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Abstract: In this study, the photocatalytic performance of Metal-Organic Framework (MOF) derived ZnO has
been shown to be more efficient than the pure ZnO for Malachite Green (MG) dye degradation, a commonly used
organic dye having considerable environmental influence. ZnO in pure form was prepared by chemical coprecip-
itation method and MOF-derived ZnO was prepared by self-assembly process. X-ray diffraction (XRD), energy
dispersive X-ray spectroscopy (EDX), Field emission scanning electron microscope (FESEM), Fourier-transform
infrared spectroscopy (FTIR), and UV-visible spectroscopy (UV-vis) were utilized to characterize the materials.
XRD established that the two materials crystallize in the hexagonal wurtzite form, and FESEM established that
pure ZnO was made up of both spherical and spindle-like particles, and MOF-derived ZnO consisted of mostly
spherical particles. The UV-visible absorption spectra showed that both samples had bandgap energies of 3.32 eV.
The photocatalytic performance (under UV light irradiation) of MOF-derived ZnO was excellent, as it was able
to degrade MG dye by 98% in 3 hours. Such enhancement may be ascribed to the increased effective surface area
and increased porosity of the MOF-derived structure which allows more effective photocatalysis.
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1 Introduction

Over the past century, the global demand of freshwater has increased owing to economic growth, population
escalation and change in usage patterns. On the other hand, domestic, industrial, agricultural, and municipal
activities, are exhausting the water resources increasing the water shortage and pollution, thereby making access
to clean water one of the most pressing issues of modern society [[L]. Among various pollutants, the wastewater
of industrial productions like textiles, dye manufacturing, apparel, paper pulp, tanneries and printing is one of the
major source of contamination [2]]. Heavy metals (Zn, Ni, Cd, Cu, Pb, Hg, etc.), organic dyes (e.g., methylene
blue, Rhodamine B, malachite green), toxic chemicals, pesticides, herbicides, hydrocarbons, pharmaceuticals,
etc. are some of the harmful pollutants found in this industrial wastewater [3} 14]. Some of these chemicals are
harmful, mutagenic, persistent in nature, and possess carcinogenic properties, creating a serious threat to both
human health and environment [3}5]]. As per the World Health Organization (WHO), the textile industry accounts
for approximately 17-20% of industrial wastewater pollution worldwide [6]. In the dyeing process, dyes are
released into wastewater by 10-15%, which further degrades the quality of water [1}16]. It is thus of much essence
to manage the dye waste effectively before it is released to the environment to avoid the environmental pollution
caused by the decomposition of dyes into forms that are non-toxic to the environment, reduction of contamination
in the major water bodies, and effective elimination of the dyes in the aquatic environments.

The removal of dyes in wastewater has been done by applying various methods such as chemical precipitation,
solvent extraction, coagulation-flocculation, biological treatments, and membrane filtration. Nevertheless, these
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methods only transfer pollutants into sludge rather than completely eliminating them [4} [6]. To overcome these
challenges, it is also requisite to have innovative, cost-effective, sustainable and energy efficient water purifica-
tion process that can effectively remove contaminants with minimizing energy consumption and chemical usage
[L,[7]. Advanced oxidation processes (AOPs) is an effective method of oxidizing and mineralizing diverse organic
pollutants, which rely on highly reactive and strongly oxidizing radicals [[7]]. The high levels of efficacy in decon-
taminating pollutants to form less harmful byproducts and the high rates of degradation, as well as non-selective
oxidation have made AOPs highly recognizable in wastewater treatment [4]. Semiconductor photocatalysis is one
of the many AOPs that are highly effective in degrading toxic metal ions and organic pollutants [1} 2].

Photocatalysis, which is a process in which a semiconducting material produces electron-hole pairs in the
presence of light of suitable wavelength. These charge carriers form reactive oxygen species (ROS), including
superoxide anions (Oz-~) and hydroxyl radicals (-OH), when in contact with water and oxygen and have strong
oxidizing capabilities [4, [8]. These ROS are effective in the degradation of organic pollutants into harmless
byproducts [} 7, 9H11]]. Photocatalysis is a renewable and environmentally friendly technology, therefore, it can
be used to effectively degrade persistent hazardous contaminants with the use of sunlight [S) [12]. Additionally,
it operates at room temperature, which not only makes the elimination for the need of high energy input but
ensures that the pollutants are effectively degraded [2, [13]]. Different metal oxide semiconductors, which are
TiO9, Zn0, Bis O3, FesO4, WO3, CuzO, SnOo, etc., are highly active photocatalytic materials that facilitate the
mineralization of organic pollutants [, 2, [14H16]. Among the various metal-oxide semiconductors, ZnO and TiO5
are most prospective materials used in degrading organic pollutants because of their high chemical robustness,
non-toxicity, and strong oxidative potential [, [15} [17H19]. Nevertheless, TiO has low quantum efficiency and a
small surface area when compared to ZnO, which is emerging to be a superior alternative as it has greater surface
area, better quantum yield, and increased photoluminescence [[16} 20} [21]].

Moreover, Metal-Organic Frameworks (MOFs) have become a focal point of research due to their exception-
ally large surface areas as well as highly tunable structures [8]]. By self-assembly of metal ions and multidentate
linkers, these three-dimensional and highly porous organic-inorganic frameworks are formed. They are highly
versatile with regards to chemical and structural properties due to their large surface area, substantial pore vol-
ume, and tunable composition. The porosity of the MOFs is inherent in ion storage and transport [21} [22]. They
can be integrated with metal oxides, which opens the potential for energy storage, catalysis, and remediation of
the environment [8, 22]]. Pure ZnO and MOF-derived ZnO have been prepared in this study through chemical co-
precipitation method and self-assembly method, respectively. The resulting photocatalyst were characterized by
X-ray diffraction (XRD), Field emission scanning electron microscope (FESEM), energy-dispersive X-ray spec-
troscopy (EDX), Fourier-transform infrared spectroscopy (FTIR), and UV-visible spectroscopy (UV-vis). Their
photocatalytic performance was subsequently evaluated for the degradation of Malachite Green dye.

2 Materials and Methods

2.1 Materials Required

In this study, analytical grade Zinc Nitrate Hexahydrate (Zn(NOs)s - 6H2O, Sigma-Aldrich), 2-Methylimidazole
(CgHgNo, Sigma-Aldrich), Sodium Hydroxide (NaOH, Merck) and Malachite Green (Ca3Hga5CINg, Hi-Media)
were used as reagent without further treatment. Distilled water (DI) is used as a solvent for the entire experiment.

2.2 Synthesis of pure ZnO

Pure ZnO nanoparticles were synthesized by the facile chemical co-precipitation method. Initially, 0.1 M of
Zn(NOj3)s - 6H50O was dispersed in 200 mL of deionised (DI) water and magnetically stirred for 30 min at room
temperature (27°C). Similarly, 0.5 M NaOH solution in 300 ml of DI water was prepared with continuous stirring
for 30 min. The NaOH solution was then introduced gradually into the Zn(NOs)2 - 6H2O solution until the pH
reached 12 and kept stirring for another 2 hours. The resulting precipitate was washed numerous times with DI
water, dried in an oven at 80°C for about 2 days until it was completely dry and ground to obtain ZnO powder.

2.3 Synthesis of MOF-derived ZnO

MOF-derived ZnO nanoparticles were synthesized via a self-assembly process. The starting materials, Zn(NO3)o-
6H20O and 2-Methylimidazole, were used in a 1:4 molar ratio. 0.594g of Zn(NOs)s - 6H2O was dissolved in
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50mL of DI water and magnetically agitated at 300 rpm at room temperature for 30min. Separately, 0.656g of
2-Methylimidazole was dissolved in 50ml of DI water. The Zn(NOs)2 - 6H2O solution was then introduced to the
2-Methylimidazole solution, and the mixture was continuously stirred overnight on a hot plate. The precipitate so
formed was washed and collected by centrifugation, dried in an oven at 80°C and then finely ground into powder.
Finally, the finely powdered sample was subjected to calcination at 500°C for 6 hours to obtain MOF-derived
ZnO.

2.4 Characterization

Powder X-Ray diffraction (XRD) was used to determine the phase composition of pure ZnO and MOF-derived
ZnO with the X’Pert Pro PANalytical diffractometer equipped with Cu Ko radiation. The Field emission scanning
electron microscopy (FESEM) was used alongside EDX spectroscopy to analyze its morphological characteris-
tics, as well as its elemental constitution. The UV-visible spectra of the materials were taken on a Perkin Elmer
Lambda-365 UV-Vis Spectrophotometer. The functional group and the chemical bond of the particles were deter-
mined by the Perkin Elmer FTIR Spectrum 2 IR spectrometer.

2.5 Photocatalytic activity test

Photodegradation experiment was conducted by using Malachite Green dye as the model pollutant and irradiated
by UV-C light from an 8W mercury lamp. In a typical photocatalytic procedure, the catalyst was dispersed into
the dye solution and subjected to ultrasonication. To achieve a state of adsorption-desorption equilibrium, the
catalyst-loaded dye suspension was stirred in the dark for 1 hour and thereafter it was irradiated with the light
source. Aliquots of the irradiated solution were then taken at regular interval of time and their absorbance was
recorded with the help Ocean Optics HR 4000 UV-Vis Spectrophotometer. The photocatalytic efficiency of the
synthesized samples was assessed based on percentage degradation, calculated using the following Eq. [23].
. Co—C Ag— A
% of Degradation = o x 100 = m
where Cj represents the initial dye concentration, C' represents the concentration after irradiation, A, denotes the
initial absorbance, and A denotes the absorbance of the solution measured after irradiation.

x 100 ey

3 Results and Discussion

3.1 Structural characterization

Fig. [I{a), [I(b) and[I}c) illustrate the XRD patterns of pure ZnO nanoparticles, pure MOF and MOF-derived ZnO
nanoparticles, respectively. The diffracted patterns in Fig. [T(a) and [I[c) exhibit characteristic Bragg reflections
corresponding to the crystallographic planes: (202), (004), (201), (112), (200), (103), (110), (102), (101), (002),
and (100), along with their corresponding 26 values. The peaks of the diffraction confirm the existence of hexag-
onal wurtzite phase of ZnO (ICSD card number: 01-075-0576). Scherrer’s formula (Eq. (2))) was used to estimate
the crystallite size, which was calculated to be 18 nm and 24 nm for pure ZnO and MOF-derived ZnO respectively.

kA
" Bcosb

where g denotes the crystallite size (nm), A is the wavelength of the X-ray (nm), k is the shape factor or Scherrer
constant (0.9), 6 is the Bragg angle (radians), and [ is the full width at half maximum of the diffraction peaks
(radians) [24].

The XRD pattern of the synthesized MOF, as shown in Fig. [T(b), exhibits distinct diffraction peaks corre-
sponding to the characteristic planes of its crystalline framework, confirming its successful formation [235].

The measured positions and intensities of the observed peaks are comparable with those of the MOF structures
which crystallized in the hexagonal phase and is highly similar to the reference pattern indexed in the JCPDS card
no. 00-062-1030, thus confirming the high purity and crystallinity of the phase in the obtained material [26H29].

The controlled growing environment of the MOF precursor, which facilitates uniform nucleation and growth
of the crystal is the reason behind the slightly larger size of the MOF-derived ZnO [22]. The intense, sharp peaks
suggest high levels of crystallinity, which facilitates rapid electron transport and slow down recombination and
contribute to the high photocatalytic activity of MOF-derived ZnO in MG dye degradation [30].

g 2
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Figure 1: XRD patterns of the synthesized samples (a) pure ZnO, (b) ZIF-8 MOF, and (c) MOF-derived ZnO.

3.2 Morphological and compositional analysis

FESEM was used to study the surface morphology of the synthesized samples. As shown in Fig. [2(a), the pure
ZnO nanoparticles exhibit a mixture of spherical and spindle-like structures. In contrast, Fig. Pfc) reveals that
the MOF-derived ZnO crystals predominantly exhibit an agglomerated spherical morphology. The corresponding
particle size distribution histograms, presented in Fig. [2b) and [2{d), were fitted using a log-normal distribution

function [31]:

1 (Ind — p)?
fa= do\/%exp[ 952 J; 3)

where d is the particle diameter, o is the standard deviation of Ind, u is the mean of Ind.

Average particle size was estimated from the fitted parameters according to the standard expression for a
log-normally distributed variable [32]: ,
n+o

5 ] “)
Using this relation, the average particle sizes of the pure ZnO and MOF-derived ZnO were estimated to be 175
nm and 92 nm, respectively. The significantly smaller and more uniform particle size of the MOF-derived sample
highlights the structural templating of the MOF precursor, which promotes the formation of finer ZnO nanoparti-
cles with enhanced surface area and improved physiochemical properties, including photocatalytic performance.

Fig. 3[a) and [3[b), respectively display the elemental composition of pure ZnO and MOF-derived ZnO. The
presence of emission peaks corresponding to Zn and O atoms only are observed in the EDX spectra, with no
additional peaks, which confirms the sample purity.

davg = €xp[

3.3 UV-Vis Absorption Spectroscopy

Fig. @{a) and[[b) depict the UV-Vis absorption results of pure ZnO and MOF-derived ZnO nanoparticles, respec-
tively, with 367 nm and 373 nm as the absorption peaks. The optical band gap (Eg) was also estimated using the
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Figure 2: Surface morphology observed by FESEM and particle size distribution histograms of (a) FESEM image
of pure ZnO and (b) particle size distribution of pure ZnO fitted with a log-normal distribution (c) FESEM image
of MOF-derived ZnO (d) particle size distribution of MOF-derived ZnO fitted with a log-normal distribution.
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Figure 3: EDX spectra of the synthesized samples (a) pure ZnO and (b) MOF-derived ZnO.

following relation [33]:
he
Bo=% ®

where c represents the speed of light, i denotes Planck’s constant, and A corresponds to the wavelength of the

respective absorption peak.
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The band gap energy of pure ZnO and MOF-derived ZnO was determined to be 3.32 eV.
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Figure 4: UV-vis absorption spectra of the synthesized samples (a) pure ZnO and (b) MOF-derived ZnO.

3.4 Fourier Transform Infrared (FTIR) Spectra

The Fourier transform infrared (FTIR) spectrum of pure ZnO and MOF-derived ZnO, are presented in Fig. [5fa)
and[5|(b), respectively. For pure ZnO, a prominent absorption band corresponding to the Zn-O stretching vibration
is observed at 410 cm~!. In the case of MOF-derived ZnO, this band is slightly shifted to 416 cm—!, which may be

attributed to lattice distortions, altered crystallite size, or structural modifications induced during the MOF-to-ZnO
transformation [34].
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Figure 5: FTIR spectra of synthesized samples (a) pure ZnO and (b) MOF-derived ZnO.

3.5 Evaluation of the photocatalytic activity on MG dye

Fig. [6(a) and [6(b) show the photocatalytic degradation curves of pure ZnO and MOF-derived ZnO upon UV
light irradiation. Pure ZnO achieves 76% degradation of MG under 3 hours of irradiation, whereas MOF-derived
ZnO reaches 98% degradation in just 3 hours. This enhanced photocatalytic performance is ascribed to the MOF-
derived architecture, which provides increased surface area and porosity, thereby facilitating more efficient dye
degradation [22].
Kinetics of the photocatalytic reaction was studied by applying the Langmuir-Hinshelwood model, which
reveals that the reaction followed the pseudo-first-order kinetics. This relationship is expressed as Eq. [33]
Co
In e kt (6)
where Cjy and C denote the initial and final concentration of dye prior to and following irradiation, respectively,
k is the pseudo first order rate constant, ¢ is the irradiation time. Tableindicates the values of the rate constants
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Figure 6: Photocatalytic degradation curves for (a) pure ZnO and (b) MOF-derived ZnO.

calculated. The two distinct linear areas in the kinetic plot may be explained as follows:

Organic Dye — Adsorption 51, Intermediate Product +2 Colourless Product

Photocatalyst Rate constant, k; (10~2 per min) | Rate constant, k> (102 per min)
MOF — derived ZnO 1.7 3.2
Pure ZnO 1.2 0.8

Table 1: Reaction rate constants calculated for the synthesized samples.
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Figure 7: Plot of In(C/C') vs. irradiation time for (a) pure ZnO and (b) MOF-derived ZnO.

4 Conclusions

In conclusion, pure ZnO nanoparticles and MOF-derived ZnO nanoparticles were prepared using chemical co-
precipitation method and self-assembly technique, respectively. XRD analysis confirmed that both samples were
in the hexagonal wurtzite structure. FESEM micrographs proves that pure ZnO was a composite of both spherical
and spindle-like particles, but the MOF-derived ZnO was more likely to have the morphology of a sphere. The
use of energy-dispersive X-ray (EDX) spectroscopy technique established that the samples only contained zinc
and oxygen. The UV-visible absorption spectra were used to estimate the optical bandgap energies, which means
that both samples can be applied in the UV region. The photocatalytic efficiency of MOF-derived ZnO was found
to be better degrading 98% of MG dye under the UV light in 3 hours. These findings highlight the possibility of
MOF-derived ZnO to be an efficient photocatalyst in eliminating organic pollutants.
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