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Metal-organic frameworks (MOFs), a new class of porous crystalline
materials, have attracted great interest as a promising candidate for
sustainable energy and environmental remediation. In this study, ZIF-
8, a versatile MOF based on imidazolate ligands, was selected as a
photocatalyst to decompose methylene blue (MB) under UV light
irradiation. The influence factors, kinetics, and mechanism of photo-
catalytic MB degradation and stability of ZIF-8, were also studied. The
results revealed that the ZIF-8 photocatalyst exhibited efficiently
photocatalytic activity for MB degradation under UV irradiation, which
was confirmed through the detection of hydroxyl radicals ("OH) by a
fluorescence method. The MB degradation over the ZIF-8 photo-
catalyst followed a pseudo-first-order kinetics model. ZIF-8 worked
effectively over a wide pH range from 4.0 to 12.0, and showed both
high adsorption capacity and degradation efficiency for MB in a strong
alkaline environment. The enhanced efficiency in a strong alkaline
environment resulted from the higher charged ZIF-8 (pH > pH,,c) and
the elevated yield of "OH facilitated by increased OH™ concentration.
The possible pathway of photocatalytic degradation of MB in ZIF-8
was proposed. The results indicated that ZIF-8 can be used as a
highly efficient photocatalyst to decompose organic pollutants.

1. Introduction

Metal-organic frameworks (MOFs), a new class of porous crys-
talline materials, have been of great interest due to their
beneficial properties such as extremely high surface areas, well-
ordered porous structures and structure designability,' which
show them to be promising candidates for separation,”” gas
storage,®*® catalysts and photocatalysts, carbon dioxide
capture,'® and so on.>*»'"** Additionally, some MOFs, which
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can act as photocatalysts, are gave increasing attentions.?*?’
These emerging researches not only demonstrate porous MOFs
materials to be a potential new class of photocatalysts for their
catalytic degradation of organic pollutants under UV-visible
irradiation, but also trigger extensive research on MOFs mate-
rials as photocatalysts. Compared to conventional semi-
conductor photocatalysts, the photoactive MOFs have some
advantages in degrading organic pollutants: (i) the well-defined
crystalline structures of MOFs are beneficial in the character-
ization and study of structure-property relationship of these
solid photocatalysts; (ii) the modular nature of the MOFs
synthesis allows the rational design and fine tuning of these
catalysts at the molecular level, making the electronic structure
of the MOFs catalysts to be easily tailored; (iii) the structural
features of tunable active sites (i.e., metal-oxoclusters and
organic linkers) in MOFs lead to more efficiency of solar har-
nessing; (iv) different from typical TiO,-based catalysts, the
visible light photocatalytic activity can be easily introduced via
the linker substitutions of organic chromophores in MOF
structures, such as amino group.?**’

Methylene blue (MB) with molecular formula of C;sH;5N3SCl
(FW 319.85 g mol '), is commonly used as a representative of
widespread organic dyes that contaminate textile effluents and
that are lowering light penetration, photosynthesis and damage
the aesthetic nature of the water surface. The molecular struc-
ture of MB is illustrated in Scheme 1. Methylene blue (MB) is a
heterocyclic aromatic chemical compound, which has many
uses in a range of different fields, like biology and chemistry.
At doses of 2-4 mg kg !, hemolytic anemia and skin
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Scheme 1 Structure of methylene blue (MB).
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desquamation may occur in infants. At doses of 7 mg kg,
nausea, vomiting, chest pain, fever, and hemolysis have been
described. Hypotension may occur at doses of 20 mg kg™ ', and
bluish discoloration of the skin can occur at 80 mg kg™ ".2® There
are currently numerous treatment processes for effluent dis-
charged from industrial processes containing dyes, including
biodegradation, chemical oxidation, flocculation, filtration,
adsorption and photocatalysis.*®

ZIF-8 [Zn(2-methylimidazole),-2H,0], a kind of MOF, is
constructed from imidazolate organic ligands and Zn>" center
ions, which exhibits higher thermal and chemical stability than
other MOFs. It is its high BET specific surface area (SSA)
(=2000 m* ¢ ') and permanent porosity from its uniformly
sized pore cavities (of =1.16 nm and pore volume of =~0.60 cm®
g~ ') that make ZIF-8 particularly desirable for many potential
applications, such as gas storage,**** separation by membrane
3639 templating,’®** catalysis, and shape-selective
45718 sensing® and so on.>***

With this paper, the ZIF-8 was synthesized and characterized
by powder X-ray diffraction, Fourier transform infrared spectra
FTIR, UV-vis diffuse reflectance spectra. And, ZIF-8 was selected
as photocatalyst to decompose methylene blue (MB), a typical
model of dye contaminant, under UV light irradiation. The
influence factors (such as pH and initial MB concentration),
kinetics and mechanism of photocatalytic MB degradation and
stability of ZIF-8 were also studied. The results demonstrated
that ZIF-8 is an excellent candidate for photocatalytic degrada-
tion of methylene blue (MB).

sieving, 12-aa

distillation,

2. Experimental section
2.1. Materials

ZIF-8 [Zn(2-methylimidazole),-2H,0] was prepared by slow
evaporation following the method as described by Chen et al.>*
A solution of 2-methylimidazole (0.2 mmol, 0.016 g) in meth-
anol (5.0 mL) was slowly and carefully layered onto a solution of
Zn(OH), (0.1 mmol, 0.010 g) in aqueous ammonia (25%,
2.0 mL). Colorless polyhedral crystals began to appear after
several days. After one month, they were collected, washed
(methanol-water 1 : 1), and dried in air (yield 70%). 2-Methyl-
imidazole, methanol, Zn(OH),, ammonia, methylene blue (MB),
terephthalic acid, NaCl, HCI and NaOH were purchased from
J&K Scientific Ltd. All reagents were analytical grade and used
directly without further purification.

2.2. Characterization of ZIF-8

Powder X-ray diffraction (PXRD) patterns were recorded using
Rigaku DMAX-IIIA diffractometer employing Cu Ko radiation.
The Fourier transform infrared (FTIR) spectra were recorded
from KBr pellets in the range of 4000-400 cm ™" on Nicolet 6700
spectrometer. UV-vis diffuse reflectance data were collected over
the spectral range 200-1200 nm with Agilent Cary 5000 spec-
trophotometer equipped with an integrated sphere and BaSO,
was used as a reference sample. The surface area, total pore
volume and pore size distribution (PSD) of the samples were
obtained from N, adsorption-desorption isotherms at 77 K
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using a Belsorp-mini instrument (BEL Japan Inc.). Before the
sorption experiments, the samples were activated at 120 °C
under vacuum (10> kPa) for 6 h. The method for determining
the point of zero charge (pHp,c) for ZIF-8 was modified by Wan
Ngah et al.®® The initial pH of 50 mL of 0.01 mol L™ NaCl
solution was adjusted to pH values ranging from 2.0-10.0 by
adding either 0.1 mol L™" HCl or 0.1 mol L' NaOH solution. A
0.15 g of ZIF-8 was added and the suspension was stirred for
48 h at 150 rpm. The pHp,. was the point where the final pH
(pPHfinar) and the initial pH (pHinjeal) are equal.

2.3. Photocatalytic degradation

MB is commonly used as a representative of widespread organic
dyes that are very difficult to decompose in waste streams under
visible-light irradiation. Herein, the photocatalytic activities of
ZIF-8 photocatalysts were evaluated by the photodegradation of
MB dye under 500 W Hg lamp irradiation in open air, and under
room temperature. The distance between the light source and
the beaker containing reaction mixture was fixed at 5 cm. 25 mg
of ZIF-8 photocatalyst was put into 50 mL of MB aqueous
solution (10 mg L") in a 50 mL flask. Prior to irradiation, the
suspension was magnetically stirred in dark for 60 min to
ensure the establishment of an adsorption-desorption equi-
librium. During the photodegradation reaction, stirring was
maintained to keep the mixture in suspension. One milliliter
sample was extracted at regular intervals using 0.45 pm syringe
filter (Shanghai Troody) for analysis.

2.4. Analytical methods of the photocatalytic process

A Laspec Alpha-1860 spectrometer was used to monitor the
changes of the dye absorbance in the range of 400-800 nmina1
cm path length spectrometric quartz cell, and MB concentration
was estimated by the absorbance at 664 nm. As widely accepted,
hydroxyl radicals ("OH) have been deemed to be the crucial
active species during the photocatalytic process. Usually, a high
generation rate of "OH results in rapid degradation and short
reaction times to achieve specific treatment objectives. Ter-
ephthalic acid has the property to trap ‘OH effectively and
selectively, then produces 2-hydroxy terephthalic acid with a
percent yield of 35%.>* 2-Hydroxy terephthalic acid could emit
fluorescence at 425 nm when excited at 315 nm. As a result, the
yield of "OH can be quantified by fluorescent measurement of
the generated 2-Hydroxy terephthalic acid.”® So, hydroxyl radical
(‘OH) mediated by ZIF-8 catalysts was detected by the fluores-
cence method using terephthalic acid as a probe molecule.>®
The experimental procedures were similar to those used in the
measurement of above catalytic experiments but the aqueous
solution of MB was replaced by an aqueous solution of 0.5 mM
terephthalic acid and 2 mM NaOH. Samples were extracted
every 15 min, and the changes of the fluorescence intensity was
detected with a Gangdong F-280 fluorescence spectrophotom-
eter in the range of 350-550 nm at 315 nm of excitation
wavelength.

In order to investigate the possible degradation pathway of
MB in ZIF-8, impact HD UHR-Q-TOF-MS (Bruker Daltonics) was
introduced to detect the byproducts of degradation process. The
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analytes were separated by a Thermo Acclaim RSLC 120 C18 (2.2
um) 120 A (2.1 x 100 mm) on an Agilent 1290 UHPLC equipped
with a DAD detector. Acidified water (0.1% formic acid, v/v) and
acidified acetonitrile (0.1% formic acid, v/v) were used as
mobile phases A and B respectively. Gradient was programmed
as the follows: 0 min, 5% B; 2 min, 5% B; 17 min, 95% B;
30 min, 95% B, and finally, the initial condition was held for
5 min as a re-equilibration step. The flow rate was set at
0.5 mL min~"' throughout the gradient. The column tempera-
ture was maintained at 30 °C and the injection volume was 5 pL.
The UHPLC system was coupled to impact HD UHR-Q-TOF-MS
(Bruker Daltonics) equipped with an electrospray ionization
source (ESI). Parameters for analysis were set using both posi-
tive ionization and negative ionization mode with spectra
acquired over a mass range from m/z 50 to 1100, calibrated by
external standard HCOONa. The optimum values of the ESI
parameters were: capillary, +4500 V, nubilizing gas pressure, 1.8
bar, drying gas flow, 9.0 L min~"; dry gas temperature, 200 °C;
collision RF, 150 Vpp; transfer time 70 ps, and pre-pulse
storage, 5 ps. The MS data were processed through Data Anal-
ysis 4.0 software (Bruker Daltonics, Bermen, Germany) which
provided a list of possible elemental formulas by using the
Generate Molecular Formula™ editor. The editor uses a CHNO
algorithm, which provides standard functionalities such as
minimum/maximum elemental range, electron configuration,
and ring-plus double bond equivalents, as well as a sophisti-
cated comparison of the theoretical with the measured isotope
pattern (mSigma value) for increasing the confidence in the
suggested molecular formula.

3. Results and discussion

3.1. Optical band gap

To investigate the conductivity of ZIF-8, the diffuse reflectivity
for powder samples was conducted to obtain band gap (Eg). The
E, were confirmed as the intersection point between the energy
axis and the line extrapolated from the linear portion of the
adsorption edge in a plot of Kubelka-Munk function F versus
energy E. Kubelka-Munk function, F = (1 — R)*/2R, was
transformed from the recorded diffuse reflectance data, where R
is the diffuse reflectance based on the Kubelka-Munk theory of
diffuse reflectance. As shown in Fig. 1, the E, value assessed
from the steep absorption edge for ZIF-8 was 5.16 eV (slightly
different to 4.9 eV (ref. 58)), which indicate that ZIF-8 are
potential wide gap semiconductive materials.**® Thus, ZIF-8
can be considered as potential photocatalyst to degrade
organic pollutants.®

3.2. Specific surface area and porous structure of ZIF-8

Specific surface area and porous structure of ZIF-8 were
determined by N, adsorption-desorption isotherms at 77 K.
As shown in Fig. 2a, a type I isotherm which is typical for
microporous materials was observed.®” The Langmuir surface
area, Brunauer-Emmett-Teller (BET) surface area and total
pore volume of ZIF-8 were calculated to be 1916.5 m> g™,
1799.6 m> g~' and 0.6866 cm® g ' (calculated from the
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Fig. 1 Kubelka—Munk-transformed diffuse reflectance spectra of
ZIF-8.

amount adsorbed at p/p, = 0.952), respectively. The pore
sizes determined from the N,-isotherm by means of
NLDFT/GCMC-methods using the BELSORP evaluation soft-
ware, were centered at about 1.4 nm (Fig. 2b). It was reported
that the efficiency of adsorbing dye from aqueous solution
increase with the increase of surface area of the adsorbing
materials.

3.3. Photocatalytic activity of the ZIF-8

The photocatalytic degradation of MB was carried out to eval-
uate the efficiency of ZIF-8 photocatalyst. In each experiment,
the ZIF-8 amount was kept as a constant (0.5 g L *). The UV-vis
absorption spectra of the undecomposed MB in solution during
the photocatalytic reaction under UV light irradiation with ZIF-8
was illustrated in Fig. 3a, which indicated that the concentra-
tion of MB decreased obviously with the reaction time. Control
experiments were conducted to compare the removal efficien-
cies of MB in two different systems with identical conditions
except for in presence of ZIF-8 in dark and absence of ZIF-8
under UV irradiations. Fig. 3b illustrated the changes of MB
concentration (C/C,) with reaction time during these three
different reaction systems. After UV light irradiation for 120
min, 20% MB was photocatalytically decomposed in the
absence of ZIF-8 photocatalyst, and after 120 min, only 30% MB
adsorptive removal was achieved in the presence of ZIF-8 pho-
tocatalyst in dark. While ca. 82.3% MB was photocatalytically
degraded with ZIF-8 as photocatalyst under irradiation of UV
light, mainly due to the generation of reactive charge carriers of
the excited photoactive ZIF-8. Compared to the previous work
reported by other researchers,*** ZIF-8 presented as more
active photocatalyst. In addition, the photodegradation of
MB dye in ZIF-8 photocatalyst follows pseudo-first-order
kinetics model with R*> = 0.994, as evidenced by the linear
plot of In(C/C,) vs. reaction time ¢ (Fig. 3¢).*® The pseudo-first-
order rate constant for the photocatalytic degradation of MB

in ZIF-8 was 1.70 x 10~ > min .

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) N, adsorption—desorption isotherms of ZIF-8 at 77 K. (b) Micro-pore size distribution of ZIF-8.
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Fig. 3 (a) UV-vis absorption spectra of the MB solution during the decomposition reaction under UV irradiation in the presence of ZIF-8. (b)
Degradation of MB under different conditions. (c) Pseudo-first-order kinetics curves of the degradation of MB under UV irradiation in the
presence of ZIF-8. Experimental conditions: ZIF-8, 0.5 g L™ MB, 10 mg L™* and initial pH = 6.

3.3.1. Effect of initial dye concentration. The influence of
initial dye concentration on the degradation of MB in ZIF-8/UV
light system was also evaluated. As shown in Fig. 4a, the
adsorption and degradation efficiencies of MB were found to
strongly depend on the initial dye concentration. The degra-
dation efficiency decreased when the concentration of MB

This journal is © The Royal Society of Chemistry 2014

increased from 5 to 20 mg L', which may be due to the fact that
as the initial concentrations of MB increases. The increase of
the dye molecules around the active sites resulted in inhibiting
the penetration of light to the surface of the catalyst. Hence, the
generation of relative amount of ‘OH and O, on the surface of
the catalyst decreased with the intensity of light and irradiation

RSC Adv., 2014, 4, 54454-54462 | 54457
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(b) Comparison of the apparent rate constants of the degradation of MB

with different initial concentrations. Experimental conditions: ZIF-8, 0.5 g L~ and UV irradiation.

times are constant. The corresponding pseudo-first-order rate
constants were 2.97 x 10 2 min~ ', 1.70 x 10~ 2 min ', 1.25 x
10"2 min~', and 1.08 x 10~ 2 min~" for initial MB concentra-
tions of 5 mg L', 10 mg L', 15 mg L™ " and 20 mg L},
respectively (as illustrated in Fig. 4b).

3.3.2. Effect of initial pH. The pH of the solution was
another important parameter which influenced the photo-
catalytical degradation reactions, since it dictates the surface
charge properties of the photocatalyst and size of aggregates
formed. In order to determine the effect of initial pH on the
adsorption capacity and degradation efficiency of MB, the pH of
MB solution was adjusted from 2.0 to 12.0 with HCI or NaOH,
and the corresponding pseudo-first-order rate constants were
7 x 107> min™}, 0.4 x 1072 min™%, 1.70 x 10~% min~}, 1.59 x
1072 min™}, 1.61 x 1072 min ! and 3.51 x 102 min~ !, as
illustrated in Fig. 5a and b. The results revealed that the ZIF-8
could work effectively over a wide pH range from 4.0 to 12.0,
but no obvious adsorption and degradation appeared when the
initial pH was 2.0. When the initial pH of solution increased to

1.0 4
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0.2+ ~<¢—pH=10
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12.0, ZIF-8 showed both high adsorption capacity and degra-
dation efficiency for MB. According to the acid-base equilib-
rium of MB represented by MBH>" <> MB + 2H", and to its very
low pK, value (less than 1), the removal of MB was due mainly to
solubilization of unprotonated form of the dye.*® The high
adsorption capacity for MB may be resulted from electrostatic
attraction between the negative charged ZIF-8 adsorbent surface
and the positively charged cationic dyes (MB),*” while the pH of
the solution was greater than pH,,. (9.52),> much higher than
PK,.°® As shown in Scheme 2, the increased OH™ concentration
may be responsible for the high degradation efficiency for MB
as OH~ could neutralize the H" generated by photocatalysis.®®
Additionally, the dye adsorption on the adsorbent surface
played an essential role in the photodegradation process as
higher adsorption should enhance the degradation efficiency.*
In all, a favourable photocatalyst in strong alkaline environ-
ment, is completely different from other traditional
photocatalysts.”

k(min"

pH

Fig. 5 (a) Effect of initial pH on the degradation of MB. Experimental conditions: ZIF-8, 0.5 g L™*; MB, 10 mg L™* and UV irradiation. (b) The
corresponding pseudo-first-order rate constants for system with pH = 2.0-12.0.
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Scheme 2 A simplified model of photocatalytic reaction mechanism
of MB on ZIF-8.

3.4. Mechanism and pathway for the MB degradation in ZIF-8

As widely accepted, hydroxyl radicals ("OH) have been deemed
to be the crucial active species during the photocatalytic
process. Therefore, the concentration of produced "OH radicals,
which can be determined by fluorescence intensity, heavily
influence the photocatalytic degradation efficiency of dyes in
ZIF-8. Fluorescence spectral changes (excitation at 315 nm)
observed in the presence of ZIF-8 under the irradiation of UV
light, absence of ZIF-8 under the irradiation of UV light and in
the presence of ZIF-8 without any light (dark condition) were

(a)
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shown in Fig. 6a-c, respectively. In the case of ZIF-8/UV light
system (as shown in Fig. 6a), it was observed that the fluores-
cence intensity at about 425 nm increases sharply with irradi-
ation time, which indicated that ZIF-8 can favor the formation
of "OH radicals under UV light irradiation. For comparison, the
system under UV light illumination without ZIF-8 and system in
presence of ZIF-8 in dark were also investigated under the same
conditions. No obvious fluorescence intensity was observed in
the presence of ZIF-8 in dark, indicating that no "OH radicals
were produced. For the system under UV light irradiation
without ZIF-8, a gradual increase in fluorescence intensity at
about 425 nm was observed with increasing time, suggesting
that "OH radicals can be generated moderately by UV light
irradiation. The strongest fluorescence intensity in the ZIF-8/UV
system suggested more "OH radicals can be generated, resulted
from the existence of synergistic effect by combination of ZIF-8
and UV light irradiation. Obviously, as illustrated in Fig. 6d, the
concentration of formed "OH radicals increase linearly with the
reaction time.

The terminology of HOMO-LUMO gap can be utilized to
describe the photocatalytic process of ZIF-8.%° In the presence of
UV light, there is an electron transfer from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) in the ZIF-8. The HOMO is mainly contributed

(b)
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Fig. 6 Fluorescence spectral changes (excitation at 315 nm) observed of: (a) UV light with the presence of ZIF-8; (b) UV light with the absence of
ZIF-8; (c) dark with the presence of ZIF-8; (d) Fluorescence intensity changes with UV light irradiation time in the presence of ZIF-8. Experimental

conditions: ZIF-8, 0.5 g L™ terephthalic acid, 0.5 mM; NaOH, 2 mM.
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by N 2p bonding orbitals, and the LUMO is mainly contributed
by empty Zn orbitals. In general, the electrons of the excited
state in the LUMO were easily lost, while the HOMO strongly
demanded one electron to return to its stable state. Therefore,
one electron was captured from water molecules, which was
oxygenated into the '‘OH active species, being confirmed by
fluorescence intensity. Then, the "OH could decompose MB
efficiently to complete the photocatalytic process.

The by-products generated at the end of the degradation
process were analysed by Q-TOF-MS equipped with ESI, and
identified by comparison with commercial standards and by
interpretation of their fragment ions in the mass spectra. Based
on the information provided by Q-TOF-MS, a possible pathway
can be proposed as Scheme 3, which was similar to the previ-
ously reported pathway of MB degradation in TiO,.”* Further
researches on the final products and intermediates of the
photocatalytic degradation, which can favor the description of
degradation pathway, should be carried out using more char-
acterization methods, like in situ infrared spectra (IR), GC-MS,
LC-MS, ion chromatography (IC) and so on.

3.5. Stability of ZIF-8

The crystallographic structures of the as-prepared ZIF-8
samples and used ZIF-8 samples were examined by powder X-
ray diffraction (PXRD), as shown in Fig. 7. The results
revealed that the well-defined diffraction peaks implied the
high crystallinity of the samples, which were also in good
agreement with the simulated pattern from CCDC 287180.%> The
almost identical diffraction pattern of as-prepared ZIF-8
samples, used ZIF-8 samples and the simulated patterns illus-
trated that no structural transformation was happened (see
Fig. 7). In order to deeply analyze the molecular structure and
identify the functional groups of as-prepared ZIF-8 samples and
used ones, the FTIR spectroscopy was recorded, and the results
were depicted in Fig. 8. The peaks at 420 cm™ " (attributed to the
Zn-N stretch mode),**”> 1146 and 995 cm ™' (assigned to C-N
stretch mode),” 1584 cm ™' (C=N stretch mode) and 2929 cm "
& 3136 cm ™' (C-H stretch)’>” remained unchanged, indicating
that there was no change in the chemical structure of the ZIF-8
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Fig.7 PXRD patterns of ZIF-8 before and after photocatalytic reaction
and the simulated XRD pattern for the ZIF-8 structure created from CIF
in ref. 52.
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Fig. 8 FTIR spectra of ZIF-8 before and after photocatalytic reaction.
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samples before and after photocatalytic reactions. These results
demonstrated that the ZIF-8 catalyst was stable in aqueous
solution, and could be used circularly.

4. Conclusions

ZIF-8 can be considered as an efficient photocatalyst for
degradation of methylene blue under UV light irradiation,
which was confirmed by the results of detection of hydroxyl
radicals ("OH). The photodegradation of MB over ZIF-8 followed
pseudo-first-order kinetics, and the rate constant is 1.70 x 102
min~' under UV light irradiation. Furthermore, ZIF-8 worked
effectively over a wide pH range, and showed both high
adsorption capacity and degradation efficiency for MB in strong
alkaline environment. Mechanism and pathway for the MB
degradation in ZIF-8 were proposed based on the information
provided from fluorescence spectra and Q-TOF-MS equipped
with ESI. ZIF-8 catalyst was stable in aqueous solution, implying
ZIF-8 can be used repeatedly. In all, ZIF-8 can be suggested as
potential photocatalyst to degrade organic pollutants.
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