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ABSTRACT 18 

The textile, paper, and chemical industries, including dye or pigment create significant 19 

quantities of wastewater streams that are typically released into surface water resources, thus 20 

contaminating aquatic environment. Among them, several dye chemical compounds are highly 21 

hazardous, even though in some concentration, resulting in endangering the flora and fauna of 22 

the aquatic environment. This study seeks to remove a dye pollutant, Alizarin Yellow (AY), 23 

from polluted aqueous solutions using novel bimetallic Fe & Ag nanoparticles supported with 24 

bentonite (Fe0-Ag0@BN). Various analytical techniques extensively characterize 25 

nanocomposite materials and show a distinct distribution of Ag and Fe nanoparticles onto the 26 

nanocomposite. The nanocomposite is highly efficient in removing the Alizarin Yellow in the 27 

Fenton-like process. The nanocatalyst in batch reactor eliminated AY (2 mg/L) in 30 and 60 28 

min, using UV-A and LED irradiation, respectively. Under the UV-A irradiation, the process 29 

mineralizes a high percentage of AY (98%). Furthermore, the presence of silver nanoparticles 30 

synergized the degradation process, and an enhancement of Fe(II) in the bulk solution 31 

positively impacted the elimination of AY in the light-illuminated Fenton-like process, as well. 32 

The nanocatalyst (nanoscale Zero-valent Iron: nZVI) exhibited a reasonable stability and 33 



reusability in the batch processes, and excellent selectivity in AY elimination using different 34 

natural water samples. The bimetallic Fe0-Ag0@BN nanocatalyst composite showed the 35 

potential for the removal and mineralization of AY in aquatic environment. 36 

Keywords: Green synthesis ∙ Bimetallic nanocatalyst ∙ Photo-Fenton-like process ∙ Alizarin 37 

Yellow ∙ Nanoscale Zero-valent Iron (nZVI) ∙ LED-visible light treatment 38 

 39 

1. Introduction 40 

Hazardous compounds often found in industrial wastewater prompted the development of 41 

innovative solutions to protect aquatic or marine life from these pollutants. The textile 42 

industries are the primary contamination source because of the unregulated qualitative and 43 

quantitative release of industrial effluents into the aquatic environment, which leads to serious 44 

public health and ecological concerns, and a severe environmental hazard (Lalliansanga et al. 45 

2022). The ratio of BOD to COD of the typical textile industry wastewater stream is 46 

approximately 0.25, indicating that the wastewater includes a significant quantity of non-47 

biodegradable organic content. The dyeing and finishing (D&F) industries detrimentally 48 

contribute such organic matter to the waterbodies (Liang et al. 2012). The broad range of dyes 49 

that often contribute to the pollution of water bodies is equivalently prevalent in the leather, 50 

cosmetic, food, plating, photo-electrochemical cells, wood, and pulp & paper industries 51 

(Adlnasab et al., 2017).  52 

The most significant and widely used dyes include azo, anthraquinone, indigo-ide, 53 

phthalocyanine, triarylamine ethane, triphenyl methane, sulphur, etc. (dos Santos et al., 2007). 54 

Alizarin Yellow (AY), 5-[(p-Nitrophenyl) azo] salicylic acid sodium salt, is an azo-dye 55 

pigment group synthesized by the diazo coupling method, which is commonly utilized in the 56 

paint and lacquer, textile, leather, plastic, culinary, and pharmaceutical sectors (Lalliansanga 57 

et al., 2020). The textile industry uses Alizarin Yellow (AY) as a pigment. AY's aromatic rings 58 

have a complex structure that makes them resistant to biodegradation, leading to harmful 59 

effects on the lungs and mucosal membranes of human organs. So, AY becomes dangerous 60 

once absorbed by the skin, breathed, or ingested with severe health impacts on the eyes, skin, 61 

and respiratory system (Ogugbue and Sawidis, 2011; Przystaś et al., 2012). The physical-62 

chemical methods, such as adsorption, advanced oxidation, anaerobic and aerobic biological 63 

processes, coagulation-flocculation, electrochemical, and various hybrid treatment 64 



technologies, treat the wastewater containing various azo dye compounds (Liang et al. 2012). 65 

However, such methods possess several inherent limitations, including high operational cost, 66 

large sludge production, the efficiency of the method, by-products formed (sometimes more 67 

toxic than the dye itself), and relatively low effectiveness of cost versus investment and 68 

requirement of advanced and more efficient treatment in the following step. The textile industry 69 

should cope with economic and ecological challenges, expanding the possibility of reusing 70 

massive wastewater and plant effluents. Therefore, research and development (R&D) of more 71 

efficient, affordable, and sustainable water treatment technologies for dye degradation becomes 72 

necessary. 73 

Advanced oxidation processes (AOPs), which primarily rely on the in-situ creation of 74 

highly reactive hydroxyl radicals (�OH) with an oxidation potential (E0) of 2.80V vs. SHE seem 75 

to be an intriguing alternative to several conventional methods for the mineralization of 76 

pollutants (Pera-Titus et al., 2004; Kim et al., 2010) and the degradation of recalcitrant organic 77 

contaminants (Kumar and Dutta, 2022). The heterogeneous photo-Fenton-like operations have 78 

been considered viable and efficient AOPs for preventing secondary pollution while degrading 79 

and mineralizing the organic contaminants in wastewater (Zhang et al., 2019; Kim et al., 2010). 80 

Depending on their electronic structures, the materials are utilized as catalysts in the light-81 

assisted redox reactions. The filled valence and unoccupied conduction bands characterize the 82 

electronic structure. The easiness with which a catalyst produces an electron-hole pair 83 

determines its reactivity. Free radicals are created when these electron-hole pairs interact with 84 

the substrate (Tahir et al., 2020).  85 

The development of nanotechnology and the rapid advancement of nanomaterials 86 

advanced the research owning to a good number of nanomaterials' superior structural, 87 

morphological, electronic, optical, and mechanical properties. These materials possess a high 88 

surface-to-volume ratio, unique electrochemical properties, high chemical reactivity, increased 89 

activity, and relatively high optical properties (Rodney et al., 2018). Nanoscale zero-valent iron 90 

(nZVI) is one of the most effective materials for organic pollution clean-up, successfully being 91 

integrated in Fenton-like reactions (Kecić et al. 2018). The nZVI/H2O2-Fenton method is very 92 

useful to removing highly recalcitrant contaminants, including pharmaceuticals, chlorinated 93 

organics, nitroaromatics, and organic dyes (Lin and Hsu, 2018). nZVI slowly releases the 94 

soluble Fe2+, which is necessary for the H2O2 activation to form �OH radicals. Bimetallic 95 

nanocomposites derived from the nZVI and some other metals (M/nZVI) have been found to 96 

enhance the sensitivity of nZVI nanoparticles and reduce oxidation on the catalyst's outer 97 

surface (Ulucan-Altuntas and Kuzu, 2019; Yamaguchi et al., 2018). In a line, the silver 98 



nanoparticles (Ag(NPs)) are effective in treating wastewater from different source streams such 99 

as industrial, sewage, textile, personal care, paint, and food supplements (He et al., 2014; 100 

Marimuthu et al., 2020). One of the significant disadvantages of nanoparticle product was a 101 

tendency of becoming agglomerated. However, a suitable support medium was found to 102 

prevent the agglomeration of nanoparticles that are interlayer clays (Herney-Ramirez et al., 103 

2010), biochar (Wang et al., 2021), activated carbon (Ramirez et al., 2007), ashes (Flores et al., 104 

2008), and polymeric resins (Liou et al., 2005). The support medium increases the real 105 

applicability of the material in photo-Fenton processes, resulting in improving stability and 106 

reactivity of nanocatalysts. Indigenous clay is a promising support medium because of its 107 

natural abundance, large surface area, non-toxic, low cost, and relatively fair stability (Herney-108 

Ramirez et al., 2010). Bentonite is widely used to treat various industrial wastes (Banat et al., 109 

2000) and, perhaps, is promising as a support medium for designing newer advanced materials. 110 

Therefore, the present work aims to synthesize the bimetallic nanocatalyst employing bentonite 111 

clay as a support medium. The Fe and Ag nanoparticles are dispersed with such support, and 112 

the �Greener Approach� synthesizes these nanoparticles in situ. The material was employed in 113 

the proficient Alizarin Yellow (AY) removal from an aqueous stream, using different light 114 

sources in the photo-Fenton-like reactions. The kinetic study of degradation and reusability of 115 

the catalyst with analytical results envisages the high potential of usage in various unit 116 

operations of treatment sectors   117 

 118 

2. Materials and Methods 119 

 120 

2.1 Experimental procedures 121 

2.2.1 Leaf extract and solid nanocomposite preparation 122 

The guava leaves were prepared from the guava trees inside the institute's campus (Mizoram 123 

Central University, India), which are thoroughly washed with water and rinsed with DI water 124 

before being dried for 3 h at 90 °C. A grinder was used to grind up the dried leaves to obtain a 125 

fine powder of leaves. In a 250 mL conical flask, 10 g of powdered leaves were mixed with DI 126 

water (100 mL). After heating at 80 °C for 20 min, filtered in Whatman No. 1 filter paper and 127 

the extracted liquid was kept at 4°C for the later use of experiments. 128 



The prepared guava extract took part in the in-situ generation of the Fe0 and Ag0 129 

nanoparticles. The precursors' proportion ratio in the nanoparticle synthesis was also 130 

optimized. An accessible technique produced the (Fe0@BN) and Fe0-Ag0@BN catalysts 131 

(nFLC). Bentonite powder (15 g) was suspended with FeNO3 solutions (250 mL of 0.1 mol/L) 132 

for 8 h at room temperature, while slowly being stirred. Centrifugation at 1,500 rpm separated 133 

the suspension and the solid from the emulsion 134 

Further to the Fe2+@BN suspension, 75 mL of guava leaf extract was added with 15 g 135 

of solid, and 10 h of stirring of the suspension resulted in the Fe0-Ag0@BN nanocomposite. 136 

Similarly, the Fe2+-Ag+@BN suspension was obtained by taking the precursors in 250 mL of 137 

2.5 mmol/L AgNO3 solutions and being stirred for 6 h. The Fe2+-Ag+@BN suspension was 138 

transferred to a flask, and then 75 mL of guava leaf extract was gradually added and stirred for 139 

6 h. The small solid particles present were separated from the liquid by centrifugation and 140 

several consecutive washings removed the extra NO3
- ions. Such solid particles were in a hot 141 

air oven at 50 °C for 5 h. The grinding of nanocomposite materials resulted in a fine powder of 142 

solid materials and was placed in an airtight polypropylene container. 143 

2.2.2 Photo-catalysis procedure and quantification techniques 144 

A constant quantity (50 mg/L) of AY was dissolved in purified water to create a standard stock 145 

solution. The desired experimental concentrations were obtained by diluting the stock solution. 146 

The catalysts, pristine bentonite (BN), Fe0@BN, or Fe0-Ag0@BN were used in the batch 147 

experiments to investigate the degradation of AY. UV-A (Philips, 9W, Netherland) and LED 148 

(Havells, 9W, India) lamps assisted in the photo-Fenton-like processes. The kinetic study on 149 

the degradation of the target contaminant was carried out using the time-dependence 150 

degradation under the photo-Fenton-like operations employing nanocomposite catalyst Fe0-151 

Ag0@BN. The parameters viz., pH, Fe0-Ag0@BN dose, and H2O2 dosage, were chosen to 152 

optimize the degradation efficiency. In addition, the effect of pollutants� concentration and 153 

interfering ions was extensively studied in the degradation process. The photo-Fenton-like 154 

degradation efficiency and non-purgeable organic carbon removal were obtained in the 155 

degradation of the target pollutant at varied concentrations. In addition, the reusability of the 156 

Fe0-Ag0@BN nanocatalyst in the degradation of AY was examined in repeated cycles of 157 

operation. For the reusability study, the used nanocomposite materials were separated by 158 

centrifugation after each treatment step, rinsed with distilled water, dried (80 °C in a hot air 159 

oven), and crushed using a mortar pestle, and the catalyst powder was used in subsequent runs. 160 



The experiments were carried out in a self-built water bath, and the temperature was maintained 161 

at 25 ± 1°C. The degradation experiments were carried out in a 100 mL borosilicate reactor 162 

placed onto a magnetic stirrer plate and maintained at a constant stirring speed (300 rpm). The 163 

reactor is appropriately covered with parafilm and placed inside a self-made dark cabinet. A 164 

known amount of nanocatalyst powder was dispersed in pollutant solutions, and the suspension 165 

was stirred in the dark for 60 min to reach adsorption/desorption equilibrium. Just after the 166 

equilibrium time, the optimized amount of H2O2 concentration was injected. The photo-167 

Fenton-like process was initiated immediately after the addition of H2O2 by irradiating the 168 

solution mixture either by a UV-A or a LED source. The quantitative estimation of AY was 169 

performed by UV-VIS spectrophotometer (Shimadzu, Japan, model: UV-1800), using an 170 

HPLC system (High-Performance Liquid Chromatography, Waters, Model: Waters 515 HPLC 171 

pump; USA) fitted with a UV detector (Waters, Model: Waters 2489 UV/VIS Detector; USA). 172 

Cross-checks were performed. Various time intervals (e.g., 10, 20, 30, 45, 60, 90, 120 min) 173 

were used to collect the supernatant of the treated pollutant samples for measurement. Before 174 

being tested with a UV-Vis Spectrophotometer or an HPLC to ascertain unknown quantities, 175 

the supernatant solution was filtered using a syringe filter (0.25 µm; Whatman, USA). 176 

Unknown pollutant concentrations were assessed using a C18 analytical column (4.6 x 250 177 

mm, pore size 100.0 Å) with mobile phases of water (HPLC grade, Himedia), and acetonitrile 178 

(HPLC grade, Himedia) at a 70:30 ratio, at 0.5 mL/min and a 20 min run time. The pollutant, 179 

AY has λmax of 353 nm. As a result, the calibration line was obtained at its corresponding 180 

wavelength using the standard pollutant solutions. To check for deviations and errors in the 181 

results, every experiment was run three times. 182 

 183 

3. Results and Discussion 184 

 185 

3.1 Phytochemical Screening 186 

 187 

The qualitative screening, using a known method described elsewhere, demonstrates the 188 

presence of several phytochemicals in the leaf extract (Chandraker et al., 2020) and is displayed 189 

in Table 1. The presence of flavonoid and alkaloid phytochemicals derives the Ag+/Fe3+ ions 190 



to their zero-valent state and stabilizes the nanoparticles in the solid matrix of the integrated 191 

composite. 192 

 193 

3.2 Characterization of the Integrated Composite 194 

 195 

3.2.1 pHPZC, Band-gap Energy, and BET Surface Area Analyses 196 

A standard acid-base titration method determined the point of zero charges (pHPZC) of bentonite 197 

(BN), Fe0@BN, and Fe0-Ag0@BN nanocatalysts and was found to be 7.2, 6.3, and 6.7, 198 

respectively. The diffuse reflectance spectroscopy (DRS) results were utilized to draw the Tauc 199 

graphs (hυ vs. (hυ)2) and hence, calculated the band gap (Eg) energies of these solids, i.e., BN, 200 

Fe0@BN, and Fe0-Ag0@BN (Cf figure S1(a)) (Lalliansanga et al., 2022). The Eg values were 201 

3.25 eV for bentonite, 2.23 eV for Fe0@BN, and 2.15 eV for Fe0-Ag0@BN. The significantly 202 

low values of Eg seemed to successfully activate the nanocomposite with the visible-light 203 

sources and achieved the required efficiency of the catalyst (Djellabi et al., 2022).  204 

Figure 1 depicts the materials' N2 adsorption/desorption isotherms. These solids possess 205 

Type IV isotherms with H3 hysteresis loops, demonstrating the solid�s mesoporous structure 206 

(Bounab et al., 2017). Fe0@BN and Fe0-Ag0@BN pore diameters were 91.0861 and 0.0993 207 

cm3/g, respectively. The specific surface areas of 62.59, 36.48, and 8.59 m2/g were obtained 208 

for the bentonite, Fe0@BN, and Fe0-Ag0@BN solids, respectively. Because of the pores and 209 

the predominantly dispersed nanoparticles on the bentonite clay surface, the addition of 210 

Fe(NPs) and Ag(NPs) significantly reduced the specific surface area of the solids. In addition, 211 

Figure 2 displays that the distribution of pore sizes for these solids and the desorption peak at 212 

the pore width of 40 Å was found for the bentonite, whereas the solids of Fe0@BN and Fe0-213 

Ag0@BN displayed a peak of around 15 Å in the adsorption pore distribution data. 214 

3.2.2 Morphological Study of Nanocomposite Solids 215 

The Scanning Electron Microscopy (SEM) and the Transmission Electron Microscopy (TEM) 216 

images were employed to estimate the particle size of the newly designed nanocomposite solids 217 

of Fe0@BN, Fe0-Ag0@BN and to assess the morphological analyses. The SEM depictions of 218 

the BN, Fe0@BN, and Fe0-Ag0@BN examined the surface structure of the materials (Fig. 1). 219 

The SEM image found that the bentonite possesses a heterogenous and layered structure in Fig. 220 



1(a). However, the Fe or Ag nanoparticles occupied the surface of bentonite in the composite 221 

materials, i.e., Fe0@BN and Fe0-Ag0@BN in Fig. 1(b) and 1(c), thus enhancing the surface 222 

heterogeneity of solids. These solids contain C, O, Na, K, Al, Ti, Fe, Si, and other elements, 223 

according to the Energy Dispersive X-ray (EDX) spectra in Fig. 1 (d), (e), and (f). However, 224 

the nanocomposite solid Fe0-Ag0@BN clearly showed the presence of an Ag peak, signifying 225 

the occurrence of silver (Ag) in the solid in Fig. 1(f). Furthermore, as shown in Fig. 1 (g) and 226 

1 (h) of the Fe0@BN and Fe0-Ag0@BN materials' TEM images, the nanocomposite of 227 

Fe0@BN solid showed the dispersion of Fe(NPs) over the bentonite�s surface, and the 228 

approximate size of the particles was Ca. 14.0 nm. The iron (Fe(NPs)) nanoparticles were 229 

evenly distributed over the surface and did not aggregate. The d-spacing of the fringes on the 230 

iron nanoparticles was 0.17 nm (Fig. 1(g)). Similarly, the Ag nanoparticles were evenly 231 

scattered all over the surface layer of the bentonite in the nanocomposite Fe0-Ag0@BN solid 232 

in Fig. 1(h). The average particle size in the Ag(NPs) (220) plane was 12.0 nm, and the silver 233 

nanoparticles on the clay surface were spherical and were not clumped together. 234 

3.2.3 XRD and XPS Spectroscopic Analysis 235 

Figure 2(d) displays the results of X-Ray diffraction (XRD) spectra of the bentonite, Fe0@BN, 236 

and Fe0-Ag0@BN solids. The bentonite contained the kaolinite, illite, quartz, and smectite 237 

phases since distinct diffraction peaks were observed in the XRD diffraction pattern of such 238 

solids (Dihingia and Tiwari, 2022). Diffraction at the 2θ value of 45° confirmed the presence 239 

of  Fe(NPs) in the Fe0@BN and Fe0-Ag0@BN  solids (Fig. 2(d)) (Sulaiman and Al-Jabari, 240 

2021). Further, the Fe0-Ag0@BN solid�s XRD peaks inferred the characteristic diffraction 241 

peaks of Ag(NPs)  (JCPDS file No. 01-087-0719).  242 

In addition, the X-ray photoelectron spectroscopic (XPS) graph of the Fe0-Ag0@BN 243 

indicated that iron (Fe), silver (Ag), and oxygen (O) were presented in the survey scan (Fig. 3), 244 

where the 2p and 3d peaks of Fe and Ag were displayed, respectively. The XPS peak confirmed 245 

the presence of Fe(0) in the nanocomposites at 706.4 eV (Ye et al., 2021). Similarly, the 3d5/2 246 

and 3d3/2 at the binding energies of 368.5 and 374.2 eV, respectively, validated the presence of 247 

Ag0 (Prieto et al., 2012). Thus, in the Fe0-Ag0@BN nanocomposite solid, both iron and silver 248 

were present in their zero valent oxidation states. 249 

 250 

3.3 Photo-assisted Fenton-like Degradation of AY 251 

 252 



3.3.1 pH Dependence Degradation 253 

In the Fenton or Fenton-like process, the initial pH plays a crucial role in regulating the 254 

production of hydroxyl radicals (�OH) and the breaking down of zero-valent (Fe(NPs)), which 255 

in turn dictates the degradation efficiency (Midik Ertosun et al., 2019). The most optimum pH 256 

of operation was obtained from several tests at the pH range of 2 and 7. The batch reactor 257 

performed the experiments using a catalyst dosage of 100 mg/L, H2O2 (0.1 mL/L), and an AY 258 

concentration of 2 mg/L. In Fig. 4, the degradation percentages of AY as a function of pH was 259 

exhibited, and a relatively lower pH range of 2 to 4 favoured the removal of AY, using the Fe0-260 

Ag0@BN nanocatalyst. At the pH of 3, the AY degradation efficiency of Ca. 93.54 % was 261 

achieved, whereas a further increase in pH (e.g., pH > 3.0) significantly decreased the 262 

efficiency of the AY degradation. In other words, the AY degradation efficiency, from 64 to 263 

14 %, was caused by increasing pH from 5.0 to 7.0. The results inferred that the acidic 264 

environment was favorable for the AY degradation since its lower pH boosted the Fe(NPs) 265 

corrosion and excess formation of �OH radicals. The equations (1) and (2) demonstrate the 266 

reaction mechanisms. 267 

 268 𝐹݁(ܫܫܫ)  2ܱ2ܪ  →  𝐹݁(ܫܫ) +ܪ + + ܱܱܪ  ܱܪ 269 (1)   • • +ܪ + + ݁−  270 (2)              2ܱܪ→

 271 

The explanation for the reduction in AY degradation efficiency by the nanocatalyst 272 

under certain pH circumstances was the suppression of Fe(II) release to the bulk of the pollutant 273 

solution, which ended up hindering the generation of hydroxyl radicals (OH�), as specified in 274 

Equation (1) (Guo et al., 2019). Additionally, the oxidation potential of OH� radical became 275 

reduced in the alkaline solutions, reducing the degradation efficiency (Fida et al., 2017a). The 276 

instability of H2O2 causes it to disintegrate into smaller molecules like molecular oxygen (O2) 277 

without generating a substantial amount of OH�. As a result, the degradation percentage at pH 278 

> 3.0 rapidly fell off. At optimum experimental conditions, the �O2 feebly decomposed organic 279 

contaminants (Zhan et al., 2022). With increasing solution pH, the Fenton reagent's activity 280 

decreased. This effect is attributable to less reactive trivalent iron hydroxide formations and 281 

lower iron oxyhydroxide activity. As a result, as pH increases, less OH� was produced, which 282 

led to a decline in iron ions. At a neutral or higher pH, the soluble Fe2+ easily precipitated with 283 

the Fe3+ oxyhydroxides. However, [Fe(H2O)6]2+, a Fe-complex molecule, was generated at a 284 



very low pH value of 2, prohibiting Fe(II) from interacting with H2O2, (Wardman and 285 

Candeias, 1996). Additionally, at low pH circumstances, the hydroxyl species rapidly 286 

diminished when H+ was coupled with OH�, suppressing the deterioration of AY (Equation 2). 287 

The electro-Fenton degradation of Acid Red 18 dye revealed that raising the pH from 2 to 3 288 

had slightly increased the dye's degradation; however, when further increased the pH up to 9, 289 

the dye's degradation was significantly suppressed (Malakootian and Moridi, 2017). Therefore, 290 

the optimum pH range was above 2 and 3.  291 

3.3.2 Optimization of H2O2 and Solid Catalyst Dosage 292 

The hydrogen peroxide (H2O2) dosage was crucial to optimize the Fenton-like reaction 293 

efficiently, meaning that an optimized dosage could maximize the AY's percentage 294 

degradation. Therefore, several studies were carried out at the pH of 3, using a constant 295 

nanocatalyst dosage of 120 mg/L and various H2O2 dosages from 0.06 to 0.14 mL/L in a dark 296 

environment. Figure 4(a) depicts the AY�s acquired and observed H2O2 dose-dependent 297 

degradation efficiency. The graph ascertained that the AY breakdown percentage was 298 

improved from 84.36 to 93.54%, raising the dosage of hydrogen peroxide (30.0% v/v) from 299 

0.06 to 0.1 mL/L. However, a further increase in the H2O2 dosage, from 0.1 to 0.14 mL/L, 300 

decreased the rate from 93.54 to 85.15%. Higher concentrations of H2O2 react with excess OH� 301 

to produce water molecules and the hydroperoxyl radical (HO2�) (Cf Eq. 3), which saturates 302 

the amount of OH� available for the oxidation process, so-called �OH radical scavenger� (Kim 303 

et al., 2009; 2010). Additionally, Fida (Fida et al., 2017b) described the behaviour of OH� being 304 

quenched by �HO2 (Eq. 4). Organic molecules were slowly degraded due to the radical species' 305 

rapid dissipation. The findings support the Fenton-like removal of naproxen utilizing a 306 

nanocomposite of goethite and montmorillonite (Paul et al., 2011). 307 

2ܱ2ܪ 308  + ܱܪ • → 2ܱܪ  + ܱܱܪ  •   (3) 309 

ܱܱܪ • ܱܪ+ • → 2ܱܪ  + ܱ2    (4) 310 

 In addition, the impact of the nanocatalyst Fe0-Ag0@BN dosage (80 to 160 mg/L) was 311 

evaluated in regard with the AY degradation (Cf, Fig. 3(b)). Under dark circumstances, the AY 312 

(2 mg/L) solution at the pH of 3 and the H2O2 concentration (0.1 mL/L), the AY degradation 313 

was performed at a wide range of catalyst dosages. The results revealed that the AY degradation 314 



reached its maximum level at a solid catalyst dosage of 120 mg/L. Therefore, for further 315 

investigations, a catalyst amount of 120 mg/L can be used as most optimum dosage. The AY 316 

was decomposed at higher nanocatalyst contents since it provided relatively more chemically 317 

active sites to adsorb the pollutant molecules, which was well described in terms of 3-D 318 

crosslinked structure with more functional sites (Kim et al., 2005; 2012). However, a 319 

significantly higher catalyst dosage scavenged the formation of hydroxyl radical (Equation 5) 320 

by suppressing the AY degradation (Hassan and Hameed, 2011). The breakdown of naproxen 321 

employing a nanocomposite of modified iron oxyhydroxide nanoparticles over 322 

montmorillonite clay (MGO) showed a similar degradation pattern (Sétifi et al., 2019). 323 

 324 

𝐹݁2+ + ܱܪ  • →  𝐹݁3+ +  325 (5)   −ܱܪ

 326 

3.3.3 Impact of Photo Illumination on AY Degradation 327 

The consequences of utilizing various lighting sources (UV-A and LED-Vis) were examined 328 

for the Fenton-like reaction. Figure 5(a) clearly ascertained that the photo illumination 329 

evidently accelerated the degradation of AY. The UV-A illumination relatively achieved a 330 

higher degradation of AY, when compared to the LED illumination in the photo-Fenton-like 331 

processes. In Fig. 5, the most optimum time dependence was determined for the highest AY 332 

degradation under different reaction conditions. The combined treatment of the Fenton-like 333 

degradation of AY by Fe0-Ag0@BN, employing the UV-A and LED-Vis illuminations for 30 334 

and 60 min, achieved an efficiency of 100 %. However, 93 % of AY degradation in dark 335 

conditions was made in 2 h. 336 

Similarly, the degradation efficiency for AY utilizing the Fe0@BN nanocatalyst was 337 

79.56 % in the dark. The comparative results indicated that adding Ag(NPs) considerably 338 

improved the catalyst's efficiency in degrading AY in the light-illuminated Fenton-like process. 339 

The illumination of LED-Vis light degraded a significant amount of the AY, allowing a 340 

potential use of the nanocatalyst composite in visible-light-driven reactor operations. 341 

Moreover, light illumination substantially accelerated the production of �OH radicals by adding 342 

up a synergistic effect on the AY degradation (Eq. 6) (Sapach and Viraraghavan, 1997). The 343 

presence of Ag(NPs) synergized the formation of HO� in the reaction medium, hence, it 344 



favoured the degradation of AY (He et al., 2014). In other words, the more active sites on the 345 

surface of the nanocatalyst composite enhanced the photocatalytic activities. Furthermore, as 346 

seen in Eq. 7, the light energy improved both the catalytic performance of the Fe that leached 347 

out of the nanocomposite and the photolysis of H2O2 (Sétifi et al., 2019; Kim et al., 2010). 348 

 349 

2ܱ2ܪ    ℎజ   ⎯  2ܱܪ •  (6) 350 

  Fe(III) +2ܱܪ + ℎ߭ →  𝐹݁(ܫܫ)+ ܱܪ •  351 (7)  +ܪ+

 352 

3.3.4 Concentration Dependence Removal 353 

The experimental investigation determined the impact of the preliminary pollutant 354 

concentration on the percentage degradation of the target pollutant molecules. Figure 5(b) 355 

represented the AY degradation at varied concentrations of AY (from 2 to 30 mg/L) under the 356 

photo-Fenton-like process. In both dark and photo-illuminated Fenton-like reactions, 357 

increasing the initial concentration caused a significant reduction in the AY degradation. In 358 

terms of values, for the Fenton-like reaction, the percentage elimination of AY was decreased 359 

from 100 to 82 %, when the AY concentration was increased from 2 to 30 mg/L under the UV-360 

A irradiation. In comparison, the degradation rate declined from 100 to 68 % in the LED-Vis 361 

irradiation for a similar increase in the AY concentration. The steady diminution in degradation 362 

with a rise in AY concentration was explained by the fact that at higher pollutant 363 

concentrations, the extent of oxidant species, i.e., the quantity of HO� radicals, is less to degrade 364 

a large number of the AY species in aqueous solutions. With the lower AY 365 

concentration, a correspondingly greater number of active sites are accessible for the 366 

contaminants to bind to the catalyst surface. As a result, AY molecules are available at the 367 

catalyst surface and efficiently undergo the degradation process.   368 

Alternatively, at the higher AY concentrations, comparatively fewer active sites at the 369 

catalyst's surface are available for many more pollutant molecules, hence, causing a decrease 370 

in the degradation efficiency of AY. Moreover, the AY molecules occupied more active sites 371 

on the nanocatalyst surface at the higher concentrations, thereby lessening the leaching of Fe 372 



into the reaction mixture. In other words, it diminished the generation of HO� radicals, which 373 

in turn decreased the AY degradation.  374 

 375 

3.3.5 Kinetic Studies for AY Degradation 376 

Fenton or Fenton-like processes include several steps that are all compatible with a particular 377 

group of rate constants. The AY degradation data can be explained by the pseudo-first-order 378 

(PFO) and/or pseudo-second-order (PSO) rate equations (Gopal et al., 2020). Figure 6 379 

demonstrates the fitting results of the experimental data and model data. The rate constants (kf) 380 

and R2 values for the AY degradation, utilizing the Fe0-Ag0@BN were obtained and found to 381 

be 0.0286 min-1 and 0.5183 min-1, respectively. Similarly, the PSO kinetic representation�s 382 

reaction rate constants (ks) and R2 value were 0.0596 Lmin-1mg-1 and 0.9702 Lmin-1mg-1, 383 

respectively. The results infer that the AY degradation in the photo-Fenton-like process 384 

apparently followed the pseudo-second-order rate kinetics.  385 

3.3.6 Influence of Cations/Anions on AY Degradation 386 

Cations and anions often coexist in natural wastewater streams. Therefore, to correlate the 387 

degradation of AY in actual matrix samples, the presence of several coexisting ions, including 388 

cations like Pb2+, Cd2+, Cu2+, and Ni2+, and anions like PO4
3-, C2H5NO2, C2O4

2-, and SO4
2-, 389 

were investigated in terms of the degradation of AY under optimized reaction conditions. The 390 

cation or anion concentration remained stable at 10 mg/L with an AY concentration of 2 mg/L. 391 

Figure 7(a) illustrated the influence of various cations and anions on the AY degradation. 392 

Because the positively charged metal ions had a lower affinity towards the Fe0-Ag0@BN 393 

nanocatalyst surface, which functions positively under acidic pH conditions, the presence of 394 

Pb2+, Cd2+, Cu2+, and Ni2+ was essentially minimal. However, the presence of anions had a 395 

more noticeable impact on the degradation of AY. The anions predominantly hindered the 396 

catalyst active sites of the AY by preventing pollutant molecules from being eliminated. 397 

Additionally, specific ions and molecules such as SO4
2-, were found to be more efficient 398 

in quenching the h+/HO� (Lalliansanga et al., 2020). Most anions interact with the dissolved 399 

Fe3+/Fe2+ and Ag+ from the catalysts to form complexes. As a result, they lessen the production 400 

of �OH, thus lowering the AY degradation efficiency. 401 

3.3.7 Degradation of AY 402 

The studies determined the percentage of the AY degradation, using the Fe0-Ag0@BN nano-403 

catalyst under the UV-A & LED-Vis illuminations. The non-purgeable organic carbon (NPOC) 404 



data collected for the AY solutions both before and after treatment were utilized to determine 405 

the percentage of the AY degradation in the photo-Fenton-like reaction. 406 

Figure 7(b) shows AY's degradation percentage (%) at various AY concentrations. The 407 

findings show that AY mineralizes significantly in the Fenton-like process. Increasing the AY 408 

concentration from 2 to 30 mg/L triggered an apparent reduction in the mineralization from 409 

98.46 to 76.46 % under UV-A irradiation. Similarly, AY mineralization decreased from 91 to 410 

52 % under LED-Vis illumination with the same increase in AY concentration. According to 411 

Feng (Feng et al., 2005), mineralization of the Orange-II dye (0.2 mM), when combined with 412 

clay bentonite-supported nZVI, 10.0 mM H2O2, and UV-C light (8W), varies from 50 to 60 %. 413 

Similar to this, Lalliansanga (Lalliansanga et al., 2022) used an Ag(NPs)/TiO2 thin film and 414 

found  48.36 % mineralization of AY (1.0 mg/L) for 2 h of UV-A irradiation. Such results 415 

demonstrated that the catalyst Fe0-Ag0@BN appeared to be efficient for the significant 416 

elimination of AY (2 mg/L) under the UV-A and LED-visible irradiations. 417 

3.3.8 Radical Scavengers Study 418 

The involvement of HO� in the degradation route of AY, the investigation should be expanded 419 

by incorporating a few well-known radical quenchers for HO� such as HCO3
- and isopropanol 420 

(Lalliansanga et al., 2022). Another essential reactive oxygen radical, the �O2
-, which combines 421 

with oxygen and photo-generated holes (h+) to make singlet oxygen, is quenched with NaN3 422 

(sodium azide). The organic molecules in aqueous media are very reactive to this singlet 423 

oxygen (Barrios et al., 2021). Hence, the AY degradation at 2 mg/L (100 mL) when confronted 424 

with free-radical quenchers, i.e., isopropanol, sodium bicarbonate, and sodium azide, at 0.1 425 

molL-1 (1.0 mL) was studied in a photo-assisted Fenton-like reaction. Figure 8 well 426 

demonstrated that the presence of radical quenchers significantly suppressed the AY 427 

degradation rate. The degradation of AY decreased from 98 % to 35 % to 15 % in the presence 428 

of such quenchers, which signifies that the principal involvement of the HO� radical was the 429 

limiting factor of the degradation process. The photocatalytic removal of AY, using gold and 430 

silver nanoparticles [(Au-NPs)/(Ag(NPs)] modified nanocomposites with titanium dioxide 431 

proceeded through the HO� and �O2
- radicals induced degradation mechanisms (Lalliansanga 432 

et al., 2020; Lalliansanga et al., 2022). Similar results were obtained by Hofmann and Andrew 433 

(Hofmann and Andrews, 2006), using the bicarbonate quenchers that made the HO�. HCO3
- to 434 

transform the HO� to less active hydroxyl ions, which prevents the production of BrO3
-. Thus, 435 

the engagement of HO� and �O2
- radicals was the primary mechanism for the AY degradation. 436 

The results also indicated that HCO3
- and NaN3 significantly suppressed the AY degradation.  437 



3.3.9 Leaching of Fe(II) 438 

The interactions between Fe(II) and H2O2 generate the HO� reactive radicals in solution, and 439 

the HO� radicals degrade the pollutant molecules in aqueous solution. As the reaction 440 

progresses, the amount of Fe2+ increases, and more HO� is generated simultaneously. The 441 

presence of H2O2 in conjunction with a nanocatalyst is the process�s primary generator of 442 

reactive oxygen species (ROS). The average active sites available at the catalyst surface and 443 

their affinity for H2O2 are the driving force that controls the breakdown of H2O2. Additionally, 444 

Fe0@BN exhibits lower Fe(II) leaching than bare iron nanoparticles. Therefore, using only 445 

Fe(NPs) leads to a secondary contamination. At an optimum reaction condition, the Fe0-446 

Ag0@BN was employed to observe the Fe(II) leaching in the degradation of 2 mg/L of AY for 447 

a 2 h reaction time. The total concentration of 70 µg/L of Fe(II) leached out at the end of the 448 

reaction in Fig. 7(a). The results demonstrated that a minimum of iron leached out from the 449 

catalyst Fe0-Ag0@BN and implied that the catalyst might be advantageous in the photo-Fenton-450 

like process. Figure 7(a) also displays the Ct/C0 values for degrading AY. The AY degradation 451 

throughout reaction time was inversely associated with the iron leaching, so the degradation of 452 

AY increased with increasing iron leaching.  453 

 454 

3.3.10 Reusability Test  455 

The ability to recycle of catalyst is connected with the stability of the catalyst. The reusability 456 

test of the material was conducted, and concluded that the nanocatalyst had a high potential for 457 

practical applications. The nanocatalyst�s capacity to employ the photo-Fenton-like process 458 

was dependent on its stability, which is quite essential for the practical value of the technology. 459 

The nanocatalyst should be usable for a relatively long-term application. Therefore, the Fe0-460 

Ag0@BN nanocatalyst was tested and confirmed in terms of evaluating the reusability and 461 

stability (or durability) while removing AY. Figure 8(b) shows the consistency of reusing the 462 

Fe0-Ag0@BN nanocatalyst for the degradation of AY. Under the UV-A irradiation, while 463 

keeping optimum reaction conditions, the degradation efficiency was presented. The findings 464 

demonstrated that the degradation percentage of AY slightly decreased with each consecutive 465 

cycle of experiments.  466 

Moreover, after the fifth cycle of the experiment, the degradation efficiency only 467 

decreased from 100 to 95%. The decrease in the AY removal efficiency was minimal, even 468 

after the 5 experimental cycles. This indicates that the bimetallic nanocatalyst is promising for 469 

long-term applications in the photo-assisted Fenton-like reaction. Previously, the Fenton-like 470 



methylene blue degradation, employing a copper nanocatalyst supported by bentonite, 471 

demonstrated that the copper nanocatalyst showed a high stability (Issaabadi et al., 2017). The 472 

supporting materials, viz., bentonite, charcoal, graphite, impart the nanocatalyst reasonable 473 

stability by permitting only a limited amount of leaching of the nanoparticles from the catalyst 474 

surface (Dihingia and Tiwari, 2022b).  475 

 476 

3.3.11 Degradation Efficiency in Natural Water Samples 477 

The use of the Fe0-Ag0@BN nanocatalyst was assessed in terms of removing AY from the 478 

natural water samples. It provides potential ramifications that allow this technology to be 479 

implemented for much wider applications.  Additionally, this study can help evaluate the 480 

appropriateness and selectivity of nanocatalyst for real applications.  481 

Physicochemical studies of the natural water samples W1 and W2 were performed 482 

(Table 2). Both samples had low concentrations of Fe, Cu, Ni, Pb, Mn, and Zn. However, the 483 

level of calcium was relatively high in the water samples. The NPOC values were at moderate 484 

levels. However, the inorganic carbon content was relatively high in both samples. The 485 

sulphate, nitrate, and phosphate concentrations in both samples were low as well. Different AY 486 

concentrations (2, 4, and 6 mg/L) were spiked with water samples (W1 and W2) at a pH of 3. 487 

Using the Fe0-Ag0@BN nanocatalyst, AY�s photo-assisted Fenton-like degradation 488 

experiments were conducted for 2 h, irradiating the samples separately with UV-A and LED-489 

Visible lights, respectively. Figure 9(b) shows the percentage degradation of AY at varied AY 490 

concentrations for the water samples of W1 and W2, and the distilled/deionized (D/D) water. 491 

The results inferred that a minimal decrease in the percentage degradation of AY occurred for 492 

the W1 and W2 samples, compared to the D/D water for both the UV-A and LED-light-assisted 493 

Fenton-like processes. The findings demonstrated the capability of the new nanocatalyst in 494 

removing AY from natural water bodies with high efficiency, using photo-assisted Fenton-like 495 

reactions.  496 

 497 

4. Conclusion 498 

Through a straightforward and environmentally friendly process, the bentonite-supported 499 

bimetallic Fe0-Ag0@BN nanocatalyst was successfully synthesized. Bentonite, Fe0@BN, and 500 

Fe0-Ag0@BN had band gap energies of 3.26, 2.24, and 2.16 eV, respectively, according to the 501 

DRS measurements. Under a dark environment, the Fenton-like reactions demonstrated 93.5% 502 



of degradation for AY (2 mg/L) at the pH of 3 and 120 mg/L of Fe0-Ag0@BN nanocatalyst 503 

dosage, and 0.1 mL/L of H2O2 (30 %) at 120 min reaction time. Additionally, light exposures 504 

greatly enhanced the degradation rate of AY. Since �OH radicals play a major role in the AY 505 

degradation process, the UV-A light facilitated the degradation up to 98 %. The nanocatalyst 506 

showed quite high stability and durability with 5 times of reusability, still keeping over 95 % 507 

degradation rate of AY. Also, the efficiency of AY degradation remained almost unchanged 508 

for testing actual water samples. This study introduced a novel and greener bimetallic 509 

nanocatalyst Fe0-Ag0@BN to remove recalcitrants, including AY in an aqueous solution with 510 

the aid of the advanced Fenton-like process.  511 
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Table 1 

Qualitative identification of various phytochemicals present in P. Guajava leaf extract 

Sample 

No. 
Phytochemicals Test Result 

1 Alkaloids Mayer�s test, Wagner test Positive 

2 Flavonoids Ferric chloride test, lead acetate test Positive 

3 Tannins Ferric chloride test Positive 

4 Phlobatannins HCl test Negative 

5 Triterpenes Salkowski test, Liberman test Positive 

6 Diterpenes Copper acetate test Positive 

7 Steroids Salkowski test Positive 

8 Saponins Foam test Negative 

9 Cardiac glycoside Keller Killani test Positive 

 

 

 

 

 

 

 

 

 



Table 2 

Physicochemical properties of two real water samples 

Source GPS location 
TOC 

(mg/L) 

Cations 

(mg/L) 
Anions Physical properties 

W1 

Latitude = 23°44'3"N 

Longitude = 92°40'33"E 

Elevation = 833 m 

NPOC=1.349 

TC = 18.851 

IC = 17.502 

Cu = 0.0036 

Ca = 2.3582 

Zn = 0 

Pb=  0.0752 

Ni = 0.0195 

Fe =  0 

Mn = 0 

Sulphate = 11 mg/L 

Phosphate=  0.1 mg/L 

Nitrate = 9 μg/L 

pH = 8.21 

Salinity = 0.1 PSU 

Oxd. & red. Potential = 160.7 mV 

Resistivity = 0.0045 MΩcm-1 

Conductivity = 199 μScm-1 

TDS = 100 ppm 

W2 

Latitude = 23°44'16"N 

Longitude = 92°40'10"E 

Elevation = 884 m 

NPOC=0.976 

TC = 8.443 

IC = 7.466 

Cu = 0.01 

Ca = 3.4589 

Zn = 0.0054 

Pb=  0.0442 

Ni = 0.0239 

Fe =  0 

Mn = 0 

Sulphate = 7 mg/L 

Phosphate = 0.1 mg/L 

Nitrate = 20 μg/L 

pH = 7.9 

Salinity = 0.07 PSU 

Oxd. & red. Potential = 194.5mV 

Resistivity = 0.0078 MΩcm-1 

Conductivity = 129 μScm-1 

TDS = 65 ppm 
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Fig. 1 The SEM images of (a) BN, (b) Fe0@BN, and (c) Fe0-Ag0@BN solids, the EDX spectroscopic 

representation of (d) BN, (e) Fe0@BN, and (f) Fe0-Ag0@BN, the TEM images of (g) Fe0@BN, and (h) Fe0-

Ag0@BN nanocomposite solids 

 

 

 

 

 

 

 

 

 



 

Fig. 3 The XPS spectroscopic analysis for the Fe0-Ag0@BN solids [XPS pattern of Fe and Ag in the Fe0-

Ag0@BN nanocatayst] 
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Fig. 4 Degradation percentage (%) of AY at different initial solution pH values [nanocatalyst dosage = 120 

mg/L, H2O2 dosage (30 %) = 0.1 mL/L, AY = 2.0 mg/L, duration time = 2 h] under dark conditions [(a) 

Degradation of AY in the different dosages (0.06 to 0.14 mL/L) of H2O2 in the dark environment and (b) 

Degradation of AY at various dosages of Fe0-Ag0@BN in the dark environment] 
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Fig. 5 (a) Degradation of AY vs. reaction time (min) in different reaction conditions [pH = 3, AY = 2 mg/L, 

nanocatalyst dosage = 120 mg/L, H2O2 dosage = 0.1 mL/L, reaction time = 120 min], (b) Influence of initial 

pollutant�s concentration on the AY degradation under different illuminations [pH = 3,  nanocatalyst dosage 

= 120 mg/L, H2O2 dosage = 0.1 mL/L, reaction time = 120 min] 
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Fig. 6 The kinetics models of AY degradation, using (a) the PFO; and (b) PSO 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 (a) Impact of co-existing cations and anions in the photo-assisted Fenton-like degradation of Alizarin 

Yellow [pH = 3, AY = 2 mg/L, co-ions = 10 mg/L  nanocatalyst dosage = 120 mg/L H2O2 dosage = 0.1 

mL/L reaction duration = 120 min];, (b) Degradation (%) of AY at different concentrations [pH = 3,  

nanocatalyst dosage = 120 mg/L, H2O2 dosage = 0.1 mL/L,  reaction duration = 120 min] 
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Fig. 8 (a) Impact in degradation (%) of AY in the presence of scavengers [pH = 3; AY = 2 mg/L; [scavenger]: 

0.1 mol/L (1.0 mL/L); catalyst dose: 120 mg/L H2O2 dose = 0.1 mL/L, reaction time: 2 h]; (b) Reusability 

tests for Fe0-Ag0@BN nanocatalyst in the degradation of AY under the photo-Fenton-like process 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 (a) Degradation of AY and leaching of iron(II) vs. reaction time [pH = 3, nanocatalyst dosage = 120 

mg/L, H2O2 dosage = 0.1 mL/L, reaction time = 120 min] in a dark environment; Photo-mediated Fenton-

like treatment of AY in the natural water sample photo-assisted Fenton-like treatment of AY in the natural 

water samples (b) W1 and (c) W2  [pH = 3, AY = 2.0 mg/L, nanocatalyst dosage = 120 mg/L H2O2 dosage 

= 0.1 mL/L reaction time = 120 min] 
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