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Zeolitic imidazolate framework ZIF-8, a type of metal-organic framework, has diverse applications in
multiple catalytic fields due to its outstanding properties. Herein, ZIF-8 photocatalysts with three
different morphologies (dodecahedral, pitaya-like, and leaf-like) are successfully synthesized under
ambient conditions from zinc salts by altering the volume ratio of methanol and water used as a solvent.
The as-synthesized ZIFs have high crystallinity with distinct BET surface areas. The experiments indicate
that the ZIFs have high photocatalytic efficiency, in which the leaf-like structure (ZIF-8-F3) is the most
efficient in the degradation of reactive black KN-B dye (RB5) under 365 nm UV irradiation. This is due to
the efficient inhibition of electron—hole recombination or the higher migration of charge carriers in ZIF-
8-F3, thus producing more reactive oxygen species, resulting in greater photocatalytic efficiency. At pH
= 11, more than 95% of RB5 is degraded within 2 hours when using 1.0 g L™* of ZIF-8-F3. Besides, the
photocatalytic and kinetic performances of ZIF-8-F3 are also investigated by optimizing the pH, initial
RB5 concentration, and dosage of the used catalyst. These ZIF-8-F3 plates have been shown to be
a promising material with high photostability and effective reusability, beneficial to various potential
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1. Introduction

Water pollution is one of the most serious environmental issues
today, endangering both human health and animal life.?
Accordingly, it is critical and essential to regulate and treat
water sources. Water contamination may be due to a variety of
causes, such as rapid urban development, chemical waste
dumping, fertilizer run-off, radioactive waste discharge, and so
on.” Moreover, in modern science, hundreds of emergent
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applications in environmental remediation issues.

organic contaminants (EOCs) have been found in recent years,
which have been greatly affecting water resources, including
medicines, personal care items, industrial pollutants, etc.> Due
to the physicochemical features of EOCS, such as easy dis-
persibility or solubility in water or high grade, it is almost
impossible to eliminate them, even at low concentrations, if
only using the conventional procedures of water treatment.*
Additionally, many sources of inorganic compounds also cause
implicit risks to the health and safety of humans, including
carcinogenicity, mutagenicity, teratogenicity, or toxicity.
Therefore, the proper procedures for wastewater purification
are still a strategy and a challenge for scientists. In that,
although coagulation and filtration methods have been exten-
sively studied,® they do not appear to be completely optimized
because the used facilities are rather large and complicated,
with high maintenance costs.® Besides, how to completely
convert pollutants into green components is still a great chal-
lenge right now. When the concern about energy and econo-
mization is particularly considerable, the adsorption and
photocatalytic methods are fairly promising to remove
contaminants.” In which adsorption is a surface and interfacial
phenomenon with a common mechanism to effectively remove
inorganic and organic pollutants in industrial wastewater.
Adsorption can also occur in various environments, such as
solid-liquid, solid-gas, liquid-liquid, and liquid-gas. In addi-
tion, adsorption has many advantages: simple design, low

© 2023 The Author(s). Published by the Royal Society of Chemistry
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equipment investment, easy operation, wide pH range, and
high performance.? Therefore, the adsorption process using
solid adsorbents displays great potential as one of the most
efficient methods for industrial wastewater treatment. There are
many technologies used in wastewater decontamination, e.g.,
membrane filtration, precipitation, etc.® Among the possible
methods, the photocatalytic technique is fairly effective because
of its simple process and green technology.'®** Additionally,
this method has been rapidly used in various applications, such
as CO, reduction, water splitting, etc. Consequently, researchers
have been studying and looking for new adequate materials that
can be used to make better adsorbents or photocatalysts to get
rid of pollutants.*>'®

In recent years, nanomaterials with low-dimensional struc-
tures have been widely used as a new type of promoted material
due to their superior physicochemical properties for many
potential applications, such as fluorescent probes, inorganic
membranes of gibbsite platelets, anisotropic films, etc.”” ™ A
metal-organic framework (MOF) is a porous material with one-
(1D), two- (2D), or three-dimensional (3D) structures made up of
metal ions or clusters coordinated to organic ligands. That has
been extensively studied as an interesting material in research
and technology.” In general, the geometry and physicochemical
properties of MOF building units can be changed due to the
synthesis procedures and conditions, hence allowing for
a synergistic combination of their features.”® As well-known,
MOFs with pore structures have a large surface area, excellent
stability in polymetallic complexes, and good compatibility with
polymers.* Indeed, MOFs are also outstanding materials to
eliminate hazardous metals, EOCs, or other contaminants from
wastewater due to their structural variety and unique charac-
teristics.”® Similarly, zeolitic imidazolate framework (ZIF)
materials are also a type of MOF with a zeolite skeleton using
zinc (Zn) or cobalt (Co) as metal sites and imidazole as organic
ligands.”* These ZIFs reveal that the thermal and chemical
stability are higher than other common MOFs.*® Based on those
excellent features, ZIFs have been widely used in the science
and industry fields since 2006.>

ZIF-8, as a common material for ZIFs, was first prepared by
Chen et al. with a designation model of MAF-4.” Afterward,
Yaghi et al. comprehensively investigated MAF-4 and named it
ZIF-8.*® ZIF-8 has the chemical formula Zn(2-MIM),, which
consists of 2-methylimidazole (2-MIM) and the metallic site
zinc.”**® In addition, the synthetic procedure of ZIF-8 is rather
diverse and simple when compared to other MOFs. ZIF-8 also
shows superior chemical and thermal resistance based on its
strong link structure. Furthermore, ZIF-8 has good morpho-
logical stability up to 500 °C. ZIF-8 may retain its crystalline
structure and microstructure even when being immersed in
various solutions such as water or organic solvents.” ZIF-8 has
easily tunable pore sizes and topologies, which makes it
adaptable. ZIF-8 materials have been produced in several forms,
such as powder, particle, membrane, and platelet, and are
widely applied in diverse vital sectors.”****3* Reactive Black
KN-B (RB5) is one of the most common reactive azo dyes, also
named Remazol Black B, with a structure of two azo bonds (-
N=N-).*> RB5 is broadly used in the textile industry for dye
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processes. Alarmingly, more than 50% of the dyes used in the
textile industry are azo dyes due to their useable features such
as bright and high-intensity colors, fastness, easy preparation,
low cost, high solubility and stability.*® Therefore, the degra-
dation of RB5 is essential to protect the environment and
human health. A decade ago, several catalysts were applied to
degrade RB5, such as ZnO, TiO,, and ZnS.****

Here, we successfully synthesize ZIF-8 materials with three
different morphologies at room temperature by using a simple
in situ solvent-induced growth method, and then use them in
the photocatalytic degradation of the RB5 dye. Interestingly, 2D
leaf-like laminated ZIF-8 material is superior to the others in the
photodegradation of RB5. The results are demonstrated by
employing SEM, thermogravimetric analysis, electrochemical
impedance spectroscopy, ultraviolet-visible diffusion reflec-
tance spectroscopy, photoluminescence, photocurrent tests,
and the influence of various scavengers. So far as we know, this
is the first study that looks at how the structure of ZIF-8 mate-
rials affects the photocatalytic degradation of RB5 by using
materials with different shapes.

2. Experimental section
2.1 Materials

Zinc nitrate hexahydrate (Zn(NO3),-6H,0, 99%) and 2-methyl-
imidazole (2-MIM, C,HeN,, 99%) were purchased from Sigma
Aldrich, USA. Reactive Black KN-B (RB5, dye) was provided by
Bomei Co. (Anhui, China). Methanol (99.8%) was acquired from
Daejung Co. (Korea). The MAX Ultra 370 Series was used in the
study to produce deionized (DI) water. All used reagents were of
analytical grade and were employed directly as obtained without
additional treatment. The formation of ZIF-8 and the chemical
structure of 2-MIM and RB5 were represented in Scheme 1.

2.2 The preparation of ZIF-8

ZIF-8 materials with different morphologies were synthesized at
room temperature by using a slightly modified process
described in the literature.*®*” In typical, solution A contains
2.0 mmol of Zn(NOj3), - 6H,0 and 30 mL of the solvent, solution B
contains 12.0 mmol of 2-MIM and 100 mL of the solvent. The
solvent is a mixture of methanol and water with target volume
ratios. Two solutions were mixed together and magnetically
agitated vigorously for 30 min at room temperature. The post-
agitation milky suspension was kept undisturbed for 12 h
(i.e., no stirring). Following that, the resultant white sediments
were collected and washed several times with methanol, and
then completely dried overnight in a vacuum oven (60 + 1 °C). By
varying the volume ratio of methanol and water (Visethanot : Vivater)
as 1:2, 1:3.5, and 0:1, three morphologies of ZIF-8 were
fabricated with the following shapes: 3D rhombic dodecahedron
(ZIF-8-F1), pitaya (ZIF-8-F2), and 2D leaf (ZIF-8-F3), respectively.

2.3 Characterization

The following paths were used to acquire the characteristics of
the sample and analytical patterns: X-ray diffractometry (XRD;
M18XHF-SRA; Mac Science, Japan) was used to assess the phase
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Scheme 1 Chemical structures of (a) 2-MIM and (b) RB5. (c) The formation of ZIF-8.

purity and crystallographic structure of materials in a range of
5-40° with a scanning rate of 5° min '. Scanning electron
microscopy (SEM, Leo-Supra 55, Carl Zeiss STM, Germany) was
used to observe the morphologies of photocatalysts. The anal-
yses for the photocatalytic efficiency were studied using
ultraviolet-visible diffusion reflectance spectroscopy (UV-Vis
DRS; Cary 50-UV Vis Spectrophotometers; Varian Inc., USA) in
a wavelength range of 200-600 nm. Photoluminescence (PL)
spectroscopy was taken on a Synergy H-1M Multi Microplate
Reader (BioTek Instruments Korea Ltd., Korea). Chemical
composition of the synthesized ZIF-8 materials was examined
using X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250Xi, USA) with an Al Ko anode (X-ray source, 300 W). The
specific surface area and porosity analysis were collected from
N, adsorption-desorption at 77 K (Belsorp-mini instrument,
BEL Japan Inc.). Infrared spectra of the as-prepared samples
were recorded in a range of 500-4000 cm ™' using a Fourier
transform infrared spectrometer (FTIR, Nicolet 6700). Ther-
mogravimetric analysis (TGA) was performed on a thermal
analyzer (PerkinElmer TGA-8000) from room temperature to
700 °C under a nitrogen atmosphere with a heating rate of 10°
C min~". Zeta potential measurements were recorded by
a Zetasizer 2000 (Malvern, UK) to determine the surface charges
of the ZIF-8 samples.

The electrochemical impedance spectroscopy (EIS) data and
transient photocurrent (PC) density were measured by a Bio-
logic SP 200 in a 0.5 M Na,SO, electrolyte solution. The EIS
analysis was carried out in a frequency range of 0.01 to 1 MHz.
The PC measurement was taken in full-spectrum light (MaX
303, 150 W) with a light intensity of 50 mW cm > The as-
prepared catalysts were embedded on ITO glass substrates (as
a working electrode) by using a simple drop-casting process.
Under the aforementioned light source, a platinum counter
electrode and an Ag/AgCl (saturated KCl) electrode were utilized

5910 | RSC Adv, 2023, 13, 5908-5924

as the counter and reference electrodes, respectively. The pho-
tocatalytic and trapping experiments were performed in
a similar manner. In these tests, all scavengers were used at an
equivalent concentration (1.0 mM). In typical, ethyl-
enediaminetetraacetic acid (EDTA) was employed as a probe for
holes (h"), potassium persulfate (K,S,0g) was used to induce
electrons (e”), 1,4-benzoquinone (BQ), and isopropyl alcohol
(IPA) were applied as radical scavengers for superoxide radical
anions ("0, ") and hydroxyl radicals (‘OH), respectively.>**° As is
known, terephthalic acid (CsHeO,4, 98%, from Sigma Aldrich,
USA) has been used as a probe for 'OH radicals in aqueous
solutions. This acid tends to interact with "OH radicals to
generate 2-hydroxyterephthalic acid at an excitation wavelength
of 300 nm." Measuring the concentration of formed 2-hydrox-
yterephthalic acid could quantify the 'OH radicals in the
samples. The spin-trapping electron paramagnetic resonance
(EPR) spectra were collected 30 s after the introduction of the
respective photocatalysts via an X-band EPR spectrometer (MS
5000, Magnetek, Germany). The EPR measurements were
prepared by dispersing 50 mg of ZIF-8s into a 25 mM DMPO
(5,5-dimethyl-1-pyrroline-N-oxide) solution for DMPO-"OH, or
50 mL methanol for DMPO-"O, ", respectively.

2.4 The dye degradation procedure and evaluation of
photocatalytic activity

The photodegradation of RB5 dye was used to test the photo-
catalytic performance of three ZIF-8 materials under ultraviolet
(UV) illumination in the open air at room temperature. In
a typical experiment, 50 mg of each ZIF-8 photocatalyst was
mixed with 50 mL of aqueous RB5 solution (20 mg L™ *). The
photocatalytic study was carried out using a 100 mL clamp, and
a water circulation gear was used to keep the temperature
constant at 25 °C. A commercial xenon arc lamp (300 W,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Newport Optical Filters, Korea) joined with monochromatic
light filters to yield a desired irradiation wavelength (365, 500,
and 600 nm) was parallel placed outside the beaker. The
distance between the beaker containing the explored solution
and the light generator was 10 cm. About 5 mL of the sample
from the glass beaker was taken at 20 minute intervals and then
centrifuged at 5000 rpm for 5 min to recover the photocatalyst
granules. A UV-Vis spectrophotometer was used to evaluate the
obtained supernatants at a wavelength of 598 nm. The pH value
of the solution can be adjusted by using HCI (0.1 M) or NaOH
(0.1 M).

The dye photodegradation efficiency n of the catalysts was
determined by a formula:

n=(1—- C/Cy) x 100 (1)

where C, and C are the concentrations of the RB5 dye (mg L")
before and at a certain time ¢ of UV irradiation, respectively. The
rate constant for the photocatalytic reactions was calculated
using the Langmuir-Hinshelwood kinetic model with an
equation as:*'

“In(CICy) = kt )

where C, and C are the concentrations of the RB5 dye before
and at a certain time ¢ of UV irradiation, respectively. k is the
pseudo-first-order rate constant. The concentration of samples
was interpolated from the Beer-Lambert law.** All degradation
reactions use the pseudo-first-order kinetic model. To achieve
high reliability, all experiments were repeated three times, and
the results were obtained as the average of the samples.

3. Results and discussion

3.1. Characterization of the ZIF-8 photocatalysts

SEM images in Fig. 1 show the morphologies of three ZIF-8
materials before and after three cycles of RB5 photo-
degradation. The images obviously display that the different
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volume ratios of methanol and water in the solvent have
a substantial impact on the geometry of the obtained products.
This morphological transformation is clear when the water
content in the solvent increases from 66.7% to 100%. ZIF-8,
prepared at a methanol/water volume ratio of 1:2, is 3D
rhombic dodecahedral particles with a uniform size, named
ZIF-8-F1 (Fig. 1a-i). The mean geometric length of the dodeca-
hedral ZIF-8 facets is 450 £ 35 nm. The pitaya-like ZIFs, named
ZIF-8-F2, are obtained at a methanol/water volume ratio of 1:
3.5 with a particle size of 1.8 & 0.4 um (Fig. 1b-i). When water is
employed as the main medium (Vinethanol : Vwater = 0 = 1), 2D leaf-
like ZIFs are achieved (ZIF-8-F3) as shown in Fig. 1c-i. These ZIF-
8 leaves have a smooth surface with a rather large size of several
microns but only a thickness of 200 nm. ZIF-8-F2 is attributed to
an intermediate product between 3D ZIFs and 2D ZIFs with
spherical and leaf-like structures.*” Interestingly, even after
three cycles of RB5 photocatalytic degradation, the architec-
tures of all three ZIF materials did not change significantly
when compared to the initial ZIF-8 samples (Fig. 1a-ii, b-ii and c-
ii). As a result, the ZIF-8 crystals are almost homogeneous and
stable.

Fig. 2a shows the XRD spectra of the as-synthetic ZIFs. Both
the two ZIF-8 materials of dodecahedral shape (F1) and pitaya
(F2) have similar XRD patterns, indicating their same lattice
structures.” Both these ZIF-8 samples revealed major charac-
teristic peaks at 7.3, 10.8, 12.9, 14.8, 16.7, and 18.2°, which
corresponded to the (011), (002), (112), (022), (013), and (222)
planes of the ZIF-8 crystals, respectively, while the minor peaks
after 20° are negligible (JCPDS 00-062-1030).** Furthermore, the
clear and strong peaks show that two F1 and F2 materials have
high crystallinity and a space group (I4;m) that matches the
previously simulated XRD patterns.** On the contrary, leaf-like
ZIFs have a distinct XRD pattern due to different 2D lattice
structures (JCPDS no. 01-1136).* This could be the reason that
its surface area is much lower than the others. Therefore, it is
observed that the 2D ZIFs clearly contain distinct cushion-
shaped space groups (Cmce) as opposed to the round-shaped

Fig.1 SEM images of three ZIF-8 materials: (a) rhombic dodecahedral ZIF-8-F1, (b) pitaya-like ZIF-8-F2, and (c) leaf-like ZIF-8-F3 before (i) and

after (ii) three cycles of RB5 photodegradation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spaces of ZIF-8-F1. The as-synthetic ZIFs are further character-
ized by FTIR, shown in Fig. 2b, to investigate their chemical
compositions. It plainly shows that three materials from ZIF-8
have similar FTIR spectra. This might be elucidated since the
assembled forces of 2-MIM molecules with zinc atoms in ZIFs
are the same.* In typical, the stretching vibration at 1580 cm™*
is attributed to the C=N bonds. The bands between 1500-
1380 cm™ " can be assigned to the stretching vibration of the
imidazole rings, whereas the bending vibrations of the imid-
azole rings regard the peaks in 1315-1150 cm ™ '. The peaks at
998 and 750 cm ™ are responsible for the bending vibrations of
C-N and C-H bonds, respectively. Lastly, the signal at 690 cm ™"
is related to the out-of-plane bending of the imidazole ring.
Overall, upon SEM and the characterizations of XRD/FTIR in
Fig. 1 and 2, they definitely confirm that the as-synthetic
materials are ZIF-8 with different desired morphologies.

In general, photocatalytic reactions tend to happen on the
outer surface of catalysts. Besides, the activity of catalysts is
closely related to the surface area and the porosity of the cata-
lyst. The Brunauer-Emmett-Teller (BET) specific surface area
and pore structure of three as-prepared ZIFs can also be studied
through the N, adsorption-desorption isotherms method. As
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Fig. 3 (a) N, adsorption—desorption isotherms of three as-synthetic Z
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(a) XRD patterns and (b) FTIR spectra of three as-synthetic ZIF-8 samples.

seen in Fig. 3a, both the dodecahedral and pitaya-shaped ZIFs
are type I isotherms with high N, adsorption contents at low
pressure due to their microporous and mesoporous architec-
tures, with a volume of 1.10 and 0.63 ecm® g™, respectively.
Typically, their micropore and mesopore sizes are measured
respectively at 0.62 and 3.80 nm for ZIF-8-F1; 0.53 and 3.50 nm
for ZIF-8-F2 (Fig. 3b). However, the clear increase at high pres-
sure may be assigned to the crystal stacking of the textural
macrospores.” On the contrary, leaf-like ZIFs reveal low N,
adsorption content along with a poor porous structure and
a low pore volume of 0.15 cm® g~'. In addition, its pore size
distribution is low. That might result from its 2D layered
organizations with a bigger size, higher density, and fewer
channel. The BET surface area of the as-synthetic ZIF-8 mate-
rials (F1, F2, and F3) is 1308.2, 683.7, and 62.4 m> g, respec-
tively (see Table 1).

XPS analysis is a useful technique to investigate the chemical
compositions and oxidation states of the atoms.*® The peaks in
the XPS spectra of three ZIF-8 materials before and after three
cycles of RB5 photodegradation (see Fig. S1 in ESIt) still
maintained their positions (i.e., insignificant shifts). Conse-
quently, the synthesized ZIF-8 photocatalysts are stable after

47 4 (b)
“
31 || ZIF-8-F1
‘ —o— ZIF-8-F2
—=— ZIF-8-F3

dV/idw (cm®/g)
N

15 20 25 30 35 4.0

1.0

d, (nm)

IF-8 materials and (b) their corresponding pore size distributions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structure characteristics of the three ZIF-8 materials
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Pore volume (cm® g™ ") Particle size (nm)

Material Sger (M g™ 1) Pore size (nm)
Dodecahedral (F1) 1308.2 0.62
Pitaya-like (F2) 683.7 0.53
Leaf-like (F3) 62.4 0.12

Weight (%)

160 260 360 460 560 660 760

Temperature (°C)

Fig. 4 TGA curves of three as-synthetic ZIF-8 samples at a heating
rate of 10 °C min~%.

three degradation cycles of RB5 dye solution. Thermal stability
is used to examine the quality of the samples at high temper-
atures.*”” Thermogravimetric curves of three ZIF-8 materials are
shown in Fig. 4. The main frameworks of ZIFs are inherited
from organic compounds. Consequently, they are thermally
unstable, and their TGA curves reveal three major mass losses.
The initial mass loss for all samples started at 65 °C and was
assigned to the vaporization of residual moisture and physically
absorbed solvents (i.e., water and methanol) in the ZIF-8
materials.** The weight loss of the leaf-like ZIF-8-F3 material
was the highest at approximately 10% due to the large absorp-
tion of solvents on this sample surface or between adjacent
layers. The second weight reduction at 265 °C was attributed to
the carbonization of imidazole molecules in ZIF-8 pores.*®
Meanwhile, a majority of the mass loss occurred at 475 °C with
a significant reduction for the F1, F2, and F3 materials of 43, 49,
and 51%, respectively. That was related to the decomposition of
organic linkers in the ZIF-8 crystals. After 600 °C, the mass was
reduced negligibly. Based on the leaf-like morphology of ZIF-8-
F3, its thermal stability was the lowest, with a high mass loss of
approximately 71% up to 700 °C.

3.2.
dye

Experiments on the photocatalytic degradation of RB5

3.2.1 Photocatalytic performances. To test the photo-
catalytic efficiency of three as-synthetic ZIF-8 materials for the
degradation of RB5 dye, 50 mg of each ZIF-8 was mixed in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a sealed beaker with 50 mL of the aqueous RB5 solution
(20.0 mg L") at pH = 7.0. The beaker was kept undisturbed in
the dark for 50 min, and then irradiated under UV illumination
(365 nm) at ambient conditions for various periods (20, 40, 60,
80, 100, and 120 min). The reduction in the absorbance inten-
sity indicates that the RB5 dye was absorbed into the catalysts
(Fig. 5). As is well-known, the pseudo-first-order kinetic model is
efficiently used for photocatalytic degradations.’ Conse-
quently, the slopes of the fitting straight lines based on the
graph of -In(C/C,) vs. time,*" seen in eqn (2), correspond to their
first-order rate constants.

The absorption spectrum of RB5 before the photocatalytic
degradation shown in Fig. 5a (black curve, origin) reveals
a characteristic peak at 598 nm in the visible band, which
corresponds to a chromophore with a long conjugated 7t-system
linked by two azo groups (-N=N-).*° Also, this peak is used to
evaluate the decolorization of the dye solutions. Indeed, the
absorbance intensities of RB5 with the presence of photo-
catalysts decreased slightly in the dark but rapidly under UV
illumination (Fig. 5a-c), suggesting that the chromophoric
group and conjugated azo system in RB5 were broken. In
addition, their intensities decreased nearly uniformly over time,
implying that the catalysis of ZIF-8 materials has high stability
in the degradation process. Whereas RB5 was degraded negli-
gibly in the absence of ZIFs, even in the dark and in UV light of
1% and 5%, respectively (Fig. 5d), indicating its self-photolysis.
Among ZIFs, for ZIF-8-F3, RB5 was decomposed at least in the
dark at 6% for 50 min, while the highest by UV illumination was
at 91% for 120 min (Fig. 5e), and the others were 87% (ZIF-8-F1)
and 73% (ZIF-8-F2) under UV light (see Table 2). The catalytic
turnover number (CTN), ie., the UV/dark proportion, is an
important factor in evaluating the absorbance proportion of
materials in various conditions.”* The CTNs of three ZIFs are
calculated to be 3.69 (F1), 6.28 (F2), and 14.25 (F3). Based on the
obtained results, it plainly proves that the 2D leaf-like ZIF-8
materials have the most effective photocatalysis for the degra-
dation of RB5 dye under UV conditions. This might be based on
the selective adsorption of ZIF-8-F3 to only RB5 dye. The pho-
todegradation rate constant k of three ZIFs is, respectively, 0.020
(F1), 0.011 (F2), and 0.019 (F3) min~" (Fig. 5f).

According to the obtained results in Fig. 5, the leaf-like ZIF-8-
F3 materials exhibited faster RB5-dye adsorption than the
others in the initial stage under UV irradiation, which might be
related to the higher isoelectric point (pHgp) than the other two
ZIF-8s (see Fig. S21). This higher pHgp value allows for more
interaction between charge carriers. Furthermore, the surface
charges of the photocatalyst can also be determined by
measuring the zeta potential at different pH values to
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(a—c) UV-Vis spectra by time for the RB5 degradation in the absence or presence of different ZIF-8 photocatalysts under two conditions:

in the dark and under UV irradiation. (d) The photolysis of RB5 dye in the dark and UV light. (e) The plot of C/Cg vs. time for the RB5 degradation
with three ZIF-8 samples and (f) their corresponding models of pseudo-first-order kinetics.

understand the effect of pH on the photocatalytic process. It is
known that the absorbent surface charge may be positive or
negative if the pH value of the solution is lower or higher than
PHiep, respectively.*® Fig. S21 shows that the pHpgp values of
three ZIF-8s are approximately 10.3 (F1), 9.5 (F2), and 11.2 (F3);
hence, the surface charge of the three samples is positive when
the used pH of the solution is 7.0.

3.2.2 Optical and photoelectrochemical properties. In
general, the electronic behavior of materials may be identified
by UV-Vis measurements and photoluminescence (PL). There-
fore, the optical properties of three ZIF-8 samples can also be
explored through UV-Vis DRS and PL. In addition, photo-
electrochemical tests such as EIS, photocurrent (PC), and the
influence of various scavengers can demonstrate the plausible

Table 2 Comparison of the RB5 photodegradation efficiency n of
three ZIF-8s with other materials

n
Material Light source Time (min) (%) Ref.
N-doped TiO, Visible light 360 88 52
Mil-125(Ti)/CNT uv 180 59 53
CF@ZIF-8 Visible light 180 89 54
TiO, uv 300 89 55
ZnO (pH = 11) uv 60 2 56
SrTiO3/CeO, uv 300 99 57
Ag;PO, (pH = 11) Visible light 120 90 58
WO3/g-C3N, (pH = 2) Solar light 90 99 59
Reduced graphene uv 60 49 60
oxide
ZIF-8-F1 uv 120 87 This work
ZIF-8-F2 uv 120 73 This work
ZIF-8-F3 uv 120 91 This work

5914 | RSC Adv, 2023, 13, 5908-5924

photocatalytic mechanism of ZIF-8 for the photodegradation/
decolorization of RB5 dye.

Fig. 6a shows the characteristic absorption spectra of the as-
synthetic ZIF-8 materials. Their UV-Vis DRS bands expand in the
UV region (<400 nm) but are practically characterless in the
visible region. Three ZIFs, including ZIF-8-F1, ZIF-8-F2, and ZIF-
8-F3, exhibit a strong absorption of UV irradiation at ca. 218,
216, and 220 nm, respectively. That is attributed to the w-m*
transition of aromatic C=C bonds in organic ligands** or the
excitonic absorption of electron-hole pairs in ZIF-8.°* This
indicates that all ZIFs may have excellent UV photocatalytic
features. Besides, the humped absorption edge is revealed at
approximately 281 nm (F1), 282 nm (F2), and 273 nm (F3),
which is assigned to the interactions of solvent molecules (i.e.,
water or methanol) with the ZIF-8 framework.®> The absorbance
intensity of leaf-like ZIF materials is larger than the others by ca.
19%, indicating that ZIF-8-F3 can absorb the UV region stronger
than the others. In addition, the increased intensity in the UV
region may be due to the charge transfer from the valence band
(VB) to the conduction band (CB).?*** The band gap energy plays
a crucial role in determining the optical properties of materials.
The mathematical equation of this energy can be expressed
according to the Kubelka-Munk formula as: ahv = A(hv — E,)*,%
where « is the absorbance, # is the Planck constant, » is the
frequency of light, A is the proportionality constant, and E, is
the bandgap energy. The E, value is determined following the
Tauc method via the graph of (ahw)"? versus hw,"® with the
abscissa intercept of an elongated tangential vector from the
linear region of the curve (inset in Fig. 6a). Consequently, the
indirect bandgaps (E,) of ZIF-8-F1, ZIF-8-F2, and ZIF-8-F3 are
interpolated to be approximately 4.65, 4.89, and 4.15 eV,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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wavelength of 310 nm.

respectively. The bandgap of ZIF-8-F3 is the minimum, implying
that the photocatalytic efficiency may be the best. This result is
suitable for the demonstrations in Fig. 5 and Table 2.

Photoluminescence spectroscopy is one of the effective
approaches to probing the electronic structure of materials. In
addition, it can accurately quantify the difference in energy
levels between the ground and photoexcited states.®® It is
common knowledge that PL intensity is a key to pointing out the
recombination behavior of photoinduced electron-hole (e /h")
pairs. The e /h" separation in less time will occur with high PL
intensities (i.e., higher recombination rate), while the longer
separation time is generally related to lower intensities (low
recombination rate). That is a major feature for photocatalytic
reactions.®* In Fig. 6b, the PL spectra of three ZIFs were
measured with an excitation wavelength of 310 nm at room
temperature. All ZIF-8 materials reveal similar broad emission
spectra in a wavelength range of 403-443 nm with a maximum
peak at 422 nm. This peak might be driven by the photoinduced
electron transitions from CB (lowest unoccupied molecular
orbital, LUMO) to VB (highest occupied molecular orbital,
HOMO) in ZIF-8 photocatalysts.®>*® Among three catalysts, ZIF-
8-F3 has the lowest PL intensity, signifying a longer e /h*
separation time, which demonstrates higher photocatalytic
efficiency on the leaf-like ZIF materials. This result yields the
prolonged exciting states of charge carriers which can dissociate
on the surface of ZIF-8-F3. Therefore, the photoinduced charge
carriers tend to favor ZIF-8-F3 in the photodegradation of RB5
molecules. As a result, these obtained findings confirmed the
efficient inhibition of the e”/h" recombination and the higher
charge migration in ZIF-8-F3 for effectively stimulating photo-
catalytic degradation.*>*”

To gain a better understanding of the photocatalytic mech-
anism, the photoelectrochemical properties of three ZIF-8
materials were also examined. Furthermore, these properties
can reveal the intrinsic reasons for enhancing the photo-
catalytic performance of materials.®® The characteristics of ZIFs
were explored by measuring their electrochemical impedance
spectroscopic (EIS) responses and transient photocurrent (PC)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) UV-Vis DRS and (inset) Kubelka—Munk transformed DRS of ZIF-8 materials. (b) PL spectra of three ZIF-8 samples at an excitation

density under a UV beam. As known, the migration rate of
charges plays a key role in photocatalytic reactions, which can
be easily evaluated by EIS measurements.®® Under 365 nm UV
irradiation, as seen in Fig. 7a, the arc radius of ZIF-8-F3 (black
curve) on the EIS Nyquist plot in the high-frequency region is
the smallest, suggesting the transfer of interfacial charge
carriers is the fastest among three ZIFs.” This result further
indicates the more-effective separation of photogenerated e /h*
pairs and faster interfacial charge migration for the layered ZIF-
8-F3 materials. That makes the number of photogenerated
charges increase as well as its photocatalytic activity. Besides
that, the EIS performance of ZIF-8-F3 was also measured in the
dark, and the result shows much larger migration resistance of
charges than in UV conditions (its radius is rather large). This
exploration reveals that the transfer efficiency of charge carriers
is better when UV light is applied, meaning higher photo-
catalytic activity. With a similar tendency, high PC density
shows the high separation efficiency of the photogenerated e~/
h" pairs.®®”* As seen in Fig. 7b, three ZIF-8 samples display rapid
PC responses upon the light being turned on or off, and the PC
density of three ZIF samples remained nearly constant during
the irradiation process. Such constancy was well-repeated in
each on-off cycle. That proved the good reproducibility of the
ZIF-8 materials. ZIF-8-F2 exhibits a minimum PC density, while
ZIF-8-F3 shows the strongest response of approximately 1.7
times. This demonstrates that the separation efficiency of e /h"
pairs in ZIF-8-F3 is the best.

In order to determine which reason caused the strong PC
response of ZIF-8-F3 and also the role of irradiation wavelength
in its photocatalytic reaction, the photocatalytic activity of three
ZIF samples was measured under different monochromatic
light irradiations of 365, 500, and 600 nm for 60 min (Fig. 7c). In
the visible light region (>400 nm), ZIF-8-F3 showed a low
removal efficiency of RB5, while this leaf-like material displayed
the highest degradation of RB5 dye under 365 nm UV light of
more than 12.5 times if compared to under irradiated wave-
length of 600 nm. This can not only enhance the separation
efficiency of e /h" pairs but also increase the photoexcited e /h*

RSC Adv, 2023, 13, 5908-5924 | 5915
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(a) The Nyquist plot of EIS and (b) transient PC responses of ZIF-8 materials under UV irradiation. (c) The RB5 removal efficiency of three

ZIF-8 photocatalysts under monochromatic light radiation wavelengths. (d) Fluorescence spectra of terephthalic acid in the absence or presence

of three ZIF-8 samples.

pairs under UV light, hence resulting in a stronger PC response
(i.e., better photodegradation of RB5). In another investigation,
the active species for the degradation of RB5 dye are hydroxyl
("OH) radicals, which crucially affect the photocatalytic effi-
ciency, and those radicals can also be probed by the fluores-
cence intensity measurement of terephthalic acid (1.0 mM)
excited at 300 nm for 10 min.” The PL intensity of terephthalic
acid with the synergistic presence of the ZIF-8 materials (0.5 g
L") under UV radiation revealed the emission peak at a wave-
length of 425 nm (Fig. 7d), whereas it was typically characterless
if there were no catalysts (black line). The peak intensity of three
ZIF-8 materials was rapidly increased within 10 min due to the
self-production of fluorescent 2-hydroxyterephthalic acid in
post-irradiated solutions, implying that these ZIFs could favor
the formation of "OH radicals under UV light.”” This phenom-
enon is attributed to the synergistic effect of ZIF-8 with a UV
source. Furthermore, with the highest PL intensity for ZIF-8-F3,
it can be clearly shown that 2D leaf-like ZIF-8 materials produce
"OH radicals more effectively than the others, suggesting their
greater photocatalytic efficiency under UV irradiation.
According to the above-demonstrated results, it is revealed
that the leaf-like ZIF-8 materials are superior in the photo-
degradation activity of RB5 dye to the other morphological two.
Subsequently, ZIF-8-F3 will be used for further investigations.

5916 | RSC Adv, 2023, 13, 5908-5924

The scavengers were applied to determine the role of active
oxygen species in the photocatalytic degradation of RB5 dye
under a 365 nm UV beam for 120 min, which can properly
propose its possible degradation pathway.****7* All scavengers
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Fig. 8 The effect of different quenchers on the photocatalytic activity
of leaf-like ZIF-8-F3 materials for RB5 degradation under 365 nm UV
light.
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were tested at the same concentration (1.0 mM), with 1.0 g L™
of ZIF-8-F3 catalyst and 20 mg L™ " of aqueous RB5 solution at
pH = 7.0. In typical, isopropyl alcohol (IPA), ethyl-
enediaminetetraacetic acid (EDTA), potassium persulfate
(K»S,0g), and 1,4-benzoquinone (BQ) were used for trapping
"OH radicals, holes (h"), electrons (e”), and superoxide radical
anions ("O, "), respectively.*>”*?* In Fig. 8, the photodegradation
efficiency of RB5 was significantly reduced in comparison to
“No scavenger” in the cases of IPA (58%) and BQ (41%), while
the additions of EDTA and K,S,04 had little effect. According to
the signals of scavengers on the removal efficiency of RB5, their
inhibitor effect is arranged as BQ > IPA > EDTA > K,S,05 > No
scavenger. The inhibition efficiency of EDTA and K,S,05 on the
photocatalytic activity is 12% and 8%, respectively. That means
h* and e~ can involve certain influences in the reaction. More-
over, this study concludes that the "OH and ‘O, radicals play
a crucial role in the photocatalysis of RB5 dye.

On the basis of the above-obtained analyses, the ‘OH and
‘O,” radicals play a dominant role in the decolorization/
photodegradation of the RB5 solution under UV light. The
photocatalytic mechanism of the leaf-like ZIF-8-F3 materials
was proposed as seen in Scheme 2 and eqn (3)-(13). In general,
the photocatalytic process occurs between two bands of CB
(electrons, LUMO) and VB (holes, HOMO).”® It is known that the
ZIF-8 structures contain a tetrahedral configuration of Zn,N, in
which LUMO is crucially formed from the empty 4p° orbitals of
Zn, and HOMO is from the 2p® bonding orbitals of N.”7
Furthermore, XPS can also be used to determine the specific VB
and CB values of photocatalysts.** The XPS VB spectrum indi-
cated the VB edge (Eyg) of 2D leaf-like ZIF-8-F3 materials to be
approximately 2.2 eV (see Fig. S37), which is less than EH,0/-OH
(2.38 eV vs. normal hydrogen electrode).”® As a result, ‘OH
radicals were formed by photogenerated holes (eqn (6) and
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—:\\ o
- —— £
4p (>é
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(11)). The CB value (Ecg) of ZIF-8-F3 is interpolated according to
the formula E, = Eyg — Ecg, where E, is the bandgap of F3
materials (4.15 eV, see Fig. 6a), to be —1.95 eV, which is more
negative than EO,/-O,~ (—0.33 eV vs. Normal Hydrogen Elec-
trode).”® Hence, ‘O, radicals should be generated by photoin-
duced electrons with surface oxygen (eqn (7)). Consequently,
'OH and 'O,  are the main reactive radicals for the photo-
catalysis of RB5 dye. Additionally, the DMPO spin-trapping
electron paramagnetic resonance (EPR) spectra of ZIF-8 mate-
rials also show the presence of "OH and "0, radicals (Fig. S47).
They enhanced signals with the extension of irradiation time.
Therefore, the mechanism for RB5 decolorization might have
followed the following pathways. First, RB5 molecules were
partially decolorized in the solution due to their self-photolysis
(eqn (3), (8) and (12)), and this phenomenon was also proved in
Fig. 5d in the dark and UV light with the absence of photo-
catalysts. Then, the photogenerated e /h* pairs were formed on
the ZIF-8 surface under UV irradiation (eqn (4) and (5)). In the
meantime, the process shifted from the degradation reaction in
the solution to the surface reaction. The holes on the surface of
catalysts reacted with H,O to generate "OH radicals (eqn (6)).”
Subsequently, electrons were able to jump from VB to CB in ZIF-
8,%” in order to combine with O, adsorbed on the surface of
photocatalysts to produce ‘O, (eqn (7)), and some ‘O, radi-
cals might generate "OH (eqn (9)-(11)).*° Finally, ‘'OH/'O," or
RB5 molecules could undergo the redox reactions around the
catalytic centers to generate degraded products (eqn (12) and
(13)). The proper decolorization/photodegradation pathway is
expressed as follows:

hv

RB5 % RB5* (3)
ZIF-8 . Z1F-8* (4)

Scheme 2 The proposed mechanism for the photodegradation and decolorization of an agueous RB5 solution by theZIF-8 catalyst under UV

irradiation.
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The photocatalytic influences of ZIF-8-F3 in the degradation
of RB5 dye were investigated by varying the initial pH of the dye
solution, the initial concentration of RB5, also the catalyst
dosage in the dark for 50 min and under UV irradiation for
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Fig.9 Dependent graphs of C/Cq vs. time (i) and their corresponding first-order plots (ii) for the degradation of RB5 dye by the ZIF-8-F3 material
under UV irradiation in three different explorations: (a) initial pH, (b) initial RB5 concentration, and (c) used ZIF-8-F3 catalyst dosage.
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120 min (Fig. 9). All results show that the degradation efficiency
of RB5 was rather low in the dark for all explorations. In the first
evaluation, the initial pH value of the RB5 solution is a pivotal
factor that affects not only its photodegradation mechanism but
also the decolorization rate due to the formation of charge
carriers on the surface of catalysts or photogenerated ions.***
In general, positive holes are generated at low pH, while ‘OH or
‘0O,  radicals are crucially responsible for the oxidation
processes at a neutral or higher pH range.* The influence of the
initial pH on the RB5 degradation under UV light was investi-
gated with a pH range from 5 to 11, while the ZIF-8-F3 catalyst
and RB5 dosages were constant at 1.0 ¢ L™ ' and 20 mg L7,
respectively. It is clearly revealed that the dye removal efficiency
increases when increasing the initial pH of RB5 (Fig. 9a-i). The
photodegradation efficiency of RB5 reached 95% with pH = 11
after 120 min, while only 53% in a weakly acidic medium of pH
= 5. As a result, their first-order rate constant increased with
increasing pH values, reaching a maximum of 0.026 min~ " at
pH = 11 (Fig. 9a-ii). Since the quantities of OH™ ions increase in
alkaline media (i.e., high pH), and definitely, the "OH species
will be generated more (see eqn (10) and (11)). It is well
corroborated that the "OH and 'O,  radicals are the major
reactive oxygen species in the degradation reactions of RB5.
Therefore, at a high pH of 11, the efficiency of photodegradation
is clearly higher.®*%

In addition, the initial dye concentration is also another
critical factor in the photodegradation reaction. At pH = 7, the
impact of the initial RB5 content was investigated in a range of
15 to 30 mg L " in the presence of a 1.0 g L™ ZIF-8-F3 catalyst.
The corresponding results are shown in Fig. 9b. The dye
degradation decreases when increasing the content of RB5
(Fig. 9b-i). It is clear that the dye solution was decolorized and
the photocatalytic efficiency reached 93% for the initial RB5
concentration of 15 mg L™", while only 59% for a loading of
30 mg L™". Consequently, as seen in Fig. 9b-ii, the first-order
rate constants of k increased progressively with decreasing
RB5 content.** The rate constant k for the RB5 solution of
15 mg L' was 3.0 times higher than that of 30 mg L™, The
degradation reduction can be attributed to the large adsorption

(a)
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0.0

0 100 200 300 400 500 600
Time (min)

Fig. 10
L *and 20 mg L™t at pH = 7.0, respectively.
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of the dye molecules on the surfaces of the catalyst at higher
RB5 concentrations. In this way, it can largely hinder the
interaction of UV irradiation with the catalyst (i.e., active sites),
and probably the reactive "OH and 'O, species are generated
less, implying that the photocatalytic efficiency decreases. In
the last investigation, the ZIF-8-F3 catalyst dosage was also
examined for the photodegradation of 20 mg L™ RB5 at pH = 7
(Fig. 9¢c). The dye removal efficiency reached 94% with a catalyst
dosage of 1.5 g L' but only 74% for 0.5 g L™ of ZIF-8-F3
(Fig. 9c-i). When the dosage was increased up to 2.0 g L7,
however, the efficiency was only 85%. Besides, the first-order
rate constant was the largest at 0.023 min~' for a catalyst
dosage of 1.5 g L™ " (Fig. 9c-ii). According to these results, the
catalyst content loaded from 0.5 to 2.0 g L™ " has a not-too-large
difference in the dye removal efficiency in comparison to the
influences of the initial pH and RB5 concentration. In addition,
the decrease in photodegradation (94 down to 85%) when
increasing the catalyst dosages (1.5 up to 2.0 ¢ L") may come
from the self-assembly/interaction between the catalyst parti-
cles and each other, which can form larger aggregates, hence
decreasing not only the overall surface area but also the number
of active sites. This study concluded that 1.5 g L™ of ZIF-8-F3
photocatalyst is optimal for the degradation of 20 mg L' RB5
atpH=7.

To investigate the stability and recyclability of the 2D leaf-
like ZIF-8-F3 catalyst in the photodegradation of RB5 dye, five
cycles of the dye removal were employed under 365 nm UV
irradiation. The solid samples after photocatalytic reactions
were cleaned with DI water several times, then completely oven-
dried and used for the next runs. As shown in Fig. 10a, after five
cycles, ZIF-8-F3 revealed a slight reduction of ~3.27% in pho-
tocatalytic activity. This can be attributed to a loss during the
recycling process of the catalyst. Furthermore, the XRD results
of ZIF-8-F3 before and after five cycles were also studied to
evaluate their crystalline structures. As a clear result, the
structure of the catalyst had no change and was similar to the
original sample (Fig. 10b). This investigation shows that ZIF-8-
F3 is a potential 2D material in the photocatalytic degradation
of RB5 dye due to its high photostability and efficient

(b)

After

Intensity (a.u.)

Before

5 10 15 20 25 30 35 40
26 (Degree)

(a) The reusability and (b) the XRD spectra of ZIF-8-F3 after five recycling runs. The initial concentrations of ZIF-8-F3and RB5are 1.0 g
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reusability. In addition, the as-synthetic ZIF-8-F3 photocatalyst
is also a good 2D material for RB5 removal under UV light
irradiation (see Table 2).

4. Conclusion

In summary, we successfully synthesized three ZIF-8 materials
with different morphologies, including rhombic dodecahedral,
pitaya-like, and leaf-like at ambient conditions from zinc clus-
ters and 2-methylimidazole by altering the volume ratio of
methanol and water assigned as a solvent. Although all three
ZIFs showed efficient photocatalytic activity, the 2D leaf-like
ZIF-8 still revealed the most efficiency in the decolorization of
RB5 dye under 365 nm UV irradiation. This was due to the
efficient inhibition of the electrons-holes recombination and
the higher migration of charge carriers in ZIF-8-F3, hence
producing more reactive ‘OH and ‘O, species, meaning greater
photocatalytic efficiency. In a neutral medium pH = 7, about
91% of the RB5 concentration was successfully photodegraded
within 2 h with the presence of 1.0 g L™ " of ZIF-8-F3. The RB5
removal by this ZIF-8 was fitted by a pseudo-first-order kinetic
model with an obtained rate constant k of 0.019 min .
Furthermore, when the effects of pH, initial dye content, and
catalyst dosage were investigated, it was discovered that ZIF-8-
F3 could work rather efficiently in alkaline media (typically
pH = 11), with an initial RB5 concentration of 15 mg L™ " or
a photocatalyst dosage of 1.5 g L™". The as-prepared ZIF-8-F3
materials had high reusability and photostability. So, in the
future, 2D materials based on metal-organic frameworks might
be thought of as a great photocatalyst for breaking down reac-
tive black 5 dye, which could be useful for a number of prom-
ising applications in environmental remediation.
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