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Abstract 

Metal-organic frameworks (MOFs) are emerging as pivotal porous crystalline materials with diverse applications. 

Typically, MOFs are synthesized using solvothermal techniques at high temperatures and pressures. In this 

study, a novel approach was employed to synthesize zinc-based MOFs, specifically MOF-5, at low temperatures 

(up to 50 °C) via chemical mixing at standard pressures. Varying the temperature and solvents, N-methyl-2-

pyrrolidone (NMP) and N,N-dimethylformamide (DMF), in the chemical mixing process, the highest yield of the 

material was observed with DMF at 50 °C (M1). Two additional samples, M2 and M3, are synthesized at room 

temperature using DMF and NMP, respectively. Despite similarities in XRD, Raman, and FTIR analyses confirm-

ing successful MOF-5 formation, noticeable differences in sample morphology arise due to distinct synthesis condi-

tions, particularly solvent and temperature variations. The MOF-5 samples exhibit UV absorption with varying 

band gaps. Notably, when employed as photocatalysts for organic dye (methylene blue) degradation, M2 outper-

forms others, achieving an impressive 85% degradation under simulated solar light irradiation. This work under-

scores the significance of tuning MOF photocatalyst properties through tailored synthesis routes, recognizing the 

profound impact of morphology and elemental composition on enhancing photocatalytic dye degradation perfor-

mance.  
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1. Introduction 

Industrial waste like synthetic dyes, sol-

vents, and germicides are discharged directly 

into water bodies causing severe water pollution 

and health hazards to the living organisms. Or-

ganic dyes are major pollutants due to their 
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abundant use in textile, plastic, food and paper 

printing industries [1]. Worldwide production of 

synthetic dyes is estimated to be 700,000 tons 

per year and about 10-15% of dyestuff is dis-

charged into water bodies [2–4]. Therefore, re-

moval of dye pollutants from water is a prime 

concern and methods like adsorption [5,6] and 

photocatalysis [7], are applied for water purifi-

cation. Yet the effective removal of dyes from 

https://creativecommons.org/licenses/by-sa/4.0
https://doi.org/10.9767/bcrec.20062
https://journal.bcrec.id/index.php/bcrec
https://crossmark.crossref.org/dialog/?doi=10.9767/bcrec.20062&domain=pdf


 

Bulletin of Chemical Reaction Engineering & Catalysis, 19 (1), 2024, 2 

Copyright © 2024, ISSN 1978-2993 

wastewater is still a challenging task and con-

tinues to interest scientists, especially at the 

advent of nanotechnology.  

Degrading organic pollutants by photocatal-

ysis is a simple, effective and inexpensive 

method. Proper bandgap lying in the visible 

range, large surface area, stability in aqueous 

medium, reusability and morphology are some 

of the important parameters for a material to 

be a good photocatalyst. When the photocata-

lytic material is exposed to UV-Visible light ra-

diation, electron and hole pairs are generated. 

Thereafter, oxidation and reduction reactions 

occur on the surface of the photocatalyst to cre-

ate OH− and superoxide radicals [8]. The organ-

ic pollutant is detoxified by these two reactive 

species [9]. New photocatalytic materials are 

being constantly explored for efficient, non-

toxic and cost-effective degradation of pollu-

tants. 

Metal organic frameworks (MOF) are 

emerging as an important group of porous, 

crystalline materials finding potential use in 

photocatalytic process due to their high surface 

area and green conversion of organic contami-

nants [10–12]. MOFs are a type of crystalline 

material having structural periodicity and 

moderately bonded through coordination bonds. 

MOFs can be tuned for the desirable pore sizes 

and shapes by selecting suitable metal centers 

and organic linkers for specific application 

[13,14]. The MOFs, based on Zn, Co, Cu, Fe, Al, 

Zr, Mn, Ni, Cd, Ti, Cr, Ce, and their combina-

tions as bi-metallics, have been explored for 

degradation of both anionic and cationic dyes 

[15]. When these materials are irradiated by 

energy higher than their bandgap, electron-

hole pairs are created. The photogenerated 

electron in the conduction band (CB) reacts 

with O2 molecule forming superoxide anion 

(O2−), while the hole in the valence band (VB) 

reacts with OH− to form •OH. These O2− and 

•OH species degrade organic dye into harmless 

products [16]. 

Cu and Co-based MOF material have been 

synthesized for degrading methylene blue 

(MB). The two materials displayed great photo-

catalytic activity achieving 93.93% degradation 

of MB by Cu-MOF while 54.70% degradation by 

Co-MOF after 150 min of visible light irradia-

tion [17]. In another work, the synthesis of 

Zn(2)-based 3D MOF was done by solvothermal 

method using polynuclear zinc clusters and 1,4-

naphthalene dicarboxylic acid linker. This 

unique MOF structure showed degradation effi-

ciency of 78.3% for methyl violet (MV) and 

56.8% for rhodamine B (RhB) after 40 min of 

UV irradiation [18]. Ni-based MOFs have been 

used for the decomposition of crystal violet as 

well under illumination [19]. About 93% of 

crystal violet degraded in 30 min of irradiation, 

thereby depicting the application of MOFs for 

decomposing a variety of water polluting dyes.  

MOF-5, which is a Zn-based MOF, is an in-

teresting material of choice for photocatalytic 

degradation and has been widely used. Howev-

er, factors like solvent choice, temperature, and 

duration of reaction for synthesis process can 

significantly impact its structural properties, 

surface area, porosity, and ultimately its photo-

catalytic performance. The choice of solvent 

used during MOF-5 synthesis can influence the 

nucleation and hence crystal growth process 

along with the formation of defects and the 

overall porosity of the material. Different sol-

vents can have varying solubility for the metal 

ions and organic linkers, leading to differences 

in crystal size, morphology, and surface area 

[20]. Solvents possessing high boiling point and 

low vapor pressure, such as dimethylforma-

mide (DMF) or N,N'-dimethylacetamide (DMA) 

facilitate slow and controlled crystal growth, 

resulting in large and more well-defined MOF-

5 crystals. On the other hand, using solvents 

with low boiling points, such as ethanol or 

methanol, can lead to faster nucleation and 

growth kinetics resulting in smaller crystal siz-

es, higher defect densities, and increased sur-

face area. These factors can directly influence 

the photocatalytic property of MOF-5. 

The reaction temperature during synthesis 

also plays an important role in controlling the 

rate of crystal nucleation and growth. Higher 

temperatures generally promote faster crystal 

growth, which can lead to larger MOF-5 crys-

tals. However, excessively high temperatures 

can also result in rapid crystal growth and re-

duced crystallinity, potentially decreasing the 

surface area and porosity. It has been observed 

that lower reaction temperatures tend to result 

in higher porosity and surface area due to 

slower crystal growth and reduced aggregation. 

Moreover, low reaction temperatures often lead 

to better stability due to slow and more con-

trolled crystal growth. Optimal reaction tem-

perature and solvent for MOF-5 synthesis may 

vary depending on the specific linker, metal 

ion, and solvent used [13,21]. Hence, finding 

the appropriate synthesis parameters is crucial 

to achieve the desired properties and maximize 

the photocatalytic performance of MOF-5 [22]. 

In one work, the MOF-5 was synthesized by 

slow diffusion and direct mixing of trimethyla-

mine (TEA), and by using solvothermal method 

of synthesis [23]. Small irregular particles 

were obtained by slow diffusion method of TEA 
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and direct mixing of TEA while larger size par-

ticles were obtained by solvothermal method, 

which indicates that synthesis procedures in-

fluence the morphology of the synthesized ma-

terials. Similarly, MOF-5 was prepared by sol-

vothermal method and electrochemical synthe-

sis process [24]. The former method shows reg-

ular cubic morphology while the latter method 

results in spherical structure, thereby indicat-

ing that the morphology of the materials great-

ly depends on the synthesis methods. Degrada-

tion ratio of organic dye Methyl Orange is 

65.44% and 87.9% when MOF-5 synthesized 

with solvothermal method and electrochemical 

method were combined with BiOBr, which in 

turn shows that the synthesis methods strongly 

impact photocatalytic behavior of the material 

as well. 

Considering the noteworthy photocatalytic 

properties of Zn-based MOFs and their sensi-

tivity towards synthesis conditions, the present 

work focuses on synthesizing MOF-5 by vary-

ing reaction temperature and solvents. The 

three samples were synthesized through a 

chemical mixing method employing a magnetic 

stirrer. The first sample (M1) was synthesized 

using dimethylformamide (DMF) solvent and 

triethylamine (TEA) at 50 °C. The second sam-

ple (M2) was synthesized using DMF and TEA 

at room temperature, while the third sample 

(M3) was synthesized using N-methyl-2-

pyrrolidone (NMP) as a solvent at room tem-

perature. The impact of processing parameters 

on the different properties of the material was 

studied and finally their application as a photo-

catalyst for MB degradation is assessed. It is 

interesting to find that the change in morpholo-

gy and elemental content has remarkable effect 

on photocatalytic activity of the material for 

dye degradation phenomenon. This work em-

phasizes the usability of MOF-5 for dye degra-

dation and the effect of different synthesis 

methods on its performance.  

 

2. Materials and Methods 

2.1 Materials 

Zinc acetate dihydrate, terephthalic acid, 

triethylamine (TEA), chloroform, NMP was 

purchased from Central Drug House (P) Ltd. 

(CDH), India and DMF was purchased from 

Fisher Scientific, India. Methylene blue was 

purchased from Qualikems Fine Chem Pvt. 

Ltd, India. All the chemicals were used as re-

ceived without any further purification. 

2.2 Synthesis of MOF-5 

MOF-5 was synthesized using chemical syn-

thesis method by following previously de-

scribed procedure with some modification 

[25,26]. The three samples were synthesized by 

varying temperature and solvent. The first 

sample was synthesized using DMF solvent 

and at elevated temperature of 50 °C, while the 

second sample was prepared using same sol-

vent but at room temperature. Upon successful 

synthesis of the second sample at room temper-

ature, the replacement of DMF with NMP was 

also analyzed. Therefore, the third sample was 

synthesized at room temperature with NMP. 

In the first method, 2.125 g zinc acetate dihy-

drate was added to 60 mL of DMF and 0.643 g 

terephthalic acid was added to 50 mL of DMF. 

The two solutions were mixed along with the 

addition of 1.2 mL of TEA as capping agent. 

The mixture was stirred for 15 min to get 

white precipitates. The reaction was stirred ad-

ditionally for 2 h at a temperature of 50 °C and 

kept still for 48 h before decanting the super-

natant. The obtained precipitates were washed 

by immersing them overnight in DMF. Again, 

the DMF was decanted, and the precipitates 

were immersed in chloroform for 7 days and 

the solvent was exchanged once after 2nd, 3rd 

and then 7th day. The white powder was dried 

in an oven at 50 °C for 4-5 h. The sample ob-

tained using this method is named M1. 

In the second method, the reaction mixture 

obtained after the addition of TEA (same as for 

the sample M1 - 2.125 g zinc acetate dihydrate 

added to 60 mL of DMF, and 0.643 g tereph-

thalic acid added to 50 mL of DMF, and 1.2 mL 

of TEA as capping agent) was stirred for 45 

min at room temperature without heating. Pre-

cipitates were washed with the same process 

described above. The sample prepared using 

method 2 is named as M2. In the third method, 

0.2 g zinc acetate was dissolved in 30 ml NMP 

and 0.543 g terephthalic acid was dissolved in 

80 mL NMP. Zinc acetate solution is added to 

terephthalic acid solution drop by drop. The ob-

tained solution is stirred magnetically for 10 

min. Then the solution is kept at room temper-

ature for 72 h. The precipitates were washed 

with NMP and dried at 120 ℃ for 12 h in oven. 

The obtained sample is named M3. 

 

2.3 Characterization Techniques 

Absorption spectra of all the three samples 

were taken using a Shimadzu UV-3600i Plus 

UV-VIS-NIR spectrophotometer in 200-800 nm 

wavelength range. The absorption spectrum of 
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MOF-5 was recorded using distilled water as 

reference. The powdered samples were charac-

terized at ambient temperature. The structural 

analysis of MOF-5 samples was carried out via 

a Rikagu Miniflex 600 X-ray Diffractometer us-

ing Cu-K radiation source. Scanning electron 

microscope (SEM), JCM-7000 NeoScope, was 

used for morphological characterization of the 

samples. RAMAN spectra and Photolumines-

cence measurements of samples were recorded 

using WITec–ALPHA300 RAS microscope with 

355 nm laser source. TGA was carried out us-

ing Shimadzu TGA–50 Series Thermogravimet-

ric Analyzers to compare the thermal stability 

of the materials.  

 

2.4 Photocatalytic Activity 

In the present work, 30 mg of catalyst was 

dissolved in 50 mL aqueous solution of MB (20 

mg/L). The solution mixture was stirred in the 

dark for 30 min to acquire adsorption-

desorption equilibrium. Then the solution was 

irradiated with sunlight using solar simulator 

(Ossila Ltd.) with a beam power of 100 mW per 

cm2. Small amount of sample was withdrawn 

from the mixture to note the absorption spectra 

using UV-Visible spectrometer at regular inter-

val of time. Absorption spectra was taken in 

wavelength range of 200 to 900 nm at different 

time intervals for all the three samples. The 

above process was repeated to acquire the data 

for dye degradation under dark conditions. 

 

3. Results and Discussion 

3.1 Optical Properties 

The MOF-5 samples synthesized with differ-

ent parameters were characterized using UV-

Visible spectroscopy. The UV-visible spectra 

can provide insights into the optical properties 

and electronic structure of the material. The 

choice of solvent and temperature can affect 

the structure and properties of the resulting 

material, including its absorption characteris-

tics. The absorption spectra of all three sam-

ples (Figure 1) shows a sharp increment in ab-

sorption near 280 nm. The samples absorb 

strongly in the UV range and no shift in peaks 

is observed when comparing the three samples. 

The MOF-5 samples show slight variation in 

the amount of absorption from 300-800 nm 

with M2 having highest absorption followed by 

M1 and M3. Moreover, it can be discerned from 

the spectra that samples prepared in DMF 

show higher absorption as compared to NMP 

solvent. The enhanced absorption of light can 

be attributed to the stronger interactions of 

DMF with the MOF-5 structure due to its polar 

nature. The solvation effects of DMF on the 

MOF-5 may result in increased electronic tran-

sitions or stabilization of energy levels, leading 

to higher absorbance. 

The bandgap (Eg) of MOF-5 samples was de-

termined using the Tauc’s relation for direct 

bandgap materials:  
 

(1) 
 

where, , K, and v are the coefficient of absorp-

tion, a constant of proportionality, and the pho-

ton frequency, respectively. The bandgap value 

of M1, M2, and M3 is 4.10 eV, 3.98 eV and 4.14 

eV, respectively [27,28]. Variation in band gap 

was observed with change in reaction condi-

tions which is in the order as M3 > M1 > M2. 

The low value of band gap of the material leads 

to more absorption as observed for samples M1, 

Figure 1. Absorption spectra of M1, M2, and 

M3. 

Figure 2. Emission spectra at 355 nm of M1, 

M2, and M3. 

( ) ( )
2

g
hv K hv E = −
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M2 and M3. Also, the rise in the absorption 

(absorption edge) starts at higher wavelength 

for M2 sample, which means the bandgap of 

M2 is lower than the other two samples. So, the 

amount of absorption and the position of the 

absorption edge, both correlate well with the 

calculated bandgaps. Lowest value of band gap 

might cause greatest degradation performance 

as depicted by methylene blue degradation re-

sults shown later in this article. 

For understanding the catalytic behavior of 

MOF-5, the analysis of photoluminescence 

spectra was also carried out. Figure 2 shows 

the photoluminescence emission spectra of 

MOF-5 samples at an excitation wavelength of 

355 nm. M1 and M2 emission spectra show 

three emission peaks. For M1, a sharp emission 

peak occurs at 380 nm, a broad and most in-

tense peak occurs at 455 nm, and a low intensi-

ty peak occurs at 758 nm. Similarly, the three 

peaks for M2 appear at 382 nm, 475 nm, and 

760 nm. The emission peak of M1 and M2 at 

~380 nm in ultraviolet region is attributed to 

the electron-hole recombination caused by the 

zinc and oxygen vacancy defects. The broad 

peak at ~455 nm is related to the excitonic re-

combination caused by oxygen vacancy defects, 

and the small intensity peak around ~760 nm 

arises due to the frequency multiplication of 

the excitation source wavelength (355 nm) [29]. 

Emission peak at 760 nm in the near infrared 

region might also be attributed to excess oxy-

gen and zinc interstitials [30]. It can be seen 

from UV-Visible and PL spectra that upon exci-

tation MOF-5 emits light in the region of lesser 

absorption. The spectrum of M3 consists of a 

broad photoluminescence peak at ~508 nm 

along with a shoulder peak at ~417 nm, while 

the third peak is missing. The clear red shift of 

the peak positions may be attributed to mor-

phological differences caused by the different 

preparation processes. The shift of peak of M3 

to longer wavelength as compared to M1 and 

M2 may be the result of adsorbed water mole-

cules. From the emission spectra, it is observed 

that PL intensity of M3 is smaller than M1 and 

M2 indicating lower recombination of electron 

and hole pairs. 

 

3.2 Structural Properties 

The FTIR spectra of the three samples are 

shown in Figure 3. For sample M1, the peaks 

at 1375 and 1580 cm−1 are due to symmetric 

and asymmetric stretching vibrations of car-

boxylate anion −COO− from BDC linker, re-

spectively. Peak at 1016 cm−1 arises from the 

in-plane vibration present in the BDC spectra 

[31]. The bands at 745 and 821 cm−1 can be at-

tributed to the aromatic C−H out-of-plane de-

formation vibrations in 1,4, disubstituted rings 

of BDC linker. Two additional bands at 480 

and 655 cm−1 are also observable, which indi-

cate ZnO stretching vibration. Peak at 3606 

cm−1 occurs because of O−H stretch of non-

bonded hydroxyl group. The peak positions for 

sample M2 are observed at 3606, 1584, 1373, 

1017, 814, 748, 651and 459 cm−1 which are al-

most at the same position as that of M1. The 

peaks of sample M3 are located at 1624, 1385, 

823, 750 and 545 cm−1. Peak at 1624 cm−1 may 

correspond to C=O stretching band of NMP, 

and the peak located at 1385 cm−1 is due to 

asymmetric stretching of −COO− group of car-

boxylic acid. The peak positions between 700-

1200 cm−1 correspond to terephthalate com-

pounds, while the peak at 545 cm−1 is charac-

teristic of ZnO molecule [32]. 

Figure 3. FTIR spectra of M1, M2 and M3. Figure 4. Raman spectra of M1, M2 and M3. 
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Figure 4 displays the Raman spectra of the 

three samples of MOF-5. The spectrum dis-

plays bands related to the vibrations of the 

framework, which are influenced by the metal 

clusters and their coordination environment. 

These bands can provide insights into the 

structural stability and the nature of metal-

ligand bonding within the framework. The no-

ticeable peaks of M1 are at 633, 861, 1133, 

1440, and 1606 cm−1. The peaks at 633 and 861 

cm−1 are attributed to the out-of-plane defor-

mation modes of the C−H bond [33,34]. Peaks 

at 1133 and 1440 cm−1 result from in-plane vi-

brations of benzene ring and the peak at 1606 

cm−1 correspond to C=O stretching of the car-

boxylate group [35]. For M2, the Raman shifts 

occur at 630, 744, 860, 1134, 1427, and 1606 

cm−1, while for M3, the peaks are located at 

632, 862, 1132, 1422, and 1604 cm−1. The ap-

pearance of peak at 744 cm−1 in M2 sample 

may be assigned to in-plane bending of C−C in 

terephthalic acid [36]. M1 sample shows in-

tense spectra which may be due to the geome-

try of the crystals formed as a result of the ele-

vated temperature. M1 is synthesized at com-

paratively higher temperature than M2 and 

M3 and show wafer like structure as depicted 

through SEM images. 

Figure 5. XRD pattern for M1, M2, and M3. 

Figure 6. SEM images of (a) M1, (b) M2, (c) M3, and (d) elemental mapping of M1 sample depicting 

uniform distribution of carbon (red), nitrogen (green), oxygen (yellow), and zinc (purple). 
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The XRD pattern for all the three samples is 

shown in Figure 5. JCPDS No. 96-432-6738 

was used for the analysis of the XRD pattern. 

The main peaks of M1 are situated at 14.67°, 

15.76°, 17.59°, 19.18°, 26.19°, 32.38°, and 

39.96°. Similar peaks are observed for M2 and 

occur at 14.14°, 15.74°, 17.76°, 26.8°, 28.8°, 

38.52°, 36.26°, and 45.36°. Peaks at 15.76°, 

17.59°, 19.18°, and 26.19° indicate the for-

mation of MOF-5 [37]. The slight variation in 

main peak positions in the range of 10° to 20° 

arise due to change in morphology of the mate-

rial due to variation in temperature and sol-

vent [38,39]. Other higher peaks between 30° to 

50° show the presence of small amount of ZnO. 

The peaks of M3 appear at 11.02°, 15.62°, 

17.64°, 24.62°, 33.00°, and 41.94°. Differences 

in relative peak intensities and unidentified 

peaks are indication of interpenetrated frame-

works. Exposure to environment cause distor-

tion in structure which might be responsible for 

additional peaks [40]. 

The crystallite size (D), lattice microstrain 

(ε), and dislocation density (δ) are calculated 

from the XRD data of all the three samples. 

The average crystallite size is computed using 

Scherrer equation: 

 

(2) 

 

where, λ = wavelength of incident x-rays, k = 

size factor, θ = Bragg’s angle, and β = full width 

at half maximum. The average crystallite size 

for M1, M2, and M3 are 30.6 nm, 24.2 nm, and 

38.8 nm, respectively, as analyzed by Debye-

Scherrer equation. Williamson-Hall (WH) 

method is used for determining the intrinsic 

strain along with dislocation density. The mi-

crostrain values obtained are 2.19×10−3, 

6.14×10−3 and 0.49×10−3 for M1, M2 and M3, 

respectively. The positive value of microstrain 

indicates tensile strain or lattice expansion [41] 

and directly correlate with the particle size as 

well [42]. The dislocation density of M1, M2 

and M3 are 10.6×1010, 17.07×1010 and 6.6×1010, 

respectively, as given in Table 1. 

 

3.3 Morphological Properties 

Figure 6 shows the SEM images of the sam-

ples, and it provides valuable information 

about their morphology. The morphology of the 

three samples synthesized at the different re-

action conditions are quite different. M1 con-

tains sheet and wafer-like particles, while M2 

shows cubic morphology along with different 

sized particles. M3 shows irregularly shaped 

particles with more well-defined boundaries. 

The SEM image shows that the particles of M3 

sample have smooth surface and voids between 

the particles. The different geometries result 

from the synthesis conditions adopted for the 

samples. Figure 6(d) shows the elemental map-

ping of sample M1 from which it is clear that 

MOF-5 is composed of Zn, C, N, and O, and the 

different elements are distributed uniformly. 

The elemental composition in mass % of the 

three samples is tabulated in Table 1. The 

amount of Zn is maximum in M2, followed by 

M1 and M3 as shown in EDX spectra (Figure 

7). It has been demonstrated that the interac-

tions and transformations of zinc ions within 

Sample Eg (eV) D (nm) 
ε 

(×10−3) 

δ 

(line/cm2) 

Zn 

(mass %) 

C 

(mass %) 

N 

(mass %) 

O 

(mass %) 

M1 4.10 30.6 2.19 10.6×1010 48.97 14.04 5.87 31.13 

M2 3.98 24.2 6.14 17.07×1010 59.91 13.90 5.16 21.03 

M3 4.14 38.8 0.49 6.6×1010 34.42 17.51 9.64 38.35 

Table 1. Optical bandgap, structural parameters and elemental composition of MOF-5 samples. 

(a) 

(b) 

(c) 

Figure 7. EDX spectra of (a) M1, (b) M2, and (c) 

M3. 

cos

k
D



 
=
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the material are contingent upon MOF-5's ca-

pacity to undergo distortion [43]. Therefore, it 

is conceivable that the facilitation of zinc ion 

binding to MOF-5 nodes is more readily 

achieved when utilizing DMF as a solvent com-

pared to NMP. Also, nitrogen and oxygen con-

tent increases in the order M3>M1>M2. The 

amount of nitrogen and oxygen content influ-

ences the catalytic/photocatalytic properties of 

materials as discussed in Section “Dye degra-

dation”.  

 

3.4 Thermal Properties 

Thermogravimetric analysis (TGA) of all the 

three samples is carried out to assess the 

change in weight with temperature and is 

shown in Figure 8. For M1, there are two 

weight loss processes before 200 ℃. The weight 

loss of ~2.5% between 15 to 150 ℃ is caused by 

the loss of moisture from the sample. A weight 

loss of about 3% occurs between 150 to 175 ℃, 

which can be associated with the removal of re-

sidual DMF solvent. A significant weight loss 

of about 45.7% takes place between 425 to 530 

℃, which can be attributed to decomposition of 

Figure 9. Photocatalytic degradation of methylene blue by (a) M1, (b) M2, (c) M3, and (d) C/C0 versus 

time graph. 

Figure 8. Thermogravimetric curves of M1, M2, 

and M3. 
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the sample and at 530 ℃ the sample decompos-

es completely [44]. 

The TG curve of M2 displays three weight 

loss processes. A weight loss of 2% up to 100 ℃ 

occurs from the loss of moisture from the sam-

ple. Second weight loss of 2% up to 340 ℃ may 

arise from the loss of DMF and traces of TEA 

[45]. The dramatic weight loss of 34% indicates 

the collapse of the framework starting from 435 

℃ up to 530 ℃. The TGA curve of M3 also 

shows three weight loss regions. The weight 

loss of 4.7% below 100 ℃ is due to the loss of 

moisture from the framework, weight loss of 

24% from 180 to 250 ℃ is due to evaporation of 

the solvent NMP in the framework, while 

weight loss of 40% from 425 to 530 ℃ indicates 

the collapse of the framework [46]. All the sam-

ples decompose completely at 530 ℃. It can be 

seen from the graph that M3 sample is not 

thermally stable as compared to M1 and M2. 

The reduced thermal stability of M3 sample 

can be due to the difficulty in removing DMF 

from the pores of the other two sample as com-

pared to NMP solvent in M3, which affects the 

degradation process. 

 

3.5 Dye Degradation 

Methylene Blue (MB) is a common organic 

dye, and it is highly challenging to decompose 

it from wastewater. The photocatalytic activity 

of the MOF-5 samples is analyzed by exposing 

the MB solution containing photocatalyst to 

light radiation using solar simulator. Degrada-

tion of MB is tracked by its characteristic ab-

sorption peak at 678 nm. Absorption intensity 

versus wavelength graphs are plotted (Figure 

9(a-c)) at different times for the MOF-5 cata-

lyst. There is a decrease in the peak intensities 

of absorption spectra indicating the decomposi-

tion of the organic pollutant. Percentage of deg-

radation is calculated using: 

 

(3) 

 

where, C0 = initial concentration of MB and C 

= concentration of MB at time t. The degrada-

tion of MB is 78% after 24 h of adding the cata-

lyst M1. Degradation of MB caused by catalyst 

M2 is 85% after 24 h, while the addition of M3 

as catalyst shows only 54% degradation up to 

24 h. Although M1 starts degrading the dye 

earlier than the other two MOFs but M2 leads 

to the highest degradation rate after 24 h. Fig-

ure 9(d) shows the catalytic degradation effi-

ciency plot (C/C0 vs. time) of the MOF-5. Ini-

tially, dye is degraded at slow rate but degra-

dation rate significantly increases with time. 

Decrease in the value of C/C0 with time for all 

the samples indicates that MB is degraded in 

the presence of sunlight and it can be conclud-

ed that degradation performance of M2 is bet-

ter than M1 and M3. Comparison of degrada-

tion performance of MB dye by the MOF-5 un-

der light and dark conditions is shown in Fig-

ure 10(a), where the efficacy of the photocata-

lyst is clearly established and Figure 10(b) 

shows the schematic diagram for mechanism of 

photocatalytic degradation of MB by MOF-5.  
The decomposition of MB using MOF-5 may 

be explained considering MOFs as semiconduc-

tors or photocatalysts with bandgaps dictated 

by the gap between the organic ligand mole-

cules' highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular or-

bital (LUMO). Upon irradiation, the electrons 

(e−) will be stimulated from the HOMO to the 

LUMO when exposed to photons having energy 

equal to or higher than the bandgap of MOFs, 

leading to the generation of holes (h+) in the 

HOMO. The electron gets transferred to the 

Zn2+ of MOF-5 resulting in formation of Zn+ 

and terephthalate radical monoanion as shown 

(a) (b) 

Figure 10. (a) Comparison of degradation of MB after 24 hours under dark and light conditions. (b) 

Schematic diagram for mechanism of photocatalytic degradation of MB by MOF-5. 

0
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in Figure 11(a) [47]. This charge transfer oc-

curs through ligand-to-metal charge transfer 

(LMCT) and is thought to be the mechanism 

that allows MOFs to undergo photocatalysis 

[48]. 

Further, the MB dye molecules may get ad-

sorbed onto MOF-5 via (i) electrostatic interac-

tion of the positive charge on N and S atom of 

-bond of 

benzene ring in MOF- -

tween the aromatic rings of the two materials, 

and (iii) hydrogen bonding between the H atom 

in MB and the O atom in MOF-5 [49]. The dif-

ferent interaction pathways are shown in Fig-

ure 11(b). 

The adsorbed MB dye may now degrade fol-

lowing the mechanism shown in Figure 11(c). 

The holes have a significant oxidation capacity 

and may either directly oxidize adsorbed organ-

ic substances or interact with hydroxyl ions to 

produce hydroxyl radicals (•OH). The created 

•OH radicals cleave the C−S+=C in MB leading 

to S=O and thereafter N−H2 bond. The super-

oxide radicals (•O2−), which are formed when 

photogenerated electrons get captured by oxy-

gen molecules, have a significant oxidizing ac-

tivity, and may degrade MB molecules in harm-

less products through sequential reactions as 

reported in literature [50–52]. This entire 

mechanism may be understood from the follow-

ing reactions (Equations (4)-(7)). 

 

MOF-5 + hv → h+ + e− (4) 

e− + O2 → •O2− (5) 

h+ + OH− → •OH (6) 

h+, •O2−, •OH + MB → CO2 + H2O (7) 

 

The photocatalytic activity of M1, M2 and 

M3 can be explained based on the properties of 

the three samples. The wafer-like morphology 

of M1 provides suitable open space for the MB 

solution to penetrate. A higher surface area of 

M1 exposes the dye solution to more active 

sites leading to good photocatalytic degrada-

tion of MB. On the other hand, M2 has smaller 

yet wide distribution of particle size due to 

which the effective surface area is high. The 

M3 sample has somewhat larger particle sizes 

with uncompact surface features, thereby 

showing reduced photocatalytic behavior. The 

TGA data also shows that M3 sample is unsta-

ble as compared to M1 and M2. Since NMP is 

used for the preparation of M3, the M3 parti-

cles homogeneously dissolved in the dye solu-

Figure 11. (a) Absorption of light by the ligand of MOF-5 and charge transfer to the metallic site. 

Adapted from [47] Copyright © 2007 by Wiley (b) Various possible interactions of the methylene dye 

molecule with MOF-5. Adapted from [49] Copyright © 2022 by BCREC Group under the CC BY-SA 

License (c) Degradation steps of the methylene blue dye into unharmful products. Adapted from [50], 

Copyright © 2020 Elsevier. 
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tion and led to the lowest amount of degrada-

tion. 

In terms of the composition, M2 has the 

highest amount of Zn which is responsible for 

the photocatalysis. The metal ions primarily 

contribute to photodegradation by promoting 

charge separation and facilitating charge trans-

fer leading to generation of reactive oxygen spe-

cies. These reactive species are responsible for 

breaking down organic dyes. The findings are 

further supported by the PL spectrum where it 

is observed that the PL peak is quenched in 

case of M2 as compared to M1. Quenching of 

the peak conveys that the electron-hole recom-

bination is lower in M2. Moreover, M2 shows 

higher absorption in the visible region.   

Although studies have shown that the pres-

ence of nitrogen and oxygen is useful for cata-

lytic activity, it is solely dependent on the 

amount and nature of the functional groups. In 

the present case, M1 and M2 hold optimum 

amount of nitrogen content, while it increases 

for M3, and thus, a reduction in the catalytic 

activity is observed for M3 [46]. Further the ox-

ygen content is considerably high in M3 as 

compared to M1 and M2. During photocataly-

sis, excess nitrogen can trap the photoinduced 

electrons, preventing them from participating 

in the redox reactions. The excess oxygen con-

tent can react with the photogenerated charg-

es, thereby inhibiting the reaction with dye 

molecules and reducing the efficiency of the 

photocatalyst. 

 

4. Conclusions 

In summary, three samples of MOF-5 have 

been prepared using simple and efficient chem-

ical synthesis methods using different tempera-

ture and solvent and used for degradation of 

MB organic dye under sunlight using solar sim-

ulator. It has been observed that there is slight 

variation in optical and structural properties of 

the material with change in temperature and 

solvent. UV-Visible spectra depict a decrease in 

bandgap for sample M2 as compared to M1 and 

M3, which is also verified by PL spectra. How-

ever, substantial differences in the morphology 

of the samples is observed with change in the 

synthesis conditions. The photocatalytic degra-

dation amount of 78% and 85% is obtained af-

ter 24 hours of adding the catalyst M1 and M2, 

respectively, while 54% degradation is observed 

by the catalyst M3. Thus, the highest degrada-

tion of MB in the presence of sunlight occurs 

for the sample prepared using DMF solvent 

without heating. This may be attributed to the 

higher Zn content in M2, more absorption in 

the visible range, and optimum amount of ni-

trogen and oxygen species. 
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