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Abstract 25 

Purposely prepared magnetic nanocomposite beads were investigated as catalysts for the 26 

degradation of Novacron blue (NB) dye (a reactive azo dye widely used in textile industries) 27 

by Fenton and photo-Fenton processes. Specifically, magnetic Fe3O4 nanoparticles and natural 28 

iron ore (NIO) were incorporated into sodium calcium alginate material to form Fe3O4-NIO 29 

calcium alginate beads using an inexpensive protocol. While Fe3O4/calcium alginate beads 30 

might be a good catalyst for Fenton and photo-Fenton processes, adding NIO could be 31 

beneficial to enhance the stability of the magnetic beads. The as-prepared catalyst was 32 

characterized by several techniques such as Fourier transform infrared spectroscopy (FT-IR), 33 

X-ray diffraction (XRD), Brunauer, Emmett and Teller (BET) and Barret-Joyner-Halender 34 

(BJH), scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy 35 

dispersive X-ray spectroscopy (EDX) and UV-Vis diffuse reflectance analyses. Such 36 

characterizations showed that the (photo)catalyst was successfully synthesized, as well as its 37 

porous nature with a specific surface area of 26 m2/g. Magnetic nanocomposite alginate beads 38 

showed adsorptive properties by removing 22% of NB dye under optimum conditions (pH 2, 39 

[NB]0=40mg/L, and 0.2g dose of beads). This magnetic catalyst proved a great photocatalytic 40 

behavior according to its optical properties and contributed as a photo-Fenton catalyst to the 41 

degradation of 80% of NB dye after 120 min treatment compared to only 50% after 120 min of 42 

Fenton process. This cheap, eco-friendly, non-toxic, magnetically separable and stable catalyst 43 

was reused for six subsequent photo-Fenton tests. All these advantages show its potential to be 44 

used as heterogeneous catalyst in wastewater treatment applications making it worthy of further 45 

investigation under more realistic conditions.  46 

 47 
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1. Introduction  51 

Textile dyes are highly toxic compounds that have always been a source of serious harm to the 52 

ecosystem for many decades. Among these dyes, Novacron blue (NB) dye is ranked as one of 53 

the most harmful dyes due to its mutagenic and carcinogenic effects on living organisms [1]. 54 

This reactive azo dye, characterized by the chromophore group –N=N– presence, is known for 55 

its stability only in acidic medium [2, 3]. NB dye is extensively used in most of the textile 56 

industries in Tunisia owing to its high stability and its simple dying protocol despite being 57 

refractory to conventional wastewater treatment processes, such as biological [4,5], chemical 58 

[6] and physical [7] ones. Therefore, it is very crucial to apply a suitable and effective process 59 

to treat textile wastewater before disposal into the aquatic environment. 60 

Advanced oxidation processes (AOPs) are very efficient and promising technologies that are 61 

based on the generation of highly reactive species, such as ·OH, to oxidize target pollutants [8, 62 

9,10,11]. These processes have proven to be very effective to degrade various pollutants in 63 

wastewater [12,13,14]. Among all, Fenton and photo-Fenton processes have been always a 64 

subject of interest regarding their ability to degrade different pollutants occurring in water and 65 

wastewater. The core of Fenton and photo Fenton processes is the reaction between iron, as a 66 

catalyst, H2O2, as oxidant, and a source of irradiation (photo-Fenton case) to produce highly 67 

reactive species such as hydroxyl radical (·OH) [15,16]. 68 

Heterogeneous Fenton and photo-Fenton processes are an attractive option for water and 69 

wastewater treatment because of different advantages compared to the homogeneous respective 70 

processes, such as the easy recovery and the reusability of the catalyst and the absence of sludge 71 

formation [17,18]. 72 

Alginate is a biopolymer commonly extracted from marine brown algae and consisting of α-(1 73 

→ 4)-linked l-guluronic acid (G) and β-(1 → 4)-linked d-mannuronic acid (M) units with 74 

different G:M ratio [19,10]. Its (G)unit has a better affinity to calcium ions than (M) unit which 75 

is the core of the egg-box phenomenon [21,22]. For a better understanding, Ca2+cations can 76 

replace Na+ ions existing in the guluronic acid unit to give a crosslinked hydrogel model called 77 

“egg-boxes” [23,24]. This natural polymer has been used widely as a support to encapsulate 78 

drugs [25], proteins [26]and enzymes [27]. Moreover, the carboxylate functions in the alginate 79 

matrix guarantee an effective binding to other elements leading to the development of different 80 

alginate based materials. Due to its non-toxicity, abundance, low cost and good adsorptive 81 

performance against contaminants, alginate has attracted the attention of many researchers as a 82 



support matrix of catalysts in water treatment applications [28,29,30]. However, research 83 

papers that deal with incorporated adsorbent-photocatalyst material are still quite limited. 84 

On the other hand, iron oxides are very effective candidates to be used in AOPs applications to 85 

water and wastewater treatment due to their high chemical stability, non-toxicity and their 86 

photocatalytic activity [31,32]. 87 

In this study, Fe3O4 nanoparticles and natural iron oxide were successfully embedded in alginate 88 

matrix to form Fe3O4-NIO/calcium alginate beads to be used as heterogeneous catalysts in 89 

Fenton and photo-Fenton processes for the degradation of NB reactive azo dye. The reason of 90 

using natural iron ore in the synthesis of magnetic nanocomposite alginate beads was to enhance 91 

the stability of the beads and to make them stiffer and stronger to prevent their breakage during 92 

treatment. Additionally, the presence of Fe in the catalyst is improved through a natural source 93 

which leads to an increase in the photocatalytic activity of the beads against the target 94 

pollutants. To the author's best knowledge, no study has reported the same developed systems 95 

(Fe3O4-NIO/calcium alginate beads/H2O2 and Fe3O4-NIO/calcium alginate beads/H2O2/ UVC) 96 

to degrade the reactive azo dye NB. 97 

 98 

2. Materials and methods 99 

2.1Chemicals and catalyst preparation 100 

2.1.1Chemicals  101 

Sodium alginate was purchased from Sigma–Aldrich (USA). Calcium chloride hexahydrate 102 

(CaCl2·6H2O), ferrous sulphate heptahydrate (FeSO4·7H2O)98%, Ferric chloride (FeCl3 103 

·6H2O) 97%, ammonium hydroxide (28%), Hydrogen peroxide (H2O2) 30%,Titanium (IV) 104 

oxysulfate, Sulfuric acid (H2SO4) 96%, Sodium hydroxide (NaOH) 99%, were provided by 105 

Carlo Erba. All solutions were prepared in Milli-Q water. The pH was regulated by adding 0.1 106 

M HCl or 0.1M NaOH solutions. The natural iron oxide (NIO) used in this work was 107 

characterized in our previous study [33] and it consists of these main elements: magnetite, 108 

hematite, goethite, kaolinite and quartz. NB dye was provided by a Tunisian textile industry 109 

(SITEX). Stock solution was prepared by dissolving 1g of NB dye in 1000 mL of Milli-Q water, 110 

and then stored in opaque bottle for further use to prepare dye solutions with different 111 

concentrations. All chemicals used in this study were directly utilized without any further 112 

purification. 113 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/calcium-chloride
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sulphuric-acid
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sodium-hydroxide


 114 

2.1.2. Preparation of Fe3O4 nanoparticles  115 

The synthesis of Fe3O4 nanoparticles was carried out by reverse co-precipitation method; 116 

according to the procedure reported in our previous work [33]. The obtained nanoparticles were 117 

then dispersed in 100mLofMilli-Q water. 118 

 119 

2.1.3. Preparation of the magnetic Fe3O4-NIO/calcium alginate beads  120 

The Fe3O4-NIO/calcium alginate beads were synthesized based on the ionic gelation method 121 

(Figure 1) [34,35]. In detail, 1g of NIO was added to the previous magnetite solution and mixed 122 

using a magnetic stirrer for 60 min for complete homogenization. Beads were prepared by 123 

adding 1g of sodium alginate to the Fe3O4-NIO mixture, keeping it under vigorous agitation for 124 

four hours to ensure the homogeneity of the solution until no air bubbles appeared. Thereafter, 125 

the resultant mixture was poured drip-wise into a magnetically-stirred solution of calcium 126 

chloride (0.1M) using a syringe. As soon as it contacts the cross-linking solution (CaCl2), the 127 

Fe3O4-NIO/alginate gel was transformed into uniform and spherical nanocomposite alginate 128 

beads. The obtained beads were left in the solution for 24 h (curing time) to allow the 129 

polymerization reaction to complete. It is worth mentioning that, after curing time, the CaCl2 130 

solution is colorless indicating the formation of a protective membrane during the interaction 131 

between alginate and Ca2+ ions that improves the stability of the beads and do not allow the 132 

leaching of the incorporated materials (Fe3O4 and NIO) from the beads [36]. All beads were 133 

washed several times with distilled water to remove the non-reacted calcium ions, dried at 60 134 

°C overnight and stored in the dark. For characterization purposes, bare calcium alginate beads 135 

were prepared also by the same method described above without adding the Fe3O4-NIO 136 

mixture. In detail, 1g of sodium alginate was added to 100 mL of Milli-Q water and mixed 137 

using a stirrer for 60 minutes. Then, the resultant gel was poured in calcium chloride solution 138 

(0.1M) using a syringe. Thereafter, the formed beads were left in the CaCl2 solution for 24 139 

hours. Finally, all beads were washed several times with distilled water and dried at 60 °C 140 

overnight. 141 



 142 

Figure 1: preparation of Fe3O4-NIO/calcium alginate beads. 143 

2.1.4. Magnetic properties 144 

The prepared nanocomposite alginate beads can be easily and quickly collected through a 145 

magnet within 5 sec (Figure 2). This magnetic behavior facilitates the removal of the catalyst 146 

from the aqueous solution.  147 

 148 

 149 
Figure 2: magnetic Fe3O4-NIO/calcium alginate beads: (a) without magnetic field, (b) after 2s 150 

and (c) after 5s of attraction by a magnetic field  151 

 152 

2.2. Chemical-physical characterization of the catalysts 153 

Prepared beads were characterized by several techniques. Namely, FT-IR analysis in the range 154 

400–4000 cm−1, using a Perkin Elmer 100 FT-IR spectrometer and X-ray diffraction technique 155 



(XRD), using a PANalyticalX’Pert HighScore Plus diffractometer, with monochromatic Cu-K 156 

radiation source (λ = 1.5418 Å) operated at 40 kV and 40 mA, were used to characterize the 157 

chemical structure of the pure calcium alginate beads and Fe3O4-NIO/calcium alginate beads. 158 

The morphological structure of the beads was identified by scanning electron microscope 159 

(Assing, mod. LEO 420) operated at 3 kV and transmission electron microscopy (JEOL JEM 160 

2100). Energy dispersive X-ray microanalysis (EDX) was used to perform the quantitative 161 

analysis of the elemental composition of the beads. Their porosity properties were characterized 162 

by N2 adsorption-desorption at -196 °C using a Quantachrome model Nova 1000e surface and 163 

porosity analyzer after pretreatment of the sample at 100 ◦C for 6h in He flow. Specific surface 164 

area of each sample was calculated by Brunauer-Emmett-Teller (BET) method while the total 165 

volume pore and the average pore diameter were calculated by Barrett-Joyner-Halenda (BJH) 166 

method. Optical properties were examined by UV-vis diffuse reflectance analysis and the 167 

spectra of the beads were recorded by a Perkin Elmer spectrometer Lambda 35 using a RSAPE-168 

20 reflectance spectroscopy accessory (Lab sphere Inc., North Sutton, NH). 169 

 170 

2.3. Adsorption study and AOPs experimental set up 171 

Dark adsorption tests were initially performed by putting 100 mL of NB dye aqueous solution 172 

in contact with a certain dose of beads in the dark under magnetic agitation for 120 min. The 173 

concentration of the dye was controlled throughout the adsorption reaction until achieving a 174 

saturation stable value. As the required contact time was evaluated, the influence of different 175 

parameters such as pH (2-8), catalyst mass (0.1-0.4 g) and dye initial concentration (10-40 176 

mg/L) on the adsorption process was investigated. Each experiment was performed by varying 177 

the specific parameter while keeping the others parameters constants. Therewithal, the 178 

adsorption tests were carried under the optimum conditions to remove the maximum amount of 179 

dye before starting the AOP. 180 

All AOPs tests were performed inside a wooden box (width= 50 cm, length= 50 cm and height= 181 

50 cm) to prevent the penetration of any other source of light. A photo reactor system, composed 182 

of borosilicate crystallizing dish filled with NB dye solution under magnetic stirring and UVC 183 

lamp as light source (16 W, peak wavelength at 254 nm, intensity of 4.9 mW/cm2, Sankyo 184 

Denky G10T5L, Japan), fixed at 10 cm height above the solution, were placed inside the box. 185 



NB dye degradation was evaluated under different treatment conditions (namely, photolysis, 186 

H2O2, catalyst/H2O2, and UVC/catalyst/H2O2) to recognize the real contribution of the prepared 187 

nanocomposite beads in the degradation process. For photolysis test, 100 mL of NB dye 188 

(40mg/L) aqueous solution at pH 2 was irradiated by only UVC light for 90 min and the samples 189 

were taken every 20 min for analysis. The direct oxidation of NB dye in the dark was performed 190 

to evaluate the direct influence of H2O2 on the NB dye degradation. Fenton and photo-Fenton 191 

processes started immediately after 60 min of dark adsorption reaction. In a typical Fenton 192 

reaction, H2O2 was added to the solution and the samples were collected every 20 min for 193 

120min. Photo-Fenton tests were carried out using UVC light in addition to the conditions and 194 

experimental set-up explained for the Fenton process. 195 

All performed experiments were repeated twice to ensure the accuracy of the process. 196 

 197 

2.4. Reusability study 198 

The possibility of reusing the catalyst is crucial for possible full scale application of the 199 

investigated process. Therefore, six subsequent experiments were carried out using the same 200 

magnetic beads that were magnetically collected after every photo-Fenton test, while keeping 201 

the same operating conditions. It is worthy to note that the beads were washed with distilled 202 

water and dried using absorbent paper sheets after each treatment cycle. 203 

 204 

2.5. Analytical measurements 205 

NB dye behavior was monitored throughout the experiments by measuring the absorbance at 206 

the dye’s maximum absorption wavelength (λ= 609 nm) using a UV-vis spectrophotometer 207 

(Perkin Elmer Model T60U PG Instruments Ltd). Hydrogen peroxide concentration was 208 

monitored during the reaction according to DIN 38 409H15 method, using Titanium oxysulfate 209 

to form pertitanic acid. A pH meter edge® (HANNA, model: HI2020-02) was used to measure 210 

the pH of the aqueous solutions. 211 

 212 

3. Results and Discussion  213 

3.1. Characterization of the catalysts 214 



3.1.1 FT-IR analysis 215 

The FT-IR spectrum of the nanocomposite alginate beads (Figure 3) reveals a broad and intense 216 

band at around 3370 cm-1 compared to the low band of the bare calcium alginate beads. This 217 

intense and broad band can be ascribed to the overlap of O–H stretching vibration of hydroxyl 218 

groups in the alginate chain and O–H stretching vibration in the nanoparticles and NIO 219 

[37,38,39]. Both bands at 2930 cm-1 and 2846 cm-1 are ascribed to aliphatic -CH stretching 220 

vibrations [19]. Bands observed at 1640 cm-1 and 1400 cm-1can be assigned to the asymmetric 221 

and symmetric C=O vibrations of the carboxylic functional groups -COO- in alginate, 222 

respectively [40,41] or to the O-H stretching vibration in Fe3O4 nanoparticles [42]. The band at 223 

around 1110 cm-1is attributed to C–O and COC stretching vibrations [19,43, 44]. The band at 224 

around 500 cm-1 is associated to the stretching vibration of O-Fe-O functional groups existing 225 

in the Fe3O4 nanoparticles and the natural iron oxide [43,45], which plays an essential role in 226 

the photocatalytic activity [46,47]. These results prove the successful encapsulation of both 227 

parent materials in the alginate biopolymer matrix. 228 

 229 

Figure 3: FT-IR spectra of bare calcium alginate beads, Fe3O4-NIO/calcium alginate beads 230 

and Fe3O4 nanoparticles. 231 

3.1.2 XRD analysis 232 



XRD pattern of the calcium alginate beads shows only three weak diffraction peaks at 2Ɵ 233 

=13.43, 22.53 and 37° without any other prominent sharp diffraction peak (Figure 4), which 234 

indicates the semi-crystallinity of the studied biopolymer [19] and making these findings 235 

consistent with previous studies [38,48,49]. XRD pattern of pure Fe3O4 (Figure 4) shows six 236 

diffraction peaks at 2Ɵ = 63.38, 57.77, 54.31, 43.62, 36.09 and 30.65° which coincide with 237 

their respective planes (440) (511) (422), (400), (311) and (220) of its spinel structure (JCPDS 238 

file No. 19-0629) [50]. The XRD pattern of the nanocomposite alginate beads (Figure 4) shows 239 

the major six characteristic peaks of Fe3O4, with a slight shift owing to the strong interaction 240 

between the nanoparticles and carboxylate groups of alginate, and other peaks at 2Ɵ= 14.89, 241 

17.77, 21.21, 24.24, 26.61, 28.89, 45.76 and 50.27°, related to FeOOH, Fe2O3 and quartz 242 

existing in the natural iron oxide which were reported separately in our previous study [33]. 243 

Thus, the XRD pattern of Fe3O4-NIO/calcium alginate beads basically contains all the 244 

characteristic peaks of Fe3O4 and NIO materials. These results are in agreement with FT-IR 245 

analysis and underline that the biopolymer has no impact on the crystalline nature of the 246 

embedded materials [51]. 247 

 248 

 249 

Figure 4: XRD patterns of Fe3O4 nanoparticles, bare calcium alginate beads and the hybrid 250 

beads.  251 

3.1.3 SEM, TEM and EDX analyses  252 



It is well-known that the morphology and internal structure properties of any catalyst crucially 253 

affect its catalytic performance. Thereby, morphological characterization of bare calcium 254 

alginate beads and Fe3O4-NIO/calcium alginate beads were investigated through the support of 255 

SEM. SEM images reveal a surface morphology of calcium alginate beads different compared 256 

to the prepared nanocomposite beads. In particular, beads are characterized by a rough and 257 

cracked surface with some wrinkles yet without much porosity even at higher magnifications 258 

(Figure 5a, b, c). These characteristics and properties could be a consequence of the drying step 259 

[39]. Similar findings were reported in previous studies on calcium alginate beads 260 

[39,52,53,54]. Compared to the above observations, SEM images of Fe3O4-NIO/calcium 261 

alginate beads display a rougher coarse surface morphology with more pores and cracks and 262 

heterogeneous nature (Figure 5d, e, f). The dispersion of natural iron oxide and Fe3O4 263 

nanoparticles can be clearly appreciated in Figure 5e, which confirms the successful 264 

incorporation of both materials in the alginate beads. In addition to that, the change of beads 265 

color from yellow (Figure5g) to black (Figure 5f), owing to the presence of the black Fe3O4 266 

nanoparticles and the natural iron ore, is indicative of its effective entrapment in calcium 267 

alginate. The enhancement of the surface roughness and porosity of this incorporated 268 

framework indicates the improvement of the beads surface area which leads to more binding 269 

sites and more available catalytically active sites for a better pollutants degradation [55]. Similar 270 

findings were reported by Bilici et al [52] in a paper dealing with the synthesis of hybrid ZnO/ 271 

Fe3O4 calcium alginate beads. 272 

 273 



274 

275 

276 

 277 

Figure 5: SEM images of pure calcium alginate beads at different magnifications (a-b-c), 278 

Fe3O4-NIO/calcium alginate beads at different magnifications (d-e-f) and digital photography 279 

of dry calcium alginate beads (g) and dry Fe3O4-NIO/calcium alginate beads (h). 280 

(a) (d) 

(b) (e) 

(c) (f) 

(g) (h) 
) 

) 



Fe3O4-NIO/calcium alginate beads were characterized also by TEM. The results show irregular 281 

nanorods assigned to the natural iron ore [33], while the synthesized magnetic Fe3O4 282 

nanoparticles display as spherical shape with an average diameter of 15 nm (Figure 6a, b), 283 

according to our previous study [33]. These well-distributed morphologies in the biopolymer 284 

matrix also confirm the incorporation of both used materials into the calcium alginate beads. 285 

EDX analysis of the hybrid nanocomposite beads surface confirms the presence of Na, Ca, Fe, 286 

O and Si elements in the prepared beads where Na, Ca are issued from sodium alginate and 287 

CaCl2, respectively and Fe, O and Si are issued from natural iron oxide and the prepared 288 

magnetic nanoparticles (Figure 6c). Other elements were detected as traces like Cl, which could 289 

be due to non-completed removal of the CaCl2 excess during the beads washing step. Moreover, 290 

detected copper and carbon are assigned to the carbon-coated copper grid utilized during the 291 

analysis. These findings further support the good embedding of both materials into the calcium 292 

alginate beads and the successful synthesis of Fe3O4-NIO/calcium alginate beads.  293 

 294 

 295 

(a) (b) 



 296 

Figure 6: TEM micrographs of Fe3O4-NIO/calcium alginate beads at different scales: 200 nm 297 

(a), 100 nm (b), and its EDX spectrum (c). 298 

3.1.4 Specific surface area and porosity  299 

Porosity properties of bare calcium alginate beads and the hybrid nanocomposite beads were 300 

investigated using the N2 adsorption–desorption experiments and the obtained results are 301 

summarized in the Table 1. Based on the BET method, the specific surface area of bare calcium 302 

alginate beads and Fe3O4-NIO/calcium alginate beads were found to be about 2 m2/g and 26 303 

m2/g, respectively. Total volume pore (Vt) and the average pore diameter of both materials were 304 

determined by BJH method (Table 1). The prepared Fe3O4-NIO/calcium alginate beads resulted 305 

in a surface area higher than the bare beads and this increase is due to the embedding of Fe3O4 306 

nanoparticles and the natural iron oxide into the beads that increased the pores. These findings 307 

are in good agreement with the SEM observations. It is also worthy to mention that a higher 308 

surface area could provide more adsorptive and catalytically active binding sites leading to an 309 

efficient degradation of the target contaminant [56]. Moreover, results reveal that both 310 

investigated materials are mesoporous according to pore size classification of IUPAC, since 311 

they show an average pore diameter of about 19 nm. 312 

Table 1: textural characteristics of the pure calcium alginate beads and Fe3O4-NIO/calcium 313 

alginate beads. 314 

Material  Specific surface area  

(m2/g) 

Total volume 

pore (cm3/g) 

Average pore 

diameter (nm) 

Bare calcium alginate beads  2 0.001046 18.87 

Fe3O4-NIO/calcium alginate 

beads 

 26  0.037347   18.82 

 315 

3.1.5 Diffuse reflectance spectroscopy 316 

(c) 



The optical absorption properties of the prepared beads were evaluated through UV–vis DRS 317 

in the range 200–600 nm. These results show strong adsorption in the visible region. However, 318 

it is possible to observe that the light absorption edge is located in the UV region at about 255 319 

nm (Figure7), in agreement with a previous study [57] and making the photocatalyst an 320 

effective candidate for water treatment under a wide region, including UV and solar light 321 

irradiations. Moreover, the optical band energy (Figure7 inset) was found to be 1.7 eV. Since 322 

the investigated photocatalyst showed an absorption edge located in the UV region, a UV-C 323 

lamp was used as light source in the photocatalytic tests. 324 

 325 

 326 

 327 

Figure 7: UV-Vis DRS spectra and bandgap evaluation (inset figure) of Fe3O4-NIO/calcium 328 

alginate beads. 329 

3.2. Novacron blue dye degradation  330 

3.2.1. Effect of differents parameters on NB dye removal  by adsorption onto Fe3O4-331 

NIO/calcium alginate beads  332 

In order to determine the required time to reach the equilibrium condition, 100 mL of NB dye 333 

(40 mg/L), at spontaneous pH (6.9), was mixed with 0.1g of the hybrid magnetic beads in the 334 

dark for 120 min and the dye removal was very poor (~3%).  335 

 



The pH of the medium is expected to strongly affect the adsorption of dye onto the beads surface 336 

through (i) the protonation or deprotonation of the beads surface, (ii) the dye chemistry and 337 

thereby (iii) the interaction between the dye molecules and the functional groups (hydroxyl and 338 

carboxyl groups) on the surface of the biopolymer. Hence, the effect of pH was investigated by 339 

keeping the above mentioned parameters constants while varying the pH in the range 2-8. When 340 

the pH of the dye solution decreased from 8 to 2, the percentage of dye removal increased up 341 

to 17.5% within 60 min (Figure 8a). This can be explained by the fact that, at very acidic 342 

conditions, the surface of the beads is positively charged and the interaction between the 343 

protonated carboxyl groups and dye molecules is favorable. Thereby, the adsorption of NB dye 344 

onto the beads is favored at pH 2 and this optimum pH was used in the subsequent experiments. 345 

This outcome is consistent with the result reported by De Assis et al [2] about the degradation 346 

of NB dye by TiO2/palygorskite nanocomposite. Furthermore, many studies proved that 347 

alginate may be degraded by OH radicals during AOPs under pH> 5[38, 58] and this 348 

supports/strengthens the use of pH 2 since that Fe3O4-NIO/ calcium alginate beads was used as 349 

a catalyst in Fenton and photo-Fenton processes. 350 

The increase of the magnetic beads mass from 0.1g to 0.2g led to the enhancement of the 351 

removal efficiency from about 18% to 22% (Figure8b), as a result of the increased available 352 

surface area and the existence of more free active sites [59,60]. Nevertheless, increasing the as-353 

synthesized beads dose above 0.2g causes a reduction in removal efficiency. This may be due 354 

to the saturation of available sites as a result of the decrease in the dye molecules/adsorbent 355 

ratio [61]. 356 

The effect of NB dye initial concentration on the adsorption efficiency was also investigated 357 

(Figure8c). An increase in NB removal percentage from 13% to 18% occurs when the dye 358 

concentration was increased from 10 mg/L to 40 mg/L. Thus, the initial concentration of NB 359 

dye was found to be a driving force in the adsorption process [62]. Consequently, the optimum 360 

conditions (pH 2, [NB]0= 40mg/L and 0.2g dose of beads) were chosen for subsequent (photo) 361 

Fenton tests. 362 



363 

364 

 365 

Figure 8: Effect of different parameters on NB dye adsorption: (a) pH, (b) mass of beads and 366 

(c) initial concentration of NB dye. 367 
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3.2.3. NB dye degradation via Fenton and photo-Fenton processes 369 

The degradation of the NB dye under four different systems was investigated to discriminate 370 

the effect of Fenton and photo Fenton processes from the contributions of H2O2 and UV-C 371 

radiation, respectively (Figure9). 372 

The direct oxidation by H2O2 was not able to degrade the NB dye. Similar result was reported 373 

by Martínez-López et al [63]. However, the photolysis process (UV-C irradiation alone) shows 374 

an enhancement of the NB dye degradation that reaches about 35% in 90 min. This result is 375 

also in agreement with a previous study [2] under the same conditions ([NB]=40 mg/L, pH 2 376 

and UV-C irradiation). 377 

For Fenton process (H2O2/catalyst in the dark), H2O2 was added to the solution after 60 min of 378 

dark adsorption. The process was conducted under different hydrogen peroxide concentrations 379 

(1, 2 and 5mM) to determine the adequate dose of H2O2.The increase in H2O2 concentration 380 

from 1 to 5mM (Figure10.a) led to an improved removal efficiency from 35% to 50% after 120 381 

min of Fenton process, consistently with the scientific literature [64, 65, 66, 67]. This is possible 382 

due to the higher generation of ·OH coming from the decomposition of H2O2 catalyzed by Fe2+ 383 

loaded in the beads (Equation (1)). These generated radicals were able to attack NB dye 384 

molecules (Equation(8)). It is worth noting that the increase of H2O2 concentration up to 5 Mm 385 

led to a faster NB dye degradation in the early 40 min, reaching about 43% removal compared 386 

to only 26% observed for 1 or 2mM of H2O2 dose. Moreover, 1mM and 2 mM of H2O2 were 387 

totally consumed to reach only 35% of NB dye removal, indicating the production of an 388 

insignificant amount of ·OH. However, at a higher concentration of hydrogen peroxide (5mM) 389 

(Figure10.b), the decomposition of H2O2 (H2O2 consumption) by the iron entrapped in the beads 390 

was faster and effective to produce a sufficient amount of ·OH in the first hour of the process. 391 

Hence, 5 mM of H2O2 was considered as the optimal dose and used in the photo Fenton tests. 392 

According to the scientific literature, many iron based catalysts succeeded to catalyze hydrogen 393 

peroxide for producing radicals to degrade organic pollutants [38, 68, 69, 70]. 394 

Photo Fenton ([NB] = 40mg/L, pH 2, dose of beads = 0.2g/L, [H2O2] =5mM and 120 min of 395 

UVC- irradiation) was found to be the most efficient process with 80% of dye removal after 396 

120min of irradiation. A so high efficiency can be explained by production of holes and 397 

electrons due to the excitation of magnetic alginate beads under UV-C radiation (Equation (2)) 398 

[71]. Thereafter, these electrons will be captured by hydrogen peroxide, creating another path 399 

to generate OH radicals (Equation (3)) [64]. In addition to that, even the photogenerated holes 400 



can contribute to the direct oxidation of the NB dye (Equation (4)) [64] or by reducing H2O and 401 

hydrogen peroxide to produce more•OH (Equation (5) and (6) [72,73]. Furthermore, the 402 

photolysis of hydrogen peroxide (Equation (7)) during photo-Fenton process can contribute to 403 

the production of radicals by dissociating O-O bond [74, 75]. 404 

Fe2+ + H2O2 → Fe3+ + OH− + •OH                         (1) 405 

Magnetic beads + hv→ Magnetic beads (h+ +e-)    (2) 406 

e− + H2O2 → HO− + HO•                                                              (3) 407 

h+ + NB dye → NB degradation                              (4) 408 

h++ H2O → H+ + HO•                                                                        (5) 409 

h+ + HO− → HO•                                                                                (6) 410 

H2O2 + hv → 2•OH                                                   (7) 411 

•OH + NB dye → + H2O + NB degradation            (8) 412 

 413 

Figure 9: Degradtion of NB dye under different treatment conditions. 414 
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 417 

Figure 10: Effect of H2O2 initial concentration on (a) NB dye degradation and (b) the 418 

decomposition of hyrogen peroxide during Fenton process. 419 

3.3. Reusability of the hybrid nanocomposite beads  420 

Since the reusability of the catalyst is crucial with regard to possible application at industrial 421 

scale, six consecutive cycles of NB dye aqueous solution treatment by the photo-Fenton process 422 

were carried out. The nanocomposite beads were collected easily by a magnet and reused in the 423 

subsequent run. The removal efficiency of NB dye (80%) did not change in the first four 424 

consecutive runs (Figure11), suggesting an excellent reusability of the catalyst. However,  a 425 

slight decrease in the removal efficiency was observed after the fourth cycle. This little decrease 426 

in the catalytic performance of the catalyst compared to its performance in the fourth run may 427 

be due to the iron leaching phenomenon or to a small depolyremization of the biopolymer 428 

matrix after been exposed to the UV-C light for a long time. Further investigations can be 429 

performed in the upcoming work. Nevertheless, the investigated catalyst maintains a good 430 
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catalytic performance to degrade NB dye in four subsequent cycles which makes it a potentially 431 

attractive option for real dyestuff wastewater treatment. 432 

 433 

Figure 11: Efficiency of Fe3O4-NIO/calcium alginate beads on subsquent NB dye removal 434 

via photo Fenton process ([NB]= 40mg/L, pH2, mass of beads 0.2g, [H2O2]= 5mM and 120 435 

min UV-C irradiation) 436 

 437 

3.4. Comparison with the results of other biopolymer based catalysts available in the 438 

literature 439 

Numerous biopolymer-based catalysts have been evaluated as AOPs in the degradation of dyes 440 

in previous studies and some of them are summarized in the Table 2 for comparison purpose 441 

with the catalyst investigated in the present work. Although no previous work on NB dye is 442 

available in the scientific literature, our catalyst can be competitive with similar catalysts 443 

investigated so far in terms of process efficiency, treatment time and stability. In addition, its 444 

simple and inexpensive preparation method, using less chemicals compared to the other 445 

catalysts, makes it more attractive for possible industrial scale-up. 446 

Table 2: comparison of Fe3O4-NIO/calcium alginate beads with other biopolymer based 447 

catalysts existing in the literature. 448 
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Fe3O4@cellulose 

aerogel 

nanocomposite 

 

Rhodamine 

B 

 

Fenton-like reaction  

pH 3 

[H2O2]= 9.9 mM,  

Catalyst dose 3 g/L, 

t= 64h 

 

 

 

 

100% 

 

Six cycles 

(97%-100% 

dye removal ) 

 

 

[76] 

alginate/PVA 

hydrogel-

supported 

magnetic Fe3O4 

particles 

methyloran

ge 

Heterogeneous Fenton 

pH 3 

3mL of H2O2(30 wt 

%) Catalyst dose 1 

g/L,  

t=25min 

 

 

92 % 

Six cycles 

(degradation 

reduced by 

5.7% and 

10% of 

catalyst mass 

loss) 

 

[77] 

Fe (III)-Cross-

linked Alginate-

Carboxymethyl 

cellulose 

composites 

Malachite 

green 

Photocatatlytic 

degradation 

UV-A light 

 pH 4 

Catalyst dose 1 g/L,  

t=30min 

 

 

98% 

 

 

        ~ 

 

 

[78] 

Ag/AgCl@CMC 

hydrogel beads 

Rhodamine 

B 

 

Photocatalytic 

degradation 

pH 7 

Catalyst dose 4 g/L,  

t= 60min 

 

98 % 

 

Five cycles 

(degradation 

decreased to 

68 %) 

 

[79] 

ZnO/Fe3O4-

Alginate beads 

Reactive 

Red 180 

Photocatalytic 

degradation 

UV-A light 

pH3 

Catalyst dose 20g/L 

t= 60min 

 

 

100 % 

 

Ten cycles 

(maintain 

100% of dye 

removal) 

 

 

[52] 

Fe3O4-

NIO/Calcium 

alginate beads 

Novacron 

blue  

Photo Fenton 

pH 2 

[H2O2]=5mM, 

Catalyst dose 2g/L 

 UV-C light 

t=120min 

 

 

80% 

 

 

six cycles 

(degradation 

decreased to 

73.1% ) 

 

 

Present  

work 

 449 

4. Conclusion 450 

Fe3O4- NIO/calcium alginate beads were successfully synthesized by a simple and effective 451 

method. These novel nanocomposite beads were characterized and tested as an adsorbent-452 

catalyst for Novacron blue dye degradation. Taking advantage of the known adsorptive 453 

properties of the alginate (support), the incorporation of natural iron ore and 454 



Fe3O4nanoparticlesinto the alginate support led to the synthesis of a good catalyst for Fenton 455 

and photo-Fenton processes. Moreover, its magnetic behavior derived from 456 

Fe3O4nanoparticlesmakes their removal (and recovery) easy after treatment. This novel 457 

heterogeneous catalyst succeeded to degrade 80% of NB dye within 120 min via photo-Fenton 458 

process under these optimum conditions: [NB]=40mg/L, pH 2, catalyst dose 2g/L 459 

[H2O2]=5mM, UVC light. Fe3O4-NIO/calcium alginate bead proves its ability to be reused for 460 

fourth consecutive cycles without any catalytic behavior loss. In summary, an ecofriendly, low 461 

cost and recyclable catalyst has been investigated and effectively used to remove a reactive azo 462 

dye from aqueous solution via photo-Fenton process, but the acidification cost should be taken 463 

into account in possible full scale applications when comparing this process with consolidated 464 

ones. 465 
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