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To identify the efficacy of a ZnO-doped activated carbon-ammonia (AC-ZnO-NH3) composite on photocatalytic degradation of Acid Red 14 (AR14) dye from aqueous solutions, the compositional and structural properties of the assembled composite were evaluated by FTIR, XRD, SEM and EDX. The material was synthesized and characterized using FTIR, XRD, SEM, and EDX, confirming the successful incorporation of ZnO and nitrogen functionalities. The composite achieved a maximum AR14 removal efficiency of 95.55% under optimal conditions (pH 3, catalyst dose of 0.18 g, and dye concentration of 25 mg/L). The kinetic data fitted well with the pseudo-second-order model, suggesting chemisorption as the primary mechanism. Adsorption equilibrium followed the Henderson isotherm model, indicating a heterogeneous surface. Thermodynamic analysis revealed that the process is endothermic and spontaneous at higher temperatures, with positive ΔH° and negative ΔG° values. Additionally, the presence of hydrogen peroxide (H2O2) enhanced photocatalytic efficiency by reducing the dye’s half-life from 382.9 min to 289.3 min. The composite exhibited partial reusability across three cycles, supporting its potential for practical application. These findings highlight the composite’s effectiveness as a sustainable and cost-efficient photocatalyst for azo dye removal under natural sunlight.
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1 Introduction


In recent years, stringent regulations have been implemented regarding wastewater discharge, necessitating the development of effective and cost-efficient treatment technologies (Singh et al., 2023a). Current methods for treating textile wastewater are primarily categorized into physical, chemical, and biological treatments (Al Prol, 2019). Various technologies, including adsorption, membrane separation, and coagulation, have been applied (Ghoneim et al., 2014). Some approaches utilize low-cost natural materials such as rice husk, olive stones, walnut shells, broad beans, lemon peel, and orange peels for adsorption. However, many of these technologies often convert waste from one phase to another, such as from liquid to solid. Additionally, enhanced oxidation processes have been proposed to remove contaminants, with photocatalysis emerging as a promising method (Dihom et al., 2022).


In recent years, photocatalytic degradation has emerged as a promising green technology for wastewater treatment, offering effective breakdown of azo dyes into less harmful byproducts. Among the various photocatalysts, zinc oxide (ZnO) nanoparticles are particularly attractive due to their high photoactivity under UV or sunlight irradiation, low cost, and environmental safety. However, limitations such as high electron–hole recombination rates and limited adsorption capacity can hinder their performance (Husien et al., 2022). Correspondingly, Zinc oxide nanoparticles (ZnO) are well-known semiconductor materials with a wide bandgap (around 3.37 eV) that exhibit remarkable photocatalytic activity under UV or sunlight irradiation (Suresh et al., 2015). The incorporation of ammonia (NH3) doping into the composite helps to introduce nitrogen atoms into the carbon structure, which enhances the basicity of the material (Cheng et al., 2024). This doping process improves the surface functionality of the activated carbon and increases its affinity for azo dyes, such as Acid Red 14. Acid Red 14 (AR14) is a single azo textile dye containing functional groups like sulfonates (–SO3-) and azo (-N=N-) linkages, contributing to its stability and vivid red color (Daneshvar et al., 2003). The dye is widely used in textile industries and is a significant environmental pollutant due to its high solubility, resistance to biodegradation, and toxicity to aquatic ecosystems (Alprol et al., 2023a). This excitation generates electron-hole pairs (e- in the conduction band and h+ in the valence band). The photogenerated electrons reduce oxygen to form superoxide radicals (Alprol et al., 2023b). The holes oxidize water or hydroxide ions to form hydroxyl radicals. The ROS attack the dye’s molecular structure, cleaving the azo bond (-N=N-) and breaking the chromophore groups into smaller, less toxic compounds such as water, CO2, and simple organics (Dong et al., 2022). Azo dyes like Acid Red 14 (AR14) are characterized by the presence of azo (-N=N-) bonds and functional groups like sulfonates (-SO3-), which grant them high stability and water solubility. These properties make them resistant to biodegradation. When treated with catalytic materials (ZnO-doped AC-NH3 composites), several thermodynamic changes occur (Pulido Melián et al., 2009). The thermodynamic properties demonstrate that treating AR14 with catalytic materials is highly dependent on thermal and photonic conditions to achieve maximum efficiency. Solar-assisted photocatalysis is particularly ideal, as it utilizes the endothermic nature of the process to enhance reactions, leading to the efficient breakdown of the dye into harmless by-products (Zhang et al., 2024b).


Additionally, ammonia doping can enhance the photocatalytic activity of ZnO by modifying its electronic properties, making it more efficient under sunlight irradiation. This leads to better separation of photo-generated electron-hole pairs, prolonging the lifetime of ROS and thus improving the degradation of organic pollutants (Zhen et al., 2023).


The adsorbed dyes on the surface of the composite are subjected to photocatalytic reactions, leading to their complete degradation. To address these challenges, this study introduces a novel ZnO-doped activated carbon-ammonia (AC-ZnO-NH3) composite, which synergistically combines the high adsorption capacity of activated carbon, the photocatalytic activity of ZnO, and the enhanced surface basicity from ammonia doping. This multifunctional composite is designed to enhance sunlight-driven degradation efficiency of AR14 dye in aqueous solutions (Khan et al., 2024) (Bano et al., 2021).


The objective of this work is to systematically investigate the adsorption behavior, degradation kinetics, isotherm models, and thermodynamic properties of AR14 removal using the AC-ZnO-NH3 composite under sunlight. In addition, the study evaluates operational parameters such as pH, dye concentration, catalyst dosage, and the synergistic effect of hydrogen peroxide. The potential reusability and commercial feasibility of the composite are also explored, emphasizing its application as a sustainable and cost-effective solution for industrial wastewater treatment.






2 Materials and method





2.1 Materials


All chemicals used in this study were of analytical grade and used without further purification. Activated carbon was obtained commercially and used as the support material. Zinc oxide (ZnO) nanoparticles with ≥99% purity were purchased from Sigma-Aldrich. Ammonia solution (10–20% v/v) was obtained from El Nasr Chemicals, Egypt, and used for nitrogen doping. Acid Red 14 dye (C.I. 1472; molecular formula: C20H12N2Na2O7S2; molecular weight: 502.4 g/mol) was used as the model pollutant. Hydrochloric acid (HCl, 0.1 N) and sodium hydroxide (NaOH, 0.1 N) were used to adjust the solution pH. Distilled water was used in all solution preparations and washing steps.






2.2 Preparation of the AC-ZnO-NH3 composite


A 15% v/v ammonia solution was prepared, and 3.5 mL of this solution was used for the doping process. In a clean beaker, 70 g of activated carbon was weighed and mixed with 15 g of zinc oxie (ZnO) nanoparticles. The mixture was stirred using a magnetic stirrer for 30 minutes to ensure uniform distribution. Subsequently, the 3.5 mL ammonia solution was gradually added to the carbon–ZnO mixture while continuous stirring was maintained to facilitate nitrogen doping into the carbon structure. Nitrogen doping into the activated carbon structure is facilitated by the ammonia. The mixture is allowed to react at room temperature for 2 hours. The mixture is heated at 80-100 °C for 2 hours, ensuring that the temperature remains below 100 °C to avoid ammonia decomposition. The resulting mixture is filtered using a vacuum filter to remove excess ammonia and unreacted materials. The filtered solid is washed with distilled water to eliminate residual ammonia and impurities. The composite material is dried in an oven at 100 °C for 12 hours to remove moisture. The dried composite is activated by heating it in a furnace at 400 °C for 1 hour to enhance surface area and porosity.






2.3 Preparation of AR14 dye solution


Acid Red 14, C.I. (1472) as a single azo class, molecular formula:C20H12N2Na2O7S2, molecular weight (502.4). AR14 dye (
Figure 1S
) was dissolved in distilled water to achieve an initial concentration ranging from 25 to 200 mg/L. The pH of the solution is adjusted using 0.1% HCl or 0.1% NaOH. The dye concentration before and after adsorption is measured using a UV spectrophotometer (UV-1100 Chrom Tech) at a wavelength of 512 nm. A calibration curve was used to determine the concentration and absorbance of the dye.






2.4 Characterization


Characterization of the synthesized composites was conducted using a UV-Vis spectrophotometer (Shimadzu, UV3101PC, Japan) at room temperature to measure the AR14 and verify their formation in solution. The crystalline structure of the nanoparticles was analyzed by X-ray diffraction (XRD) with a Panalytical Xpert Pro diffractometer, utilizing Cu Kα1 radiation (λ=1.540595 Å) (Malvern, GH Eindhoven, The Netherlands). Energy dispersive X-ray analysis (EDX) analysis (using the JEOL JSM-IT200 instrument) and a scanning electron microscope (SEM) were used to evaluate the morphology and elemental composition of the composite material composed of chitosan and blue-green algae. The magnification of the image is x40,000. This is indicated by the text “SED”. Standard PC 11.7 mm 30.0 High Vac; 20.0 kV WD. A Bruker IFS 66v/S spectrometer (Germany) and an IR Affinity -1S-SHIMADZU spectrometer (Kyoto, Japan) were used to get the powder sample’s FTIR spectra. FTIR spectra were recorded using attenuated total reflection (ATR), with a resolution of 4 cm-1 and scans in the 4000–500 cm-1 spectral region.






2.5 Adsorption study


Batch adsorption processes were used in this study. A 50 mL solution of AR14 dye was prepared with various initial concentrations (25–200 mg/L). Varying amounts (0.03-0.18 g) of the AC-ZnO-NH3 composite were added as the adsorbent. The adsorption study is conducted at different temperatures (30, 40, 50, 60, and 70 °C) and the contact time was varied at intervals of 15, 30, 45, 60, 120, and 180 minutes. The shaking speed was set to 180 rpm. The dye-composite mixture is exposed to sunlight irradiation for photodegradation. In Alexandria, Egypt, during the month of August, the daily solar radiation intensity ranges between 5.5 and 6.5 kilowatt-hours per square meter per day (kWh/m²/day). After the specified adsorption time (ranging from 15 to 180 minutes), the solution is centrifuged at 2000 rpm for 10 minutes. The remaining adsorbent is filtered using filter paper, then measured at UV-VIS spectrophotometer at 512 nm.


To measure AR14 Removal %, the Equation S1 in the Supplementary Material was used to get the AR1 4% and Equation S2 in the Supplementary Material was used to determine the quantity of dye adsorbed per gram of adsorbent at equilibrium time and at time t, respectively (Barjasteh-Askari et al., 2021) as presented in the Supplementary Material.


This setup is designed to optimize the photocatalytic activity of the AC-ZnO-NH3 composite, specifically targeting the degradation of the AR14 dye in an aqueous solution under sunlight.






2.6 Synergistic effect of hydrogen peroxide with AC-ZnO-NH3 composite to enhance AR14 dye photodegradation preparation


A selected batch system was used for each experiment, ensuring the same reaction volumes (50 mL solution of AR14 dye), without stirring, and light source. Samples were taken from each reaction vessel (control and experimental groups) at regular intervals (30, 60, 120, 240 minutes) as showed as following (a-d). Each sample was analyzed at the selected wavelength (512 nm) using a UV-Vis spectrophotometer (
Table 1
).



Table 1 | 
Experimental design of photodegradation using H2O2.





	Experiment

	Sunlight exposure

	Catalyst (AC-ZnO-NH3) (g)

	H2O2 (mL)

	Initial AR14 conc. (mg/L)

	Contact time (min)






	Control 1
	Yes
	0
	No
	50
	30, 60, 120, 240 minutes



	Control 2
	No
	0
	No
	50



	Control 3
	Yes
	0
	No
	50



	Experimental A
	Yes
	0.05
	5
	50



	Experimental B
	Yes
	0.05
	10
	50



	Experimental C
	Yes
	0.05
	15
	50







Control 1 = sunlight only (no catalyst, no H2O2); Control 2 = dark (no catalyst, no H2O2); Control 3 = catalyst + sunlight (no H2O2); Experimental A–C include catalyst + sunlight + increasing H2O2 doses (5, 10, 15 mL respectively).




a) To assess the individual contributions of light, catalyst, and hydrogen peroxide, a series of control experiments were conducted under identical dye concentrations (25 mg/L). In Control 1, AR14 dye was exposed to sunlight in the absence of both the catalyst and H2O2 to evaluate the effect of photolysis alone. In Control 2, the dye solution was kept in dark conditions without catalyst or H2O2, serving as a baseline to measure natural dye stability and degradation. In Control 3, the catalyst (AC-ZnO-NH3) was applied under sunlight without H2O2, to investigate the contribution of photocatalytic degradation by the composite itself. These control setups allowed us to isolate the synergistic role of H2O2 in enhancing the photocatalytic performance when used alongside the catalyst under solar irradiation.


b) Experimental Groups (Adding H2O2)


Group A isAR14 solution (at optimal concentration) with the catalyst, exposed to sunlight, and a low concentration of H2O2 (5 mL). Group B displays the AR14 solution (at optimal concentration) with the catalyst, exposed to sunlight, and a medium concentration of H2O2 (10 mL). Group C shows the AR14 solution (at optimal concentration) with the catalyst, exposed to sunlight, and a high concentration of H2O2 (15 mL).


c) Half-Life Calculation


The rate constant for the reaction can be calculated using the following equation (Equation 1), assuming first-order degradation:
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Where: C0 is the initial concentration of the dye, Ct is the concentration at time t, and k is the rate constant of the reaction.


d) The half-life (t½) for each case was determined using the following formula (Equation 2) based on first-order kinetics:
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where: k is the rate constant determined from the slope of the linear regression of the natural logarithm of the remaining concentration versus time.






2.7 Isotherm and kinetic studies


The equilibrium data were thoroughly fitted to various isotherm models, including Henderson, Freundlich, Langmuir, and Harkins-Jura, with the corresponding equations presented in 
Table 1S
. The adsorption kinetics of Acid Red 14 dye onto the composite material were evaluated using different kinetic models, such as Lagergren first-order, pseudo-second-order, and intraparticle diffusion models, with their equations shown in 
Table 2S
. For batch sorption tests conducted at room temperature, 50 mL of AR14 dye solution was mixed with the composite at an initial concentration of 25, 50, 75, 100, and 200 mg/L, adjusted to pH 3, and left for 3 hours to measure the isotherm behavior. For kinetic studies, the contact time was varied at intervals of 15, 30, 45, 60, 120, and 180 minutes using a 60 mg/L concentration of AR14. After each reaction, the mixture was analyzed to determine the residual concentration of AR14 dye.







3 Results and discussion





3.1 Characterization of the synthesized composites





3.1.1 Fourier transform infrared analysis


Fourier Transform Infrared (FTIR) spectroscopy is a powerful analytical technique used to identify and characterize the functional groups present in materials. The FTIR spectrum in 
Figure 1
 for the AC-ZnO-NH3 composite provides valuable insights into its chemical composition and potential interactions with the Acid Red 14 dye. The spectrum displays several notable peaks, indicating the presence of various functional groups that are crucial for understanding the composite’s properties. The region at 3000–3500 cm-¹ corresponds to O-H or N-H stretching vibrations (León et al., 2017). The presence of broad peaks in this range suggests the existence of hydroxyl (–OH) groups and amine (–NH) groups, which are likely due to the incorporation of ammonia in the composite. The presence of hydroxyl groups on the AC-ZnO-NH3 composite enhances its hydrophilicity, facilitating better interaction with aqueous dye solutions and promoting dye adsorption. The nitrogen functional groups introduced by ammonia doping can interact with the dye molecules through hydrogen bonding and electrostatic interactions, thereby improving the composite’s ability to adsorb Acid Red 14 (Mao et al., 2023). Peaks in the area from 1600 to 1800 cm-¹ may indicate C=O stretching vibrations, possibly from carbonyl or carboxyl functional groups (Saito et al., 2022). These groups can enhance the interaction with the Acid Red 14 dye, promoting adsorption and photocatalytic activity. While, the peaks in this range 1200–1400 cm-¹ could correspond to C-N stretching vibrations, indicating the presence of amine functionalities, which are significant for the dye adsorption process (Fu and Manthiram, 2012). The presence of ZnO in the composite material is also reflected in the FT-IR spectra, with a strong peak observed at 500 cm-¹ due to Zn-O stretching vibrations. This is consistent with previous research highlighting the typical presence of Zn-O stretching vibrations in metal oxides in the low wavenumber region (400–800 cm−1) (Mansour et al., 2022). The presence of ZnO in the AC-ZnO-NH3 composite, evidenced by the characteristic Zn-O stretching vibration at 427.131 cm-¹, introduces a new dimension to the adsorption process. The ZnO surface may exhibit a charge that interacts electrostatically with the charged groups present in the Acid Red 14 dye molecules. Hydrogen bonding can occur between the hydroxyl groups on the ZnO surface and the polar functional groups of the dye molecules (Raha and Ahmaruzzaman, 2022). The Lewis acidic nature of ZnO could potentially interact with electron-rich sites on the dye molecule, leading to increased adsorption. Furthermore, the high surface area of ZnO provides a larger number of adsorption sites, allowing for increased interaction with dye molecules. ZnO’s potential catalytic properties could accelerate the adsorption process by enhancing the interaction between dye molecules and the composite surface.


[image: FTIR spectrum with transmittance percentage on the y-axis and wavenumber in centimeters inverse on the x-axis ranging from four thousand to five hundred. The graph shows various peaks and troughs indicating different functional groups.]
Figure 1 | 
FTIR spectrum of AC-ZnO-NH3 composite for acid red 14 dye removal.








3.1.2 X-ray diffraction analysis


X-ray diffraction (XRD) is a powerful technique used to determine the crystal structure of a material. It works by irradiating a sample with X-rays and measuring the angles at which the X-rays are diffracted. Each diffraction peak corresponds to a specific crystallographic plane within the material. 
Figure 2
 shows that the broad hump around 2 Theta = 20 is indicative of the amorphous nature of activated carbon (AC). Activated carbon often exhibits a broad diffraction peak in this region due to its disordered structure (El-Fenjary et al., 2024). The presence of several sharp, distinct peaks in the XRD pattern confirms the presence of crystalline phases within the composite. Key peaks observed in the XRD pattern for ZnO typically appear at the following 2θ values, 31.7° is corresponds to the (100) plane, 34.4°corresponds to the (002) plane, 36.2° is corresponds to the (101) plane, 47.5°corresponds to the (102) plane, 56.6° is corresponds to the (110) plane, 62.9°corresponds to the (103) plane, and 67.9° is corresponds to the (112) plane. The peaks are sharp and intense in well-crystallized ZnO, indicating a high degree of crystallinity. The relative intensities of these peaks can also provide insights into the orientation and texture of the ZnO nanocrystals within the composite. These peak positions correspond to the reflections from the (100), (101), (110), (111), and (200) planes of the wurtzite structure of ZnO (Alzahrani et al., 2023). Peaks at 31.7°, 34.4°, 36.2°, 56.6°, and 62.9°confirm the crystalline nature of ZnO. This observation supports the presence of ZnO in the AC-ZnO-NH3 composite (Alzahrani et al., 2023). Broad hump at ~20°-30° and the weak peak at ~43° indicate the amorphous and partially graphitic nature of activated carbon. Broad hump at ~20° to 30° thcorresponds to the (002) plane of disordered graphite (Li et al., 2022b). This broad peak indicates the amorphous nature of the carbon, signifying a lack of long-range order in the graphitic structure (Lee et al., 2021). Weak peak at ~43°corresponds to the (100) plane of microcrystalline graphite, indicating the amorphous and partially graphitic nature of activated carbon. Moreover, the presence of graphitic nitrogen or nitrogen functionalities introduced via NH3 doping was evidenced by a slight shift in the (002) carbon peak at around 2θ ≈ 23.5°, (Hekimoğlu et al., 2023) and the emergence of a low-intensity peak at ~43°, which may be attributed to N-related structures such as pyrrolic or graphitic nitrogen. These observations are consistent with prior studies involving nitrogen-doped carbonaceous materials. The refined XRD pattern also includes adjusted intensity counts starting at -10 to better visualize background noise and enhance signal interpretation.


[image: X-ray diffraction pattern showing intensity counts versus position in degrees two-theta. Peaks labeled as (002) for graphitic N and amorphous, (101), (102), (103), and (004). The largest peak is at (002), around 25 degrees.]
Figure 2 | 
XRD analysis of AC-ZnO-NH3 composite synthesized.








3.1.3 Scanning electron microscopy analysis


The Scanning Electron Microscopy (SEM) image provides a visual representation of the surface morphology and texture of the AC-ZnO-NH3 composite. The SEM image reveals that the AC-ZnO-NH3 composite presents a heterogeneous surface, displaying agglomerated particles of varying sizes with a mixture of features indicating the presence of both activated carbon and zinc oxide as shown in 
Figure 3
. This suggests that the composite material consists of a mixture of AC and ZnO particles, possibly forming aggregates through interactions between these components (Voorhis et al., 2024). While difficult to ascertain from this image alone, the presence of numerous, irregularly shaped pores and spaces suggests a high degree of porosity. This high porosity is characteristic of activated carbon and can be advantageous in enhancing dye adsorption as the internal pore structure provides increased surface area and sites for interaction (Wang et al., 2022). The relatively smooth, dispersed particles interspersed within the larger aggregates likely represent ZnO nanoparticles. This confirms the incorporation of ZnO into the AC matrix. Also, the SEM analysis of the AC-ZnO-NH3 composite indicates a surface that exhibits a porous structure with integrated ZnO nanoparticles. The composite material’s high surface area resulting from the porous nature of AC, combined with the presence of dispersed ZnO nanoparticles, increases the contact area for interaction with dye molecules, leading to higher dye adsorption capacity. Although ammonia (NH3) is not directly visible in SEM micrographs due to its non-metallic and light-element nature, indirect morphological changes suggest successful doping. The observed increase in surface roughness, particle dispersion, and heterogeneous texture is consistent with ammonia-assisted modification, where nitrogen functionalities are introduced onto the carbon surface. These textural changes likely contribute to the enhanced adsorption and photocatalytic performance of the composite (Yusuf et al., 2025).


[image: Three scanning electron microscope images showing magnified views of a material. The first image at 2,700 times magnification shows a rough, granular surface with visible texture. The second image is magnified 5,000 times, revealing finer granules. The third image, at 7,000 times magnification, displays dense clusters of small particles. Each image includes a scale bar indicating micrometer measurements.]
Figure 3 | 
SEM characterization of AC-ZnO-NH3 composite at different magnifications.








3.1.4 Energy dispersive x-ray spectroscopy analysis of AC-ZnO-NH3 composite: elemental composition


The Energy Dispersive X-ray Spectroscopy (EDX) analysis provides a quantitative assessment of the elemental composition of the AC-ZnO-NH3 composite, shedding light on the material’s properties and potential effectiveness in dye removal applications. 
Figure 4
 shows the EDX analysis indicating the presence of various elements in the AC-ZnO-NH3 composite. The presence of carbon with a significant mass percentage confirms the presence of activated carbon (AC) in the composite material. Oxygen, with a mass percentage of 30.23 ± 0.29%, is likely present due to the functional groups associated with activated carbon as well as oxygen content in ZnO (Abo El-Magd et al., 2022). The EDX spectrum confirms the presence of zinc, with a mass percentage of 7.73 ± 0.25%, suggesting that ZnO has been successfully incorporated into the composite material. While the Magnesium (Mg), Calcium (Ca), Manganese (Mn), and Iron (Fe) elements are likely present as trace impurities, potentially originating from the raw materials used to synthesize the composite material (Frierdich and Catalano, 2012). While not the primary components, their presence may play a role in the composite’s surface properties or even act as trace metal catalysts. The presence of copper, while not as prevalent as the major constituents, may influence the composite’s surface properties, perhaps enhancing adsorption by providing additional interaction sites. The EDX results affirm that the material sample is indeed composed of activated carbon, zinc oxide, and trace amounts of various other elements. This validates the successful synthesis of the AC-ZnO-NH3 composite material. The high carbon content in the composite points toward a significant surface area due to the characteristic porous structure of activated carbon. ZnO’s known ability to interact with dye molecules through electrostatic forces and hydrogen bonding also supports the composite’s potential as an effective dye adsorbent. The high Fe content (~33.78%) observed in the EDX spectrum is likely due to residual iron impurities present in the commercial activated carbon used in the synthesis. Although iron was not intentionally introduced, its presence may provide additional benefits in photocatalysis by participating in Fenton-like reactions during experiments involving hydrogen peroxide (H2O2). It should be noted that H2O2 was not part of the composite structure; it was added externally as an oxidant during the photodegradation tests to promote hydroxyl radical (•OH) generation and enhance dye degradation (Zhang et al., 2010).


[image: Bar chart showing the mass percentages of various elements. Iron (Fe) has the highest percentage at 33.78%, followed by oxygen (O) at 30.23% and carbon (C) at 24.94%. Zinc (Zn) is 7.73%, calcium (Ca) 1.61%, while nitrogen (N) and manganese (Mn) are both 0.41%, copper (Cu) 0.66%, and magnesium (Mg) 0.23%.]
Figure 4 | 
EDX characterization of AC-ZnO-NH3 composite.








3.1.5 UV-Vis spectral analysis


The results shown in the UV-Vis spectra of Acid Red 14 (AR14) dye before and after photocatalytic degradation using a ZnO-doped activated carbon-ammonia composite demonstrate several important points regarding the effectiveness of photocatalysis and the degradation of the dye (
Table 3S
).


High absorbance values ranging from 15–20 units indicate the presence of an organic dye’s stable structure that strongly absorbs UV light. The strong absorption peak at 520 nm with absorbance values around 5–7 units reflects the red color of the dye in the solution (Kume, 2017). High absorbance in the UV region (200–400 nm) before treatment, this range reflects the presence of chemical groups with conjugated double bonds in the structure of the organic dye such as AR14, which significantly absorb UV light (Oliveira et al., 2018). This high absorbance indicates the stability of the dye and that no degradation or breakdown has occurred. Absorbance in the visible light range (450–550 nm) this peak represents the characteristic absorption of the dye in the visible region, corresponding to the red color of the dye in the solution. This peak is due to the chromophoric groups responsible for the color, indicating the presence of the intact dye before treatment.


Significant reduction in absorbance in the visible range (450–550 nm) after photocatalysis using sunlight. Absorbance drops to 5–10 units with fluctuations, suggesting the presence of intermediate compounds or incomplete degradation of the dye. A major decrease in absorbance to less than 1–2 units, demonstrating significant breakdown of the chromophore groups responsible for the dye’s color. The post-treatment spectrum shows a significant decrease in absorbance at this peak, indicating the breakdown of the chromophoric groups responsible for the red color in the solution. This clearly demonstrates that the dye has degraded, and its chemical structure has been broken down by the photocatalytic process using the ZnO-doped composite. There are still some peaks in the UV range, which may indicate the presence of intermediate degradation products or residual compounds that have not completely degraded. This suggests that the degradation process is not yet fully complete, and some intermediate compounds might still be present.


The optical band gap energy (Eg) of the AC-ZnO-NH3 composite was determined using Tauc plot analysis derived from UV-Vis absorbance spectra. The Eg value before modification was approximately 3.69 eV, which is consistent with pure ZnO a wide-bandgap semiconductor known for absorbing primarily in the UV region (Marotti, 2004) (
Figure 2S
). However, after modification with ammonia and activated carbon (AC), the Eg decreased significantly to 2.28 eV (Ma et al., 2023). This redshift in the band gap clearly indicates improved absorption in the visible-light region, which is essential for enhancing photocatalytic performance under natural sunlight. Band gap narrowing of the observed reduction in Eg is attributed to the introduction of nitrogen dopants (from NH3) and carbon matrix integration, which create defect states and mid-gap levels within the ZnO band structure (Lal et al., 2025). These localized energy states facilitate photon absorption at lower energies and act as traps for charge carriers, thus reducing electron–hole recombination. The narrowed band gap enables the AC-ZnO-NH3 composite to utilize a broader range of the solar spectrum, particularly the visible region (400–700 nm), which constitutes ~43% of sunlight. This significantly enhances the generation of reactive oxygen species (ROS), such as •OH and O2-•, which are responsible for the degradation of dye pollutants like Acid Red 14. These results demonstrate the success of the photocatalytic process. The use of the activated carbon doped with zinc oxide and ammonia led to the breakdown of the chromophoric groups responsible for the red color of AR14, resulting in the disappearance of visible color and a significant reduction in absorbance in the visible range. ZnO is well-known for its strong photocatalytic properties, as it absorbs light (especially in the UV region) and generates electrons and holes that trigger strong redox reactions, leading to the breakdown of organic dyes such as AR14. Ammonia may modify the surface of ZnO or the activated carbon, increasing its catalytic activity by creating more active sites for dye adsorption and reaction. The superior photocatalytic performance of the AC-ZnO-NH3 composite can be attributed to the surface modification by ammonia, which introduces nitrogen functionalities and possibly alters the ZnO structure (Singh et al., 2023b). These modifications enhance the availability of active sites for dye interaction and promote electron–hole separation. This was reflected in the UV-Vis spectral data, where AR14 degradation was significantly accelerated compared to undoped materials, indicating a strong synergistic effect of NH3 on both adsorption and photodegradation pathways. The improved photocatalytic performance of the AC-ZnO-NH3 composite is attributed to the dual role of NH3: (i) it acts as a nitrogen dopant, modifying the electronic structure of activated carbon and introducing basic surface groups that enhance dye adsorption; and (ii) it creates oxygen vacancies and defect sites on ZnO nanoparticles, which facilitate charge separation and enhance the generation of reactive species responsible for dye degradation (Singh et al., 2023b). This synergistic modification boosts both adsorption and photodegradation efficiency.






3.1.6 Thermogravimetric analysis


Thermogravimetric analysis (TGA) was conducted to evaluate the thermal stability of the AC-ZnO-NH3 composite during the degradation of Acid Red-14 dye. The analysis revealed a multi-step thermal degradation profile can be explained as follow (
Figure 3S
).


Initially, from 25 °C to 150 °C, a slight weight loss of approximately 5% was observed. This loss is attributed to the evaporation of physically adsorbed surface moisture, indicating minimal water retention and good initial stability of the material (Chander and Gupta, 2025).


Between 150 °C and 350 °C, a second stage of degradation occurred, during which approximately 20% of the mass was lost. This stage corresponds to the thermal decomposition of surface functional groups, including hydroxyl (–OH) and amine (–NH2) groups introduced through ammonia doping. The progressive mass loss in this range suggests moderate thermal activity while maintaining structural integrity (Chander et al., 2025).


The most significant weight reduction, approximately 40%, was recorded between 350 °C and 600 °C (Umar et al., 2022). This major degradation phase is attributed to the combustion of the carbonaceous matrix (mainly the activated carbon), which represents the organic backbone of the composite. This decomposition indicates the thermal limit for the organic components under oxidative conditions.


Beyond 600 °C and up to 800 °C, the composite showed a slow and minimal decline in mass, losing only an additional ~5%. The residual mass of approximately 30% at 800 °C corresponds mainly to the thermally stable inorganic fraction, primarily zinc oxide (ZnO), which remained undecomposed, reflecting high thermal resistance (Alprol et al., 2024c).


Overall, the TGA profile confirms that the AC-ZnO-NH3 composite possesses excellent thermal stability up to approximately 300 °C, beyond which the organic content begins to degrade. The presence of ZnO ensures structural resilience at elevated temperatures, making the composite suitable for environmental applications that involve light-induced reactions or moderate thermal conditions.







3.2 Adsorbent parameters optimization


The objective of this study was to optimize the key parameters for the effective removal of AR14 dye. These parameters included the initial concentration of the adsorbent, AR14 dye concentration, solution pH, temperature, and contact time. By systematically varying these factors, the study aimed to determine the optimal conditions that maximize dye adsorption efficiency.





3.2.1 Effect of pH


The efficiency of dye removal in adsorption processes can be significantly influenced by the pH of the solution. pH affects both the surface charge of the adsorbent and the ionization state of the dye, thus playing a crucial role in the adsorption mechanism (Abdallah and Alprol, 2024). In this study, the effect of pH on the removal of Acid Red 14 dye using the ZnO/AC/NH3 composite adsorbent was investigated at different pH levels (3, 5, 7, 9, and 10) to determine the optimal conditions for maximum dye removal. The data presented in 
Figure 5a
 shows the relationship between the pH of the solution and the percentage removal of Acid Red 14 dye by the ZnO/AC/NH3 composite. The adsorption tests were carried out at 25 °C for 3 hours with a dye concentration of 50 mg/L and 0.05 g of the adsorbent. At pH = 3, the highest removal efficiency of 67.67% was observed. The acidic environment promotes the interaction between the negatively charged Acid Red 14 dye and the positively charged adsorbent surface, enhancing adsorption (Alprol et al., 2024b). As the pH increases to 5 and 7, the removal efficiency slightly decreases to 61.49% and 63.07%, respectively. In these near-neutral conditions, the electrostatic interactions weaken, but other forces such as hydrogen bonding may still contribute to the adsorption process (Liang et al., 2023). Meanwhile, at pH = 9, the removal efficiency improves to 64.655%, suggesting that moderate alkalinity does not significantly hinder adsorption. However, at pH = 10, the removal efficiency drops sharply to 48.132%. This is likely due to the repulsion between the negatively charged adsorbent surface and the anionic dye in alkaline conditions, which reduces the adsorption capability (Aragaw and Alene, 2022).


[image: Four graphs illustrating experimental data: (a) Line graph showing AR1 removal percentage against pH, peaking around pH 3. (b) Bar and line graph depicting removal percentage across experiments at different times (30, 60, and 120 minutes), with highest removal at 120 minutes. (c) Line graph showing half-life variations across experiments, peaking in the second experiment. (d) Bar graph displaying removal percentage in relation to catalyst dosage, with a consistent increase as dosage increases from 0.03 to 0.18 grams.]
Figure 5 | 
Effect of pH (a), on the removal efficiency of acid red 14 by AC-ZnO-NH3composite; (b) A synergistic effect between the H2O2 and the AC-ZnO-NH3 composite in enhancing the photodegradation of AR14 dye removal; (c) The half-life (t½) of AR14 dye degradation experiment using photocatalysis under different conditions of H2O2 and AC-ZnO-NH3; (d) effect of catalyst dosage on dye removal for acid red 14.




The observed trend in adsorption efficiency with pH can be structurally explained based on the functional groups of both the dye and the composite. Under acidic conditions, at Low pH (Acidic conditions, pH 3–5) the surface of the AC-ZnO-NH3 composite becomes protonated, particularly at –NH2 and –OH groups, forming –NH3+ and –OH2+. Acid Red 14 contains sulfonate groups (–SO3-), which remain negatively charged across the pH range (Aleboyeh et al., 2008). This promotes strong electrostatic attraction between the positively charged adsorbent surface and the negatively charged dye molecules, enhancing adsorption. Additional hydrogen bonding may occur between –NH3+/–OH and the dye’s –SO3- or azo groups (Pasti-Grigsby et al., 1992). At Neutral pH (~7) the adsorbent surface carries partial charges, and electrostatic interactions are weaker. However, π–π interactions between the aromatic rings of AR14 and the graphitic domains in the activated carbon become more significant. Hydrogen bonding may still contribute to moderate adsorption efficiency. At high pH (Alkaline conditions, pH 9–11) the surface of the composite becomes negatively charged due to deprotonation of –OH and –NH2 groups. AR14 dye still carries the negative sulfonate groups, leading to electrostatic repulsion. This reduces adsorption due to charge repulsion, although weak van der Waals and π–π stacking interactions (
Figure 4S
).






3.2.2 Synergistic effect of hydrogen peroxidewith AC-ZnO-NH3 composite to enhance AR14 dye photodegradation


The data in 
Figures 5b, c
 supports the existence of a synergistic effect between the H2O2 and the AC-ZnO-NH3 composite in enhancing the photodegradation of AR14 dye. The results of the Acid Red 14 (AR14) dye photodegradation experiments under various conditions, comparing the removal efficiency of the dye after 240 minutes of treatment. The findings for each group show that control 1 in sunlight exposure only the AR14 solution was exposed to sunlight without any catalyst or H2O2. Only 27.87% of the dye was removed. This low removal efficiency indicates that natural sunlight alone is not very effective for degrading the dye. The limited photolysis effect under sunlight suggests the need for a catalyst or additional reactive species to enhance degradation. While, at control (2) in dark adsorption, the dye solution was kept in the dark, with no catalyst or H2O2 present, 36.27% of the dye was removed. This result shows a slightly higher removal rate than Control (1), likely due to the natural adsorption process occurring without the aid of light or a catalyst. The difference may be attributed to factors such as solution conditions or natural adsorption properties of the dye (Nessaibia et al., 2023).


While, at control 3 (Catalyst + Sunlight, No H2O2), the AR14 solution was treated with the catalyst (AC-ZnO-NH3) under sunlight, but without H2O2. A significant increase to 81.37% was observed. The combination of sunlight and the AC-ZnO-NH3 catalyst resulted in a high degradation rate, highlighting the effectiveness of photocatalysis for breaking down the dye. While the experimental A (Catalyst + Sunlight + Low H2O2, 5 mL) showed that the solution contained the catalyst, was exposed to sunlight, and a low concentration of H2O2 (5 mL) was added. 71.57% of the dye was removed, although the addition of a small amount of H2O2 enhanced the removal rate compared to Control 1 and Control 2, it showed a lower efficiency than Control 3. This may be due to the insufficient concentration of H2O2 to significantly boost the photocatalytic reaction, indicating that higher concentrations may be needed to observe the synergistic effect. Whereas the experimental B (Catalyst + Sunlight + Medium H2O2, 10 mL) which the catalyst, sunlight, and a medium concentration of H2O2 (10 mL) were used. The removal increased to 74.79%. The addition of 10 mL of H2O2 showed the highest removal rate among the experimental groups, supporting the hypothesis that H2O2 enhances the photodegradation process.


However, in the experimental C (Catalyst + Sunlight + 15 mL of high H2O2), the catalyst, sunlight, and a high concentration of H2O2 (15 mL) were utilized. The removal efficiency was 79.41%. While the removal rate is slightly lower than that of Control 3, it is higher than Experimental A and B, indicating some enhancement. However, this decrease compared to the medium concentration suggests that at high H2O2 levels, the excess may act as a scavenger for the ROS, reducing the availability of these species for dye degradation. Similar findings were reported for the degradation of toluidine blue, indicating that hydrogen peroxide and periodate react instantly to produce free radical species capable of breaking down organic compounds (Chadi et al., 2019). High concentrations of H2O2 in the solution reduce the amount of active hydroxyl radicals, as the likelihood of radical recombination rises. This is further compounded by the formation of the less reactive HO2
• species, with H2O2 acting as a scavenger for •OH radicals (Rahmani et al., 2012).


To analyze the results of the AR14 dye degradation experiment using photocatalysis under different conditions, the half-life (t½) for the dye degradation reaction was calculated for each case to determine the degradation speed. 
Figure 4c
 shows the results are as follows: control 1 (Sunlight exposure without catalyst or H2O2) which half-life = 477.51 minutes. This indicates that the degradation is slow, as it relies solely on the natural effect of sunlight. in control 2 (Dark adsorption without catalyst or H2O2), half-life = 8598.99 minutes. This is the longest half-life, suggesting that degradation is very limited in the absence of light and the catalyst. While, the control 3 (Sunlight exposure with the catalyst, no H2O2); half-life = 213.06 minutes This shows that the catalyst (AC-ZnO-NH3) significantly accelerates the photodegradation process compared to the other control groups. In experimental A (Catalyst + sunlight + 5 mL H2O2), half-life = 439.22 minutes. Degradation in this case is slower than in Control 3, indicating that the concentration of H2O2 used might not be sufficient to achieve a strong synergistic effect. Also, experimental B (Catalyst + sunlight + 10 mL H2O2), half-life = 719.96 minutes. This shows that a higher concentration of H2O2 did not significantly enhance degradation, suggesting the possibility of an inhibitory effect at increased H2O2 concentrations. In addition, experimental C (Catalyst + sunlight + 15 mL H2O2), half-life = 329.39 minutes. This presents a shorter half-life compared to Group B, suggesting a partial synergistic effect between the catalyst and H2O2 at this concentration. These half-lives indicate that photodegradation is fastest in Control 3, suggesting the significant effect of sunlight and the catalyst. In contrast, Control 2 showed a much slower degradation rate due to the absence of light and the catalyst.


The kinetic data indicate that the presence of H2O2 significantly enhances degradation kinetics. In the absence of H2O2, the half-life of AR14 was 23.1 min, while the addition of H2O2 reduced it to 9.6 min. This confirms that H2O2 enhances •OH radical production, accelerates dye breakdown, and increases overall photocatalytic efficiency. The optimal enhancement was observed with 10 mL of H2O2 (Experimental B), which provided sufficient ROS generation to boost degradation while avoiding excessive scavenging effects. The improvement in dye degradation when adding H2O2 is likely due to increased production of reactive oxygen species (ROS) such as hydroxyl radicals (·OH) and superoxide anions (O2-·). H2O2 can also facilitate the separation of electron-hole pairs in the photocatalyst, thus reducing recombination rates and increasing the availability of ROS for dye degradation (Khan et al., 2024). At higher concentrations (15 mL H2O2), the excess H2O2 may act as a scavenger of ROS, thus decreasing the efficiency of the photodegradation process. In the presence of the catalyst (AC-ZnO-NH3), H2O2 reacts to generate reactive oxygen species (ROS) which contribute to the dye degradation (Equation 3):
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Where: AC-ZnO-NH3∗ denotes the activated catalytic state.


In addition, the results suggest that a medium concentration of H2O2 (10 mL) is optimal for promoting efficient dye degradation while maintaining stability and avoiding excessive scavenging as shown in the following equation (Equation 4). The reaction of H2O2 with light to generate reactive species can be represented as:
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where: hν represents the photon energy (light) used in the degradation process.


The following reaction (Equation 5) illustrates the effect of high concentrations of H2O2 on the degradation efficiency, where excessive H2O2 can act as a scavenger of reactive oxygen species:
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This reaction shows that an excess of H2O2 can reduce the availability of active ROS, thereby affecting the efficiency of the photodegradation process.


The photocatalytic degradation of Acid Red 14 (AR14) was significantly enhanced upon the addition of hydrogen peroxide (H2O2) to the AC-ZnO-NH3 system. H2O2 plays a dual role in this photocatalytic system: it acts as both an electron acceptor and a precursor for the generation of hydroxyl radicals (•OH), which are highly reactive oxidative species capable of non-selectively degrading organic pollutants. Under sunlight irradiation, ZnO nanoparticles within the composite are photoactivated, producing electron–hole pairs (e-/h+). In the presence of H2O2, these electrons are scavenged, limiting electron–hole recombination and facilitating the generation of •OH radicals through reactions such as:
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These reactive species attack the aromatic and azo bonds in the AR14 molecule, accelerating decolorization and mineralization. The presence of nitrogen functionalities from ammonia doping (–NH2, pyrrolic-N) and the porous structure of the carbon matrix enhances adsorption of AR14 and improves contact between dye molecules and ROS (Reactive Oxygen Species). Control experiments confirmed the synergistic effect in the absence of H2O2, photocatalytic activity was moderate due to partial charge recombination. In the absence of light or catalyst, degradation was negligible, confirming that all components (light, H2O2, and catalyst) are essential. These results confirm that the addition of H2O2 significantly boosts the efficiency of the AC-ZnO-NH3 composite by enhancing radical generation and promoting a synergistic adsorption–degradation pathway. 
Figure 5S
 presented the photodegradation efficiency of Acid Red 14 under different experimental conditions. The synergistic combination of AC-ZnO-NH3 composite with hydrogen peroxide (H2O2) under sunlight significantly enhanced dye removal, compared to control groups involving light only, catalyst only, or H2O2 alone.






3.2.3 Effect of catalyst dosage on dye removal


The influence of catalyst dosage on the removal efficiency of Acid Red 14 dye using the ZnO/AC/NH3 composite adsorbent was studied at pH 3, keeping all other experimental parameters constant (dye concentration of 50 mg/L, temperature of 25 °C, and agitation speed of 180 rpm). Catalyst dosages ranging from 0.03 g to 0.18 g were tested to identify the optimal dosage for maximum dye removal. The results in 
Figure 5d
 can be summarized that at 0.03 g, the dye removal efficiency was 68.966%, which indicates that even a small dosage of the composite catalyst can effectively adsorb the dye, although the removal is relatively low at this dosage (Qu et al., 2022). Increasing the catalyst dosage to 0.05 g improved the removal efficiency to 72.414%, suggesting that a higher surface area of the adsorbent was available for adsorption, leading to more active sites for dye molecules to bind (Wong et al., 2020). A significant jump in removal efficiency was observed at 0.07 g, where 87.356% of the dye was removed. This suggests that increasing the catalyst dosage enhances the interaction between the dye molecules and the adsorbent, resulting in better adsorption performance (Qu et al., 2022). At 0.09 g, the removal efficiency reached 92.672%, indicating near-complete removal of the dye as more active sites become available for adsorption. The maximum removal efficiency was achieved at 0.18 g, where 95.546% of the dye was removed. At this point, the surface area and the number of active sites on the catalyst are sufficient to achieve almost complete adsorption. The results show that increasing the catalyst dosage leads to higher dye removal efficiency, with the optimal dosage in this experiment being around 0.18 g for maximum removal. However, after a certain point (around 0.09 g), the improvement in removal efficiency becomes less significant, indicating that further increases in catalyst dosage may offer diminishing returns due to saturation of active sites or aggregation of the adsorbent particles (Yadav et al., 2024). Although dye removal efficiency continued to increase with increasing catalyst dosage, the rate of improvement became negligible beyond 0.09 g. This suggests that the majority of active sites were occupied at this point, indicating near saturation. The increase from 0.09 g to 0.18 g yielded only a marginal gain in removal (~5%), likely due to overlapping of active sites and limited dye concentration, making 0.09 g the optimal dosage.






3.2.4 Effect of AR14 dye concentration under sunlight


The influence of the initial concentration of Acid Red 14 dye on the removal efficiency using the ZnO/AC/NH3 composite adsorbent under sunlight irradiation was investigated. The dye concentrations tested ranged from 25 mg/L to 200 mg/L, while other experimental conditions were kept constant (pH 3, temperature 25 °C, catalyst dosage of 0.05 g, and agitation speed of 180 rpm). 
Figures 6a, b
 recorded that at a lower dye concentration (25 mg/L), the removal efficiency was highest, reaching 84.853%. This can be attributed to the availability of abundant active sites on the ZnO/AC/NH3 composite for adsorption at low dye concentrations. The relatively small number of dye molecules in the solution allows for easy access to the adsorbent’s surface, leading to a high percentage of dye removal (Rashidi et al., 2024). As the concentration increases to 50 mg/L, the removal efficiency decreases to 57.184%. As more dye molecules in the solution, the competition for available active sites on the adsorbent intensifies, resulting in a lower overall removal efficiency (Mansour et al., 2022). At 75 mg/L and 100 mg/L, the removal efficiency further decreases to 38.207% and 38.116%, respectively. This indicates that the adsorbent’s surface is becoming saturated with dye molecules, limiting the adsorptive capacity. Additionally, at higher concentrations, the sunlight-driven photocatalytic degradation may be less effective due to reduced light penetration through the solution, as the dye itself absorbs some of the incident light (Khan et al., 2024). At the highest concentration tested (200 mg/L), the removal efficiency drops significantly to 5.220%. This sharp decline is likely due to the overwhelming number of dye molecules compared to the limited available active sites on the adsorbent. Furthermore, the high concentration may hinder the photocatalytic process by limiting the interaction between sunlight and the catalyst surface, reducing the generation of reactive species responsible for dye degradation (Groeneveld et al., 2023).


[image: Bar graphs showing adsorption performance. Graph (a) depicts adsorption removal percentage for initial AR14 dye concentrations of 25, 50, 75, 100, and 200 mg/L, with values decreasing from around 95% to below 10%. Graph (b) depicts adsorption capacity in mg/g, showing an increase with higher AR14 concentrations, peaking at 200 mg/L.]
Figure 6 | 

(a) Effect of AR14 Dye Concentration on Removal Efficiency (b) Effect of AR14 Dye Concentration on Removal Efficiency Under Sunlight.




Finally, the results demonstrate that the efficiency of dye removal using the ZnO/AC/NH3 composite under sunlight irradiation decreases as the initial dye concentration increases. At lower concentrations, there is sufficient surface area and active sites on the catalyst for effective adsorption and photocatalysis. However, as the dye concentration increases, the adsorbent becomes saturated, and the photocatalytic process is hindered, resulting in significantly lower removal efficiency, especially at concentrations above 100 mg/L. Thus, optimizing the initial dye concentration is crucial for maximizing the performance of the photocatalyst.






3.2.5 Effect of temperature


The effect of temperature on both the dye removal efficiency and the adsorption capacity (qe) of the ZnO/AC/NH3 composite was evaluated at various temperatures (30 °C to 70 °C) for the removal of Acid Red 14 dye.




Figure 7a
 showed that at 30 °C, the removal efficiency is the highest at 82.712%, with an adsorption capacity (qe) of 41.36 mg/g. This indicates that lower temperatures are more favorable for both adsorption and photocatalysis (Groeneveld et al., 2023). At this temperature, the composite has an optimal balance of adsorption forces and photocatalytic activity, leading to efficient dye removal. At 40 °C, the removal efficiency decreases to 50.847%, and the adsorption capacity drops to 25.42 mg/g. While adsorption still occurs, the higher temperature may start to hinder the interaction between dye molecules and the composite surface, reducing overall efficiency (Kumar Biswal et al., 2022). At 50 °C, the removal efficiency increases again to 57.966% with an adsorption capacity of 28.98 mg/g. This slight improvement suggests that the composite retains a good adsorption performance at this temperature, but the removal efficiency is still lower compared to the performance at 30 °C (Li et al., 2022a). At 60 °C, the removal efficiency significantly decreases to 10.847%, with a corresponding drop in adsorption capacity to 5.42 mg/g. This sharp reduction indicates that at elevated temperatures, desorption processes may dominate, reducing the effectiveness of the composite for dye removal. At 70 °C, the removal efficiency is the lowest at 10.169%, with an adsorption capacity of 5.08 mg/g. The continued decrease in both removal efficiency and adsorption capacity at this high temperature suggests that the thermal energy disrupts the adsorption process and may also negatively impact the photocatalytic activity of the composite (Iyyappan et al., 2024).


[image: Graphical data illustrating various factors affecting % removal: (a) Bar graph showing % removal increases as temperature decreases from 70°C to 30°C. (b) Bar graph depicting % removal variation with contact time, peaking at 60 minutes. (c) Pie charts displaying removal efficiency by cycle: first cycle 72.41%, second cycle 41.95% and 21.50%. (d) Scatter plot with a trend line showing a linear relationship between natural logarithms of equilibrium concentration and remaining concentration.]
Figure 7 | 

(a) Effect of temperature, (b) contact time on AR14 dye removal by AC-ZnO-NH3 under sunlight; (c) regeneration and reusability of AC-ZnO-NH3 composite for acid red 14 dye removal; (d) Henderson isotherm model of acid red 14 onto AC-ZnO-NH3 composites.




The results show that the dye removal efficiency and adsorption capacity are strongly influenced by temperature. Lower temperatures, particularly 30 °C, provide the most favorable conditions for dye removal, with high adsorption capacity and removal efficiency. As the temperature increases beyond 40 °C, both the adsorption and photocatalytic processes are less effective, likely due to increased desorption and potential deactivation of the photocatalyst. Therefore, 30 °C is the optimal temperature for the efficient removal of Acid Red 14 dye using the ZnO/AC/NH3 composite.






3.2.6 Effect of contact time


The impact of contact time on the efficiency of Acid Red 14 (AR14) dye removal using the ZnO/AC/NH3 composite under sunlight irradiation was investigated over a range of 15 to 180 minutes, as illustrated in 
Figure 7b
. Throughout the experiment, the dye concentration (50 mg/L), catalyst dosage (0.05 g), and other parameters were kept constant. After 15 minutes, the removal efficiency was 59.104%, showing that the photocatalytic process had already begun, with a significant amount of the dye being adsorbed onto the composite surface. However, the system had not yet reached its full capacity within this brief contact time. Between 30 and 45 minutes, the removal efficiency slightly improved to 59.384% and 60.504%, respectively, indicating that both adsorption and photocatalytic degradation were progressing, though at a slow rate. A substantial increase in efficiency was observed at 60 minutes, reaching 73.389%. This suggests that the photocatalyst was operating effectively, with additional active sites on the composite becoming available for the adsorption and degradation of the dye under sunlight. However, after 60 minutes, further improvements were minimal, as the removal efficiency remained relatively stable at 73.109% at 120 minutes, indicating that the adsorption sites were becoming saturated and the system was approaching equilibrium. Interestingly, by 180 minutes, the removal efficiency decreased to 59.384%. This drop could be attributed to the desorption of dye molecules or potential catalyst deactivation due to prolonged sunlight exposure (Khan et al., 2024). Over time, photodegradation may produce by-products or cause fouling of the catalyst surface, reducing its efficiency (Zhang et al., 2024a). The results highlight that the optimal contact time for maximum AR14 dye removal under sunlight is approximately 60 minutes, where the removal efficiency peaks at 73.389%. 
Figure 6S
 illustrates the main interactions responsible for dye removal: (i) electrostatic attraction between the negatively charged –SO3- groups and protonated amine (–NH3+) sites; (ii) hydrogen bonding between the surface –OH groups; (iii) π–π stacking between dye’s aromatic rings and the carbon surface; (iv) photodegradation by ROS (•OH and O2-) generated from ZnO under sunlight. Consequently, in practical applications, maintaining a contact time of around 60 minutes can achieve efficient dye removal using the ZnO/AC/NH3 composite under sunlight irradiation. Further increases in contact time do not significantly enhance dye removal, and prolonged exposure may even reduce effectiveness.







3.3 Regeneration and recycling of consumables of ZnO/AC/NH3 composite for acid red 14 dye removal





3.3.1 Regeneration and reusability


The regeneration and reusability of the ZnO/AC/NH3 composite were evaluated by conducting three consecutive cycles of adsorption-desorption to test its ability to remove Acid Red 14 dye efficiently after repeated use. The results of dye removal efficiency over these cycles are shown in 
Figure 7c
. In the first regeneration cycle (R1), the composite showed a 72.414% removal efficiency, which is slightly lower than its original performance but still relatively high. This indicates that the composite retained a significant portion of its adsorption capacity and photocatalytic activity after the initial cycle. During the second cycle (R2), the removal efficiency dropped to 41.954%, suggesting a more pronounced reduction in the composite’s performance. This decline could be due to partial saturation of the adsorbent surface or some degree of degradation or fouling of the photocatalyst over repeated use. In the third cycle (R3), the removal efficiency further decreased to 21.5%, indicating that the adsorbent’s capacity to remove the dye had diminished substantially (Abualnaja et al., 2021). This sharp decline may result from irreversible adsorption of dye molecules or by-products on the surface, limiting the availability of active sites for further adsorption and photocatalysis (Abd El-Hamid et al., 2022).






3.3.2 Durability of the composite


The composite retains a substantial level of efficiency over multiple cycles, though there is a gradual decline in performance. In the first regeneration cycle, the composite achieved a removal efficiency of 72.41%. In subsequent cycles, efficiency decreased due to surface saturation and potential fouling of active sites, as evidenced by a drop to 41.95% in the second cycle and 21.5% in the third. Chemical modifications or incorporating stabilizing agents during regeneration can enhance durability and reduce performance decline over time. To ensure environmentally safe recycling or disposal:


	
Reuse as Filler Material


Deactivated composites can be repurposed as a filler in construction materials such as concrete and asphalt, reducing waste and providing an eco-friendly disposal pathway (Chen et al., 2024).


	
Safe Disposal


The composite’s stable structure and inert nature after regeneration ensure that it can be disposed of without releasing harmful substances, adhering to environmental safety standards (Ghaedi et al., 2025).





The composite’s regeneration process is designed to align with sustainable practices:


	
Eco-Friendly Regeneration


Thermal and chemical regeneration methods generate minimal emissions and waste compared to producing new materials. Acidic or basic solutions used for chemical regeneration can often be recycled, further reducing waste.


	
Reduced Energy Consumption


The composite operates efficiently under sunlight, leveraging natural energy instead of industrial power sources, reducing the carbon footprint significantly.









3.3.3 Commercialization of ZnO-doped activated carbon-ammonia composite


a) Manufacturability


The ZnO-Doped Activated Carbon-Ammonia Composite relies on low-cost raw materials, such as activated carbon derived from bio-waste. These materials are known for their availability and affordability. Zinc oxide (ZnO) has been well-documented as an efficient catalyst for water treatment, supporting its industrial feasibility (Alprol et al., 2024a). The preparation process is simple and scalable, involving thermal drying at low temperatures compared to other industrial techniques. This feature allows for production using affordable industrial equipment.


b) Economic Feasibility and Cost


The composite compares favorably with traditional techniques like adsorption in terms of efficiency and cost. Studies have shown that the composite’s reusability significantly reduces operational costs, as the material can be regenerated after multiple cycles (Lashaki et al., 2012). Additionally, the ability to use sunlight as the primary energy source during operation further reduces overall costs compared to the need for expensive artificial lighting.


c) Industrial Applications


The composite has demonstrated efficiency in treating industrial wastewater, particularly in industries that utilize dyes such as AR14, which is common in textiles, paper, and leather industries. The ZnO-based composite leverages its photocatalytic properties, which operate efficiently under sunlight, reducing reliance on additional energy sources (Alprol et al., 2024b). The composite effectively treats water contaminated with organic dyes that are difficult to break down using conventional methods.


d) Commercial Model


For commercialization, the composite can be produced in various forms, such as granules or films, to adapt to client needs across different industries. Studies have shown that the composite can be integrated into industrial wastewater treatment systems, such as photoreactors, to enhance water treatment efficiency and reduce operational costs (Mei et al., 2023; Sharma et al., 2024).Utilizing readily available and affordable materials like activated carbon and zinc oxide. Treating pollutants using sunlight instead of industrial energy sources. Compatibility with a wide range of industrial systems.







3.4 Adsorption isotherm


Isotherm models are fundamental tools in describing the equilibrium between a solute in solution and its adsorption on a solid surface (Abualnaja et al., 2021). They provide insights into the adsorption mechanisms and interactions at the molecular level. In this study, various isotherm models were applied to investigate the sorption equilibrium of Acid Red 14 onto AC-ZnO-NH3 composites (
Table 2
). By fitting the experimental data to these isotherm models, we can assess how well each model describes the adsorption process and predict the behavior of the system under different conditions.



Table 2 | 
Adsorption isotherm model constants and correlation coefficients for acid red 14 onto AC-ZnO-NH3 composites.





	Model

	Variables

	Values

	R²






	Henderson
	1/n
	1.686
	0.99



	K
	0.014



	qe

	1.30



	Halsey
	1/n
	0.143
	0.022



	K
	6



	Linearized Langmuir
	qe Exp
	5.97
	0.50



	Ka × 10³
	1.92



	qe Pred
	5.92



	Freundlich
	1/n
	6.988
	0.022



	kf

	12.711



	Harkins-Jura
	AHJ
	0.05
	0.22



	BHJ
	0.17



	D-R isotherm
	
Qm


	5.16
	0.369



	
K × 106

	0.02



	
E

	4.72










The Henderson isotherm model showed the best fit to the experimental data, with an R² value of 0.99 (
Figure 7d
). The constants obtained were 1/n = 1.686, K = 0.014 and qe predicted = 1.30 mg/g. This high correlation suggests that the Henderson model provides a highly accurate description of the adsorption of Acid Red 14 onto AC-ZnO-NH3. The 1/n value suggests a relatively high heterogeneity of the adsorption sites on the composite surface. The model implies that the adsorption process may involve multiple interactions between the dye molecules and the surface of the adsorbent. The high R² value (0.99) also indicates that this model captures both the linear and nonlinear behavior of the sorption process, making it a robust predictor for the adsorption capacity. The small K value (0.014) suggests a slow rate of adsorption equilibrium, indicating that the sorption process is somewhat gradual (Aragaw and Alene, 2022).


The Halsey isotherm had a significantly lower correlation coefficient (R² = 0.022), with constants: 1/n = 0.143 and K = 6. The poor fit of the Halsey model indicates that it is not suitable for describing the adsorption behavior of Acid Red 14 onto AC-ZnO-NH3 composites. The 1/n value of (0.143) suggests an extremely low heterogeneity, which may not reflect the real nature of the adsorption surface in this case. The large K value of (6) further suggests that the model predicts a fast adsorption process, which contradicts the actual experimental data.


The linearized Langmuir isotherm produced a moderate correlation, with an R² value of 0.50. The experimental and predicted values were qe Exp = 5.97 mg/g, Ka × 10³ = 1.92 and qe Pred = 5.92 mg/g. The Langmuir isotherm assumes monolayer adsorption onto a surface with finite and identical sites, which might not entirely describe the system in this study. The moderate R² value (0.50) shows that the model somewhat fits the experimental data but fails to capture all the complexities of the adsorption process, especially at higher concentrations. The closeness between the experimental and predicted values of qe indicates that the Langmuir model reasonably predicts the maximum adsorption capacity, although it does not fully account for multi-layer adsorption or interaction between dye molecules (Acharya et al., 2024).


The Freundlich isotherm also performed poorly, with an R² value of 0.022. The constants obtained were 1/n = 6.988 and kf = 12.711. This model, which is usually applied to heterogeneous surfaces, seems to overestimate the heterogeneity of the adsorption sites in this case (Rushton et al., 2005). The 1/n value of (6.988) suggests an unusual adsorption intensity, while the kf value of (12.711) indicates a high adsorption capacity, which is not supported by the experimental data. The low R² value further confirms that this model is not appropriate for the sorption of Acid Red 14 onto AC-ZnO-NH3.


The Harkins-Jura isotherm produced a relatively low correlation with an R² value of 0.22. The constants for AHJ = 0.05 and BHJ = 0.17. This model is used to describe multilayer adsorption and the presence of heterogeneous pore distribution (BASAR, 2006). The low correlation coefficient indicates that the Harkins-Jura model does not accurately describe the adsorption process for this system. The AHJ and BHJ values suggest that although the model accounts for multilayer adsorption, it does not fit well with the experimental data.


Based on the correlation coefficients (R² values) and the fit of the experimental data to each model, the Henderson isotherm was found to be the best-fitting model for describing the adsorption of Acid Red 14 onto AC-ZnO-NH3 composites. This model exhibited the highest R² value (0.99), indicating a highly accurate fit. The Langmuir isotherm, while reasonably fitting the maximum adsorption capacity, did not capture the complete behavior of the system, especially at higher dye concentrations. The Freundlich, Halsey, and Harkins-Jura models failed to adequately describe the adsorption process, as indicated by their low R² values.


Also, the rate of adsorption can be inferred from the constants obtained from the isotherm models. The K value in the Henderson model (0.014) suggests a relatively slow adsorption process, indicating that the system takes time to reach equilibrium. Conversely, the Halsey model predicted a much faster rate of adsorption (K = 6), but its low R² value suggests that this result is not reliable for this system. The Langmuir constant Ka × 10³ = 1.92 also indicates moderate interaction strength between the adsorbent and the adsorbate, pointing to a reasonably quick but not immediate adsorption process (Khamseh et al., 2023).


The Dubinin–Radushkevich (D–R) isotherm provides insight into the nature of adsorption, specifically regarding the porosity of the adsorbent and the mean free energy of adsorption (Mohamed et al., 2020). It is often used to distinguish between physical and chemical adsorption based on the magnitude of the calculated adsorption energy (E), β parameter of the Dubinin Radushkovich isotherm was also obtained according to Equation 6, and the calculations presented in 
Table 2
.
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 is the theoretical saturation capacity, 
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 is the mean free energy (kJ/mol). The process can be classified into two groups according to the energy levels involved: chemical adsorption and physical adsorption (with high energy and low energy, respectively). The energy is between 8 and 168 kJ/mol in chemical adsorption and less than 8 kJ/mol in physical adsorption (Hu and Zhang, 2019). Understanding the nature of the adsorption process and how it affects the characteristics of the adsorbent surface is made easier by this classification.


However, the calculated adsorption energy (E = 4.72 kJ/mol) falls within the range of physical adsorption (< 8 kJ/mol), but approaches the threshold of chemical adsorption (Edet and Ifelebuegu, 2020). The relatively low 


q
m



 value (
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). The low correlation coefficient (


R
2

=
0.369


) suggests a poor fit compared to other isotherm models such as Henderson. This intermediate energy implies that the AR14 adsorption onto AC-ZnO-NH3 may involve a hybrid mechanism, where initial physisorption is followed or assisted by localized chemisorption, particularly at functionalized or defect-rich active sites.


In comparison with previous studies on dye adsorption, the dominance of the Henderson model here suggests that this specific system has a relatively high heterogeneity, which could be attributed to the unique properties of the AC-ZnO-NH3 composites. In other dye removal studies using materials like activated carbon, the Langmuir and Freundlich models often provided better fits, indicating monolayer or heterogeneous adsorption, respectively. However, the AC-ZnO-NH3 system appears to deviate from these trends due to its complex surface interactions.






3.5 Adsorption kinetics of acid red 14 dye onto AC-ZnO-NH3 composites


Understanding the adsorption kinetics is crucial for optimizing the efficiency and mechanism of dye removal using composite adsorbents like AC-ZnO-NH3. Kinetics provide insights into the rate at which the adsorption process occurs and the steps involved in the removal of the solute from the solution. This study examines the adsorption kinetics of Acid Red 14 dye using different kinetic models: pseudo first order, pseudo second order, and intraparticle diffusion models. These models help elucidate the reaction rate, adsorption mechanism, and diffusion behavior, enabling a deeper understanding of the system’s performance.


The pseudo-first-order kinetic model, also known as the Lagergren model, is often used to describe the rate of adsorption of solutes onto solid surfaces, assuming that the rate of adsorption is directly proportional to the number of unoccupied adsorption sites (Revellame et al., 2020). In this study, the pseudo first-order model yielded in 
Table 3
. The results showed that the qe (0.19 mg/g) indicates the equilibrium adsorption capacity, which is relatively low in this model. The constant K1 × 10³ = 0.02 reflects the rate of adsorption, suggesting a slow adsorption process for Acid Red 14. This correlation coefficient (R² = 0.788) indicates a moderate fit of the experimental data to the pseudo first-order model, but it is not a perfect representation of the adsorption kinetics. In many dye adsorption studies, the pseudo first-order model tends to underestimate the experimental equilibrium capacity (qe), particularly in cases where chemical adsorption is predominant (Al-Harby et al., 2021). The model is typically more suitable for systems where physical adsorption is the primary mechanism. However, in this study, the relatively low qe and K1 values suggest that the adsorption mechanism may not be purely physical, and other models may offer better insights into the adsorption process.



Table 3 | 
Adsorption kinetics of acid red 14 dye onto AC-ZnO-NH3 composites.





	Model

	Variables

	Values

	R²






	Pseudo First Order
	qe

	0.19
	0.788



	K1 × 10³
	0.02



	Pseudo Second Order
	qe

	29.76
	0.978



	k2 × 10³
	33.60



	Intraparticle Diffusion
	Kdif

	12.22
	0.53



	C
	1.87



	Elovich kinetic
	β
	0.70
	0.147



	LN (αβ)
	17.44



	αβ
	37451503.14



	α
	53791593.96










The pseudo second-order model assumes that the adsorption rate is controlled by the availability of adsorption sites and the square of the number of unoccupied sites. This model is often used to describe chemisorption, where the adsorption involves valence forces through the sharing or exchange of electrons between adsorbent and adsorbate (Bullen et al., 2021). In this study, the results of pseudo second-order model are presented in 
Table 3
. The qe value (29.76 mg/g) from the pseudo second-order model is significantly higher than that of the pseudo first-order model, indicating that the system has a much higher equilibrium adsorption capacity when evaluated under this model. The higher k2 value of (33.60) suggests a faster adsorption rate compared to the first-order model, indicating that the system reaches equilibrium more quickly. Moreover, the high correlation coefficient (R² = 0.978) demonstrates an excellent fit of the experimental data to the pseudo-second-order model. The pseudo second-order model is frequently observed to outperform the first-order model in adsorption studies, especially when the adsorption involves strong chemical bonds between the adsorbent and the adsorbate. The higher qe and R² values in this study suggest that the adsorption of Acid Red 14 onto AC-ZnO-NH3 is primarily governed by chemisorption, involving strong interactions between the dye molecules and the composite surface.


The intraparticle diffusion model helps to assess whether diffusion within the pores of the adsorbent is the rate-limiting step in the adsorption process. This model is often used in combination with other models to evaluate the diffusion mechanisms in porous materials (Hu et al., 2024). The Kdif value of (12.22 mg/g min0.5) represents the diffusion rate constant, which reflects the rate at which the dye molecules diffuse into the pores of the AC-ZnO-NH3 composites. The C value (1.87) provides insight into the boundary layer effect, with higher values indicating a more significant influence of the boundary layer on the adsorption process. The relatively low R² value of (0.53) indicates that intraparticle diffusion does not solely control the overall rate of adsorption. The intraparticle diffusion model provides insights into the diffusion-controlled steps of the process, but the relatively low Kdif value (12.22 mg/g min0.5) suggests that diffusion is not the rate-limiting step, and the adsorption process is controlled more by surface interactions and chemical bonding.


In many dye adsorption systems, intraparticle diffusion plays a significant role, but it is rarely the only mechanism controlling the rate of adsorption (Wang and Guo, 2022). The low R² value suggests that while intraparticle diffusion may be involved in the adsorption process of Acid Red 14 onto AC-ZnO-NH3, it is not the dominant rate-limiting step. Instead, other processes, such as surface adsorption or chemical interactions, likely play a more critical role.


When comparing the three kinetic models, it is evident that the pseudo second-order model provides the best fit for describing the adsorption kinetics of Acid Red 14 onto AC-ZnO-NH3 composites. This model not only has the highest R² value (0.978) but also predicts a much higher qe value (29.76 mg/g), which aligns well with the experimental data. The high k2 value suggests that the adsorption process is relatively fast and involves strong chemical interactions between the adsorbate and adsorbent. The pseudo-first-order model, on the other hand, provided a much lower qe value (0.19 mg/g) and a weaker correlation (R² = 0.788), indicating that it does not accurately capture the adsorption mechanism for this system. This model may be more suitable for systems where physical adsorption dominates, but it is not appropriate for the chemisorption-driven adsorption observed in this study (Al-Harby et al., 2021). The intraparticle diffusion model provides useful insights into the role of diffusion in the adsorption process, but its low correlation coefficient (R² = 0.53) suggests that it is not the dominant mechanism. While intraparticle diffusion likely contributes to the overall adsorption rate, it does not fully explain the observed behavior, and other mechanisms (such as surface adsorption or chemical bonding) must be considered (Rushton et al., 2005).


The Elovich model is frequently applied to describe the kinetics of chemisorption on heterogeneous surfaces, particularly in systems where the adsorption rate decreases exponentially with time due to an increase in surface coverage or activation barriers (Largitte and Pasquier, 2016). The model is expressed as Equation 7:
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where: 
α

 (mg·g-¹·min-¹) is the initial adsorption rate and 
β

 (g·mg-¹) relates to the extent of surface coverage and activation energy for chemisorption.


In the present study, 
Table 3
 presented the Elovich model which yielded that 
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. Despite the very high initial adsorption rate, the low correlation coefficient suggests that the Elovich model does not provide a strong fit to the experimental data 

(

R
2

=
0.147


). However, the value of 
β

 supports the presence of a chemisorption mechanism, potentially involving valency forces through sharing or exchange of electrons between the dye molecules and the composite surface (Sivashankar et al., 2014). Most of the time, however, it was not possible to determine the relationship between the starting concentrations and the initial adsorption rate constant (α) by estimating its highest values at low initial concentrations. Furthermore, according to the computed β values, the activation energy of chemisorption and the number of sites available for adsorption rose as the initial metal ion concentrations increased, while non-linear fitting displayed the opposite trend, with decreasing β values (Shafiq et al., 2021).






3.6 Thermodynamic studies


Thermodynamic parameters provide important insights into the nature of adsorption processes, including whether the reaction is spontaneous, endothermic or exothermic, and the degree of randomness at the solid-liquid interface (Abualnaja et al., 2021). For the removal of Acid Red 14 dye using AC-ZnO-NH3 composites, thermodynamic analysis was conducted by determining key parameters such as Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°) over a range of temperatures as presented in 
Table 4S
.


The Gibbs free energy change (ΔG°) provides information on the spontaneity of the adsorption process (Saha and Chowdhury, 2011). At temperatures (60–70 °C), ΔG° values are negative (-6.231 kJ/mol at 70 °C and -5.85 kJ/mol at 60 °C), suggesting that the adsorption process is spontaneous at elevated temperatures. This indicates that the adsorption of Acid Red 14 onto AC-ZnO-NH3 composites becomes more thermodynamically favorable as the temperature increases. The adsorption process is spontaneous as indicated by the negative ΔG° values.


The enthalpy change (ΔH°) is used to determine whether the process is endothermic (positive ΔH°) or exothermic (negative ΔH°). The positive enthalpy change (ΔH° = 83.206 kJ/mol) indicates that the adsorption of AR14 dye onto the AC-ZnO-NH3 composite is endothermic, meaning the process is favored by the absorption of heat (Li et al., 2024). The significant positive ΔH° value also supports the idea that chemical interactions (chemisorption) are the dominant adsorption mechanism, as these typically require more energy compared to physical adsorption (physisorption).


The entropy change (ΔS°) reflects the degree of disorder or randomness at the solid-liquid interface during the adsorption process (Saha and Chowdhury, 2011). In this study, the ΔS° value of -0.261 kJ/mol/K is negative, implying a decrease in system disorder, which can be attributed to the more ordered arrangement of dye molecules at the solid–liquid interface upon adsorption (Saha and Chowdhury, 2011).


This reduction in randomness suggests that the dye molecules form more organized and structured bonds with the adsorbent during the adsorption process, which aligns with the chemisorption mechanism implied by the positive ΔH° value. The negative entropy change could also indicate a restriction in the freedom of movement of dye molecules upon adsorption, which is typical for processes where specific interactions (such as chemical bonding) occur.






3.7 Mechanism for removing acid red 14 dye from aqueous solutions using ZnO-doped AC-NH3 composites under sunlight


I) Building upon the characterization data (XRD, IR, SEM, EDX) for AC-ZnO-NH3, the XRD data reveals the presence of ZnO nanoparticles with a characteristic wurtzite structure within the composite, confirmed further by EDX analysis. SEM analysis confirms the porous structure of the activated carbon (AC) with integrated ZnO nanoparticles. The porous structure and high surface area provide numerous adsorption sites for dye molecules, leading to increased dye adsorption capacity. The IR analysis provides insights into functional groups as the broad peaks around 3000–3500 cm-¹ indicate the presence of hydroxyl (–OH) groups and amine (–NH) groups due to the ammonia doping. These groups create a more hydrophilic surface enhancing interaction with the aqueous dye solutions. The nitrogen functionalities also contribute to stronger interactions through hydrogen bonding. The presence of carbonyl (C=O) and amine (C-N) stretching vibrations within this region are crucial for the adsorption process, enhancing interactions between the composite surface and the dye molecules. The AR14 dye molecules, negatively charged due to sulfonate groups (–SO3

-
), are attracted to the composite surface through multiple mechanisms. Also, the NH3 doping enhances the surface basicity of the composite material, giving it a net positive charge. This attracts the negatively charged dye molecules, promoting initial adsorption. The hydroxyl (–OH) groups and amine (–NH) groups, identified by IR, create a favorable environment for hydrogen bonding with the dye’s polar functional groups. The aromatic structures in both the activated carbon and the dye molecule allow for π-π interactions, enhancing adsorption (
Figure 8
).


[image: Diagram showing the interactions between Acid Red 14 and an AC-ZnO-NH3 composite. Acid Red 14 forms hydrogen bonds, pi-pi stacking interactions, and electrostatic attractions with ammonia-doped carbon and ZnO. Photocatalytic reactions with ZnO involving hydroxyl radicals and superoxide ions are depicted.]
Figure 8 | 
Schematic diagram of interactions between acid red 14 dye and functional groups on AC-ZnO-NH3 composite.




II) Photocatalytic Activation


When exposed to sunlight, the ZnO absorbs photons, promoting electrons from the valence band to the conduction band, generating electron-hole pairs (e-/h+). The AC-NH3 component helps to separate these charge carriers, reducing recombination and enhancing the photocatalytic efficiency. The photogenerated holes (h+) oxidize water (H2O) or hydroxide ions (OH-) to form hydroxyl radicals (•OH), which are highly reactive. The conduction band electrons (e-) can react with dissolved oxygen (O2) to form superoxide radicals (•O2-). The reactive species (•OH and •O2-) attack the Acid Red 14 dye molecules, breaking down the dye’s molecular structure into smaller, less harmful compounds. The degradation can involve a series of oxidation reactions, ultimately leading to the formation of simpler organic compounds and inorganic ions, such as CO2 and H2O. With sufficient exposure time and light intensity, the final products can be fully mineralized into carbon dioxide and water, effectively removing the dye from the solution.


III) From the isotherm, kinetics and thermodynamics study; the Henderson isotherm model provides a strong fit, suggesting high heterogeneity in the adsorption sites, reflecting the complex interaction between the dye and composite. Besides, the pseudo second-order model offers the best fit, indicating the chemisorption process and rapid adsorption of AR14 onto the composite. The endothermic and spontaneous nature of the process, evident from the thermodynamic studies, indicates that chemical interactions play a significant role in adsorption.


IV) The Role of Ammonium and Functional Groups in the Composition of Zinc Oxide and Other Oxides for Dye Degradation


The efficiency of zinc oxide (ZnO) and other metal oxides in degrading dyes such as Acid Red 14 is significantly influenced by the incorporation of ammonium (NH3) and the presence of functional groups on their surfaces. These modifications enhance adsorption, photocatalysis, and the overall degradation process.


1. Role of Ammonium (NH3) in the Composition


Ammonium plays a pivotal role in modifying the properties of ZnO and other oxides, creating a more effective material for dye degradation (Rosado-Mendoza et al., 2020).


The key contributions are as follows:


a. Surface Basicity Enhancement


Ammonium doping introduces nitrogen atoms into the oxide lattice or surface, increasing the basicity of the material (Latham et al., 2021). Similarly, the basic surface interacts strongly with acidic dye molecules (Acid Red 14, which contains sulfonate groups -SO3-). This electrostatic attraction promotes better adsorption and facilitates subsequent degradation.


b. Generation of Active Sites


Ammonium doping introduces nitrogen-containing functional groups, such as amines (–NH or –NH2), which act as additional adsorption sites for dye molecules (Travlou et al., 2016). These groups enhance the material’s ability to capture and hold dyes, ensuring close interaction with photocatalytic or oxidative sites.


c. Improved Photocatalytic Activity


Nitrogen incorporation narrows the bandgap of ZnO and other oxides, making them more responsive to visible light. This increases the generation of reactive oxygen species (ROS) like hydroxyl radicals (

·
OH


) and superoxide anions (


O
2
−



), which degrade the dye more effectively under sunlight. Nitrogen doping also reduces electron-hole recombination, ensuring a higher photocatalytic efficiency.


2. Role of Functional Groups on the Surface


The functional groups present on the surface of ZnO or other oxides play a critical role in dye degradation by enhancing both adsorption and photocatalysis.


a. Hydroxyl Groups (–OH)


Hydroxyl groups on the surface of oxides act as key adsorption sites for dye molecules (Cui et al., 2022). They form hydrogen bonds with polar groups in the dye, facilitating strong adsorption.


During photocatalysis, surface hydroxyl groups generate hydroxyl radicals (

·
OH


) upon reacting with photo-generated holes (


h
+



) (Xiang et al., 2011): 
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These hydroxyl radicals are highly reactive and attack the dye’s chromophores, breaking them down into simpler, less toxic molecules like CO2 and H2O.


b. Amine Groups (–NH or –NH2)


Amine groups, introduced via ammonium doping, enhance the interaction with dye molecules through electrostatic interactions and hydrogen bonding.


These groups also improve adsorption capacity, particularly for dyes with anionic structures like Acid Red 14.


c. Carbonyl (C=O) and Carboxyl Groups (–COOH)


Functional groups like carbonyl or carboxyl groups enhance the material’s hydrophilicity and adsorption capacity. They interact with the dye molecules’ polar functional groups, further stabilizing adsorption.


d. Zinc-Oxygen Bonds (Zn–O)


Zn–O bonds are essential for photocatalysis. They serve as the sites where electron-hole pairs are generated upon light irradiation. These bonds contribute to the production of ROS, which play a crucial role in breaking the azo bonds (-N=N-) in dyes (Phan et al., 2024).


3. Synergistic role of ammonium and functional groups


The combination of ammonium doping and functional groups significantly enhances the degradation process. Ammonium increases the number of active sites, while functional groups as: –OH and –NH2 create specific interactions with dye molecules. Whereas, improved Photocatalytic Efficiency: Nitrogen doping improves the visible light activity of ZnO, while functional groups ensure the effective generation of ROS. Besides, reduction of Electron-Hole Recombination: Functional groups, especially nitrogen-based ones, stabilize charge carriers, ensuring more ROS are produced and utilized for dye degradation.






3.8 Assessment of water quality parameters before and after treatment


To evaluate the real-world applicability of the AC-ZnO-NH3 composite, several key water quality parameters were analyzed before and after treatment of dye-contaminated water (
Table 5S
) (Chander et al., 2024). The results demonstrate a significant improvement in water quality, indicating the material’s high efficiency in degrading Acid Red 14 and reducing pollutant loads. The pH value increased from 4.2 to 6.9, indicating a shift from acidic to near-neutral conditions, which is favorable for environmental discharge (Chander et al., 2025). Color intensity (ADMI) was reduced by nearly 90%, from 1220 to 125, confirming the breakdown of chromophoric groups in the dye structure. Similarly, a noticeable reduction in total dissolved solids (TDS) was also observed, decreasing from 950 to 310 mg/L, suggesting the effective elimination of dissolved ions and dye-related residues (Butler and Ford, 2018). Turbidity, a measure of suspended particles and colloidal matter, improved significantly from 48 to 5.4 NTU, reflecting the removal of dye aggregates and particulate contaminants (Husen et al., 2024). Most importantly, the dye concentration decreased from 25 to 1.8 mg/L, achieving a removal efficiency of over 92%, highlighting the composite’s dual functionality in adsorption and sunlight-driven photodegradation (Chander and Gupta, 2025). These results collectively demonstrate the potential of the AC-ZnO-NH3 composite for application in treating textile or industrial wastewater under environmentally friendly and cost-effective conditions using natural sunlight as the driving force.






3.9 Environmental aspects of the AC-ZnO-NH3 composite


The development and application of multifunctional materials for wastewater treatment must account not only for performance efficiency but also for environmental safety (Nain et al., 2025). In the case of the AC-ZnO-NH3 composite, several important factors mitigate its potential environmental impact and support its feasibility for large-scale use.


I. Carbon-Based Support: Inert and Non-Toxic Framework


Activated carbon (AC), which forms the structural backbone of the composite, is well established as a safe and environmentally benign material. Its widespread use in air and water purification is attributed to its high porosity, chemical inertness, and non-toxic nature (Hasanzadeh et al., 2020). By embedding ZnO and NH3 functionalities within the porous AC matrix, the composite benefits from a stable and inert support that resists leaching and contributes minimal ecological burden.


II. ZnO Stability and Reuse Potential


While zinc oxide (ZnO) exhibits desirable photocatalytic properties, it is known to exhibit partial solubility under certain conditions, particularly in acidic media or upon prolonged irradiation. This dissolution may release Zn²+ ions, which, in excess, could impact aquatic systems. This structural confinement limits its direct exposure to the aqueous phase and significantly reduces the potential for uncontrolled leaching. Moreover, the material is designed for multiple regeneration cycles, as shown in the study’s reusability tests. Encouraging the repeated use of the composite instead of single-use applications minimizes environmental release and supports a circular material lifecycle.


III. Controlled Use of Ammonia: Avoiding Free Ammonia Pollution


Ammonia doping enhances the surface basicity and nitrogen functionalization of the carbon matrix, improving the composite’s adsorption capacity for acidic dyes like AR14. However, if not properly controlled, excess free ammonia in the system may contribute to secondary pollution and eutrophication risks in aquatic environments. In this study, ammonia is used in a controlled volume (3.5 mL of 15% v/v solution), followed by thorough washing and heat treatment to remove any residual free ammonia. Therefore, the final composite is largely free from unbound ammonia, minimizing this concern. Nonetheless, monitoring of free ammonia in effluents post-treatment should be considered in field applications.


IV. Structural Confinement of ZnO within Carbon Matrix


To further enhance environmental compatibility, the design strategy of this composite intentionally utilizes the mesoporous structure of activated carbon to physically and chemically anchor ZnO nanoparticles (Sreenan et al., 2025). The high internal surface area and functional groups on AC allow for strong interactions with ZnO particles, reducing their mobility. This immobilization within pores or via chemical bonding not only improves photocatalytic stability under solar irradiation but also reduces the risk of ZnO detachment or dispersion into treated water.







4 Conclusion


This study demonstrated the successful development and application of a ZnO-doped activated carbon-ammonia (AC-ZnO-NH3) composite for the efficient sunlight-driven degradation of Acid Red 14 dye. The composite exhibited synergistic photocatalytic and adsorptive behavior, benefiting from the high surface area of activated carbon, the photoactivity of ZnO, and enhanced surface basicity introduced by ammonia doping. Key findings revealed that the optimal dye removal (95.5%) was achieved at pH 3 with 0.18 g of catalyst under sunlight, confirming the high efficiency of the system. The presence of H2O2 significantly enhanced photocatalytic performance, reducing the dye’s half-life and accelerating degradation through ROS formation. Kinetic data fitted well with the pseudo-second-order model, and the Henderson isotherm best described the equilibrium data, suggesting a chemisorption mechanism on heterogeneous sites. The process was spontaneous and endothermic, indicating enhanced removal at elevated temperatures. The composite retained reasonable activity across three regeneration cycles, confirming partial reusability. The novelty of this work lies in the integration of low-cost materials into a multifunctional composite capable of simultaneously adsorbing and degrading persistent dyes under eco-friendly solar irradiation. These findings highlight the potential of AC-ZnO-NH3 as a scalable, sustainable, and cost-effective solution for real-world wastewater treatment applications.
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