOPs through Fenton-like reaction pathways via CUS acting as alternative
active sites [25]. Hence, MOFs can be promising heterogeneous catalysts for the degradation
of pollutants by AOPs. For example, MIL-88A was successfully used as heterogeneous
catalyst to activate persulfate for the decolorization of Rhodamine B dye [26]. MIL-100(Fe),
[Cusy(btec)(btx) 5], was determined to have high catalytic activity towards H,O, [27, 28] as
a Fenton catalyst, and cobalt-based MOF, like ZIF-67 and Co3(BTC),-12H,0 were all
proved to be good heterogeneous peroxymonosulfate(PMS) catalyst [29, 30]. MIL-53(Fe) is
an iron-based MOF with appreciable stability. It is one type of low-toxicity MOF and can be
synthesized through facile hydrothermal methods. Although it is an effective photocatalyst,
it has been proved to have intrinsic peroxidase-like activity towards peroxides like H,O, [31,
32] due to the existence of Fe(Il) and Fe(l1) in its framework which was generated via
coordination between iron cations and DMF molecules [33, 34]. But up to the present, its
activity towards persulfate is undeveloped and reports using MIL-53(Fe) activated persulfate
to degrade contaminants are very limited. Therefore, it is of great interest to explore the
feasibility of using MIL-53(Fe) as a persulfate catalyst and investigate its activation
performance as well as mechanisms.

Orange G was chosen as the target contaminant of this study because it is often present in
many industry wastewaters, such as textile, pulp and paper, printing, cosmetic and others
[35]. It is toxic, potential carcinogenic, difficult to degrade and mineralize by traditional
physical and biological treatment methods due to its complex structure and stability [36]. In
this work, MIL-53(Fe) was prepared by a modified mild solvothermal method for the
activation of persulfate to degrade organic contaminant. The objectives of the present study
were to (i) investigate the catalytic performance of MIL-53(Fe) post-processed under
different vacuum activation conditions; (ii) analyse the reason that causes the differences in
catalytic capacity between MIL-53(Fe) with different structures; (iii) evaluate the stability
and reusability of MIL-53(Fe) and (iv) illustrate the mechanism for activating persulfate by
MIL-53(Fe).

2. Experimental

2.1 Reagents and materials

Water used in this study for the preparation of all solutions was purified using a Millipore
reverse osmosis (RO) system. Chemicals used were purchased from the following sources:
Orange G (OG, 80.0%), persulfate (PS, NayS,0g, 98.0%) and p-Phthalic acid (1,4-BDC,
CgHgO4, 99.0%) were purchased from the Aladdin chemistry Co., Ltd (Shanghai, China).
Methyl alcohol (MeOH, CH,40, 99.5%), ethanol (C,HgO, 99.7%), N, N-dimethylformamide
(DMF, HCON(CH3),, 99.5%), ferric chloride (FeCl3-6H,0, 99.0%) and sodium bicarbonate
(NaHCOg3, 99.5%) were purchased from Sinopharm Chemical Reagent Co., Ltd (Beijing,
China). Potassium iodate (KI, 99.0%) were purchased from Shanghai Yindian Chemical Co.,
Ltd (Shanghai, China). 1, 10-phenanthroline (C12HgN»-H,0, 99.0%), ammonium acetate
(CH3COONHy, 98.0%), hydroxylamine hydrochloride (HONH3CI, 98.5%), hydrochloric
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acid (HCI, 36%~38%) and acetic acid (CoH405, 99.5%) were obtained from Guangzhou
Chemical Reagent Factory (Guangzhou, China). All the above reagents were of AR and
purchased directly for use without further purification.

2.2 Preparation of catalysts

MIL-53(Fe) was prepared according to the method as previously reported [37] with certain
after-treatment modifications. Specifically, FeCl3-6H,0 (5mmol, 1.35g), p-Phthalic acid (1,
4-BDC) (5mmol, 0.83g) and N,N-dimethylformamide (DMF) (25mL) were mixed and
stirred for 20min at first. The mixture was then poured into a 100mL Teflon-lined steel
autoclave, placed in a fan oven preheated to 150°C and maintain for 5h. After that, the
autoclave was removed from the oven and allowed to cool naturally to room temperature,
and the products were collected by filtration. To remove the solvent molecule DMF, the
obtained power was washed sequentially with 150mL MeOH and an equivalent amount of
deionized water. The power was suspended into clean water next, followed by stirring for a
whole night. Finally, the powder was dried in a vacuum oven at a required temperature
(120°C, 170°C or 220°C) for a certain time length (12h, 24h or 48h) to remove H,0O
molecule and transform the valence state of ferrum. The resulting powder was stored at
room temperature in a covered glass container until needed. The prepared MIL-53(Fe)
catalysts were marked as MIL-53(Fe)-1/2/3/4/5 where 1, 2, 3, 4, 5 represents different
vacuum chemical activation conditions (120°C&12h, 170°C&12h, 220°C &12h,
170°C&24h and 170°C&48h.) of synthesis.

2.3 Catalyst characterization

Crystallite structures were analyzed with a Bruker D8 Advance Powder X-ray diffraction
(PXRD) using Cu Ka radiations (A=0.15418nm). The elemental composition of the samples
and valence state of each element were characterized by X-ray photoelectron spectroscopy
(XPS, Kratos Axis Ultra DLD) with Al Ka radiation was operated at 1486.6eV,
10mAx15KYV, 700300 um. Binding energies were calibrated versus the carbon signal at
284.6eV. The morphology was observed with a Merlin Compact scanning electron
microscope (SEM). The Brunauer-Emmett-Teller (BET) surface area and porous structure
were measured using a surface area and porosity analyzer (ASAP 2020, micromeritics). All
the samples were degassed in vacuum at 393K for 12h prior to the measurement, the
nitrogen adsorption-desorption isotherms were measured at 77K. Zeta potential of
MIL-53(Fe) in ultrapure water was measured with Malvern Zetasizer Nano instrument
(Malvern, UK). The mineralization of OG solution was established on the basis of total
organic carbon (TOC) content, performed by using a TOC analyzer (GE Sievers 800) after
the sample was quenched by 2M sodium thiosulfate pentahydrate.

2.4 Analytical methods

OG concentration was detected using UV-vis spectrophotometry at the wavelength of 478
nm. The concentration of persulfate anions was determined by iodometric titration also
using UV-vis spectrophotometry at the wavelength of 352 nm. Leachable amount of iron ion
(including total iron and ferrous iron) during the oxidative process was measured by 1, 10-
phenanthroline spectrophotometry at the wavelength of 510nm. EPR spectra were recorded
at liquid nitrogen temperature with a Bruker A300 spectrometer (Germany), with a
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resonance frequency of 9.875 GHz, microwave power of 18.44 mW, modulation frequency
of 100 kHz, modulation amplitude of 2.0 G, sweep width of 500 G, time constant of 81.92
ms, sweep time of 40.96 s, and receiver gain of 1.00 x 103. 5, 5-Dimethyl-1-pyrroline N-
oxide (DMPO) was used as the radical spin trap.

2.5 Experimental procedures

All experiments were conducted in a constant temperature shaker shaken at 180rpm, 25°C in
dark environment. In a typical procedure, the solid catalysts (MIL-53(Fe)) were added into a
series of 250 ml conical flasks filled with desired concentration of OG and persulfate
solution. The reaction was timed as soon as MIL-53(Fe) was added. These conical flasks
were rotated for the desired time length (2h, 3h or 5h) in the shaker throughout the
experimental period. The initial pH value of the solutions was adjusted with 0.05M sulfuric
acid (H2SOy) or sodium hydroxide (NaOH) when needed.

At given reaction time intervals, a certain amount of the sample were taken out from the
flask, and injected into a colorimetric tube filled with ethanol solution to quench the reaction
immediately. The mixed solution was then reserved for the detection of the residual
concentration of OG, persulfate or iron. All samples were filtrated through 0.22um filter
membrane prior to analysis. Selected samples were analyzed in duplicate within accepted
analytical error (£5%), for which the average was used.

2.6 EPR measurements

Electron Paramagnetic Resonance (EPR) experiments were conducted as follows: Reactions
were performed with 9 mL Na,S,0g (32mM) solution, 1 mL 5, 5-dimethyl-1-pyrroline N-
oxide (DMPO, 88mM) and 0.01 g MIL-53(Fe) in a 10mL glass sample vial with PTEE-lined
cap. The final concentration of DMPO was 8.8mM in the reaction solutions. PS and DMPO
solutions were prepared with ultrapure water. At each sampling event, the sample was taken
out using a glass capillary and recorded immediately by EPR.

3. Results and discussion

3.1 Synthesis and characterization of MIL-53(Fe) activated under different vacuum

conditions

Since it is the iron CUS of MIL-53(Fe) that act as the main active site in persulfate
activation and promote the decomposition of aqueous persulfate to generate SO4~-, seeking
effective methods to change the relative content of iron CUS is essential for improving the
catalytic activity of MIL-53(Fe). Preparation of mixed valence MOFs has been widely
reported. The location of the ions with different oxidation states of such mixed valence
MOFs may be exchangeable without change of the structure [34]. One of the studies have
shown that part of the H,O molecules on the terminal of iron octahedral of MIL-100(Fe)
could be removed from the framework through heating above 100°C under vacuum or in an
inert gas flow, leading to the exposure of a large number of Fe!!l CUS acting as Lewis acid
sites in the pore. And Fe!' CUS could be created above 150°C not due to the direct reduction
of Fe!!' CUS but rather to the departure of anionic ligands (F~ or OH"). This important
feature indicated that the amount of Fe!!l CUS and Fe!' CUS may be changed by thermal
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activation under vacuum whilst keeping the structure intact [38, 39]. Other studies have also
shown that iron-based trimeric MOFs such as MIL-88(Fe) also possess this kind of
controlled reducibility property of Fe(lll) and Fe(ll) CUS [40] through vacuum or inert
atmosphere treatment under certain conditions. Although MIL-53(Fe) is one type of iron-
based dimeric MOF and possess different secondary building unit (SBU) with MIL-100(Fe)
or MIL-88(Fe) [41], this controlled reducibility may still be applicable. This is because
MIL-53(Fe) has a similar primary building unit (PBU) to MIL-100(Fe) and MIL-88(Fe): all
of the central iron of these MOFs adopt six-fold coordination pattern [42], where four of the
oxygen atoms originate from the ligand that occupies the equatorial positions while the other
two disordered atoms originate from the unbound hydroxyl or H,O molecules. Together they
form an octahedral geometry backbone [43]. Thus, during the vacuum activation process,
with the removal of H,O and OH™, Fe(Il) and (I11) would finally form. For this purpose,
MIL-53(Fe) was post-processed using vacuum chemical activation under different time and
temperature to obtain different Fe CUS state and catalytic capacities.

As mentioned above, In order to verify the above assumption about the change of iron CUS
during vacuum activation, X-ray photoelectron spectroscopy (XPS) was used to analyze the
chemical states of Fe. XPS is a surface characterization technique that provides qualitative
and quantitative information from the outermost few atomic layers [44]. It is extremely
sensitive to Fe2* and Fe3* and is often used to study the compositions of mixed-valence iron
oxides. Primarily, XPS results proved that the as-pre pared MIL-53(Fe) only contained C, Fe
and O elements, the relative content of N was too low to quantify, which means that DMF
was successfully removed from MIL-53(Fe) during the elution process. Since iron cations
would coordinate with DMF during the crystallization process, the complete removal of
DMF molecule via ligand dissociation would cause the exposure of iron coordinative
unsaturated metal center [45], and hence could provide the feasible site for activating
persulfate. Therefore, this suggested that iron CUS were successfully formed under the
conditions employed. Secondly, Fe2p spectra were fitted to three components as illustrated
(Fig. 1). Peak parameters used are presented in Table 1.

As can be seen, the relative content ratio of Fe!!/Fe!!! of MILs activated under different
vacuum activation conditions differs from each other. Fe!l/Fe!!! ratio of MIL-53(Fe)
activated under 220°C, 170°C and 120°C were 1.95, 1.76 and 1.07, respectively, which
revealed that high temperature was effective to promote the generation of Fe!! CUS.
However, prolonging heating time could not further increase the relative amount of Fe'!
CUS. Conversely, Fe!l/Fe!! ratios were decreased to 1.53 and 1.24 when the activation time
was 24h and 48h. This finding was also in accordance with a previous report [34] that used
bond valence calculations.

The catalysts prepared under different vacuum conditions were also analysed by XRD. As
depicted in Fig. 2, there are conspicuous differences between the XRD patterns of different
catalysts. As for MIL-53(Fe)-1/2/3, the peak at 12.7° assigned to the important characteristic
pattern of MIL-53(Fe) greatly decreases with the increasing of the vacuum temperature,
indicating that the crystalline lattice of MIL-53(Fe) was deformed when dehydrated at high
temperature [46]. Likewise, the intensities of the characteristic peaks gradually abated with
prolonged heating time, which means that long time vacuum activation could also destroy
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the crystal structure of MIL-53(Fe). The pattern of MIL-53(Fe)-2 match well with those
reported in previous studies [47], the characteristic peaks of were at 26 of 9.3°, 12.7°, 17.6°,
18.5°, 25.5° and 27.3°, thus demonstrating that pure MIL-53(Fe) was prepared successfully
in this condition.

3.2 Reactivity of MIL-53(Fe) activated under different vacuum conditions as PS activator

Theoretically, the increase of relative amount of Fe!! CUS would afford more alternative
activation sites for PS, and thus could enhance the catalytic activity of MIL-53(Fe). This
hypothesis was verified by the degradation of OG in different MIL-53(Fe) activated PS
systems. As shown in Fig. 3, persulfate alone exhibited a relatively low reactivity towards
OG, at the reaction time of 120min, the removal rate of OG were only about 1% in PS alone,
while the presence of MIL-53(Fe) could obviously promote the degradation of OG. And
vacuum activation did have an influence on catalytic activity of MIL-53(Fe). After 60min
treatment, OG removal rate reached 96.3%, 83.7% and 64% in MIL-53(Fe)-3/PS,
MIL-53(Fe)-2/PS and MIL-53(Fe)-1/PS system, respectively. While it changed to 77.2% and
70.6% in MIL-53(Fe)-4/PS and MIL-53(Fe)-5 systems, respectively. This implies that higher
vacuum activation temperature could increase the catalytic activity of MIL-53(Fe), whereas
prolonging the activation time had an inhibitory effect. It can be seen from the above
analysis that the variation between catalytic activities of the as-prepared MIL-53(Fe) was in
accordance with the changing regulation of relative content ratio of Fe!l/Fe!!!. This implies
that vacuum activation could change the relative content of iron CUS and hence would
change the catalytic activity of MIL-53(Fe). It is worth noting that the adsorption of OG by
MIL-53(Fe)-2 alone only contributed around 2% removal, and similar weak adsorption
behaviour was also observed in the case of MIL-53(Fe)-1/3/4/5 (data not shown in this

paper).

In order to better understand the weak adsorption ability of MIL-53(Fe), Zeta potential was
measured to analyse the electrostatic interactions between MIL-53(Fe) and OG. Fig. S1
shows that the isoelectric point of MIL-53(Fe)-2 was at 10.4, and the quantity of electric
charge of MIL-53(Fe)-2 is determined to be below 10mV, hence there is a weak electrostatic
interaction between positively charged MIL-53(Fe)-2 and OG anions. Although
theoretically, the electrostatic interaction was helpful for the adsorption, MIL-53(Fe) showed
low adsorption ability towards OG. This is likely due to the large amount of SO42~ anions in
the solution (brought by PS) blockingthe electrostatic interactions [48]. Also, since H,BTC
molecule has a short branched-chain, the pore size and BET surface area of MIL-53(Fe) is
too small (the data was given later in Table 2) to accept OG for entering the inner space of
its pore, and the interaction of rt-m stacking between the aromatic rings of OG and
MIL-53(Fe) is not strong enough for significant adsorption [49]. Therefore, it is clear that
the enhanced removal of OG in MIL-53(Fe)/PS system was mainly due to catalytic
persulfate oxidation rather than adsorption. Also, pHzpc of MIL-53(Fe) before vacuum
activation was determined to be 10.7 (also see Fig. S1), and was around 10.2 after vacuum
activation. This suggest that vacuum activation had little effect on the charged surface of
MIL-53(Fe) in agueous solution, and thus did not change the adsorption ability of
MIL-53(Fe).
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In addition, BET surface area and total pore volume of the mentioned MIL-53(Fe) were
determined, and the results are recorded in Table. 2. It can be seen from the results that BET
surface area and total pore volume of MILs material are very small, hence resulted in the
weak adsorption ability towards OG. Also, changes of surface area and pore volume of
different MIL-53(Fe) were relatively small, the SgeT and Total pore volume of
MIL-53(Fe)-1/2/3/4/5 were 77.63, 88.64, 89.69, 85.34, 80.75 m2/g and 0.0929, 0.1206,
0.1271, 0.1071, 0.0998 cm3/g, respectively. It can be seen from the above data that BET
surface area and total pore volume of the as-prepared samples rises with the increase of
vacuum activation temperature, while it reduces with the increase of vacuum activation time.
And the variation between BET was also in agreement with the change of catalytic activities
shown in Fig. 3, which suggests that the change of BET did have some influence on the
catalytic activities of MIL-53(Fe).

Therefore, it can be concluded that the catalyst MIL-53(Fe)-2 prepared under 170°C for 12h
maintained higher catalytic activities as well as intact structures. Furthermore, the oxidation
efficiency of MIL-53(Fe)-2/PS for OG was monitored by total organic carbon (TOC). TOC
removal rate was determined to be 95.7% in 120 min without pH adjustment. Overall, this
indicates that MIL-53(Fe) is an effective PS catalyst for degrading organic pollutants.

3.3 Reusability and stability of MIL-53(Fe)-2

The recyclability of the catalyst is crucial to the catalytic application of novel catalysts.
Herein, the reusability of MIL-53(Fe) was checked by five circulating runs in the catalytic
degradation of OG with MIL-53(Fe)-2/PS system without additional treatment on the spent
MIL-53(Fe). Initially, the catalyst was isolated via filtration after each cycle and was then
collected for use in the next cycle. But then it was noticed that a large portion of the catalyst
was washed away during this filtration process, which seemed to have an influence on the
removal efficiency of the next cycle (Fig. 4(a)). Therefore, another experiment was
conducted to test the reusability of the catalyst without filtration. Specifically, additional OG
solution was added into the system at intervals of 120min and added a total of 5 times, each
time the initial concentration of OG was adjusted to 0.2mM (the remaining concentration of
OG from the last cycle in the solution was assumed to be vanishingly small and thus
negligible). During this process, the catalyst or PS was consumed and there was none
remaining. The results are shown in Fig. 4(b). Contrary to Fig. 4(a), it was found that under
this situation OG removal rate at the terminal of each cycle were 97.9%, 96.5%, 95.1%,
95.0% and 94.3%, respectively. This indicates that even after 5 cycles, the MIL-53(Fe)-2/PS
system still exhibited a stable and effective activity to oxidize OG. This illustrates that the
loss of the catalyst in filtration process did have an obvious influence on the oxidation of
OG, because MIL-53(Fe) exists as nanoparticles which could pass through the filterable
membrane and wash away with the leachate. Moreover, in comparison with the 15t cycle, the
removal rate of OG of the 2" cycle had significantly enlarged, which may due to the change
of generation rate of sulfate radical in this oxidative system. But it tends to decrease slightly
in the following 3", 4t and 5t cycles, which can be ascribed to the minor loss of Fe!! active
catalytic sites of MIL-53(Fe).
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This assumption was also verified by XPS results, after 5 cycles, the Fe!l/Fe!!! ratio of
MIL-53(Fe)-2 changed from 1.76 to 0.96 (Fig. S2). And the reason for maintaining high OG
removal efficiency for an extended period can be attributed to the conversion between Fe!!!
CUS and Fe!! CUS due to electron transfer within the framework. The same phenomenon
was also observed in other Fe-MOFs/AOPs systems by previous studies [50]. This finding
suggested that MIL-53(Fe) could be continuously used for multiple cycles with its catalytic
activity remaining almost the same. This feature enables MIL-53(Fe) to be a durable and
effective catalyst for the persulfate activation process.

Another reason for the loss of Fe!' CUS can be explained by leachable iron in the solutions.
It can be seen from Fig. 5(a) that the concentration of total iron gradually increased during
the reaction, and attained 32mg-L~after reaction for 120min. This means that a small
fraction of MIL-53(Fe)-2 was dissolved into the solution and iron leached from the catalyst
caused the decrease of active catalytic sites provided by Fe!' CUS or Fe!!l CUS on the
framework. The amount of dissolved ferrous iron marginally decreased after reaction, while
that of ferric iron rose continuously, indicating that a large part of dissolved Fe2* also
participated in the reaction and transferred into dissolved Fe3*, thus the amount of dissolved
Fe3* apparently grew as reaction time passed by. Furthermore, in order to clarify why the
iron leaching was so high, the as-prepared catalyst was dissolved in deionized water with the
initial pH adjusted to different values. The solution was vibrated using a shaker for 3 hours.
During this time, water samples were taken from both groups at different time points for
detecting the concentration of iron in the solutions. The results as presented in Fig. 5(b)
indicated that MIL-53(Fe) was not so stable in acidic conditions, iron leaching amount was
about 11 to 30 mg/L when solution pH was 2.5, and was about 6.7 to 14 mg/L when solution
pH was 3.0. But the amount was low when solution pH value was above 5.0, which means
that the catalyst can be stable in near-neutral and alkaline condition. Hence MIL-53(Fe)
must be corrodible in activated persulfate system. The initial solution pH before activation
was 2.5 (PS initial concentration was 32mM), and it was detected to be 2.3 after
MIL-53(Fe)-2 activated PS for 2h, this may explain why iron leaching amount was high
after reaction.

Based on the high concentration of iron leaching, it is crucial to decide whether the reaction
is completely heterogeneous or there exists homogeneous process in this system. Hence, the
percolate from the above experiment (Fig. 5(b)) was collected to do the homogeneous
catalytic reaction after MIL-53(Fe) was filtered out. As can be seen from Fig. 6, OG can be
partly degraded when percolate pH was 2.5, after 90 min, the removal rate achieved 29.3%,
and was of only 3%-5% (even after 180min) in other pH conditions (from 3 to 11).
Compared to the heterogeneous reaction shown in the first column, it is apparent that the
degradation was mainly due to heterogeneous reaction, with homogeneous reaction
providing a minor contribution.

Examining the surface morphology and the crystal structure before and after reaction are
necessary to evaluate the stability of MIL-53(Fe). As seen in Fig. 7, there were obvious
distinctions between as-prepared and used MIL-53(Fe)-2 after activating PS for 5 cycles in
the overview of the catalyst. The raw catalyst MIL-53(Fe)-2 was composed of collapsed
octahedron crystals with a non-uniform diameter from 100-500 nm, which is consistent with
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the previous report [31], whereas the image of the used catalyst was consisted of thin rod-
like particles, each with a length of 100-200nm and about 25nm in diameter.

Furthermore, the catalyst was analyzed by XRD after reaction. As shown in Fig. 8, the XRD
patterns of MIL-53(Fe)-2 after activating PS for a single cycle and five cycles are quite
different from that of the freshly prepared catalyst. In particular, the intensity of the
characteristic peaks at 26 of 9.3°, 12.7° and 18.5° of the catalyst after activating PS for 1
cycle decreased sharply, and the peaks finally disappeared after 5 cycles. The intensity of
peaks at 25.5° decreased apparently, and so did that of 17.6° (a marginally decrease). And a
new peak at 28.0° emerged after reaction. The results indicate that the crystal structure as
well as morphology of the used catalyst had some changes after activating PS, which
supports that MIL-53(Fe) could activate persulfate to decompose to free radicals due to
catalytic reaction.

3.4 Identification of predominant free radical species

In order to gain insight into the predominant free radicals, electron paramagnetic resonance
(EPR) spectroscopy is a good choice to detect and identify free radicals. The hyperfine
splitting constants of radicals-DMPO adduct can be analyzed from the obtained data. As
shown in Fig. 9(c), mixing of 32mM PS and 8.8mM DMPO could form the typical six split
lines of DMPO-SO, and four split lines of DMPO-OH signals based on their hyperfine
splitting constants (DMPO-OH: ay = ay = 14.2G; DMPO-SQy: ay = 13.1G, ay = 10.2G,

al!=1.45G, a)*=0.75G). The formation of DMPO-OH and DMPO-SOy signal in MIL/PS
was significantly higher than that in PS alone (see Fig. 9(a)), indicating that the
concentration of SO, and OH- was higher than that in PS alone. According to previous
reports [51], this signal is characteristic for the stable adduct with SO,4~-. This demonstrated
that SO4~+ and OH- were produced during PS decomposition, and both of them contributed
to the oxidative degradation of OG. Compared with EPR spectra conducted in the situation
of complete darkness, the peak intensities of DMPO-OH and DMPO-SO, of Fig. 9(b) were
slightly lower, which indicated that MIL-53(Fe) might activate persulfate to produce free
radicals through Fenton-like reaction approach without light radiation. Meanwhile, the
production of free radicals was also influenced marginally by faint light, because as
mentioned, MIL-53(Fe) is also one kind of photosensitizer. The effect of organic pollutants
on the intensity of EPR spectra was also tested by adding OG into the mixture under
identical conditions. Fig. 9(d) shows that the intensity of DMPO-OH and DMPO-SO,4
signals decreased slightly when OG was added, indicating that some of the free radicals
were captured and consumed by OG.

3.5 Mechanism for activation of PS by MIL-53(Fe)

The prior result strongly indicates that heterogeneous reaction was the predominant reaction
involved in this system, which is also supported by the excellent sustained catalytic activity
and recycling capability of MIL-53(Fe)-2. Thus, according to the above experiments, the
activation mechanism is assumed as follows (Fig. 11): Fe!l CUS which acted as the active
site undergoes a one-electron transition reaction and activates PS to generate SO, ™,
meanwhile, Fe!l CUS returned to the trivalent state (Eq. (1)). At the same time, Fe!!! CUS in
the framework was also able to initiate the decomposition of PS to generate oxidative
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persulfate radical (S,0g™") as Fe!!l CUS was reduced to Fe!' CUS (Eg. (2)), which could be
supported by several previous studies [52, 53, 54]. Under this circumstance, Fe!! CUS
together with Fe!!l CUS embedded in the framework transferred to each other continuously.
Simultaneously, SO4~ could be directly converted into OH- via hydrolysis reaction with
water (at all pHs) (Eq. (3)) [54], this could explain why OH- existed in this system (solution
pH was acidic). Besides, SO4~- and OH- could react with persulfate anion to generate
additional S,0g™ (Eq. (4) and (5)) [53, 55]. In addition, iron leaching from MIL-53(Fe) into
the solution played a minor role in the oxidative processes. Homogeneous reaction caused
by trace amount of dissolved Fe2* and Fe3* also activated PS to generate a small number of
free radicals (Eq. (6) and (7)). But overall, the activation reaction initiated by Fe!! CUS and
dissolved Fe2* were more predominant than that of Fe!'' CUS and dissolved Fe3*, as a result
of which the amount proportion of Fe!l/Fe!!! on the node of the framework decreased and the
content of dissolved Fe3* in the solution surged after reaction. And OG was oxidized by
S04, Sp0Og™+ or OH: mainly through heterogeneous reactions.

Fe''CUS+8,05>" — Fe!' CUS+S04 4504~ (1)

Fe' CUS+8,05* — Fe' CUS+S,057  (2)

S04~ +H,0 — SO +OH - +H"  (3)

S04~ +8205%" — 804> +8:,05 ™ (4)

OH - +8205”~ — OH™+S,05™"  (5)

Fe’"+8,05°" — Fe’" 48047 +504*"  (6)

F63++520827 — F€2++82087' (7)

4. Conclusions

In summary, this study represents the first attempt to use an iron-based MOF: MIL-53(Fe) as
a heterogeneous catalyst to activate PS, which could become a promising water remediation
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method. MIL-53(Fe) was activated under different vacuum conditions and characterized by
various techniques. The results showed that vacuum activation time or temperature did have
apparent impact on crystal structure and catalytic activity of MIL-53(Fe). But this effect was
not only due to the differences between BET surface areas, but also resulted from the
diversity of Fe!!/Fe!!! relative amount ratio of each catalyst. Either increasing the vacuum
activation temperature or reducing the vacuum activation time could increase the amount of
Fe!l CUS, thus enhancing the catalytic activity of MIL-53(Fe). MIL-53(Fe)-2 showed best
performance in maintaining high catalytic activity as well as intact structures after vacuum
activation. MIL-53(Fe)-2 exhibits good reactivity as a PS activator and could be used for
multiple cycles. 98% OG removal efficiency was achieved within 120min and the MIL-53
(Fe)-2/PS system exhibited a stable, durable and effective activity to oxidize OG even after 5
cycles, but the crystal structure and morphology of the used catalyst had some obvious
changes. Furthermore, a possible mechanism for activation of PS by MIL-53(Fe) was
proposed, involving a predominant heterogeneous reaction on the surface of the catalyst and
an auxiliary homogeneous reaction in the solution. Fe!! together with Fe!!!l embedded in the
framework of MIL-53(Fe) could transfer to each other continuously and participate in the
activation processes. This is because both Fe!' CUS and Fe!l! CUS acted as active catalytic
sites and could activate PS to generate SO, or Sp,Og™. And the existence of OH- was due
to the hydrolysis reaction of SO4™. In addition, PS could react with SO,~- and OH- to
generate additional S,Og™".
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Fe2p XPS spectra of MIL-53(Fe) synthesized by different vacuum activation conditions: (a)
MIL-53(Fe)-3/2/1 and (b) MIL-53(Fe)-2/4/5.
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XRD patterns of MIL-53(Fe) activated under different vacuum conditions.
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Fig. 3.
Effect of vacuum activation conditions on catalytic activity. Experimental conditions:
[0G]=0.2mM, [PS]=32mM; Catalyst dose=1g/L, T=25°C, ambient pH.
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Fig. 4.
The recycling runs of the degradation of OG for the MIL-53(Fe)-2/PS system. (a) The

catalyst was filtered after each cycle and (b) without filtration. Experimental conditions:
[0G]=0.2mM, [PS]=32mM, Catalyst dosage=1g/L, T=25°, ambient pH
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Fig. 5.

(a) Total iron leaching during reaction process (b) total iron leaching when MIL-53(Fe)-2
was dissolved in deionized water with the initial pH adjusted to different value. The values
of an entire bar in figure (a) represent the total iron amount.
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Fig. 6.
Degradation of OG when using the percolate of MIL-53(Fe)-2 (after 3h’s vibration) as PS

activator. The initial percolate pH value was also adjusted to 2.5, 3, 5, 7, 9 and 11.
Experimental conditions: [OG]=0.2mM, [PS]=32mM, T=25°C, ambient pH
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Fig. 7.
SEM image of (a) as-prepared MIL-53(Fe)-2 and (b) MIL-53(Fe)-2 after activate PS for 5

cycles.
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Fig. 8.
XRD pattern of MIL-53(Fe)-2 before and the after activated persulfate.
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Fig. 9.

Page 24

EPR spectra of DMPO mixture in different systems (a) PS+DMPO (b) MIL-53(Fe)-2+PS
+DMPO under dark conditions (c) MIL-53(Fe)-2+PS+DMPO (visible light conditions) and
(d) MIL-53(Fe)-2+PS+DMPO+0G. The = symbol represented the DMPO-SO, - adduct,
and ® represented the DMPO-OH- adduct. All the initial pH value were without adjusted.
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Fig. 10.
Fe2p XPS spectra of used MIL-53(Fe) samples activated under various vacuum conditions

(after activating PS for 5 cycles).
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Fig. 11.
Proposed activation mechanism in MIL-53(Fe)/PS systems in ambient pH conditions.
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Structural properties of MIL-53(Fe) prepared using different vacuum activation conditions

Table 2

Catalysts Sger (M2/g)  Total pore volume (cm3/gx1072)  Pore size (nm)
MIL-53(Fe)-1 77.63 9.29 5.96
MIL-53(Fe)-2 88.64 12.06 3.03
MIL-53(Fe)-3  89.69 12.71 301
MIL-53(Fe)-4 85.34 10.71 3.50
MIL-53(Fe)-5 80.75 9.98 5.11
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