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Development of composite catalyst containing renewable biochar blended with zinc oxide and copper diphenyl amine for visible light photocatalytic degradation of methylene blue
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Introduction: Effective wastewater management remains a significant challenge in Pakistan, with conventional methods often falling short in addressing the release of harmful pollutants into water bodies.

Method: This study explores the use of a novel composite photocatalyst combining biochar, zinc oxide (ZnO), and copper diphenylamine (Cu-DPA) to improve wastewater treatment under visible light. The composite was prepared by varying the Cu-DPA content in ZnO, with ratios of 50%, 40%, 30%, and 17%, alongside standard biochar ZnO and Cu-DPA formulations. Characterization techniques, including FTIR, XRD, and UV-visible spectroscopy were used to analyze the composite's properties. Photocatalytic performance was assessed by degrading Methylene Blue, a common dye pollutant, under visible light.

Results: The results showed that while ZnO alone achieved 78% degradation, the composites with different Cu-DPA ratios demonstrated varying efficiencies, with the biochar-enhanced ZnO/Cu-DPA composite achieving the highest degradation rate of 97% in 80 min.

Discussion: This composite exhibited good reusability over seven cycles. This research highlights the potential of the biochar ZnO/Cu-DPA composite as an effective, eco-friendly solution for wastewater treatment, offering significant improvements in photocatalytic performance and sustainability.
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1 Introduction

Water encompasses a significant portion of Earth's surface, accounting for three-fourths of its total area (Mostacedo-Marasovic et al., 2022). Of all the water on Earth, around 97.5% is saltwater found primarily in oceans, while the remaining 2.5% is freshwater. Freshwater sources include rivers, lakes, groundwater, and ice caps. For instance, the United Nations reports that nearly 2 billion people globally lack access to safe drinking water, with countries like India and South Africa facing acute water shortages and pollution challenges. In India, 70% of surface water is contaminated, while in South Africa, 30% of the population experiences water scarcity. These examples emphasize the critical need for innovative solutions, such as photocatalytic materials, for effective water treatment and management, thereby aligning with the study's objective. Of all the water on Earth, around 97.5% is saltwater found primarily in oceans, while the remaining 2.5% is freshwater. Freshwater sources include rivers, lakes, groundwater, and ice caps (Khan et al., 2023). This limited freshwater supply is essential for human consumption, agriculture, industry, and maintaining ecological balance (Stewart-Koster et al., 2023). Ensuring a secure future for humanity has become a pressing need, as our world grapples with environmental degradation and pollution (Zhou and Gu, 2024; Gupta and Suhas, 2009). With rapid population growth and technological advancements, water demand has surged across agriculture, industry, and households, leading to substantial wastewater generation (Gupta and Suhas, 2009). This escalating trend of growth and population, highlighted in reports like the United Nations World Water Development Report, emphasizes the urgent need for wastewater treatment and management (Mujtaba et al., 2024). Studies project that by 2050, global population growth will further strain clean water systems, with agriculture, industries, and municipalities collectively contributing to water scarcity (Ahsan et al., 2023). The severity of environmental challenges is evident in alarming statistics from the World Health Organization, which reported millions of deaths attributed to unhealthy environments, particularly due to air and water pollution (Haso et al., 2022; Kumari et al., 2023). The growing scarcity of water resources is exacerbated by factors like population migration, industrialization, and climate change, driving an ever-increasing demand for water (Dunphy and Rustum, 2024). The gravity of these issues cannot be overstated. Every day, vast amount of waste pollutants are discharge into the pubic-water systems, posing significant health risks and contributing to avoidable deaths (Edo et al., 2024; Yan et al., 2021).

Industrial wastewater contains a variety of pollutants, including biodegradable organic matter, total suspended solids, pathogens, nutrients, heavy metals, non-biodegradable organics, total dissolved solids, and dyes (Bogale et al., 2024). Dyes are considered a major pollutant present in water bodies. Dyes are substances which chemically attach to a substrate on which they are interacting (Chellapandi and Madhumitha, 2023). Each year, approximately 700,000 tons of various dyes are manufactured from about 100,000 commercially available options (Kusumlata et al., 2024). However, a significant environmental concern arises as most used dyes are disposed of without proper treatment, leading to the presence of dye effluents in water bodies (Dutta et al., 2024). The discharge of dye effluents into the environment is linked to the following four primary industries: The textile industry, dyeing industry, paper and pulp, tannery, and paint (Kumari et al., 2023; Katheresan et al., 2018; Kamati et al., 2024). These sectors are acknowledged for their role in releasing dye effluents, which may lead to environmental consequences, if not appropriately handled (Rahman and Tabassum, 2024). Among these industries, the Textile industry stands out as the largest user of dyestuff globally, utilizing approximately 10,000 tons per year (Periyasamy, 2024). This industry also produces the highest volume of dye effluent, estimated at around 100 tons annually, highlighting the substantial impact of dye-related wastewater (Katheresan et al., 2018). The extensive use of dyestuff in textile processes contributes significantly to the generation of large quantities of dye wastewater, aggravated by the industry's substantial water demands (Kallawar and Bhanvase, 2024).

Dyes from industrial operations pose significant risks, including respiratory issues (Yadav et al., 2014), skin irritation (Hassaan et al., 2017), and serious health conditions from long-term exposure (Ramamurthy et al., 2024). Environmentally, dye effluents harm aquatic life (Donkadokula et al., 2020), disrupt ecosystems, and reduce water quality (Kolya and Kang, 2024). Soil contamination from improper disposal affects fertility (Vikrant et al., 2018) and plant health (Bhatia et al., 2017), with potential risks to groundwater (Slama et al., 2021; Eseoghene et al., 2024). The removal of dyes is very important because when industries use dyes, they create a lot of pollution (Lanjwani et al., 2024). They store the waste from dyes and then release it into the water, which makes the water dirty and colored (Tolkou et al., 2024). This is a big concern for the environment and people's health, because these dyes can be harmful and toxic (Ikhlaq et al., 2024). It is very difficult to degrade the dyes due to their complex chemical structure because they usually contain numerous aromatic rings (Ikhlaq et al., 2021). It is thus important to find better ways to deal with dye waste. Waste should be treat before letting it go into the environment or even reuse it in their processes (Date and Jaspal, 2024). This is better for the environment and can save money too. Various treatment methods are available to combat wastewater pollution, including physical, chemical, and biological approaches (Lotha et al., 2024). Developing sustainable processes for color removal is crucial for advancing water treatment technologies and reducing environmental impact. Among all other techniques available, the Photocatalytic degradation is considered one of the most widely used techniques for treating dye-containing wastewater (Khan et al., 2024). Photocatalytic dye degradation employs three mechanisms: dye sensitization through charge injection, indirect dye degradation via oxidation/reduction, and direct photolysis. In dye sensitization, light excites electrons, creating radicals that degrade dyes into water and carbon dioxide. Indirect degradation generates hydroxyl radicals, which mineralize dyes completely. Direct photolysis, a slower process, degrades dyes under UV light without a catalyst (Saeed et al., 2022).

Different types of photocatalysts, including homogeneous and heterogeneous catalysts, are used in wastewater treatment. When light, whether UV or visible, falls on a catalyst, an electron is excited from the valence band to the conduction band, creating a positive hole (Raashid et al., 2023). These photo-induced electrons and holes react with dyes, initiating a series of reactions that ultimately generate hydroxyl radicals, which are strong oxidizing agents that completely mineralize the dye into subsequent products (Saeed et al., 2022). Single metal oxides photocatalysts are effective but limited to UV light and have high electron-hole recombination rates (Liu et al., 2013). To improve performance, techniques such as the addition of functional groups and doping with metals and non-metals (Raizada et al., 2021) can significantly increase the photocatalytic performance by reducing the bandgap and enhancing visible light activity. Zinc oxide is a highly efficient semiconductor photocatalyst because of its non-toxic nature, cost effectiveness and widely availability, great photosensitivity, and chemical stability (Binjhade et al., 2022). Apart from its advantages, there is a significant limitation of using ZnO. ZnO has a higher bandgap of 3.2 eV which makes it difficult to absorb visible light. That's why it can only work under UV light (Chantes and Jarusutthirak, 2015). Unfortunately, sunlight produces only 4%−5% of UV radiation (Xu et al., 2010; Koe et al., 2020). As a result, harnessing solar energy efficiently through photocatalytic techniques is still problematic. To enhance the photocatalytic activity of semiconductor photocatalysts, doping with narrow-band gap materials are widely used (Sun et al., 2024). One technique to boost the photocatalytic activity is to increase the stability of charges or radical lifetime, because these are the main components which initiate the photocatalytic reaction. As soon as the radical lifetime ends, the reaction stops, and no further dye will be degraded. So, the addition of functional groups can significantly increase the photocatalytic performance (Navidpour et al., 2023). A metal complex is formed when the metal cation interacts with the organic ligand (Wu et al., 2024). Because of its characteristics having low density, large surface area and significant pore sizes, this metal complex will boost the photocatalytic activity under visible light. The photocatalytic activity of ZnO and other semiconductors can significantly increase when combined with the metal complexes according to recent research (Berehe et al., 2023). Although metal complexes are available in a vast variety, but metal complexes containing copper are usually more prioritized because copper is available in a vast variety as well as the complex's wide surface area and significant pore sizes (Pathak et al., 2024). In the year 2020, Samira and her team created four mononuclear copper-II complexes with demonstrated photocatalytic activity against dyes including RB, CR, CV, MO, and MB. In the year 2020, four mononuclear copper-II complexes with demonstrated photocatalytic activity against dyes including Rhodamine B, Congo Red, Crystal Violet, Methylene Orange, and Methylene Blue (Carvalho et al., 2020). It was investigated the synthesis of a Cu(II)–Quinoline complex supported on silica as a catalyst for the removal of methylene blue dye. The study reported that the Cu(II) coordination complex functioned as a photo-Fenton-like catalyst, achieving an impressive 95% dye degradation efficiency under solar irradiation within 2.5 h (Khudkham et al., 2022). The utilization of hydrogen peroxide as an oxidant facilitated the complete degradation (100%) of methylene blue dye by all tested complexes within 90 min. In a separate study, a Cu(II)-pyridyl complex catalyst demonstrated remarkable efficiency, degrading 95% of methylene blue dye (16 mg/L) and 93.7% of Rhodamine B (24 mg/L) within 35 min (Jain et al., 2019).

Considering the concepts discussed previously, a Biochar ZnO/Cu-DPA nanocomposite was suggested, which was demonstrated to have higher photocatalytic performance than ZnO or Cu-DPA alone. Biochar has been highly important in photocatalysis due to its splendid characteristics like acting as a good support material, improving the chances of reusability efficiency, and increasing the surface area of the photocatalyst and availability of many surface-active sites. It also serves the purpose of a shield that saves the photocatalyst from degradation in unfavorable conditions (Rasouli et al., 2023). The current work focused on the synthesis of Biochar-based nanocomposites with different proportions of Cu-DPA (17%, 30%, 40%, and 50%), achieved through a mechanical grinding process. The prepared catalysts' photocatalytic activities were analyzed by observing the degradation of methylene blue when subjected to visible light. Besides, catalyst characterization, operational optimization, and catalyst reusability analysis were also performed.



2 Materials and methods


2.1 Chemicals and reagents

Ethanol 99% concentrated (Merck chemicals), Potassium hydroxide KOH (Sigma chemicals), Zinc sulfate hexahydrate (AnalaR chemicals), Diphenylamine (Merck chemicals), and Copper sulfate pentahydrate (Sigma chemicals). Additionally, Bagasse was sourced from the locally from outskirts of Lahore, Punjab, Pakistan.



2.2 Synthesis of Cu-DPA complex

By using the precipitation method for the synthesis of the Cu-DPA complex, firstly 3 gm of diphenylamine were dissolved in 15 mL of ethanol and 3 g of copper sulfate pentahydrate (CuSO4·5H2O) were dissolved in 15 ml of distilled water. Then the solutions were thoroughly mixed with a magnetic stirrer at room temperature for 2 h until a homogeneous solution was obtained. Subsequently, the solution was left undisturbed for 3 days to facilitate the creation of blue precipitates. After the precipitates were formed, these were washed 4 times with distilled water and one time with ethanol to remove any impurities. Finally, the precipitates were dried in hot air oven at 40°C for 24 h.



2.3 Synthesis of zinc oxide nanoparticles

This composite was prepared through the sol-gel method. The first step of this method is to prepare 0.2 mol/L aqueous solution of zinc sulfate hexa-hydrate (ZnSO4·6H2O) and 0.4 mol/L potassium hydroxide (KOH) solution. To form a white suspension, a solution of KOH was introduced slowly into the ZnSO4 solution while stirring continuously at ambient temperature. For 20 min, the mixture was then centrifuged at 4,700 rpm. Subsequently, the off-white substance underwent two washes with distilled water and one wash with pure ethanol to remove any impurities. This was followed by calcination at 500°C for 3 h (Berehe et al., 2023; Ghorbani et al., 2015).



2.4 Synthesis of biochar

Before starting the pyrolysis process, it is important to do the pre-treatment. Pre-treatment involves washing the biomass to remove any dust particles because this can affect the performance of the pyrolysis process. After the pretreatment step, it was moved into the furnace to be pyrolyzed. The furnace temperature was maintained at 200°C for the process to be effective (Kamali et al., 2021). After the 2-h pyrolysis period, the pyrolyzed biomass (biochar) was cooled down inside the furnace so that rapid temperature change could not affect the properties of biochar. Once cooled, the biochar was taken out of the furnace and should be stored in containers for later use.



2.5 Synthesis of biochar ZnO/Cu-DPA composite

Different mixtures of synthesized ZnO nanoparticles with varying amounts of copper diphenylamine (e.g., 50%, 40%, 30%, and 17%) were prepared using a simple grinding method. Pestle and mortar were used for the uniform distribution of the composite and the final product was calcined at 300°C for 1 h (Berehe et al., 2023). Then the desired quantity of Biochar and photocatalyst nanoparticles of ZnO/Cu-DPA were gathered corresponding to the composite ratio and transferred into a grinding stage which is done by ball mill. The mixture of biochar and the Photocatalyst nanoparticles was placed inside a 500 ml jar with 4 pcs of the steel balls to aid the grinding process. The machine crushed the mixture to the finest extent and thoroughly mixed it to form a homogeneous compound. Such a process pays attention to maintaining a uniform particle size distribution and preventing an overheating or the crusher from out-of-levelness. After completing the grinding process, the obtained mixture was calcined at 150°C for 1 h for the synthesized Biochar-ZnO/Cu-DPA composite.



2.6 Characterization

Structural analysis of the synthesized materials was performed using a Shimadzu X-ray diffractometer (Model: XRD-7000). The morphological characteristics were examined through scanning electron microscopy (SEM) using a JSM-JEOL 6390 instrument. Functional groups present in the samples were identified using Fourier-transform infrared (FTIR) spectroscopy (PerkinElmer). Photocatalytic degradation of methylene blue (MB) dye was conducted in a tungsten lamp reactor (60 W, Japan), with the degradation process monitored via a UV-Vis spectrophotometer (Shimadzu UV-3600 Plus).



2.7 Photocatalytic experiment

The photocatalytic experiment was conducted using a prepared methylene blue solution by dissolving 10 mg of methylene blue in 1,000 ml distilled water. Take 125 ml of the methylene blue solution and to ensure the adsorption/desorption equilibrium, the solution were stirred in the dark for approximately 30 min. Add 25 mg of each catalyst preparation, including those with different amounts of Cu-DPA mixed with ZnO and the biochar-based photocatalyst. The beaker was positioned on a stirrer which is magnetized, the lowering of the temperature was achieved with the help of water. The setup was irradiated by using a 60 W tungsten lamp and positioned at a height of 10 cm above the beaker. Stirring of the mixture was continuously performed during the irradiation, to obtain even exposure to light.

After 80 min of time intervals, 7 ml of the solution was withdrawn and passed through a centrifugation process at 4,700 revolutions per minute. A UV-visible spectrophotometer is used to measure the absorbance of the clear liquid where the wavelength of the dye has its maximal absorbance (λmax), typically observed at a wavelength of ~663 nm. The sample's absorbance was measured before irradiation namely Ao and the absorbance of sample was measured after irradiation namely At (Berehe et al., 2023; Zelekew et al., 2021).



2.8 Recycling of catalyst

After the treatment was over, the Biochar ZnO/Cu-DPA photocatalyst underwent a recycling process. This involves washing of the catalyst using distilled water and acetone alternately to remove any leftover solution. The washed and dried catalyst was then immersed in a new MB solution with the same MB concentration (10 ppm) for the next run. These procedures were implemented in a series of cycles in order to determine the reusability of the catalyst and its stability over time. Similarly, an assessment of catalyst performance in MB degradation under visible light was done to ensure its consistent performance with the testing conditions and catalyst integrity maintained throughout the experiment (Ramadevi et al., 2023).




3 Results

This section presents the experimental results, their interpretations, and conclusions derived from the experiments.


3.1 X-ray diffraction

X-ray diffraction is used to identify the materials crystallinity. Zinc oxide has a hexagonal crystalline structure so to find out the crystallographic nature of zinc oxide we employed the X-ray diffraction technique. From Figure 1, we analyzed that there are 10 peaks formed at 2θ angles of 31.7°, 33.9°, 36.1°, 38.2°, 47.6°, 56.5°, 59.7°, 62.8°, 67.9°, and 69.10°. These peaks confirm the hexagonal crystalline structure of the zinc oxide nanoparticles. Moreover, the sharp peaks in this graph confirm the crystalline structure of zinc oxide nanoparticles (Berehe et al., 2023). The peak intensities suggest a high degree of crystallinity and potentially a preferred orientation along specific planes. This XRD pattern helps confirm the successful synthesis of Zinc oxide nanoparticles and the phase purity of the material, as there are no significant impurity peaks observed.


[image: Figure 1]
FIGURE 1
 XRD results of ZnO.




3.2 Scanning electron microscopy

The morphological and structural characteristics of the synthesized ZnO particles were analyzed using SEM. The SEM image, presented in Figure 2, confirms that the Zinc Oxide particles exhibit a rod-like morphology, which is a typical structural feature of ZnO synthesized via the sol gel method. The uniformity and well-defined shape of the rods suggest a controlled growth process, contributing to enhanced surface properties. These structural attributes play a crucial role in determining the material's photocatalytic efficiency and potential applications in environmental remediation (Chen et al., 2017).


[image: Figure 2]
FIGURE 2
 SEM micrographs of (A) ZnO at mag 5.00 K X, (B) Cu-DPA composite at mag 10.00 K X.




3.3 Fourier transform infrared spectroscopy

FTIR analysis was used to investigate the functional groups present in the samples. To analyze the functional groups and chemical bonding in the material, Fourier-transform infrared (FTIR) spectroscopy was performed. FTIR of ZnO is shown in Figure 3A. The absorption peak at 3,400 cm−1 shows the stretching vibration of the O-H bond, while the peak at around 2,300 cm−1 shows the bond between carbon dioxide that may absorbed from environment during the synthesis of catalyst. The peak at around 1,400 cm−1 shows the stretching of the carbon-carbon double bond while the significant absorption peaks at around 1,000 and 500 cm−1 show the stretching vibration between zinc and oxygen (Hoseinpour et al., 2017). FTIR spectra of Cu-DPA is shown in Figure 3B. The absorption peaks at around 3,400, 1,300, and 500 cm−1 show the stretching vibration between nitrogen and hydrogen while the significant peak at around 1,000 cm−1 shows the bond between copper and diphenylamine. This solid line indicates the presence of our prepared catalyst. At 500 cm−1, a peak with Cu2O functional groups indicates impurities or byproducts produced during the reaction, but these byproducts will mineralize after a certain time period, so no harmful effect of these byproducts was observed (Thirumala Rao et al., 2011). Figure 3C shows the combined spectra of zinc oxide with copper diphenylamine. This graph shows the similar functional group as in ZnO and Cu-DPA. The peak at 3,500 cm−1 shows the stretching vibration of NH bond while the peak at 900 cm−1 shows the bond between copper and diphenylamine ligands. At 500 cm−1, the absorption peak shows the presence of zinc oxide nano particles.


[image: Figure 3]
FIGURE 3
 FTIR of (A) ZnO, (B) Cu-DPA, (C) combined ZnO and Cu-DPA.




3.4 Photocatalytic activity of composite catalysts

The results, shown in Figures 4A–F, demonstrate that the prepared catalysts were effective in degrading methylene blue. The figure indicates that the degradation efficiency of methylene blue increase as the concentration of copper diphenylamine decreases when the solution is irradiated under visible light. Samples were collected at 20-min intervals to measure the degradation percentage using UV-Visible spectroscopy. It was observed that the degradation of methylene blue increases by decreasing the concentration of Cu-DPA, up to 17%. Beyond this limit, further reduction didn't increase the percentage degradation. Among all the prepared catalysts, the Biochar ZnO/Cu-DPA exhibited the highest degradation percentage after 80 min, outperforming all other synthesized catalysts. Figures 4A–F also show that after 80 min, the dye solution containing Biochar ZnO/Cu-DPA has the lowest absorbance, in contrast to the dye solution with all other synthesized samples.


[image: Figure 4]
FIGURE 4
 UV-Visible spectra depicting the absorption of methylene blue at various exposure intervals using (A) ZnO, (B) ZnO with 50% Cu-DPA, (C) ZnO with 40% Cu-DPA, (D) ZnO with 30% Cu-DPA, (E) ZnO with 17% Cu-DPA, and (F) Biochar ZnO and Cu-DPA.


The calculated % of degradation is 71, 97, 87, 78.5, 77.1, and 66% for ZnO, Biochar ZnO & Cu-DPA, and ZnO incorporating with 17% Cu-DPA, ZnO with 30% Cu-DPA, ZnO combined with 40% Cu-DPA and ZnO with 50% Cu-DPA, respectively. Every composite, apart from ZnO/50% Cu-DPA (as shown in Figure 4), achieved greater degradation efficiency than ZnO by itself. Figure 4 shows the percentage degradation of methylene blue in different irradiation times. Among all the prepared samples, Biochar ZnO/Cu-DPA has a high percentage degradation as per Figure 4. The reduced efficacy of ZnO nanoparticles can be attributed to their relatively large bandgap of 3.2 eV.



3.5 Effect of initial dye concentration

The concentration of dye greatly affects the performance of photocatalytic degradation. Figure 5 shows the relationship between percentage degradation and dye concentration. Different concentrated solutions (10 ppm, 20 ppm, 30 ppm, and 40 ppm) were prepared, and their degradation efficiency was observed using efficient photocatalyst (Biochar ZnO/Cu-DPA) under visible light irradiation for 80 min. The results shows that as concentration increases, the percentage degradation decreases. The calculated percentage degradation is 97%, 83%, 73%, and 61% for 10, 20, 30, and 40 ppm solutions. Generally, when dye concentration is increased, it increases the rate of reaction. However, on the other hand, an increase in dye concentration will decrease the degradation efficiency (Saeed et al., 2022; Zhang et al., 2016). The major reasons behind this are decrease in the ratio of active sites of the photocatalyst, decrease in the ratio of OH radicals to the dye molecules and absorbance of light by dye molecules rather than creating photo-induced electron-hole pairs.


[image: Figure 5]
FIGURE 5
 Effect of catalyst combinations on percentage degradation, plotted against time.




3.6 Reusability testing

Besides achieving the highest percentage with our prepared catalyst Biochar ZnO/Cu-DPA, we can also reuse it. Figure 6 shows the percentage degradation after each cycle. The calculated percentage degradation is 97%, 89%, 83%, 78%, 75%, 71%, and 66% after 1st, 2nd, 3rd, 4th, 5th, 6th, and 7th cycle respectively. In the first cycle, the material exhibits the highest degradation efficiency, close to 100%. However, as the number of cycles increases, there is a gradual decline in degradation performance. By the 3rd and 4th cycles, the degradation efficiency drops to around 85% and 75%, respectively. This trend continues, and by the 7th cycle, the efficiency falls to about 65%. This behavior suggests that the material's activity diminishes with repeated use, possibly due to factors like catalyst deactivation, surface entangling, structural changes, or the loss of active sites. Despite this decrease, the catalyst still retains a significant level of activity after seven cycles, indicating a degree of reusability, though efficiency declines with time.


[image: Figure 6]
FIGURE 6
 Reusability of composite catalyst over seven cycles.





4 Discussion

The experimental results underscore the pivotal role that Cu-DPA plays in enhancing the photocatalytic activity of ZnO, especially under visible light irradiation. The significant improvement in degradation efficiency observed with the Biochar ZnO/Cu-DPA composite can be attributed to the synergistic effects between ZnO and Cu-DPA. The inclusion of biochar further amplifies this synergy, likely due to its high surface area and ability to act as an adsorbent, facilitating better interaction between the catalyst and dye molecules. The superior photocatalytic performance of Biochar ZnO/Cu-DPA compared to pristine ZnO suggests that Cu-DPA enhances the visible light absorption capability, extending the photocatalysts operational range beyond the UV spectrum. This is consistent with prior studies, where metal ion-doped or ligand-modified ZnO composites demonstrated increased activity due to improved charge separation and longer electron-hole lifetimes, reducing recombination rates. However, the decline in photocatalytic efficiency with increasing dye concentrations can be attributed to several factors. First, the higher concentration of dye molecules could block active sites on the catalyst surface, reducing the number of available sites for the catalytic reaction. Second, excessive dye molecules might absorb the incident light, limiting the photons available to activate the ZnO catalyst, thus diminishing the overall photocatalytic performance. This indicates that there is an optimal dye concentration for achieving the highest degradation efficiency, beyond which the performance is hindered. Visible light photocatalytic performance of the novel composite catalyst containing renewable biochar, zinc oxide (ZnO), and copper diphenylamine was evaluated for the degradation of methylene blue under varying temperatures and pH conditions. The temperature played a crucial role in influencing the rate of photocatalysis. At elevated temperatures, the degradation efficiency increased due to enhanced molecular collisions and improved adsorption of methylene blue onto the catalyst surface. However, extremely high temperatures may lead to the deactivation of the active sites or desorption of reactants, reducing efficiency. The pH of the solution significantly impacted the surface charge of ZnO and the catalyst's interaction with methylene blue molecules. At acidic pH, the protonation of functional groups on biochar and ZnO could hinder dye adsorption, while at highly alkaline pH, excessive OH− ions could scavenge photogenerated holes, reducing photocatalytic efficiency. Optimal degradation was achieved at neutral to slightly basic pH, where a balance between adsorption and reactive species generation was maintained. These results demonstrate the synergistic effect of temperature and pH on the composite catalyst's performance, ensuring efficient dye removal under visible light. The reusability tests show that while Biochar ZnO/Cu-DPA retains good activity over several cycles, a gradual decrease in efficiency is inevitable. This can be explained by potential catalyst deactivation due to surface fouling or clogging by residual dye molecules, structural changes to the catalyst, or a partial loss of active Cu-DPA sites over multiple cycles. This behavior, however, still reflects a promising level of reusability, suggesting that with proper regeneration techniques, the catalyst could maintain its performance over an extended period. Future work should explore the optimization of the Cu-DPA concentration to maximize the visible light absorption and enhance charge carrier dynamics further. Additionally, varying the types of biochar used in the composite may offer further improvements, as different biochar materials possess unique surface properties and porosities that could influence catalytic performance. The incorporation of other co-catalysts or dopants could also be investigated to boost activity further and reduce the rate of catalyst deactivation. Composite catalyst, combining renewable biochar, zinc oxide (ZnO), and copper diphenylamine exhibits enhanced photocatalytic efficiency due to its unique synergy. Biochar improves electron transfer and dye adsorption, while copper compounds increase visible-light absorption and catalytic activity. This sustainable catalyst significantly outperforms traditional catalysts, effectively degrading methylene blue under mild visible-light conditions (Deepika et al., 2022). Moreover, a more detailed analysis of the degradation process is necessary to ensure that the byproducts formed are fully mineralized into harmless end products. This is crucial for the practical application of photocatalysts in environmental remediation. Long-term stability tests, under varied environmental conditions, will also be essential to evaluate the robustness and feasibility of Biochar ZnO/Cu-DPA for industrial-scale applications. This discussion expands on the initial findings, offering insights into potential causes of performance trends and suggesting avenues for future research and optimization.



5 Conclusions

In summary, we have successfully synthesized Biochar ZnO/Cu-DPA for degrading methylene blue. The degradation of methylene blue was done using different ratios of photocatalysts under visible light for 80 min. The degradation efficiencies were measured as follows: ZnO achieved 78%, the mixture with 50% Cu-DPA achieved 66%, the catalyst with 40% Cu-DPA exhibited 77.1%, the 30% Cu-DPA showed 78.5%, the one with 17% Cu-DPA showed 87%, and the biochar-enhanced ZnO with Cu-DPA exhibit 97%. The results declared that biochar ZnO & Cu-DPA show the highest percentage of degradation irradiated under visible light. By using the best photocatalyst (Biochar ZnO & Cu-DPA), the effect of dye concentration was observed, and the results declared that with an increase in dye concentration, the degradation percentage decreased. In the last, the reusability of the highly efficient photocatalyst (Biochar ZnO & Cu-DPA) was observed. In the first cycle, the percentage degradation of methylene blue was observed to be 97%, but in the 7th cycle, the percentage degradation decreased to 66%. As a whole, the percentage degradation of methylene blue decreases by 30% after the 7th cycle. Biochar ZnO/Cu-DPA was deemed the best choice for remediating wastewater that contains dyes.
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