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ABSTRACT

A novel 3D Zn(I)-based metal-organic framework [Zn,(odpt)(bpy)(H,O)l(bpy)os (1)
(Hsodpt = 4,4"-oxidiphthalic acid, bpy = 4,4"-bipydine) has been hydrothermally synthesized,
and characterized by the single-crystal X-ray diffraction, Fourier transform infrared spec-
troscopy, UV-vis diffuse spectrum, and thermal gravimetric analysis. Compound 1 shows
highly efficient photocatalytic activity on the degradation of individual methylene blue (MB)
and methyl orange (MO), while exhibits a preferential photocatalytic degradation of MO in
the MO/MB mixture under UV light irradiation. The possible photocatalytic mechanism was
proposed, which was confirmed by trapping experiments of radicals via the addition iso-
propanol as radical scavenger, and compound 1 exhibits excellent recyclability and stability,
which can achieve good degradation efficiency to MB for five runs.

Keywords: Metal-organic framework; Photocatalytic degradation; Diffuse reflectance;
Photocatalytic mechanism

1. Introduction ductor catalysts such as TiO,, ZnO, Fe,Os;, CdS, GaP,
and ZnS attracted a lot of attention due to its univer-
sal applications, especially in direct utilization of solar
energy. The heterogeneous photocatalysis based on
typical semiconductor catalysts possesses some signifi-
cant advantages, but also faces some unavoidable
challenges and drawbacks [1]. It is a hot topic in some
research fields like material science, green chemistry,
and environmental science to look for new photocata-
lysts with improved performances.

Metal-organic frameworks (MOFs), a class of
newly developed inorganic—organic hybrid materials,
have attracted much attention [2], due to their diverse
and easily tailored structures [3-6], as well as various

The increase in the amount of wastewater contain-
ing organic dyes led to a big challenge all over the
world. Organic dye molecules usually involve one or
more benzene rings which are hard to be degraded by
conventional chemical and biological methods [1].
Photocatalytic degradation of organic dyes is really of
considerable attention due to increasing strict stan-
dards of controlling environmental pollution prior to
discharging into the environment. Over the past
decades, heterogeneous photocatalysis using semicon-
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potential applications, like catalysis [7,8], separation
[9], gas storage [10,11], carbon dioxide capture [12],
and so on. Recent researches indeed demonstrated
that some MOFs materials are a new class of photo-
catalysts usable in photocatalytic degradation of
organic pollutants under UV /visible/UV-visible
irradiation [1,3,4,13-17]. Based on the richness of metal
nodes and organic linkers, as well as the controllabil-
ity of synthesis, it is easy to construct MOFs with tai-
lorable capacity to absorb light, thereby initiating
desirable photocatalytic decomposition of organic
pollutants in MOFs [1]. In contrast to the conventional
photocatalysts of metal oxides and sulfides, the study
of MOFs’ utilization as heterogeneous photocatalysts
thus has a bright future, in spite of not being so
widely explored to date.

With this study, a Zn(l)-based metal-organic
framework [Zn,(odpt)(bpy)(H:O)l(bpylos (1) (Hsodpt
= 4,4’-oxidiphthalic acid, bpy =4,4"-bipydine) was
hydrothermally synthesized and used as photocatalyst
to decompose two typical organic dyes: methylene
blue (MB), a heterocyclic aromatic dye, and methyl or-
ange (MO), a stable azo dye with resisting to
biodegradation [18-26], and even their mixture. The
results revealed that compound 1 exhibits highly
efficient activity to degrade individual MO and MB,
and shows preferential photocatalytic degradation of
MO in the MO/MB mixture. The possible mechanism
was also proposed to clarify the degradation of
organic dyes in the presence of 1.

2. Experimental
2.1. Synthesis of the photocatalysts

All chemicals were commercially available reagent
grade, and used without further purification. A mix-
ture of ZnCl, (0.3 mmol, 0.0409 g), Hsodpt (0.3 mmol,
0.1075 g), and 4,4-bpy (0.6 mmol, 0.0937 g) with a
molar ratio of 1:1:2 was sealed in a 25-mL Teflon-lined
stainless steel Parr bomb containing deionized H,O
(20 mL), heated at 160°C for 72 h, and then cooled
down to room temperature [27]. Light brown rod-like
crystals were isolated and washed with deionized
water and ethanol (yield 68% based on ZnCl,). Anal.
Calcd. for 1, C3]H20N30]()an: C, 513, N, 58, H, 2.8.
Found: C, 51.4; N, 5.8; H, 2.8IR (KBr)/cm™": 3,329,
3,052, 1,598, 1,557, 1,490, 1,416, 1,362, 1,230, 1,254,
1,153, 1,136, 1,070, 1,046, 1,013, 968, 930, 905, 859, 838,
791, 778, 725, 687, 664, 642, 624, 611, 587, 509, 464.

2.2. Characterizations

CNH elemental analyses were conducted using an
Elementar Vario EL-III instrument. Fourier transform
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infrared spectroscopy (FTIR) spectra, in the region
(400-4,000 cm ™ 1), were recorded on a Nicolet 6700
Fourier Transform infrared spectrophotometer. X-ray
single-crystal data collection for 1 was performed with
Bruker Smart 1000 CCD area detector diffractometer
with a graPhite—monochromatized MoK, radiation
(A =0.71073 A) using ¢-w mode at 298(2) K. UV-vis
diffuse reflectance spectra of solid samples were
measured from 200 to 1,200nm by Perk-
inElmer Lamda 6505 spectrophotometer, in which bar-
ium sulfate (BaSO,) was used as the reference with
100% reflectance. Thermal gravimetric analysis (TGA)
was performed from room temperature to 900°C in an
air stream at a rate of 10°C min~! on a TA SDT Q600
TGA system using a-Al,Oj as reference material.

2.3. Photocatalytic degradation

The photocatalytic activity of 1 as photocatalysts
was evaluated by the photodegradation of MB, MO,
and the mixture of MB and MO dyes under 500 W Hg
lamp irradiation at room temperature in photocatalytic
assessment system (Beijing Aulight Co., Ltd). The
distance between the light source and the beaker con-
taining reaction mixture was fixed at 5 cm. Fifty mg of
1 was put into 200 mL of MB (10 mg/L), MO
(10 mg/L), or mixture of MO and MB (10 mg/L for
MO and MB, respectively) aqueous solution in a
300-mL flask. Prior to irradiation, the suspension was
magnetically stirred in dark for 120 min to ensure the
establishment of an adsorption/desorption equilib-
rium. During the photodegradation reaction, stirring
was maintained to keep the mixture in suspension.
One milliliter sample was extracted at regular inter-
vals using 0.45 um syringe filter (Shanghai Troody) for
analysis. A Laspec Alpha-1860 spectrometer was used
to monitor the changes of the dye absorbance in the
range of 200-800 nm in a 1-cm path length spectro-
metric quartz cell. The MB and MO concentration was
estimated by the absorbance at 664 and 463 nm,
respectively [17]. In order to test the effect of pH on
photocatalytic degradation, the initial pH of MB solu-
tion was adjusted from 2.0 to 12.0 with HCI (1.0 M)
and NaOH (1.0 M), respectively, to test the degrada-
tion efficiency of MB on 1.

3. Results and discussion
3.1. Characterization

Single-crystal X-ray diffraction data revealed that
the formula of [Zny(odpt)(bpy)(H.O)l(bpy)os was
C31H0N3040Zn, with FW =725.24, monoclinic, space
group P2(1)/n, a=109411(8) A, b=15.0912(13) A,
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c=16.5165(16) A, a = 90°, = 92.0100(10)°, y = 90°, V =
2725.4(4) A®, Z = 4, D, = 1.767 Mg/m®, 1 = 1.831 mm ?,
a total of 13,436 reflections were collected, 4,773 of
which were unique (R = 0.0409), final R; = 0.0363 for
I>20(I), wR,=0.0845 for all data, GOOF = 1.029.
Compound 1 consists of a network of distorted te-
trahedral Zn1O3 N units and distorted octahedral
Zn205 N units completed by bpy, odpt*™ and water
molecule, with discrete bpy molecules lying in the
channels of the 3D framework, as shown in Fig. 1(a)
and (b). The Zn(I) centers are linked into 2D
sheet along a-axis, as shown in Fig. 1(c), and the
bidentate bpy further joins the 2D sheets into 3D
framework, as illustrated in Fig. 1(d), in which the
hydrogen bonding interactions enhanced the structure
of this 3D framework. TGA result shows a weight loss
of 4.14% around 250°C corresponding to the release of
coordinated water and free 4,4-bipy molecules (calcd.
3.56%) and further decomposition occurred at 320°C.
All these data agreed well with the previously
reported ones by Chu and coworkers [27].
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In order to investigate the conductivity of 1, the
measurement of UV-vis diffuse reflectivity for a pow-
der sample was used to obtain its optical band gap E,.
The band gap E; was determined as the intersection
point between the energy axis and the line extrapo-
lated from the linear portion of the absorption edge in
a plot of Kubelka-Munk function F against energy E.
Kubelka-Munk function, F=(1 - R)?/2R, was con-
verted from the recorded diffuse reflectance data,
where R is the reflectance of an infinitely thick layer
at a given wavelength [28,29]. The F vs. E plots for the
compound 1 are shown in Fig. 2, where steep absorp-
tion edges are displayed and the E; of 1 can be
assessed at 3.6 eV, indicating that 1 showed selective
absorption in the ultraviolet spectrum region [3,4].

3.2. Photocatalytic degradation of individual MO and MB

It is well known that MOFs have already been
used for new photocatalytic materials in view of their
potential applications in the degradation of organic
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Fig. 1. (a) Asymmetric unit of [Zn,(odpt)(bpy)(H,O)l(bpy)os (1), (b) Coordination environments around the Zn(II) atoms,
() 2D sheet built from Zn(Il) and odpt*~ along a-axis in complex 1, and (d) 3D framework of 1 along a-axis.
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Fig. 2. Kubelka-Munk—transformed diffuse reflectance

spectra of compound 1.

pollutants [1,3,4]. The photocatalytic performances of
compound 1 for the photodegradation of individual
MB and MO were carried out under UV irradiation.
In order to confirm the powder purities of compound
1 used in this experiment, powder X-ray diffraction
was conducted, and the results revealed that the pow-
der X-ray patterns match well with the corresponding
simulated patterns from the single X-ray crystal struc-
ture data. The comparison between powder X-ray pat-
terns and simulated patterns of compound 1 was
illustrated in Fig. 3. Control experiments on pho-
todegradation of MB and MO were performed. Fig. 4
illustrated the efficiencies of MB and MO’s degrada-
tion after the dark adsorption equilibrium achieved
according to the previously reported reference [17].
The photocatalytic activity of 1 as photocatalyst was
monitored by measuring the maximum absorbance
intensity at 4 =463 and 664 nm characteristics of the
targets MO and MB [1,4].

It can be seen that the photocatalytic activities of
MB degradation increased from 27.5% (control experi-
ment without 1 photocatalyst) to 90.9% under UV light
irradiation within 120 min, and the MO degradation
efficiency increased from 24.0% (without 1 photocata-
lyst) to 91.7% under the same conditions up to 40 min
(Fig. 4), which was comparable to other reported MOFs
[1,4,17]. Additionally, both the photodegradation reac-
tions of MB and MO in 1 photocatalyst followed
pseudo-first-order kinetics model with R* = 0.954 and
R? = 0.959, respectively, as evidenced by the linear plot
of In (C/Cp) vs. reaction time t. The pseudo-first-order
rate constants for the photocatalytic degradation of MB
and MO in 1 photocatalyst were 0.019 and
0.0605 min ™', respectively. As seen from Fig. 5(a) and
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Fig. 3. PXRD patterns of compound 1 before and after
photocatalytic reaction and the simulated XRD pattern
from single crystal structure of compound 1.
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Fig. 4. Plots of concentration vs. irradiation time for MO
and MB under irradiation with Hg lamplight ((G) and (ii):
the control experiments for MO and MB degradation with-
out any catalyst; (iii) and (iv): radicals trapping by IPA as
scavenger in the system of photodegradation of MO and
MB with 1 under UV light irradiation; e and vi: photocat-
alytic decomposition of MB and MO solution under UV
with 1).

(b), when the simulated wastewater samples of MB and
MO were irradiated under UV light, the maximum
absorption peaks of MB and MO decreased obviously
with the reaction time in the presence of 1.
Furthermore, no other new peaks are observed in
Fig. 5(a) and (b), indicating that no new pollutants
occurred during the process of degradation.
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Fig. 5. UV-vis absorption spectra of the MB (a) and MO (b) solution during the photocatalytic degradation under Hg

lamplight irradiation in the presence of 1.

3.3. Photocatalytic degradation of the mixture of MO and
MB

Further investigation of photocatalytic degradation
activity was conducted on the MB/MO mixture. After
10 min of UV irradiation, the intensity of UV absorp-
tion peak of MO was observed to decrease sharply
(the calculated degradation percentage reaching
81.8%), while intensity of UV absorption peak of MB
still remains high level (the calculated degradation
percentage being 17.4%), as illustrated in Fig. 6(a) and
(b). After subsequent UV irradiation up to 60 min, a
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1.0 4

—{~MB
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rapid degradation percentage of MB was then
observed to be 74.5%. Totally, a higher degradation
rate can be observed for MO compared to MB in the
MO/MB mixture. This difference implied that com-
pound 1 exhibits a preferential photocatalytic degrada-
tion of MO in the MO/MB mixture. The lower
degradation percentage of MB in MO/MB mixture
than individual MB solution can be mainly associated
with the occurrence of the MO competitive consump-
tion of the oxidizing species as well as that the
presence of N=N makes MO more reactive, while the

(b)

2.0 9 MO+MB

E . . —_—
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004

400 500 600 T00 800
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Fig. 6. (a) Plots of concentration vs. irradiation time for MO and MB after photocatalytic degradation under irradiation
with Hg lamplight and (b) UV-vis absorption spectra of the MO and MB in MO/MB mixture solution during the
photocatalytic degradation under Hg lamplight irradiation in the presence of 1.
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Fig. 7. Influence of pH on the photocatalytic degradation
of MB in 1. Experiment conditions: 0.05 g of 1; 200 mL of
MB solution with initial concentration of 10 mg/L.

presence of the -CHj group in MB makes it resist to
photodegradation [30]. Similar preference in the
degradation between MO and MB was reported previ-
ously for the mesoporous TiO, [31], ZnO/ZnAl,O,
powder [32], and NiO-Bi,O3; nanocomposite [33].

3.4. Effect of initial pH

The pH of the solution was an important parame-
ter which may have influence on the photocatalytic

LUMO

hv

HOMO
ceee
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degradation reactions [19]. Thus, the effect of initial
pH on the degradation efficiency of MB in 1 was
tested. The results revealed that 1 could work
effectively over a wide pH range from 2.0 to 12.0, as
illustrated in Fig. 7, which showed that 1 has great
stability in strong acid and alkali.

3.5. Mechanism the photocatalytic degradation of MO and
MB in 1

Generally, there is an electron transfer from
the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) in the
presence of UV light. The HOMO is mainly con-
tributed by O and/or N 2p bonding orbitals, and the
LUMO is mainly contributed by empty M (like Zn)
orbitals. With the irradiation of UV light, there is an
electron transfer from the HOMO to LUMO. The elec-
tron of the excited state in the LUMO is usually very
easily lost, while the HOMO strongly demands one
electron to return to its stable state. Therefore, one
electron is captured from water molecules, which is
oxygenated into the *OH active species. Then, the *OH
radicals can decompose MB or MO efficiently to
complete the photocatalytic process. To understand
the photocatalysis mechanisms of MOFs, the terminol-
ogy of HOMO-LUMO gap rather than traditional
semiconductor gap (CB-VB) is suggested to describe
the discrete character of the light-induced transitions

.02—

HOMO
bbb

\ e

-OH+H*

EL0 ( De.g.ra(lation

dve products

Fig. 8. A simplified model of photocatalytic reaction mechanism of MB and MO in compound 1.



17850

in the MOFs [33-35]. Wang and coworkers reported
that series MOFs possessed nearly identical optical
energy gaps, but showed different degradation
efficiency on organic dyes, implying MOFs should be
treated as molecular catalysts rather than as typical
semiconductors [3,4,17,35]. Therefore, a possible
mechanism can be proposed to clarify the degradation
of organic dyes in the presence of 1 as photocatalyst
[3], as illustrated in Fig. 8. In order to confirm the pro-
posed mechanism as listed in Fig. 8, trapping experi-
ments of radicals were applied to detect the main
oxidative species in the photocatalytic process [31].
The results revealed that the addition of 1 mM iso-
propanol (IPA) as radical scavenger greatly inhibited
the degradation efficiencies of MO (decrease from
94.1% without IPA to 49.7% with IPA as scavenger)
and MB (decrease from 91.7 to 85.1%) under UV light
irradiation, which suggested that oxygenous radicals
were the main active species in this system.

3.6. Stability

The stability of compound 1 was checked by
circulating runs in the photocatalytic degradation of
MB under the same conditions. The PXRD diffraction
patterns of the used photocatalyst were found be
similar to that of the as-prepared photocatalyst
before reactions, as illustrated in Fig. 3, indicating
that there is no noticeable change in the crystallo-
graphic structure of the photocatalyst after five runs
reactions. These results demonstrated that the com-
pound 1 photocatalyst was stable under the experi-
mental reaction conditions, and could be used
circularly five runs.

4. Conclusion

In summary, compound 1 appears to be a photo-
catalyst to achieve preferential degradation of typical
organic dyes (MB and MO) used in textile industries.
And the results revealed that compound 1 exhibited
efficient degradation of individual MO and MB, and
preferential degradation of MO in the MO/MB mix-
ture in short time. The effect of initial pH test on
photocatalytic degradation that 1 has great stability in
strong acid and alkali. Additionally, possible photocat-
alytic mechanism was also proposed and discussed,
which was also confirmed by trapping experiments of
radicals with the addition of isopropanol as radical
scavenger. Further researches should be carried out to
clarify the photocatalytic activities on other organic
pollutants.
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