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A B S T R A C T   

The coordination polymers (CPs) of Cu and Zr were synthesized by the hydrothermal method. The 
orotic acid potassium salt (H3KL) was used as a linker, which coordinates via O–O. Whereas, 4,4′- 
trimethylenedipyridine (4,4′-TMDP) was used as a bifunctional monomer, which coordinates via 
N–N. The synthesized CPs were characterized by FTIR, P-XRD, TGA, DSC and SEM. The photo-
catalytic activity was investigated against methylene blue (MB) under sunlight irradiation. Both 
Cu-CP and Zr-CP exhibited potential activity for the degradation of MB, which was 72 % for Cu- 
CP and 93 % for Zr-CP. The band gap of the CPs was also investigated, and the observed value was 
2.2 eV. The band gap indicates that these compounds could bring breakthroughs as photocatalysts 
instead of semiconductors. These kinds of CPs could be used for multiple purposes in industry and 
in a green environment.   

1. Introduction 

In the last few decades, industrialization has not only vastly improved our living standards, but it has also increased the number of 
inorganic and organic pollutants that threaten the environment and individual health [1]. Paper, plastics, rubber, coatings, and 
organic dyes are widely used in textile as vital industrial components. The elimination of these hazardous substances prior to their 
release into the natural system is a crucial issue from an environmental standpoint [2–4]. Nearly all dyes are lethal and cause severe 
problems to the environment, humans and animals. It is necessary to have a practicable and cost-effective method for removing these 
pigment molecule from effluents in order to reduce their potential toxicity. The removal of pollutants and organic dyes from water can 
be accomplished using a variety of processes, such as adsorption [5,6] usingporous materials, flocculation, biological processes, 
membranes, precipitation, and others. However, these processes typically suffer from huge costs, low efficiency, and the generation of 
secondary pollutants. Therefore, it is imperative to develop effective methods and techniques for purifying the wastewater. Photo-
catalytic degradation has become one of the most effective methods for removing dyes in ambient conditions with an environmentally 
friendly photocatalyst. These materials and photocatalytic technique are feasible in terms of cost, operation, stability, and efficiency. 
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In recent years, coordination polymers (CPs), also known as metal–organic frameworks, have garnered a lot of attention due to a 
wide variety of configurations they may take and the possible applications they might have. Rapid developments and appealing ap-
plications in fluorescence sensing [7,8], gas absorption [9,10], molecular magnetism [11,12], molecular storage [13–15], 
drug-delivery [16,17], supercapacitor [18], and heterogeneous catalysis [19–21] have resulted from their assembly from 
well-customized links with organic ligands and inorganic metal/metal nodes. Photocatalysis is a newly developing application for CPs, 
and some experiments have shown that CPs are effective photocatalysts for the degradation of organic dyes [22,23]. It’s has diversity 
for bonding of metal center to photoactive organic ligands. The synthesized CPs for the required purposes of photodegradation could 
be efficient photocatalysts when subjected to irradiation from various light sources. When compared to conventional inorganic 
semiconductors, these extended CPs have a number of inherent benefits including improved solar energy utilization, zero secondary 
pollution, improved ease of modification, and long-term durability, which ensure their widespread application as photocatalysts for 
the production of high-quality reclaimed water in the context of environmental remediation. In this investigation, Zr and Cu-based CPs 
were synthesized in which orotic acid potassium salt (H3KL) and 4,4′-trimethylenedipyridine (4,4′-TMDP) were utilized as O donors 
and N donors, respectively. 

2. Materials and method 

2.1. Materials 

The chemicals used in this study were commercially available and utilized without undergoing any purification process. Zirconium 
Oxychloride and Cupric Chloride were procured from Qualikems, while H3KLand 4,4′-TMDP were procured from Sigma–Aldrich Co. 
Ltd. 

2.2. Methods 

The FTIR spectra in the 400–4000 cm− 1 region was acquired using KBr pellets and an IRPrestige-21 instrument from Shimadzu 
Corporation. A thermal analysis was conducted utilizing the TGA-50H, Shimadzu Corporation instrument, with a heating rate of 10 ◦C/ 
min, over a temperature range of 25–1200 ◦C. PXRD analysis was used to arrive at a conclusion on the crystallinity of the CPs by 
utilizing the SmartLab X-ray diffractometer, a Rigaku Corporation instrument. The morphology and microstructures were determined 

Scheme 1. The scheme shows the synthesis route of coordination polymer of Zr2+ (Zr-CP) and Cu2+ (Cu-CP).  
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using Scanning Electron Microscopy (SEM) EVO 18 Carl Zeiss AG of UK. 

2.2.1. Synthesis of coordination polymer of Zr (Zr-CP) 
A solution was prepared by combining 1 mmol (0.19826g) of 4,4′-TMDP and 1 mmol (0.19419g) of H3KL in a beaker containing 50 

mL of water. The solution was agitated for a duration of 40 min at ambient temperature. Subsequently, a quantity of 2 mmol (0.6445g) 
of Zirconium oxychloride was introduced into the aforementioned mixture, which was then subjected to stirring for a duration of 20 
min (Scheme 1). Subsequently, the solution was relocated to be hydrothermally enclosed within a Teflon-lined reactor with a volume 
of 100 mL and subjected to a temperature of 120 ◦C for a duration of 72 h. An almost white crystal product was obtained by cooling the 
reactor at a rate of 5 ◦C per minute, and then the product was washed and dried, respectively. 

2.2.2. Synthesis of coordination polymer of Cu (Cu-CP) 
A solution was prepared by combining 1 mmol (0.19826 g)of 4,4′-TMDP and 1 mmol (0.19419 g) of H3KL in a beaker containing 50 

mL of water. The solution was agitated for a duration of 40 min at ambient temperature. Subsequently, a quantity of 2 mmol (0.34056 
g) of cupric chloride was introduced into the aforementioned mixture, which was then subjected to stirring for a duration of 20 min 
(Scheme 1). Subsequently, the solution was relocated to be hydrothermally enclosed within a Teflon-lined reactor with a volume of 
100 mL and subjected to a temperature of 120 ◦C for a duration of 72 h. The saddle brown crystal product was obtained by cooling the 
reactor at a rate of 5 ◦C per minute, and then the product was washed and dried, respectively. 

2.2.3. Synthetic strategy and structural description of CPs 
It is necessary to discuss the structure of the ligands in order to find the structure of the two coordination polymers. In the structure 

of H3KL, there are three strong coordination sites shown in Scheme 2(a), each of which is capable of forming a bond with a metal (M). 
Furthermore, this structure is not symmetrical in its very makeup. Additionally, 4,4′-TMDP has two powerful coordination sites shown 
in Scheme 2(b) that may be used in the process of bonding with M. 4,4′-TMDP was handled as a ligand, and it was metal that was used 
to propagate it in a one-dimensional (1D) fashion. Meanwhile, H3KL was handled as a linker, and it was utilized to connect that 1D 
chain to another 1D chain in order to create it as a 2D structure. Moreover, two identical 2D structures can combine to make a 3D 
structure. 

2.2.4. Photodegradation of methylene blue (MB) 
Initially, the pH effect was tested at different concentrations to get optimum pH for degradation. The solution of MB of different 

concentrations in the range of 4–10 ppm was prepared for the investigation of degradation. In the solution of MB at different pH the 
CPs catalyst was added, then it was placed under sunlight, and different samples were collected at a constant time interval (15 min) 
over the time to measure the degradation using the catalysts. For the dark condition, the same solution with photocatalyst was placed 
in the dark for 1 h at pH 9.2. and samples were collected at different times with a constant time interval (15 min). The MB was also 
placed under sunlight without a catalyst for comparing the efficiency of the catalysts. Finally, the absorbances of these samples were 
measured by LAMBDA 365+ UV/Vis Spectrophotometer, a PerkinElmer Corporation instrument. The concentrations were determined 
using calibration curve from the recorded absorbances. Finally, the percentage of degradation was calculated using the formula: 

Degradation=
Co − Ct

Co
× 100% =

Ao − At

Ao
× 100% 

Co = Initial concentration; Ct = concentration at time t. 
Ao = Initial absorbance of solution; At = Absorbance of solution at time t. 

2.2.5. Band gap measurement 
The optical band gap was figured out with the use of a Tauc plot, which was devised using the absorbance against wavelength data 

of CPs. The Lambda 750 UV/VIS/NIR Spectrometer, a PerkinElmer Corporation instrument, was utilized to obtain the absorbance 
against wavelength data. 

Scheme 2. The possible coordination sites of linker H3KL (a) and bifunctional ligand 4,4′-TMDP (b).  
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3. Result & discussions 

3.1. FTIR 

Fig. 1 shows that the FTIR spectra of Cu-CP demonstrate the presence of (O–H) stretch vibrations and (N–H) stretch vibrations 
within the range of 3400 cm− 1 to 3200 cm− 1. The stretches that were detected at 3146 cm− 1, 1398 cm− 1, and 1016 cm− 1 allow for an 
inference to be made about the existence of a benzene ring in the Cu-CP. The peak around at 1689 cm− 1 and around at 1602 cm− 1 area 
is attributed for the C––O and C––N bond respectively. The peaks in the range 1500 cm-1 to 1400 cm-1 attributed for the (C––N) and 
(C––C) bond of heterocyclic ring. Within the range of 3150 cm-1 to 3000 cm− 1 in the spectrum, is attributed for the stretching vibration 
of C–H. The weak peaks in the finger print region at 501 cm− 1 is attributed for the Cu–O or Cu–N bonding of Cu-CP [24]. 

The FTIR spectra of Zr-CP (as depicted in Fig. 1) revealed the presence of ʋ(O–H) stretch vibrations and ʋ(N–H) stretch vibrations 
within the range of 3600 cm− 1 to 3300 cm− 1. The presence of a benzene ring in the Zr-CP is suggested by the observed stretches at 
3109 cm− 1, 1388 cm− 1, and 1018 cm− 1. The presence of a robust frequency in the 1689 cm− 1 range is indicative of the C––O functional 
group, while the peaks associated with the ʋ(C––N) and ʋ(C––C) stretch vibrations manifest within the 1650 cm− 1 to 1500 cm− 1range. 
The stretching vibration of the ʋ(C–H) bonds associated with the 4,4/TMDP ligand was detected within the spectral region of 3109 
cm− 1 to 3000 cm− 1. Additional peaks observed within the fingerprint region, such as the peak at 802 cm− 1, may indicate the presence 
of bonding between Zr and O or Zr and N [25]. 

3.2. Thermogravimetric analysis (TGA) 

The thermal disintegration of both CPs was investigated by thermogravimetric analysis (TGA) and it was accomplished from room 
temperature to 550 ◦C. Both of them were burned under nitrogen atmosphere with a heating rate of 10 ◦C/min. Moreover, the thermal 
stability was calculated. 

From Fig. 2, it can be seen that the Cu-CP showed thermal stability up to 270 ◦C, and for the Zr-CP, it was almost 315 ◦C. In there, 
some weight was lost due to some moisture and impurities, but the CPs were stable up to that maximum temperature. Specifically, for 
the Zr-CP, the sample was quite large, and it was 14.76 mg. As a result, the weight lost was significant up to its maximum stable 
temperature. At the maximum stable temperature of both CPs, 2.42 % and 5.83 % weight were lost for Cu-CP and Zr-CP, respectively. 
Fig. 3 represents the DSC of Cu-CP and Zr-CP. Furthermore, a compound is destroyed stepwise in TGA analysis. Firstly, the weak bonds 
in the compounds will be broken. Lastly, the extra stability that is formed by the strong bonds in the compounds will be broken. In this 
study, both CPs have not completely burned up to 550 ◦C. Consequently, only one step of burning would be observed. In this step, Cu- 
CP was rapidly burned (66.38 % weight) up to 520 ◦C and Zr-CP was burned (35.9 % weight) almost linearly up to 550 ◦C. 

3.3. Powder-XRD 

Both of the CPs went through the process of having powder X-ray diffraction done on them. As can be seen in Fig. 4, the simulated 
pattern, which was taken from the SCXRD data, and the PXRD pattern of the synthesized CPs are very similar to one another. This 
finding provides an evidence for the high degree of purity possessed by both of the current CPs. The PXRD pattern indicates that both 
CPs have crystalline properties. 

3.4. Band gap analysis 

The UV–Visible absorption spectrum of CPs was collected at ambient environmental conditions at 25 ◦C. The light absorption 

Fig. 1. Ftir spectrum of Cu-CP and Zr-CP  
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Fig. 2. TGA of Cu-CP (a) and Zr-CP (b).  

Fig. 3. Dsc of Cu-CP and Zr-CP  

Fig. 4. X-ray crystallography of Cu-CP (a) and Zr-CP (b).  
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performance of CPs was analyzed in this study. From the absorbance against wavelength data, the calculated band gap of the CPs 
photocatalyst, as shown in Fig. 5, was determined and for Cu-CP it’s to be 2.17 eV and for Zr-CP it’s to be 2.2 eV by using the Tauc plot 
method where n = 2 for direct allowed transitionswas used. 

If the band gap is too low, there is a chance of recombining the valence band (VB) and conduction band (CB), and on the other hand, 
if the band gap is too large, higher energy is needed to transfer the electron from VB to CB which is not possible in sunlight or visible 
region. Finally, the conclusion is that the band gap should be optimum. In the literature point of view, the CPs have met the optimum 
band gap requirement [26–28]. The observed improvement in photo-response prompts further investigation into the photocatalytic 
behaviors of the material, as it has the potential to yield enhanced photocatalytic activity. 

3.5. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) analysis was used to comprehend the morphology of Cu-CP and Zr-CP. Both crystals’ shape 
and texture are well-understood from the SEM images. These images (Figs. 6–7) provide abundant information about morphology. It is 
evident from the images that both crystals exhibit a polyhedral shape. 

It is also clear that both crystals have good porosity. These pores play a vital role in the photocatalytic reaction by increasing the 
surface area. 

3.6. Photocatalytic activity 

The utilization of organic dyes in manufacturing and production has resulted in their classification as potent organic pollutants, 
thereby presenting a significant challenge to the environment. The present study focuses on the utilization of MB as a target organic 
dye to evaluate the photocatalytic efficacy of recently synthesized CPs under natural sunlight. The compound MB displays a char-
acteristic maximum absorption at a wavelength of 664 nm, which can be detected through the employment of UV–visible spectro-
photometric techniques when CPs are present. The degradation of the absorption spectra intensity of MB in an aqueous medium is 
observed to occur over varying time intervals upon irradiation in the presence of CPs. It is crucial to observe that the reduction in the 
magnitude of the absorption spectra is attributable to the absence of chromophore groups [29,30] that are responsible for their color 
changes. A control experiment was conducted under dark conditions in the absence of catalysts, which resulted in the absence of any 
significant alteration in the intensity of MB. The degradation of MB is significantly managed by CPs, whereas under dark conditions 
(Fig. 8), less significant changes are observed in the degradation of MB. 

3.6.1. Effect of pH on the degradation property 
pH is one of the most important parameters for the degradation of dye. As MB is a cationic dye the degradation was performed in 

without adding any pH-changing compound (Fig. 9), adding a buffer tablet to maintain pH at 9.2 (Fig. 10) and adding NaOH to 
maintain pH at 12 (Fig. 11). At the higher pH, more degradation happens, because of the formation of more OH˙ radical. By analyzing 
all of the degradation curves from Fig. 5 the pH effect can be easily understood. In there, all conditions of MB dye degradation are 
nicely explained. 

Without a catalyst (Blank), methylene blue was slowly degraded and the curve is almost linear, almost 20 % was degraded within 2 
h. With catalyst in the dark condition was performed and there was very negligible degradation in Zr-CPand almost 7 % degradation in 
Cu-CP. Without adding any pH-changing compound not-so-well degradation curve was found in which 30 % of MB degradation was 
obtained by Cu-CP and 43 % for Zr-CP. At pH = 9.2, the almost exponential curve was found in which 62 % of MB degradation was 
obtained by Cu-CP and 72 % by Zr-CP (Fig. 12). At the pH = 12 exponential curve was found in which MB almost degraded. It can be 

Fig. 5. The Tauc plot of Cu-CP (a) and Zr-CP (b).  
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Fig. 6. SEM images of Cu-CP  

Fig. 7. SEM images of Zr-CP  

M.M. Alam et al.                                                                                                                                                                                                       



Heliyon 10 (2024) e33440

8

concluded that pH is a vital issue for the degradation but not only pH but also other factors most importantly the band gap is also a vital 
issue. The intensity of sunlight also played an important role, the intensity was approximately 200 W m− 2 in the observation month 
was October. So, all of these were the main considerations for the high-level degradation of MB. 

3.6.2. Photocatalytic mechanism 
The Zr/Cu-CP photocatalytic reaction can be elucidated through the principles of semiconductor theory, as depicted in Fig. 13. 

Specifically, when the level of material absorption is equal to or greater than the photon energy of its forbidden bandwidth, the 
electrons located in the valence band become excited and transition to the conduction band, resulting in the creation of photogenic 
electrons in the conduction band and photogenic holes in the valence band. Photogenic holes have been identified as potent oxidizing 
agents that can cause direct degradation of the structure of MB that has been previously adsorbed on the surface of the catalyst. 
Additionally, these holes can react with H2O or OH− present in the solution to generate ⋅OH radicals that possess exceptional oxidation 
capabilities. Electrons generated through photochemical processes exhibit reductive properties and have the potential to engage in a 
reaction with oxygen molecules present in a solution, resulting in the formation of ⋅O2− radical31. The photocatalytic process involving 
photogenic holes (h+), ⋅OH and ⋅O2− radicals plays a key role in the oxidation reactions (Fig. 12). These oxidants selectively degrade 
organic compounds into non-toxic and harmless small molecules such as Cl− , NO3

− , H2O, CO2, etc. The major products are H2O and 
CO2. The Zr/Cu-CP photocatalyst is employed in this process. The synthesized coordination polymers perform as potential photo-
catalysts for two main reasons. Firstly, it shows the required band gap to perform as a photocatalyst, secondly, the structure of co-
ordination polymer has conjugated double bonds, so the photogenic hole (h+) and electrons get the required time to initiate the 

Fig. 8. The degradation of methylene blue (MB) without catalyst under sunlight at different time. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. The degradation of methylene blue (MB) at pH 7.3 in preseance of Cu-CP (a) and Zr-CP (b). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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degradation rather than immediate coupling. 

3.7. The reusability and stability test 

The coordination polymer Cu-CP and Zr-CP is very stable. The photocatalyst is heterogeneous, so it can be easily collected for 
reusing. The FTIR spectra (Fig. 14) of the coordination polymer after reuse was observed. There no significant change was found, so it 
indicates the stability and recycleability of these coordination polymers. 

4. Conclusion 

In brief, a pair of innovative coordination polymers, namely Zr-CP and Cu-CP, were successfully synthesized through a hydro-
thermal method. The absorption of sunlight is utilized for the purpose of photocatalytic reactions. The results indicate that the 
degradation of MB was most effectively achieved by both CPs under basic conditions with a pH of 12. The utilization of both CPs as 
catalysts for the photocatalytic degradation of MB wastewater has been found to yield nontoxic colorless smaller species as the final 
product. This process effectively reduces the likelihood of the formation of various organic intermediates. The present study focuses on 
exploring the photocatalytic activity of CPs, which may provide a novel approach for the eco-friendly degradation of pesticide- 
contaminated wastewater. These materials are considered as an optimal alternative to semiconductor materials. 

Fig. 10. The degradation of methylene blue (MB) at pH 9.2 in preseance of Cu-CP (c) and Zr-CP (d). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 11. The degradation of methylene blue (MB) at pH 12.0 in preseance of Cu-CP (e) and Zr-CP (f). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 12. The variation of degradation of methylene blue (MB) concentration under various conditions in the presence of photocatalyst Cu-CP (g) and 
Zr-CP (h). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 13. Photocatalytic degradation mechanism of dye.  

Fig. 14. The FTIR of recycled photocatalyst Cu-CP and Zr-CP  
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