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Abstract In this work, effective and novel heterogeneous
catalysts of Metal-organic framework MIL-101(Fe) doped
with cobalt (Co®") or copper (Cu®") have been synthesized
by post-synthesis method, namely Co-MIL-101(Fe) and
Cu-MIL-101(Fe). The initial and metal-doped samples
were tested to activate persulfate (PS) for removal of Acid
Orange 7 (AO7) in water. The surface of samples were
characterized using X-ray diffraction, Fourier transform
infrared spectroscopy, Raman spectroscopy, N, adsorption,
scanning electron microscopy and transmission electron
microscopy. The addition of Cu*™ and Co®" could alter
structure characteristics of MIL-101(Fe) in crystal structure
and morphology. The unusual octahedron morphology of
MIL-101(Fe) turned to be irregular, disorder and a rod-like
morphology was shaped. What is more, Co doping caused
greater changes in structure characteristics in comparison
with Cu doping. The alteration was reflected in the cat-
alytic capacity of PS activation. An interesting note was
that, whether Co or Cu doping, metal-doped MIL-101(Fe)
greatly improved the PS activation as compared to
unmodified MIL-101(Fe). The removal rate of AO7 was
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about 66, 92, 98% in MIL-101(Fe)/PS, 6%wtCu—MIL-
101(Fe)/PS and 6%wtCo-MIL-101(Fe)/PS  system,
respectively. Some results also suggested the performance
of Co-MIL-101(Fe) was superior to that of Cu-MIL-
101(Fe). Additionally, a series of parameters were designed
to achieve maximum capacity of PS activation. Such an
enhancement in activity may be attributed to the main
reasons: the new active sites created by metal additives; an
increase in number of active Fe sites produced by Co and
Cu doping which results in alteration of morphology and
structure of catalysts.

Keywords Metal-organic frameworks - Heterogeneous
catalyst - Persulfate activation - Active iron sites

Introduction

Considerable attention has been paid to advanced oxidation
processes (AOPs) due to its high efficiency for destruction
of refractory contaminants, as shown by a series of
researches (Klavarioti et al. 2009; Vallejo et al. 2015;
Kurniawan et al. 2006). It has been demonstrated that the
application of AOPs based on activation of persulfate anion
(82032_, PS) to generate a strong oxidant, sulfate free
radical (SO; ", E° = 2.5-3.1 V), displayed a great oxida-
tion ability of dealing with contaminants (Waldemer et al.
2007; Fang et al. 2013). In previous work, heat, UV light,
and transition metal ions (Me"") can excite PS to form
sulfate radical to degrade organic pollutants (Nie et al.
2014; Lin et al. 2011; Oh et al. 2009). Compared with heat
and UV light, transition metal activation has drawn much
more attention due to its lower energy consumption,
especially in heterogeneous activation of metal-based
materials. Until now, most of the studies have been
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published on metal oxides and metal-doped materials to
activate persulfate (PS) or peroxymonosulfate (PMS) for
dealing with water pollutants (Pu et al. 2015; Li et al. 2014,
Oh et al. 2010; Liang et al. 2013; Lin et al. 2017). How-
ever, with an aim to enhance the efficiency of heteroge-
neous metal-activated performance, some researchers
integrated two or more metallic materials into PS activation
system to exploit their synergistic effect (Lei et al. 2015;
Sun et al. 2015).

Metal-organic frameworks (MOFs), referred as an
extensive class of multifunctional inorganic—organic hybrid
porous crystalline materials, where metal ions or clusters
are linked to organic linkers (Zhou et al. 2012), have
gained substantial interest with their unique feature of large
pore size, high apparent surface areas and homogeneous
active metal nodes. These characteristics allowed the
interior of MOFs to be widely used in gas separation, drug
delivery, and adsorption of targeted pollutants (Rocca et al.
2011; Li et al. 2009). In particular, due to their active metal
sites, MOFs were widely used in the field of heterogeneous
catalysis (Hwang et al. 2008; Fei et al. 2014). However, the
coordination sphere of the metal ions in MOFs was fully
linked or blocked by the organic linkers, then there were no
free unsaturated metal nodes available to activate with
some reactants, which could limit the possibilities of MOFs
for the application in catalysis (Alaerts et al. 2006). For
dealing with this drawback, a useful approach was pro-
posed to prepare more active metal sites by introducing
metal compounds to link with organic linkers of MOFs
(Wu et al. 2013). Currently, as the water pollution getting
been heavier, MOFs have also exhibited tremendous
potential as effective activators in AOPs owing to their
unsaturated metal nodes. Since the first report on photo-
catalytic activity in MOF-5 (Llabrés et al. 2007), an
increasing number of MOFs have been found utility as
photocatalyst (Shen et al. 2013; Zhang et al. 2015).
Meanwhile, some MOFs or modified MOFs also been
taken as heterogeneous catalyst of hydrogen peroxide
(H,0,) to produce hydroxyl radicals (OH') for the degra-
dation of organic contaminants with the help of UV light
[Zhao et al. 2015; Liang et al. 2015; Ai et al. 2014; Nguyen
and Nguyen 2014). It is very common to find that iron-
based MIL (MIL stands for Material of Institute Lavoisier)]
not only possesses active sites (Fe'™) for heterogeneous
Fenton reaction but also have the advantages of iron
complex with homogeneous Fenton reaction due to its
unique properties of organometallic coordination. That is to
say, MIL samples can be potentially regarded as Fenton
catalysts for removing organic contaminants. As H,O, and
PS are similar instructure of having O—O bond, naturally,
we assume that PS also can be activated by MOFs. Lin
et al. (2015) illustrated an iron-based metal organic
framework, MIL-88A, which excited PS for the
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decomposition of Rhodamine B in water. However, for the
purpose of enhancing decolorization of Rhodamine B, the
author introduced heat to MIL-88A, which produced a
better effectiveness than free-heat activation. Obviously,
those MOFs showed their catalytic activity lie in the
existence of the unsaturated metal sites.

Iron, which has been demonstrated to -effectively
degrade most of the contaminants via persulfate activation.
Herein, considering that iron metal is an environmentally
benign, abundant and cheap component with non-toxicity,
we choose MIL-101(Fe), an iron-based MOF built up from
octahedral chains of Fe™ and 1,4-benzenedicarboxylic acid
(H,BDC), as heterogeneous catalyst of persulfate. MIL-
101(Fe) features excellent porosity, high surface areas and
large amounts of iron (Taylor-Pashow et al. 2009). How-
ever, the inherent lack of unsaturated metal sites may lead a
dissatisfactory performance for contaminant degradation.
For instance, Lv et al. (2015) designed Fe™-doped MIL-
100 with new active sites, Which can activate persulfate
with high efficiency to decompose azo-dye. Thereby, it is
feasible that incorporating other transition metals with
MIL-101(Fe) to reinforce unsaturated metal sites for per-
sulfate activation. Besides, other transition metals such as
copper (Cu™) and cobalt (Co™) also showed better perfor-
mance of persulfate activation (Liang et al. 2013; Gayathri
et al. 2009). Therefore, in this work, we report, for the first
time, we illustrated the synthesis of Co™ or Cu" supported
MIL-101(Fe) [namely Cu-MIL-101(Fe), Co-MIL-
101(Fe)] and their application for Acid Orange 7 (AO7)
degradation via persulfate activation. In the light of com-
position of catalysts, a potential mechanism of persulfate
activation by Cu—MIL-101(Fe) and Co—MIL-101(Fe) were
also proposed and demonstrated.

Experimental
Materials and methods
Chemicals

All chemicals used in this work were analytical grade and
without further purification. The water used in all the
experiment was produced by a Millipore milli-Qsystem.
Citric acid (C¢HgO;-H,O), Iron chloride hexahydrate
(FeCl5-6H,0), Copper(Il) nitrate hydrate (Cu(NO;),.
3H,0) and Cobalt(Il) nitrate hexahydrate (Co(NOs),.
6H,0) were purchased from Shanghai Future Chemical
Technology Co., Ltd (Shanghai, China). Potassium per-
sulfate, ethanol and N-dimethylformamide (DMF) were
purchased from Tianjin Kemiou chemical Reagent Co., Ltd
(Tianjin, China). And H,BDC was provided by Aladdin
Industrial ~ Corporation  (Shanghai,  China).  The
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commercially available AO7 (purity > 99.0%) was sup-
plied by Tokyo Chemical Industry (Japan).

Synthesis of Cu—=MIL-101(Fe) and Co-MIL-101(Fe)

MIL-101(Fe) was synthesized according to the method
developed by Skobelev et al. (2013) with a certain modi-
fication in purification. In brief, 0.675 g of FeCl3-6H,0 and
0.206 g of H,BDC were added to 25 mL DMF and the
resulting mixture was stirred to fully dissolved. Subse-
quently, the homogeneous solution in a Teflon autoclave
reactor of 100 mL was heated at 383 K for 24 h. The
product was first collected via centrifugation. To thor-
oughly remove the DMF and excess H,BDC, the product
was purified by washing in hot ethanol (60 °C, 3 h, 2
times) and hot water (60 °C, 1 h, 1 time). Moreover, the
collector was dried in a vacuum oven (150 °C, 12 h).

Co-MIL-101(Fe) was prepared by post-synthesis
method. The idea of impregnation method came from an
article described by Qin et al. (2015), which clearly indi-
cated the adding of citric acid could allow more metal ions to
be homogeneously plugged into the channels of MOFs.
Therefore, the preparation of Co-MIL-101(Fe) can be
illustrated as follows. First, 0.2 g of MIL-101(Fe) was added
into an aqueous solution mixing cobalt nitrate and citric acid
with a desired concentration, the slurry was stirred for 4 h to
form homogeneous mixture and then heated in a Teflon
autoclave reactor at 353 K for 8 h. After that, the collected
powder was washed repeatedly by distilled water. Finally,
the powder was treated in a N, flow at 473 K for 4 h. The
prepared Co-MIL-101(Fe) were designed as x%wtCo—
MIL-101(Fe), where x represents the predetermined cobalt
ions content in mass fraction (different content of cobalt ions
means different content of citric acid, mole ratio: C02+/C6_
HgO;-H,O = 1:1.5). Accordingly, the Co—MIL-101(Fe)
catalysts were denoted as 4% wtCo—MIL-101(Fe), 6% wtCo—
MIL-101(Fe), 8%wtCo-MIL-101(Fe), 10%wtCo-MIL-
101(Fe), respectively. Similarly, Cu—MIL-101(Fe) cata-
lysts were also synthesized in the same way.

Characterization

The crystallographic structures of the catalysts were carried
on an X-ray diffractometer (XRD) D8 Advance X-ray
Diffraction system and Bruker AXS with Cu Ka radiation
(2 = 0.15418 nm). The dates were obtained in the 20 range
of 4°-60°. FTIR spectra were performed on a Nicolet 550
Fourier transform infrared in the range of 4000—400 cm™".
Nitrogen adsorption/desorption isotherms were measured
at 77 K using a Micrometrics ASAP 2020 surface area
(BET) and porosimetry analyzer. Morphology images were
also recorded on a Merlin scanning electron microscope
(SEM). To investigate the presence of metal nanoparticles,

Transmission electron microscopy (TEM) images were
obtained on FEI Tecnai G2 F20 S-Twin operating at
200 kV. The contents of loaded metal were determined by
inductively coupled plasma (ICP). AO7 concentration was
detected using UV—vis spectrophotometry. Iron leaching of
catalysts was evaluated by O phenanthroline spectropho-
tometric. Cobalt and copper leaching of catalysts was
measured by atomic absorption spectrophotometer (AAS).

Adsorption performance for AO7 removal

To initiate the adsorption experiments, a 100 mL bottle
equipped a weighed amount of adsorbent (0.02 g), followed
by adding 100 mL of AO7 solution (0.01-0.1 mM/L,
namely 3.5-35 mg/L). The test bottles were carried out in a
room temperature shaker shaken at 180 rpm, 25 £ 0.2 °C.
For a isotherm study, the adsorption proceeded for 1.5 h to
reach apparent adsorption equilibrium. For a kinetics study,
the adsorption was carried out at room temperature, and the
supernatant was collected with a 0.45-um membrane filter
at different time intervals for the determination of unad-
sorbed AQO7. The detection of AO7 was performed by UV—
vis spectrophotometry (4 = 484 nm).

Catalytic performance for AO7 degradation

Batch experiments were carried out in a room temperature
shaker shaken at 180 rpm, 25 % 0.2 °C.In atypical procedure,
catalyst was added to a bottle containing AO7 of 100 mL.
Before adding the potassium persulfate, the suspension was
rocked to establish the adsorption/desorption equilibrium.
Afterwards, the persulfate activation was initiated by adding a
given amount of potassium persulfate and without pH adjust-
ment. At predetermined reaction time intervals, the 1-mL
sample was extracted and immediately immersed in 1 mL
ethanol solution to quench the further reaction, then measured.

The reusability of Co-MIL-101(Fe) and Cu-MIL-
101(Fe) was investigated by means of recycling experi-
ments. The catalysts were collected by centrifugal separa-
tion after reaction of 180 min, and then were washed with
ethanol and water to remove adsorbed AO7. The next
recycling experiment was re-initiated by adding a fresh
solution of AO7 and PS.

Results and discussion
Analysis of catalysts characterization

XRD analysis

Figure 1 represents the XRD patters of the MIL-101(Fe)
and metal modified MIL-101(Fe) with different Co or Cu
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Fig. 1 XRD patters of materials: a a pure MIL-101(Fe), b MIL-
101(Fe)(473 K), ¢ 4%wtCo-MIL-101(Fe), d 6%wtCo-MIL-101(Fe),
e 8%wtCo-MIL-101(Fe), f 10%wtCo-MIL-101(Fe). b a 4%wtCu—
MIL-101(Fe), b 6%wtCu-MIL-101(Fe), ¢ 8%wtCu-MIL-101(Fe),
d 10%wtCu-MIL-101(Fe)

loadings. The distinct characteristic peaks of MIL-101(Fe)
were observed at 20 of 8.6°, 8.9°, 10.2°, 10.6° and 16.4°,
which correspond to the previous reported articles (Sko-
belev et al. 2013; Tang et al. 2015). Modified MIL-101(Fe)
also retained the main spectra of MIL-101(Fe) but with
new defined peaks (20 = 17.6°, 25.0°, 27.9°). However, in
all modified samples, no new peaks associated to cobalt
and copper particles were observed, suggesting that cobalt
and copper particles may beyond the detection limit of the
XRD or the cobalt and copper particles were highly dis-
persed. For comparison, unmodified MIL-101(Fe) was
calcined at 473 K and characterized. The result showed the
main spectra of MIL-101(Fe) were preserved and no new
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peaks were formed. An in-depth analysis of the XRD
patters could produce some surprising findings. First,
doping Co and Cu could induce the crystallographic defect
in the MIL-101(Fe) for the main peaks ranging from 8° to
12° broaden and their intensity decreased dramatically.
This observation has been reported by a relevant article
(Qin et al. 2015). Second, Co doping caused much more
crystallographic defect in the MIL-101(Fe) as compared to
Cu doping. Third, the new formed peaks were related to
both identity of metal and loading content. As shown, the
intensity of new peaks of Co-MIL-101(Fe) seemed lower
compared to Cu—MIL-101(Fe) and its new peaks were not
shaped until the doped Co reaching a certain amount.

FTIR spectroscopy and Raman spectroscopy
Figure 2 records the FTIR spectrum of different samples.

The characteristic IR peaks of pure MIL-101(Fe) were
observed at around 1704, 1596, 1391, 1015, 747 and
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Fig. 2 FTIR spectra of materials: a a pure MIL-101(Fe), b 4%wtCu—
MIL-101(Fe), ¢ 6%wtCu-MIL-101(Fe), d 8%wtCu-MIL-101(Fe),
e 10%wtCu-MIL-101(Fe); b a 4%wtCo-MIL-101(Fe), b 6%wtCo—
MIL-101(Fe), ¢ 8%wtCo-MIL-101(Fe), d 10%wtCo-MIL-101(Fe)
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547 cm™', which matched well with the typical one
reported in the literature (Tang et al. 2015). Metal-doped
MIL-101(Fe) showed highly similar IR patters as that for
MIL-101(Fe). Evidently, all of the samples exhibited a
broad band in the region between 3600 and 3100 cm™'
ascribing to the presence of water. Compared with pure
MIL-101(Fe), it is not difficult to read some spectrum
changes of modified MIL-101 whether Co or Cu doping.
First, the two peaks may be related to Fe—O bonds at 706
and 626 cm ™' were vanished due to the introduction of Co
or Cu additives. In addition, the sharp peak at 1596 cm™'
assigned to C=0 asymmetric vibration of carboxyl groups
was slightly shifted to higher wavelength as compared to
pure MIL-101(Fe). This phenomenon was due to the
competing effects of metalation. Both Cu®*" and Co*" can
coordinate with carboxylic groups to form Cu—MOFs and
Co—MOFs. It may pose a threat to metal iron sites for the
reason that the interactions of Cu®>"(Co>") with the Fe-O
center or the organic linker via m-complexation or a
chelation process (Ebrahim and Bandosz 2013), and then
more unsaturated iron nodes were exposed. It was possible
that Cu*"(Co*") was a new site of MIL-101(Fe). More-
over, the differences also could be recorded in the region of
1000-800 cm ™' assigned to C—H bending vibrations of
benzene. Raman spectroscopy depicted in Fig. 3 also
supports the fact Co or Cu additives successfully loaded in
MIL-101(Fe), indicated by the newly formed peaks in the
range from 200 to 500 cm™' as compared to pure MIL-
101(Fe). A new peak appeared at 1122 cm™' may related
to COO- of citric acid.
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Fig. 3 Raman patters of materials: a pure MIL-101(Fe), b MIL-
101(Fe)(473 K), ¢ 6wt%Cu-MIL-101(Fe), d 6wt%Co-MIL-101(Fe)

N, physisorption analysis

Figure 4 shows the results of nitrogen adsorption/desorp-
tion isotherms of different catalysts. Table 1 displays the
specific surface area, mesoporous volume and pore width
of the samples. Metal contents on or within MIL-101(Fe)
measured by ICP also are shown in Table 1. As expected,
modified samples had a lower surface and a smaller pore
volume than the pure one, which demonstrated that the
addition of organometallic groups (copper citrate, cobalt
citrate) do block the pores and do modify the structures of
MIL-101(Fe). In addition, the higher the metal species
loading was, the lower the specific surface area. Similar
trend was observed in the mesoporous volume. On the
contrary, the increases of pore width indicated the copper
or cobalt species were partly formed in the surface of MIL-
101(Fe). However, the results of ICP showed mass fraction
of loaded Co or Cu ions were 0.150, 0.213, 0.155 and
0.205% for 4%wtCu-MIL-101(Fe), 6%wtCu—MIL-
101(Fe), 4%wt Co-MIL-101(Fe) and 6%wtCo—-MIL-

—®— adsorption MIL-101(Fe)
@ desorption MIL-101(Fe)
—A— adsorption 4%wtCu-MIL-101(Fe) |
—W¥— desorption 4%wtCu-MIL-101(Fe) H‘
<4 adsorption 6%wtCu-MIL-101(Fe) I
—»— desorption 6%wtCu-MIL-101(Fe) |

w

S

S
T

[N]

n

<
T

adsorption 4%wtCo-MIL-101(Fe) ,-
desorption 4%wtCo-MIL-101(Fe) | &
L @ adsorption 6%wtCo-MIL-101(Fe) [
150 |- *— desorption 6%wtCo-MIL-101(Fe) ‘

quantity adsurbed(cm’/g STP)
— 3
> >
> =
T T

W
=
T

AMAMEAAX-X-X-X-X —x x- XX XK

mﬁ#tﬁi iiii

T T
0.0 0.2 0 4 0 6 0.8 1.0

(u et 8-0-0-8-0-8 ot 0'-"

e
T

relative pressure(P/P )

Fig. 4 Nitrogen isotherms of different

catalysts

adsorption/desorption

Table 1 BET surface area, mesoporous volume, pore width and
metal content

Catalyst BET Mesoporous  Pore Loaded
surface  volume width  Me**
area (cm?’/ 2) (nm) (Wt%)
(m*/g)

Pure MIL-101(Fe) 300 0.307 4.1

4%wtCu-MIL-101(Fe) 147 0.240 6.5 0.150

6%wtCu-MIL-101(Fe) 44 0.070 6.6 0.213

4%wtCo-MIL-101(Fe) 80 0.206 10.6 0.155

6%wtCo-MIL-101(Fe) 73 0.200 11.9 0.203
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101(Fe) catalysts respectively, which pointed out only trace
amounts of metal additives were successfully introduced as
a result of the stronger completion from Fe(IIl) in terms of
the coordination with BDC ligands (Binh et al. 2014).

SEM and TEM analysis

Figure 5 exhibits the morphology and particle size of the
MIL-101(Fe), Cu-ML-101(Fe) and Co-MIL-101(Fe) cat-
alysts. Pure MIL-101(Fe) displayed unusual octahedron
morphology with average diameter of 800 nm ~ 1.5 pm.
However, the SEM images of Cu—MIL-101(Fe) and Co—
MIL-101(Fe) revealed great alterations in morphology and
particle size. After loading Cu additives, the octahedron
morphology appearance could be turned into roughened
and irregular. Moreover, with the increase of Cu additives,
a rod-like morphology of 2 pm in length has been shaped.
From the images of Co—MIL-101(Fe), the roughened,
disordered and partly crushed morphology was also
formed. It seemed likely that Co additives generated a
stronger influence on the octahedron morphology of MIL-
101(Fe) than Cu additives did, which was also implied by
the XRD results. Moreover, Co additives also made a rod-
like morphology of 1-3 pum in length produced. The rod-
like morphology was supported by the previous literature
(Montazerolghaem et al. 2016), which indicated that Cu or
Ni doping made rod-like morphology produced. The
alterations in structure characteristics completely demon-
strated the impact of competitive coordination between
iron sites and doped metals to carboxylic groups in the
BDC, and thus, more unsaturated iron sites could be
initiated.

TEM images of 8%wtCo—MIL-101(Fe) were also
characterized with FEI Tecnai G2 {20 s-twin, described in
Fig. 6. Small Co nanoparticles with a size range of 3—5 nm
embedded in MIL-101(Fe) were observed. Meanwhile,
large Co nanoparticles with an average of 100 nm were
also agglomerated on the surfaces of MIL-101(Fe).

Testing of catalysts adsorption and activity
Adsorption performance of catalysts

Prior to testing persulfate-activating performance, it was
critical to examine whether the AO7 removal occurs sim-
ply by the catalyst adsorption. The adsorption isotherms of
AO7 on pure MIL-101(Fe), 6%wtCo-MIL-101(Fe) and
6%wtCu-MIL-101(Fe) were shown in Fig. 7. The
adsorption loadings, while the initial AO7 concentration
was 35 mg/L, were 62.0, 22.8 and 17.5 mg/g for pure MIL-
101(Fe), 6%wtCo-MIL-101(Fe) and 6wt%Cu—MIL-
101(Fe), respectively. The result showed that the adsorp-
tion capacity of MIL-101(Fe) for AO7 was much bigger
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Fig. 5 SEM images of catalysts: a pure MIL-101(Fe), b, ¢ 4%wtCu—p
MIL-101(Fe), d, e 6%wtCu-MIL-101(Fe), f, g: 4%wt Co-MIL-
101(Fe), h 8%wt Co-MIL-101(Fe)

than 6%wtCo-MIL-101(Fe) and 6%wtCu-MIL-101(Fe).
Furthermore, the adsorption data were analyzed with the
help of Freundlich, which fits well with those three
catalysts.

The effect of contact time for AO7 adsorption on 0.02 g
catalysts for an initial AO7 concentration of 0.1 mM/L
(35 mg/L) has been determined at 298 K. The adsorption
loadings according to time are given in Fig. 8. The results
indicated that maximum adsorption of AO7 was reached to
the equilibrium in almost 30 min, which was used for all
adsorption experiments. The kinetic parameters were
obtained in light of the adsorption contact time experiments
by pseudo-second order kinetic model. The pseudo-second-
order kinetics model was feasible to describe the adsorp-
tion process of AOF on the pure MIL-101(Fe), 6%wtCo—
MIL-101(Fe) and 6%wtCu-MIL-101(Fe).

Persulfate-activating performance of catalysts

Before the adding of PS, adsorption experiments were
carried out in 30 min. Figure 9 shows the catalytic per-
formance of pure MIL-101(Fe), 6%wtCu—MIL-101(Fe)
and 6%wtCo-MIL-101(Fe). As expected, doping metal
could significantly enhance the persulfate-activation com-
pared to pure MIL-101(Fe). At the reaction time of
150 min, the removal rate of AO7 was about in 66, 92,
98% for MIL-101(Fe)/PS, 6wt%6%wtCu-MIL-101(Fe)/PS
and 6wt%6%wtCo-MIL-101(Fe)/PS system, respectively.
Interestingly, after adding sodium persulfate, the removal
rate for 6%wtCu-MIL-101(Fe) and 6%wtCo—-MIL-101(Fe)
were not higher than that for MIL-101(Fe) until after
reaction of 60 min. The stronger adsorption of MIL-
101(Fe) may account for this, since the removal rate by
MIL-101(Fe) adsorption has reached 37% within 30 min,
which was greater than 6%wtCu-MIL-101(Fe) and
6wt%6%wtCo-MIL-101(Fe) adsorption. The results of
Fig. 8 confirmed metal doping had a significantly positive
effect on catalytic activities.

Influence of different Cu or Co loading contents

As discussed in the previous section, the presence of cobalt
or copper additives greatly facilitated the activation of
persulfate. Herein, batch experiments were conducted to
examine the effects of different metal loading content on
the AO7 removal. The results are depicted in Fig. 10. Take
Co—MIL-101(Fe) catalyst for example, shown in Fig. 10a,
the AO7 removal rate first increased with the increase of
Co weight ratios, and then decreased when the Co-MIL-
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Fig. 6 TEM images of
8%wtCo—MIL-101(Fe) catalyst
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Fig. 10 Influence of metal loading content of catalysts on AO7
removal in persulfate activation. a Co-MIL-101(Fe); b Cu-MIL-
101(Fe). Experimental conditions: [AO7] = 0.1 mM, [PS] = 8 mM,
T = 25 °C, catalysts dosage = 0.3 g/L, without pH adjustment

101(Fe) weight ratios exceeded 8 wt%. Such trend was
also shown in Cu-MIL-101(Fe) catalysts system. This
phenomenon showed increasing the loading content of
metals could improve catalytic capacity, but the catalytic
capacity was inhibited when excessive metal deposited on
MIL-101(Fe). It also indicated that loaded metal particles
indeed played the role of new active species when per-
sulfate activation, while high loading content caused the
surface area decreased, inhibiting the interaction between
catalyst and PS then lowering the catalysis performance.
Though under the same prepared conditions, Co—MIL-
101(Fe) catalysts manifested higher catalytic activity than
Cu-MIL-101(Fe). The effects of the BET changes caused
by metal additives can be excluded since both of them have
a slight difference in adsorption to AO7 removal. However,
the XRD and SEM results revealed that Co additives
generated a stronger influence on the crystal and mor-
phology of MIL-101(Fe) than Cu additives did, as ascribed
above. Accordingly, Two reasons may be considered: (1)
Metal nanoparticles loaded on or within the MIL-101(Fe)
were participated in the persulfate activation then more
sulfate radicals produced. (2) For Co-MIL-101(Fe) cata-
lyst, the greater changes in crystal defect and disordered
morphology probably bring much more active iron sites to
exposure.

Influence of PS concentration

It is well-know that the performance of catalysis is strongly
correlated to the PS concentration. This part focused on the
influence of PS concentration ranging from 4 to 11 mM on
the removal of AO7 while keeping the initial concentration
of AO7 and catalyst dosage at constant 0.1 mM, 0.3 g/L,
respectively, and without pH adjustment. Figure 11
showed the results obtained for catalytic ability with dif-
ferent PS concentration in each 8% wtCo-MIL-101(Fe)/PS
and 8%wtCu—MIL-101(Fe)/PS system. It clearly revealed
that the removal rate of AO7 both in the two systems
increased with the increasing concentration of PS. For
instance, at the reaction time of 90 min, the 8% wtCo-MIL-
101(Fe) catalyst showed removal rate were 52, 57, 80, 88
and 91% corresponding to 4, 6, 8, 10 and 11 mM persulfate
concentration. Nevertheless, as stated, the results of
8%wtCo—MIL-101(Fe)/PS showed the removal rate was
just slightly enhanced when the PS concentration exceeded
8 mM. This phenomenon meant an increase in PS dosage
could not continuously ensure an enhancement in persul-
fate activation, this phenomenon was supported by some
literatures (Hori et al. 2007; Buxton et al. 1999; Salari
et al.2009), which indicated inadequate use of SOy " or the
decay of SO; " with S,03 .
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Fig. 11 Influence of PS concentration on AO7 removal in persulfate
activation. a 8%wtCo-MIL-101(Fe); b 8%wtCu-MIL-101(Fe).
Experimental conditions: [AO7] = 0.1 mM, T = 25 °C, catalysts
dosage = 0.3 g/L, without pH adjustment

Determination of predominate radical species

Both SO; " and OH' are possibly responsible for the
removal of AO7 since SOy in aqueous solution can hap-
pen inner-conversion reaction to generate OH (Hayon
et al. 1972). Usually, for identification of predominate
radical species in PS oxidation system, ethanol (ETOH)
and tert-butanol (TBA) as radical scavengers are both
together commonly used, considering that ETODH is an
effective quencher for both SO;-and OH" while TBA is an
effective quencher for OH but not for SO, . Radical
scavengers with molar ratio 200:1 and 1000:1 (radical
scavenger: AO7) were added into the persulfate-activating
system, as illustrated in Fig. 12. Evidently, the removal
rate of AO7 was slightly decreased in introduced TBA
system (200:1) and just decreased a little more in molar
ratio 1000:1. When ETOH:AO7 = 200:1, the catalytic
ability was largely inhibited with the only 73% of AO7
removal rate, and more addition of ETOH resulted in
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101(Fe), [AO7] = 0.1 mM, T = 25 °C, catalysts dosage = 0.3 g/L,
without pH adjustment

dramatical inhibition of persulfate activation, for the AO7
removal rate is below 50%. Thus, the radical inhibition
experiments pointed out SOy~ was the dominant oxidative
radical.

Reusability of Co-MIL-101(Fe) and Cu-MIL-101(Fe)

The stability of materials was evaluated by successive
decolorization of AO7. The results obtained with the
8%wtCo—MIL-101(Fe) and 8%wtCu—-MIL-101(Fe) are
shown in Fig. 13. After reaction time of 180 min, the final
AQO7 removal rate in Co-MIL-101(Fe)/PS system were
decreased to 96.6, 94.3, 88.6 and 73.8% for 1st, 2nd, 3rd
and 4th use, respectively. It seemed the catalytic capacity
reduced significantly. Cu—MIL-101(Fe) catalyst exhibited
the same trend. The reduction of catalytic capacity was
probably attributed to the following reasons: (1) the con-
sumption of active sites including iron and doped metal
caused the decrease in catalytic capacity. (2) adsorbed AO7
and some degradation products of AO7 still retained on the
surface of catalysts, inhibiting the interaction of PS and
metal active sites.

Metal leaching of catalysts

In an attempt to better understanding the consumption of
metal sites, the metal leaching during the reaction time
were investigated. Considering that the content of loaded
metal was actually a little (ICP results) and the 0.010 mg/L
of Co** for 6%wtCo-MIL-101(Fe) and 0.011 mg/L of
Cu** for 6%wtCu-MIL-101(Fe) in final reaction solution
tested by AAS, we were just focused on the iron leaching
of catalysts by checking the dissolved iron concentration in
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catalytic performance and more iron leaching than Cu—

100 N 8%wtCo-MIL-101(Fe)
[ s%owtCu- MIL-101(Fe) MIL-101. It seems likely that there is close relationship

between catalytic performance and iron leaching.

Hence, we wonder the persulfate activation is hetero-
geneous reaction by solid catalysts or homogeneous reac-
tion induced by dissolved iron. To address this problem, we
designed an experiment as shown below: First, distilled
water of 100 mL was adjusted with H,SO,4 (pH value kept
the same with the system of adding PS above); Second,
catalysts were immersed in the distilled water and rocked
in a shaker; Then, at predetermined reaction time intervals,
0.5 mL of solution was drawn out for measuring dissolved
iron; After 3 h, the solution through a 0.45-pm membrane
It Znd 3rd th filter was used as homogeneous catalyst to remove AQO7

reclycles with adding sodium persulfate. The results of dissolved
iron were described by Fig. 15a and the corresponding
removal of AO7 are shown by Fig. 15b. From the two

removal rate (%)

Fig. 13 AO7 removal rate by recycled catalysts (8% wtCo-MIL-
101(Fe), 8%wtCo—MIL-101(Fe)). Experimental  conditions:
[AO7] = 0.1 mM, T = 25 °C, catalysts dosage = 0.3 g/L, without

pH adjustment

aqueous solution. Figure 14 showed the results of dissolved
iron of different catalysts, MIL-101(Fe), 4wt%Cu—MIL-
101, 6wt%Cu-MIL-101, 4%wtCo-MIL-101 and 6%wtCo—
MIL-101. In all cases, the concentration of dissolved iron
increased along with the increase of AO7 removal rate. On

the one hand, regardless of the identity of metal additives, g
the more introducing of metal additives, the more removal £
rate of AO7 and then the more leaching amounts of iron.
On the other hand, when introduced the same amounts of
metal additives, the Co—MIL-101 catalysts showed better
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Fig. 14 Investigation of iron leaching of catalysts during reaction Fig. 15 a Investigation of iron leaching of catalysts in acid solution
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time in PS activation. Experimental conditions: [AO7] = 0.1 mM,
[PS] = 8 mM, catalyst dosage = 0.3 g/L, T = 25 °C, without pH H20, T = 25 °C. b AO7 removal corresponding to the iron leaching
of (a)
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pictures, we found the leaching of iron was much lower
than PS activation system and the AO7 removal rate was
also undesirable. In addition, the trend of leaching amount
was in agreement with that of containing PS system (il-
lustration above). Naturally, reasonable conclusions can be
made: (1) Iron leaching was induced by the impact of
interaction between active iron sites of catalysts and per-
sulfate instead of its instability in solution. The stronger
catalytic action resulted in the defects of Fe(Ill). (2) The
persulfate activation was heterogeneous reaction taken
place on catalyst surface rather than in homogeneous
solution containing leached iron. (3) The alteration in
structure characteristics may result in the difference of
leached iron. For unmodified MIL-101(Fe), the amount of
leached iron was much lower than modified ones. While
Co-MIL-101 with greater alterations showed more iron
amounts as compared with Cu modification. It was
assumed to be the result of more active iron sites induced
by greater structure alterations.

Possible catalytic mechanism
The role of metal additives on catalysts

To our knowledge, many researchers have successfully
integrated other metal ions (Mg”>", Ni*", Cu?**, Fe’',
Ce*") into MOFs, although the original XRD patterns
changed (Qin et al. 2015; Wen et al. 2015; Zhou et al.
2016) and octahedron morphology became indistinct and
disordered (Ebrahim and Bandosz 2013; Wen et al. 2015),
which may be ascribed to the competition between the
doped metal ions and inherent metal centers to link the
carboxylic groups in the BDC and thus was reflected in the
crystalline structure. The competed interaction brought
inherent saturated iron sites to unsaturated. What is more,
metal additives as new active sites played the role of
activating PS to produce sulfate radicals. Nevertheless, the
ICP result suggested the loaded content of metal was below
0.3 wt% actually. It was reasonable that the reaction
between new active sites with PS was not fundamental
reason for the enhancement of catalysis. This may be due
to that Co?" or Cu®" induced crystal defect and changed
morphology appearance then more unsaturated iron sites to
be exposure. In addition, metal-modified MIL-101(Fe)
showed lower adsorption to AQ7, this result indicated less
adsorption, the more activation. We attributed this phe-
nomenon to adsorptive competition between PS and AO7
to active metal centers. More free radicals benefited from
more adsorption of PS.

To further explain the difference of catalytic perfor-
mance, the crystalline structure and surface properties of
catalysts after activation reaction were examined by XRD
and SEM. As shown in Fig. 16, the XRD patters appeared
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Fig. 16 XRD patters of used catalysts: a MIL-101(Fe), b 4%wtCo—
MIL-101(Fe), ¢ 6wt%6%wtCo-MIL-101(Fe), d 4%wtCu-MIL-
101(Fe), e 6%wtCu-MIL-101(Fe)

obvious alteration after catalytic reaction. MIL-101(Fe)
remained its original patters at the same angles except for a
little decrease in intensity. However, the peaks of Co-MIL-
101(Fe) and Cu-MIL-101(Fe) catalysts were different.
First, the peaks intensity at 20 = 17.6°, 25.0°, 27.9° were
enhanced in Co-MIL-101(Fe) catalysts. Second, the char-
acteristic peaks at the range of 8°-12° were disappeared in
Co—MIL-101(Fe) patters, while still retained in Cu—MIL-
101(Fe) patters. SEM images in Fig. 17 pointed out
entirely different in morphology. Pure MIL-101(Fe)
maintained its octahedron morphology along with a little
loss in structure. The morphology of Cu-MIL-101(Fe)
totally turned into rod-like particles with uneven size dis-
tribution of 2—6 um. While the SEM images of Co—MIL-
101(Fe) demonstrated that lamellar-like and flower-like
structures were successfully shaped. The morphology of
Co—MIL-101(Fe) and Cu-MIL-101(Fe) catalysts were
quite different to that before reaction. The higher activity
of Co—MIL-101(Fe) for PS activation was assumed to be
the result of Co additives causing substantial and positive
changes in crystal and morphology.

Unsaturated iron sites for persulfate activation

In terms of the proposed mechanisms in literatures (Li et al.
2016; Lu et al. 2016; Liang et al. 2009; Ahmad et al. 2012;
Liu et al. 2014), Fe*™ can activate persulfate to produce
SO for contaminant degradation. Here, our synthesized
catalysts contained much more active = Fe(trivalent)
sites, which could excite persulfate to form free radicals in
the same manner like homogeneous catalytic reaction of
Fe**. The degradation mechanism of AO7 by metal-
modified catalysts was illustrated through Egs. (1)-(4).
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Fig. 17 SEM images of used catalysts: a MIL-101(Fe); b, ¢ Cu—-MIL-101(Fe); d, e, f Co-MIL-101(Fe)

First, the active = Fe(IIl) react with PS to form = Fe(I)
and S,0g . After iron sites reduced, plenty of SOy were
created via the reaction between = Fe(Il) and S,0g4>".
Then AQO7 was degraded by the SO . The reaction
between SO;  and H,O also produced the OH'. In addition,

new active sites created by Cu(Il) and Co(II) also partici-
pated in the catalytic activity (Formula omitted). The fact
that persulfate oxidized by = Fe(Ill) and reduced
by = Fe(l) is analogous to the mechanism of H,0O, in
Fenton system.
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=Fe’" + $,05 —=Fe’" +$,04 -, (1)
= Fe2t + SZO? —=Fe’" +S0; - +S07", (2)
SO, - +H,0 — -OH +H' + 505, (3)
AOT7 + S0, - — COy + HyO + - (4)

Conclusions

The study was the first attempt to use MIL-101(Fe) doped
with Co and Cu as heterogeneous catalysts to degrade AO7
in the presence of persulfate. XRD, Raman, SEM and TEM
analysis all revealed metal additives were successfully
introduced into MIL-101(Fe). Removal rate of AO7 in
150 min reached 66, 92, 98% for pure MIL-101(Fe),
6%wtCu—MIL-101(Fe) and  6%wtCo-MIL-101(Fe),
respectively. It was found that doping metals was capable
of greatly enhancing the performance of persulfate acti-
vation. The reason for this was attributed to the role that
metal additives played. First, less important, doped metals
(Co and Cu) behaved as active species to produce sulfate
radicals. Second, doping metals decreased specific surface
area of MIL-101(Fe) and showed lower adsorption to AO7
which could be beneficial to persulfate adsorption and then
more sulfate radicals were produced. Third, more critically,
the changes of crystalline structure and morphology
appearance were mainly responsible for the catalytic
enhancement, which was due to the competed coordination
between the doped metal ions with saturated iron ions to
link the carboxylic groups in the BDC and thus an
increasing number of active Fe sites were produced. What
is more, this study allowed the comparison of the catalytic
ability of Co and Cu additives with different percentages.
Our research showed Co additives brought about better
positive effect in PS activation than that of Cu additives,
this may due to the greater changes in crystalline structure
and morphology appearance caused by Co additives and
then initiate more unsaturated iron sites. However, how
metal additives effect on crystalline structure and mor-
phology characteristic and what relationship between
unsaturated iron sites and morphology characteristic
remain unclear. Some researches need to be further
investigated. Nevertheless, as stated, the MIL-101(Fe)
doped with Co or Cu indeed showed excellent prospects in
water treatment.
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