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Abstract 13 

Graphitic carbon nitride, both as powder and alginate floating beads, was synthesized by an easy 14 

and cheap approach using two different precursors (melamine and urea) and properly characterized 15 

by several techniques. The effect of the type of precursor on the photoactive properties of the final 16 

materials was investigated. Their activity towards the photodegradation of different pollutants 17 

(dyes, drugs, and herbicides) both in ultrapure water and simulated drinking water under solar light 18 

irradiation was investigated, reaching extraordinarily high photodegradation results (99% for 19 

diclofenac and rhodamine B and 90% for isoproturon) compared to the literature. The floating 20 

photocatalysts showed good stability during recycling maintaining high performances after 5-time 21 

usage without post-treatment. Finally, liquid chromatography equipped with mass spectrometry 22 

(UPLC/MS) was used to identify the main by-products formed during the photodegradation tests, 23 

and a plausible transformation pathway has been proposed.  24 
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 28 

1. Introduction 29 

Owing to the rapid development of modern industry and agriculture, new problems have arisen 30 

strictly related to environmental pollution and energy shortage. Several pollutants currently threaten 31 

water resources and societal well-being in different water matrices. Among these, contaminants of 32 

emerging concern (CECs) have become particularly urgent pollutants for their chemical stability, 33 

potential toxicity, and danger to human life. The awful effect of wastewater effluents containing 34 

CECs on the quality of receiving water bodies has been widely demonstrated [1, 2]. Water reuse has 35 

emerged as an important challenge, particularly in regions suffering from water scarcity. Therefore, 36 

several approaches, based on different technologies, have been developed to face this problem. 37 

Since conventional wastewater treatment processes lead to incomplete removal of CECs, the 38 

scientific community has addressed its efforts in developing highly efficient, low-cost, and low-39 

impact treatments. These include chemical oxidation, physical adsorption, biological degradation, 40 

and other methods [3-7]. The attempts to employ microorganisms have been limited by several 41 

practical factors, such as long cultivation cycles, the necessity for nitrogen-limiting environments, 42 

slownest of the remediation process, inhibition of the microorganisms at high concentrations of 43 

toxic substances, inability to degrade recalcitrant organic pollutants completely, etc. [8, 9]. On the 44 

other hand, the use of enzymes is still too little studied to be taken into consideration. In addition to 45 

these traditional methods, from several years, advanced oxidation processes (AOPs) [10], such as 46 



ozonation [11], Fenton [12], photo-Fenton [13], photolysis [14, 15], and photocatalysis [16] 47 

techniques, have emerged as innovative approaches, receiving extensive attention for their benign 48 

conditions, energy-saving, easy control and less secondary pollution [17]. Among all these methods, 49 

photocatalysis is generally preferred for its ability to convert toxic organic compounds to CO2 and 50 

H2O [18-20]. More recently, organic pollutants degradation by coupled techniques, i.e., ultrasound-51 

assisted photocatalysis, have emerged as alternative AOPs [21]. However, although 52 

sonophotocatalysis seems to overcome the main limitations of the single techniques (enhancing the 53 

active species production, guaranteeing a continuous cleaning of the photocatalyst surface, etc.) 54 

current conventional configurations of batch sonoreactors (bath- and horn-type) seems to be not 55 

effective at a large-scale operation, because the propagation of acoustic energy is limited, the horn 56 

surface erosion due to cavitation need frequent costly maintenances or the replacement of the probe, 57 

etc. [22]. Although, for photocatalytic applications, TiO2 is still the most used semiconductor due to 58 

its chemical and physical stability, good photoactivity, and low cost, researchers are willing to 59 

replace it with new smart materials because of its suspected carcinogenic nature and limited activity 60 

under solar light irradiation [23]. Recently, graphitic carbon nitride (g-C3N4) has drawn attention as 61 

a metal-free visible photoactive semiconductor for water remediation. Their characteristics such as 62 

mid-wide bandgap with 2.7 eV, large surface area, high mobility, high transparency, excellent 63 

electrical and thermal conductivity, high mechanical strength, flexibility, chemical stability, and a 64 

wide range of precursors for its preparation (dicyanamide, melamine, cyanamide, urea, thiourea or 65 

ammonium thiocyanate) [24] make it an ideal material in the field of photocatalysis. g-C3N4 has 66 

been investigated for pollutants degradation [25-27], H2 production [28, 29], and other 67 

photocatalytic reactions [30-33]. In the field of photocatalysis, crystalline semiconductors are 68 

almost exclusively employed because their typical long-range atomic order is considered crucial to 69 

guarantee an efficient photoexcited charge carriers’ separation and diffusion. 70 

Consequently, in particular, in the last years, the scientific literature has been enriched with 71 

numerous papers based on exploiting the properties of graphitic carbon nitride [25-33].  72 

Among them, the investigations of Vilè et al. are particularly interesting, demonstrating as 73 

nanostructural modifications and elemental incorporation in carbon nitride samples lead to a new 74 

class of materials, ingle-atom catalysts (SACs), characterized by very high activity towards 75 

pollutants photodegradation [34, 35]. SACs consist of isolated single metals strongly confined in 76 

the cavities of a porous carrier. Thanks to its N-rich structure, g-C3N4 represents an ideal carrier 77 

able to stabilize several metal species. Ni-based heterogeneous photocatalysts, made of highly 78 

dispersed Ni species over nanosheets of g-C3N4, showed very high performance in the 79 

photodegradation of gemfibrozil, a model pharmaceutical pollutant [34]. Similarly, highly dispersed 80 

Ag and Cu species on mesoporous g-C3N4 resulted very active in water decontamination [35]. 81 

Moreover, both the SACs systems were able to reduce the formation of toxic aromatic byproducts 82 

during photooxidation. 83 

The use of active materials in the form of dispersed powders into the reaction medium (slurry 84 

configuration) indeed allows taking advantage of the whole active surface area of the catalyst. 85 

However, this approach poses severe problems in large-scale industrial applications, where the 86 

recovery of suspended catalyst powder is an issue. Therefore, the development of stable, highly 87 

active supported catalysts, tightly binding the active phase, is certainly a significant effort towards 88 

real photocatalysis applications. Recently, new materials based on immobilized photocatalysts on 89 

floating substrates were employed in the photodegradation process exploiting their high surface 90 

irradiation and oxygenation, ease of recovery, and reuse. Within this framework, synthetic polymers 91 

are commonly used as support [36-39]. However, their low or non-degradability has raised 92 

ecological concerns. Instead, an eco-friendly alternative can be represented by natural polymers 93 

[40-42]. Among these, alginates are particularly interesting. They derive from brown seaweeds and 94 



can be used to immobilize photocatalysts under safe and mild conditions. Sodium alginate is a 95 

biodegradable and biocompatible compound that, thanks to the presence of carboxylate (–COO-) 96 

and hydroxyl functional groups (–OH) can electrostatically interact with various metal cations (e.g., 97 

Ca2+, Ba2+, etc.) by cross-link reactions to form a hydrogel structure that can be used to support or 98 

embed catalysts [40, 41, 43]. Although both g-C3N4 and calcium alginate are two very well-known 99 

and studied materials, alginate-based hydrogel beads have been scarcely used as carbon nitride 100 

support. The present work proposes a straightforward approach for the synthesis and 101 

characterization of g-C3N4/alginates floating photocatalysts. The effect of the type of precursor 102 

(melamine and urea) on the photoactive properties of the final g-C3N4-based materials was 103 

investigated. g-C3N4/alginate beads were tested for the photodegradation of three classes of 104 

pollutants (drugs, dyes, and herbicides) present individually in solution or a mixture in different 105 

water matrices (ultrapure water and simulated drinking water) under solar light irradiation. The 106 

reusability of the floating photocatalysts has been adequately investigated, showing high stability up 107 

to five runs. Finally, the main transformation products (TPs) deriving from the photodegradation 108 

processes were properly identified by UPLC/MS technique, and the principal degradation pathways 109 

are reported.  110 

 111 

2. Materials and Methods 112 

 113 

2.1.  Materials 114 

All chemicals of analytical grade were purchased by Sigma-Aldrich products. The pollutants 115 

mixtures were prepared in ultrapure water (UW) and in a simulated solution of drinking water (TW) 116 

as reported below. For both HPLC/UV and UPLC/MS analyses, HPLC-grade acetonitrile and water 117 

were purchased from VWR Chemicals and Carlo Erba, respectively. 118 

 119 

2.2.  g-C3N4 preparation 120 

g-C3N4 was thermally synthetized with a one-pot polycondensation method starting from two 121 

different precursors: urea (U) and melamine (M). The desired amount of urea and melamine were 122 

placed in two different crucibles, covered with a lid. The crucibles were heated at 550°C for 2 h, 123 

according to the following temperature ramp: 135°C (5 C°/min, hold: 1h), 170°C (3°C/min, 1h), 124 

300°C (5°C/min, 1h), 550°C (5°C/min, 2h). Then, the samples (g-C3N4_U and g-C3N4_M) were 125 

cooled to room temperature, and the obtained powders were ground and weighed.  126 

 127 

2.3. Floating g-C3N4/alginate (FCNA) beads preparation 128 

The FCNA beads were prepared by dispersing 0.1g of catalyst (g-C3N4_U or g-C3N4_M) in 20 mL 129 

of sodium alginate 3 % solution. The dispersion was sonicated for 1h and stirred for 24 h; in the 130 

end, 1 g of CaCO3 was added, and the solution was stirred again for 1 h (Solution A). In 50 mL of 131 

CaCl2 3 % solution, 5 mL of acetic acid were added and stirred for 30 min (Solution B). Solution A 132 

was slowly dropped into solution B, obtaining 5 mm diameter floating spheres. The spheres were 133 

stirred for 24 h and were abundantly rinsed in water (Figure 1).   134 

 135 
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 154 

 155 

Figure 1: Schematic illustration for the FCNA beads preparation. 156 

 157 

The percentage of g-C3N4 in alginate beads was determined by weighing and was 0.6%. 158 

Any attempt to increase the g-C3N4 load (0.2 g/L and 0.3 g/L of catalyst) within the polysaccharide 159 

matrix failed, leading to beads that were difficult to handle and disperse in water due to their 160 

fragility. In those conditions, the excess of g-C3N4 inhibits the cross-link reaction and, 161 

consequently, the hydrogel formation.  162 

 163 

2.4.  Characterization 164 

g-C3N4 powders were properly characterized by several analytical techniques. The corresponding 165 

FCNA beads have not been characterized due to their high-water content, which limits the 166 

possibility of using the most common characterization techniques 167 

Concerning the morphological aspects, g-C3N4 was characterized by scanning electron microscopy 168 

(SEM) using a Zeiss LEO 1525 field emission microscope without any pretreatment of the samples. 169 

Fourier Transform infrared (FTIR) spectra were performed using a Jasco FT-IR 410 170 

spectrophotometer dispersing a few milligrams of each material in anhydrous KBr and pressing it to 171 

obtain a thin pellet. The spectra were recorded in the range 400-4000 cm-1 with a resolution of 0.5 172 

cm-1.  173 

X-ray powder diffraction investigations were executed using a PANanalytical X’Pert PRO 174 

diffractometer with Cu Kα radiation and at 40 kV × 40 mA nominal X-ray power. 175 

Specific surface area and porosity distribution were determined by processing N2 176 

adsorption/desorption isotherms at 77 K (Micromeritics Tristar II 3020 (Micromeritics)) with 177 

Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda analyses. Before the analysis, 178 

samples were heat-treated (T = 150 °C, 4 h, N2) to remove adsorbed foreign species. 179 

An M-Probe (SSI) XPS instrument was used to analyze the sample surfaces detecting in particular 180 

O1s, C1s, and N1s regions. The instrument is equipped with a monochromatic Alkα anode and is 181 

calibrated using C1s at 284.6 eV. 182 

The light absorbance properties were investigated by UV-vis diffuse reflectance spectroscopy of 183 

powder samples using a Perkin Elmer Lambda 35 UV VIS Spectrophotometer. 184 

 185 

2.5 Pollutant mixture abatement tests 186 
The photoactivity of the samples, both as powders and floating beads, were tested for the absorption 187 

and photodegradation of three different pollutants diclofenac (DCF), isoproturon (ISO), and 188 



rhodamine B (RhB). Proper solutions of each pollutant (10 mg·L-1) were prepared using both 189 

ultrapure water (UW) and simulated drinking water (DW) as the matrices. Simulated DW was 190 

prepared according to Annex B2 of the second protocol of the French Norm NF P41-650 regarding 191 

the specification for water filter pitchers (Tab.1).  192 

Table 1: Ionic species and relative concentration for the preparation of simulated drinking water.  193 

 194 

Species Concentration (mg·L-1) 

Ca2+ 44.5 

Na+ 45.7 

Mg2+ 9.3 

Cl- 78.7 

SO4
2- 36.5 

HCO3
2- 121.2 

 195 

The experiments were performed by stirring the proper amount of photocatalyst in a 250 mL batch 196 

glass reactor filled with 100 mL of pollutant solution maintained at spontaneous pH (about 5 for 197 

UW and about 7 for DW). The suspension was kept in the dark for 30 min, then it was irradiated for 198 

180 min with a solar lamp (ULTRA VITALUX 300W-OSRAM) placed above the reactor. The 199 

solar lamp used for the experiments had an effective power density of irradiation of 35 W·m-2. The 200 

pollutants abatement was monitored for 210 min, sampling aliquots every 15 min in the first half-201 

hour and every 30 min in the subsequent 3 h. The samples were quantitatively analysed by 202 

HPLC/UV. Chromatographic analysis was performed with an isocratic elution of a mobile phase 203 

composed of water (65%), acetonitrile (35%), and formic acid (0.1%), at 1.00 mL·min-1 flow. The 204 

HPLC instrument (Agilent 1100 Series) was equipped with a C18 Supelco column (25 cm x 4 mm, 205 

5 µm), a 20 µL injection loop, and a UV detector. The DCF, ISO, and RhB disappearance was 206 

monitored at 278 nm, 240 nm, and 554 nm, respectively. 207 

The transformation products of the three analytes were recognized through UPLC/MS technique 208 

using the same chromatographic conditions. The MS interface parameters for sample acquisition 209 

were the following: heater temperature 150 °C, sheath gas flow rate (arb) 20, auxiliary gas flow rate 210 

(arb) 10, sweep gas flow rate (arb) 10, spray voltage negative mode 3.50 kV, capillary temperature 211 

275 °C, capillary voltage -10 V, tube lens -10 V, m/z range 50-500 Da. 212 

The same procedure was also used to degrade solutions containing a mixture of the pollutants (10 213 

mg·L-1) both in UW and DW. 214 

The alginate shell of floating beads causes a slight release of organic material in solution, which 215 

compromises the results of TOC (Total Organic Carbon) analyses to verify the mineralization 216 

capacity of the FCNA. 217 

 218 

2.6 Reusability tests 219 

FCNA beads from urea and melamine were tested for RhB degradation for five consecutive tests. 220 

After each run, the floating beads were recovered using a small colander, washed three times with 221 

deionized water, and immediately reused. 222 

 223 

3. Results and discussion 224 

 225 

3.1. Materials characterization 226 

Figure 2 (left) shows the FT-IR spectra of the synthesized g-C3N4 powders. 227 

 228 
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 240 

 241 

Figure 2: FT-IR spectra (left) and XRD diffraction patterns (right) of both g-C3N4_M and g-242 

C3N4_U, respectively. 243 

 244 

Both the synthesized materials show the typical IR patterns of carbon nitride. The characteristic 245 

peaks located 1000-1800 cm-1 can be attributed to the bending and stretching vibration modes of C–246 

N and C=N, whereas the broad bands between 3000-3500 cm-1 are due to tensile vibrations of N–H 247 

bonds [33]. The peaks located in the region from 900 to 1800 cm-1 correspond to the characteristic 248 

stretching modes of CN heterocycles. According to the literature [33], the peaks at ca. 1410 and 249 

1060 cm-1 are assigned to the C-O vibrations in C-OH, and C-O-C functional groups, respectively, 250 

associated with a slight O-doping during the thermal treatment carried out in the air.  251 

Both the materials show similar XRPD patterns, indicating that the synthesized g-C3N4 maintains 252 

the same crystalline structure. 253 

More in detail, the two main peaks at 27.5° and 12.9° can be assigned to (002) diffraction plane and 254 

(100) plane of g-C3N4, due to the interlayer stacking of conjugated aromatic system and to in-plane 255 

repeated tri-s-triazine units, respectively. Moreover, the peak at 14.16° is ascribed to the (100) 256 

reflection, whereas reflections corresponding to the (300) and (004) planes provide a possible 257 

explanation for the two broad peaks at 44.4° and at 57.4°, respectively. In addition, a large 258 

percentage of an amorphous phase is evidenced in both the materials, as confirmed by the 259 

broadband at around 25°. This is more pronounced for g-C3N4_U than for g-C3N4_M. In fact, urea 260 

lacks proper s-triazine structure, and during the thermal condensation process, several intermediates 261 

(biuret, cyanuric acid, ammeline, and ammelide) can be involved making hard the formation of 262 

uniform and well connected heptazine-based g-C3N4 and causing structure defects in the final 263 

product inevitably [44]. 264 

Moreover, according to Sun and coworkers [45], the weak peaks at ∼18°, ∼22°, ∼44°, and ∼56° 265 

can be assigned to (100), (101), (111), (103), and (004) planes, respectively of g-C3N4, although 266 

most part of the scientific literature report contradictory assignment. 267 

The surface element composition and chemical state of the samples were investigated by XPS. As 268 

shown in Figure S1 A B, both the survey XPS spectra display three peaks associated to C1s (31.5% 269 

for g-C3N4_U and 33.3% for g-C3N4_M), N1s (52.1% for g-C3N4_U and 59.7% for g-C3N4_M), 270 

and O1s (4.7% for g-C3N4_U and 4.6% for g-C3N4_M). The oxygen peak can be easily attributed to 271 

the O2 absorbed from the atmosphere during the calcination process. The atomic carbon-nitrogen 272 

ratio C/N for g-C3N4_U and g-C3N4_M was 0.87 and 0.94, respectively. If compared to the 273 

stoichiometric value (0.75), the C/N obtained from the synthesized materials can be interpreted as 274 

the formation of carbon vacancies in O-doped g-C3N4 structure. As reported in the scientific 275 

literature [20], defect engineering, such as carbon or nitrogen vacancies, is an important strategy for 276 

designing efficient photocatalysts. 277 



The XPS spectra of both g-C3N4_M and g-C3N4_U (Figure 3) show a slight difference in particular 278 

in O1s high resolution (HR) spectra.  279 
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 315 

Figure 3: A) C1s of g-C3N4_M, B) C1s of g-C3N4_U, C) N1s of g-C3N4_M, D) N1s of g-C3N4_U, 316 

E) O1s of g-C3N4_M, F) O1s of g-C3N4_U. 317 

 318 

The binding energies of C1s and N1s core electrons are similar for both the materials, suggesting a 319 

very similar chemical environment for carbon and nitrogen. 320 

In the C1s spectrum (Figure 3 A and B), the peaks at 284.6 eV, 288.0 eV, and 289.3 eV are 321 

assigned to impurity carbon, sp2 bonded carbon in the aromatic ring N=CN and sp2 carbon of the –322 

NH2 group on the aromatic ring, respectively [45]. For both the two g-C3N4 the N1s spectrum can 323 

be splitted into three different peaks at 398.3 eV, 399.3 eV, and 400.6 eV associated with the sp2 324 



hybrid nitrogen CN=C, tertiary nitrogen (N-(C)3) and terminal amino group (CNH) respectively 325 

[46].  326 

Finally, the O1s peak at 531.6 eV is related to C=O and N-C-O groups, whereas the peak at 533.1 327 

eV can be attributed to water adsorbed on the surface [47]. The third peak at 534.0 eV in the O1s 328 

spectrum of g-C3N4_U can be reasonably attributed to C−O−C bonds in the heterocyclic rings of the 329 

graphitic structure [48]. 330 

As reported in the scientific literature [49], bulk g-C3N4 produced by thermal polymerization of N-331 

rich compounds as precursors are generally characterized by low specific surface area and compact 332 

structures that limit their application in photocatalytic reactions. 333 

However, morphology investigation on the synthesized samples (Figure 4) revealed a rough surface 334 

characterized by plates of different dimensions. In particular, if on the one hand, g-C3N4_M seems 335 

characterized by irregular staked sheets, on the other hand, g-C3N4_U is mainly smooth, exhibiting 336 

minor areas where a more porous and rougher surface is exposed. 337 

 338 
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 349 

  350 

Figure 4: SEM images of g-C3N4_M (left) and g-C3N4_U (right). 351 

 352 

According to IUPAC classification, nitrogen adsorption-desorption isotherms reported in Figure 5 353 

are classified as type IV with H3 hysteresis loop [50].  354 
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 367 

 368 

Figure 5: Nitrogen adsorption-desorption isotherms for the two powdered samples. 369 

 370 



This type of isotherm is typical of mesoporous materials with a hierarchical pores structure, and H3 371 

hysteresis loop shows that these materials are formed by non-rigid aggregates of plate-like particles 372 

[50]. This is in accordance with SEM images reported in Figure 4. 373 

In Table 2, surface area and porosity distribution are reported, determined by analyzing the 374 

adsorption nitrogen isotherm branch [51]. 375 

 376 

Table 2: surface area and porosity distribution percentage of both g-C3N4_U and g-C3N4_M as 377 

powders. 378 

 379 

  g-C3N4_U g-C3N4_M 

Specific Surface Area (m2·g-1)  180 ± 2 10.29 ± 0.08 

    

Porosity Distribution (%) d<2 nm -   4.0 

2<d<10 nm 66.4 52.7 

10<d<20 nm 10.7 13.3 

20<d<50 nm 11.2 17.6 

d>50 nm 11.7 12.4 

 380 

The specific surface area of g-C3N4_U powder is one order of magnitude larger than that of 381 

powdered g-C3N4_M, and for both the samples, this area is preferentially distributed in small 382 

mesopores (2 <d <10 nm). However, the highest percentage (about 66%) characterizes g-C3N4_U. 383 

The extraordinary high value of the surface area for g-C3N4_U can be easily attributed to the 384 

production of a large amount of products (NH3, H2O, and CO2) generated during the thermal 385 

condensation reaction that can act as soft templates producing more porous structures [44]. 386 

Figure 6 A and B shows the UV-Vis absorbance and bandgap spectra of g-C3N4_U and g-C3N4_M 387 

powders. 388 
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 427 

 428 
Figure 6: Absorbance spectra (A for g-C3N4_U and B for g-C3N4_M) and plot of (αhv)2 versus 429 
photon energy (hv) (C for g-C3N4_U and D for g-C3N4_M). 430 

 431 

The bandgap edges were estimated to be 436 nm and 454 nm for g-C3N4_U and g-C3N4_M, 432 
respectively. In contrast, the bandgap values, determined by plotting (αhv)n versus hv (Figure 6 C 433 
and D), were 2.9 eV for g-C3N4_U and 2.7 eV for g-C3N4_M, according to the literature  [26]. 434 

 435 

3.2 Photocatalityc activity 436 

All the synthesized g-C3N4-based materials, both as powders and floating alginate beads, were 437 

tested for the photodegradation of different organic pollutants (DCF, ISO, and RhB) both in UW 438 

and in DW under solar light irradiation. 439 

It is known that photocatalysis is a catalyst mass-dependent reaction [52]. However, if on the one 440 

hand, large amounts of photocatalyst lead to a high amount of active species in solutions (hydroxyl 441 

radicals and/or electrons by absorbing more photons), on the other hand, an excess could increase 442 

the turbidity of the solution reducing the absorption of the energy from light radiation, thereby 443 

decreasing the degradation efficiency. Therefore, starting from RhB as a model pollutant and UW 444 

as an ideal matrix, at first, the effect of photocatalyst mass, both as powder and FCNA beads, was 445 

adequately investigated, as shown in Figure 7. 446 
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Figure 7: Effect of phocatalyst amount on the RhB photodegradation by A) g-C3N4_U powder, B) 482 

g-C3N4_M powder, C) FCNA(U) beads, D) FCNA(M) beads. 483 

 484 

The adsorption properties of photocatalysts play a key role in their photocatalytic activity. As 485 

shown in Figure 7 A and B, g-C3N4_U exhibits higher adsorption capacity than g-C3N4_M, 486 

according to the BET results. The high adsorption of RhB on the surface of g-C3N4 is due to the 487 

electrostatic interactions between the positive charges of the ethylamine groups of the dye and the 488 

more negatively charged surface of the semiconductor. In the case of g-C3N4 embedded in calcium 489 

alginate beads, the adsorption capability of the materials is strongly reduced owing to the prevailing 490 

positive charges of the calcium alginate shell at the working pH values [53]. 491 

All the materials synthesized by urea show higher photoactivity towards RhB degradation than 492 

those from melamine. More in detail, thanks to its structural characteristics, g-C3N4_U powder 493 

reaches a percentage of RhB photodegradation higher than 99% within the first hour of light 494 

irradiation even if the photocatalyst concentration is reduced from 0.5 g·L-1 to 0.4 g·L-1. Although 495 

by further reducing the amount of catalyst in solution, the RhB photodegradation process becomes 496 

slower, however, the pollutant is almost completely degraded within 3 hours of irradiation (Figure 7 497 

A and S2A). The organic shell of the alginate beads can hinder the interaction of the pollutant with 498 

the active surface of the photocatalyst, slowing down the photodegradation process that, in any 499 

case, permits the degradation of about 90% of RhB within 3 hours of solar light irradiation when an 500 

appropriate amount of catalyst is used (Figure 7 C and S2B). g-C3N4_M-based materials are 501 

generally less active than the corresponding ones synthesized by urea (Figure 7 B and D and S2C 502 



and D). Their poorer performances can be again easily justified by the low surface area value (an 503 

order of magnitude smaller than that from urea) of the photocatalyst. 504 

The results obtained here are far superior to those reported up to now in the literature for this type 505 

of material. Recently Hao et al. demonstrated that floating calcium alginates beads loaded with 25% 506 

of g-C3N4 were able to degrade methylene blue up to 80.94% within 42 h [54], whereas Zhang et al. 507 

removed 94% of reactive brilliant red X-3b using g-C3N4-TiO2 P25 encapsulated in calcium 508 

alginate beads within 1 h of light irradiation [55]. In the present work, despite being the 509 

photocatalyst load in calcium alginate beads more than 40 times lower than in the materials 510 

proposed by Hao, a complete quote degradation of the dye was achieved after just of light 511 

irradiation without any TiO2 addition. 512 

Based on these promising results, both the FCNA beads were applied to the photodegradation of 513 

two other types of pollutants (DCF and ISO as a model molecule for drugs and herbicides, 514 

respectively). The photodegradation tests were c conducted in UW and DW (Figure 8). 515 
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 541 

Figure 8: Photodegradation of RhB (A), DCF (B) and ISO (C) by FCNA beads both in UW and 542 

DW. 543 

 544 

The results reported in Figure 8 clearly show that the photodegradation capability of both the FCNA 545 

beads is strictly related both to the type of pollutant and to the environment. 546 

First of all, in contrast with the scientific literature [25], it is possible to observe that when 547 

embedded in alginate beads, the two types of g-C3N4 are highly active in the photodegradation of 548 

DCF thanks to the favorable electrostatic interactions between the negatively charged drug 549 

molecules and the positively charged alginate surface, reaching over 90% of pollutant abatement 550 



within 90 min both in UW and DW (Figure 8 B). Moreover, as reported below, the UPLC/MS 551 

analyses (carried out on the final solutions containing the pollutants as a mixture) did not show 552 

degradation products attributable to DCF that were probably absorbed by the alginate shell and/or 553 

deposited on the surface of the photocatalyst.  554 

Concerning the other pollutants, the two floating materials exhibit slightly different behavior. 555 

Regarding the photodegradation ability of the two FCNA beads towards RhB degradation, the effect 556 

of the matrix type is evident here. Both the materials in DW show a higher degradation rate than 557 

that achieved in UW, probably related to the presence of chloride ions, as reported in the literature 558 

[56, 57]. On the contrary, an increase in the ionic strength value seems to have a negative effect on 559 

the ISO degradation, probably related to the non-ionic nature of the pollutant molecule. However, 560 

even in DW, the greater surface area of FCNA(U) leads to a higher RhB, and ISO abatement 561 

compared to FCNA(M). 562 

Finally, the floating photocatalysts were tested for the photodegradation of a mixture of the three 563 

pollutants both in UW and DW, as displayed in Figure 9.  564 

 565 
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 576 

 577 

Figure 9: Photodegradation of a mixture of RhB, DCF and ISO by FCNA(U) (A) and FCNA(M) 578 

beads (B) both in UW and DW. 579 

 580 

Surprisingly, when used for the photodegradation of a mixture of the three pollutants, the two types 581 

of floating materials show very similar behavior both in UW and DW. However, while DCF is 582 

completely degraded within 90 min in both the different environments, the photodegradation of 583 

RhB and particularly of ISO is inhibited. Since several factors, such as pH, pollutant concentration, 584 

etc., concur, an exhaustive explanation of these results is challenging to provide. Nevertheless, the 585 

absence of DCF transformation products (TPs), observed in UPLC/MS analyses, in contrast with 586 

literature results for g-C3N4 photocatalyst [25], might indicate that DCF TPs are adsorbed so 587 

strongly onto semiconductors surface that their active sites are blocked lowering the photoactivity 588 

of these materials towards RhB and ISO. To confirm this hypothesis, the photodegradation test was 589 

repeated by using FCNA(M) beads in a mixture containing only RhB and ISO in DW (Figure S3). 590 

Indeed, in the absence of DCF, the photocatalyst recovers the same degradative efficiency 591 

demonstrated in the tests performed on the degradation of the single pollutants (Figure 8 A and C). 592 

 593 

3.3 Proposed photocatalytic process for RhB degradation 594 

As reported in the literature [58, 59], the first step of heterogeneous photocatalysis consists of the 595 

organic molecules adsorption onto the catalyst surface, quickly followed by the reaction with the 596 

photoexcited charge carriers (e- and h+) or free radicals (e.g., ·OH). Depending on the 597 



characteristics of the organic molecules adsorbed onto the photocatalyst surface and the 598 

characteristic of the photocatalysts, different kinetics of photodegradation can occur [60-63].  599 

Although over the years, g-C3N4 and its composites have been thoroughly investigated, the 600 

adsorption step, that represents a critical point in heterogeneous photocatalysis, has been poorly 601 

studied. In this regard, Song et al. have recently compared the efficiency of g-C3N4 nanosheets and 602 

conventional g-C3N4 towards RhB degradation by a synergistic adsorption/photodegradation 603 

process, demonstrating the extraordinary activity of nanosheets due to their tremendous high 604 

surface area that guarantees higher percentage of adsorption and subsequent fast photodegradation 605 

[64]. 606 

Similarly, as shown in Figure 7 (A and B), the adsorption capability of g-C3N4_U powder towards 607 

RhB is almost ten times higher than that of g-C3N4_M powder (30% and 4% for g-C3N4_U powder 608 

and g-C3N4_M powder, respectively). The increased surface area of g-C3N4_U powder leads to high 609 

rates of adsorption. The adsorbed RhB molecules are rapidly degraded by more than 90% within 30 610 

min under solar light irradiation, thanks to a large number of active sites available onto the 611 

photocatalyst surface able to produce active species, such as holes (h+), superoxide radicals (O2
-·), 612 

and hydroxyl radicals (·OH) during the photocatalytic processes (Figure 10).  613 
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 628 

Figure 10: a schematic of adsorption/photocatalytic degradation processes on g-C3N4 powder. 629 

 630 

When g-C3N4_U powder is embedded in the alginate beads, the adsorption process on the surface of 631 

the semiconductor is strongly reduced (Figure 7 C), owing to the polysaccharide shell. However, 632 

also in this case, the extraordinary high surface area of the material is still able to produce active 633 

species in large amounts, guaranteeing a fast photodegradation process. 634 

 635 

3.4 Recycling Tests 636 

The possibility of reusing photocatalytic materials is fundamental for reducing waste production 637 
and process costs. Therefore, the stability of the two types of photocatalytic beads was investigated 638 
towards RhB degradation for 210 min for five runs times with the same photocatalyst without any 639 
regeneration test. At the end of each cycle, the floating beads were quickly recovered from the 640 
solution by using a small colander and reused for the next run after washing with deionized water.   641 
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 643 
 644 

 645 
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 653 

 654 

Figure 11: Recycle of FCNA beads (left from U) and right (from M) towards RhB 655 

photodegradation. 656 

 657 
As shown in Figure 11, after five successive runs, no noticeable change was observed in the 658 
degradation percentage of the RhB dye for both the floating photocatalysts. 659 

Moreover, after the last cycle the g-C3N4_U photocatalyst was recovered by centrifugation, washed 660 

by ultrapure water and characterized by FT-IR and XRD techniques.  661 

A comparison of the XRD patterns and FT-IR spectra of the fresh and used photocatalyst (Figure 662 

12) indicates the stability and retention of structure of the materials after five cycles.  663 
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 672 

 673 

Figure 12: Comparison of the XRD patterns and FT-IR spectra of fresh and used g-C3N4_U 674 

photocatalyst. 675 

As reported by Habibi-Yangjeh et al. [65], for real applications the photocatalyst recovery could be 676 
made easier by adding a magnetic component to the material. In this regards, several efforts have 677 
been devoted to the fabrication of sorbent and/or photocatalytic powders [66-68]. However, the 678 
engineering of non-powdery materials is still an open and unsolved question that is worth 679 
addressing to make photocatalysts not materials niche but compounds of wide application. 680 
 681 

 682 



3.4 Identification of transformation products  683 

The identification of TPs, resulting from the analysis of the solutions of pollutants mixture treated 684 

by both the floating materials, was carried out by UPLC/MS in positive mode polarity. As reported 685 

above, no TPs deriving from DCF degradation have been identified. Complete mineralization of 686 

this pollutant is unlikely based on other studies reported in the literature [25]. Therefore, a strong 687 

absorption on the surface of the alginate shell and/or of the photocatalyst is conceivable. 688 

Figure 13 (up) proposes the photodegradation reaction pathway for RhB. 689 
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 719 

Figure 13: Identified TPs and photodegradation pathway for RhB (up) and ISO (down). 720 



RhB photodegradation under solar light irradiation can occur by two simultaneous competitive 721 

processes: N-deethylation and destruction of dye chromophore structure [36]. The mass peaks at 722 
m/z 443, 415, 387, 359, and 331 are attributable to RhB and its N-deethylated intermediates, 723 

respectively. However, this does not exclude that the other process may also take place but simply 724 
that the analytical technique used does not allow the detection of the TPs deriving from the 725 
destruction of dye chromophore structure because of the low dimensions and high polarity of these 726 
metabolites. 727 
Figure 13 (down) shows the identified TPs from ISO photodegradation and the proposed 728 

photodegradation reaction pathway. The molecular structure of ISO allows OH radicals to attack at 729 
different sites, leading to four monohydroxylated compounds having 223 m/z. The TP at 193 m/z 730 
can be readily interpreted as demethylation of the ISO molecule, whereas the TP at 136 m/z can be 731 
assigned to the presence of isopropylaniline [69]. 732 
 733 

Conclusions 734 

In the present study, efficient, reusable floating-C3N4/alginate beads were successfully synthesized 735 

using two different precursors (urea and melamine) and applied for the photodegradation of 736 
different classes of organic pollutants (dyes, drugs, and herbicides). Thanks to its tremendous high 737 
surface area, alginate pearls synthesized by urea as g-C3N4 precursor showed higher activity than 738 
melamine, despite the low load of photocatalyst (0.6%). The effect of the ionic strength on the 739 

photoactivity of the floating photocatalysts was investigated, demonstrating that it affects the 740 
electrostatic interactions between the photocatalyst surface and the organic molecule in solution. 741 

When used for the degradation of mixtures of pollutants, the abundant hydroxyl groups on the 742 
surface of calcium alginate lead to a strong adsorption of TPs of diclofenac, reducing the 743 
photodegradation efficiency of the active sites towards rhodamine B and isoproturon. More 744 

importantly, floating-C3N4/alginate beads exhibited good cycle stability after 5-run recycling. The 745 
preparation of low cost, environmentally friendly, and reusable metal-free photocatalysts active in 746 

the photodegradation of a mixture of pollutants under solar light irradiation opens the way to the 747 
application as substitutes for traditional materials.  748 

 749 
Acknowledgments  750 

The authors thank Velux Stiftung Foundation for the financial support through the project 1381 751 

“SUNFLOAT – Water decontamination by sunlight-driven floating photocatalytic systems” and 752 

Anna Bruni and Marta Sartirana for materials preparations and photodegradation tests. 753 

 754 

CRediT authorship contribution statement 755 

Ermelinda Falletta: Conceptualization, Methodology, Validation, Formal analysis, Supervision, 756 

Writing - original draft, Writing - review & editing. 757 

Mariangela Longhi: Investigation, Data curation. 758 

Alessandro di Michele: Investigation, Data curation. 759 

Daria C. Boffito: Investigation, Data curation. 760 

Claudia L. Bianchi: Conceptualization, Supervision, Writing, Funding acquisition.  761 

 762 

References 763 

[1] B. Kasprzyk-Hordern, R. M. Dinsdale, A. J. Guwy. The removal of pharmaceuticals, personal 764 

care products, endocrine disruptors and illicit drugs during wastewater treatment and its impact on 765 

the quality of receiving waters. Water Res., 43(2), 2009, 363-380. 766 

https://doi.org/10.1016/j.watres.2008.10.047 767 

[2] J. L. Zhou, Z. L. Zhang, E. Banks, D. Grover, J. Q. Jiang. Pharmaceutical residues in wastewater 768 

treatment works effluents and their impact on receiving river water. J. Hazard. Mater., 166(2), 2009, 769 

655-661. https://doi.org/10.1016/j.jhazmat.2008.11.070 770 

https://doi.org/10.1016/j.watres.2008.10.047
https://doi.org/10.1016/j.jhazmat.2008.11.070


[3] V. Golob, A. Vinder, M. Simonič.  Efficiency of the coagulation/flocculation method for the 771 

treatment of dyebath effluents. Dyes Pigm. 67, 2005, 93-97. 772 

https://doi.org/10.1016/j.dyepig.2004.11.003 773 

[4] C. A. Martinez-Huitle, E. Brillas. Decontamination of wastewaters containing synthetic organic 774 

dyes by electrochemical methods: A general review. Appl. Catal. B-Environ. 87(3-4), 2009, 105-775 

145. https://doi.org/10.1016/j.apcatb.2008.09.017 776 

[5] V. Rocher, J. Siaugue, V. Cabuil, A. Bee. Removal of organic dyes by magnetic alginate beads. 777 

Water Res. 42, 2008, 1290-1298. https://doi.org/10.1016/j.watres.2007.09.024 778 

[6] P. Pandit, S. Basu. Removal of ionic dyes from water by solvent extraction using reverse 779 

micelles. Environ. Sci. Techn. 38(8), 2004, 2435-2442. https://doi.org/10.1021/es030573m 780 

[7] E. Forgacs, T. Cserhati, G. Oros. Removal of synthetic dyes from wastewaters: a review. 781 

Environ. Intern. 30(7), 2004, 953-971. https://doi.org/10.1016/j.envint.2004.02.001 782 

[8] V. S. Ferreira-Leitão, M. Ch. Cammarota, E. C. Gonçalves Aguieiras, L. Ribeiro Vasconcelos 783 

de Sá, R. Fernandez-Lafuente, D. M. Guimarães Freire. The Protagonism of Biocatalysis in Green 784 

Chemistry and Its Environmental Benefits. Catalysts 7, 2017, 9(1-34). 785 

https://doi.org/10.3390/catal7010009 786 

[9] S. Salehi, K. Abdollahi, R. Panahi, N. Rahmanian, M. Shakeri, B. Mokhtarani. Applications of 787 

Biocatalysts for Sustainable Oxidation of Phenolic Pollutants: A Review. Sustainability 13, 2021, 788 

8620(1-35). https://doi.org/10.3390/su13158620 789 

[10] V. Homem, L. Santos. Degradation and removal methods of antibiotics from aqueous matrices 790 

– A review. J. Environ. Manage. 92(10), 2011, 2304-2347. 791 

https://doi.org/10.1016/j.jenvman.2011.05.023 792 

[11] I. Dalmázio, M. O. Almeida, R. Augusti, T. M. A. Alves. Monitoring the degradation of 793 

tetracycline by ozone in aqueous medium via atmospheric pressure ionization mass spectrometry. J. 794 

Am. Soc. Mass Spectrom. 18, 2007, 679-687. https://doi.org/10.1016/j.jasms.2006.12.001 795 

[12] F. Ferrag-Siagh, F. Fourcade, I. Soutrel, H. Aït-Amar, H. Djelal, A. Amrane. Tetracycline 796 
degradation and mineralization by the coupling of an electro-Fenton pretreatment and a biological 797 

process. J. Chem. Technol. Biotechnol. 88, 2013, 1380-1386. https://doi.org/10.1002/jctb.3990 798 
[13] B. Kakavandi, A. Takdastan, N. Jaafarzadeh, M. Azizi, A. Mirzaei, A. Azari. Application of 799 

Fe3O4@C catalyzing heterogeneous UV-Fenton system for tetracycline removal with a focus on 800 

optimization by a response surface method. J. Photochem. Photobiol. A Chem. 314, 2016, 178-188. 801 

https://doi.org/10.1016/j.jphotochem.2015.08.008 802 

[14] C. Fotiadis, N. P. Xekoukoulotakis, D. Mantzavinos. Photocatalytic treatment of wastewater 803 

from cottonseed processing: Effect of operating conditions, aerobic biodegradability and 804 

ecotoxicity. Catal. Today. 124(3-4), 2007, 247-253. https://doi.org/10.1016/j.cattod.2007.03.042 805 

[15] C. V. Gómez-Pacheco, M. Sánchez-Polo, J. Rivera-Utrilla, J. J. López-Peñalver. Tetracycline 806 

degradation in aqueous phase by ultraviolet radiation. Chem. Eng. J. 187, 2012, 89-95. 807 

https://doi.org/10.1016/j.cej.2012.01.096 808 

[16] R. Djellabi, R. Giannantonio, E. Falletta, C. L. Bianchi. SWOT analysis of photocatalytic 809 

materials towards large scale environmental remediation. Curr. Opin. Chem. Eng. 1, 2021, 810 

100696(1-7). https://doi.org/10.1016/j.coche.2021.100696 811 

[17] K. Rekab, C. Lepeytre, F. Goettmann, M. Dunand, C. Guillard, J. Herrmann. Degradation of a 812 

cobalt (II)-EDTA complex by photocatalysis and H2O2/UV-C. Application to nuclear wastes 813 

containing 60Co. J. Rad. Nucl. Chem. 303, 2015, 131-137. https://doi.org/10.1007/s10967-014-814 

3311-y 815 

[18] V. Hasija, V.-H. Nguyen, A. Kumar, P. Raizada, V. Krishnan, A. A. Parwaz Khan, P. Singh, E. 816 

Lichtfouse, C. Wang, P. T. Huong. Advanced activation of persulfate by polymeric g-C3N4 based 817 

https://doi.org/10.1016/j.dyepig.2004.11.003
https://doi.org/10.1016/j.apcatb.2008.09.017
https://doi.org/10.1016/j.watres.2007.09.024
https://doi.org/10.1021/es030573m
https://doi.org/10.1016/j.envint.2004.02.001
https://doi.org/10.3390/catal7010009
https://doi.org/10.1016/j.jenvman.2011.05.023
https://doi.org/10.1016/j.jasms.2006.12.001
https://doi.org/10.1002/jctb.3990
https://doi.org/10.1016/j.jphotochem.2015.08.008
https://doi.org/10.1016/j.cattod.2007.03.042
https://doi.org/10.1016/j.cej.2012.01.096
https://doi.org/10.1007/s10967-014-3311-y
https://doi.org/10.1007/s10967-014-3311-y


photocatalysts for environmental remediation: A review. J. Hazard. Mater. 413, 2021, 125324(1-818 

14). https://doi.org/10.1016/j.jhazmat.2021.125324 819 

[19] S. Patial, P. Raizada, V. Hasija, P. Singh, V. Kumar Thakur, V.-H. Nguyen. Recent advances 820 

in photocatalytic multivariate metal organic frameworks-based nanostructures toward renewable 821 

energy and the removal of environmental pollutants. Mater. Today Energy 19, 2021, 100589(1-21). 822 

https://doi.org/10.1016/j.mtener.2020.100589 823 

[20] A. Kumar, P. Raizada, A. Hosseini-Bandegharaei, V. Kumar Thakur, V.-H. Nguyen, P. Singh. 824 

C-, N-Vacancy defect engineered polymeric carbon nitride towards photocatalysis: viewpoints and 825 

Challenges. J. Mater. Chem. A 9, 2021, 111-153. https://doi.org/10.1039/d0ta08384d 826 

[21] J. Madhavan, J. Theerthagiri, D. Balaji, S. Sunitha, M. Y. Choi, M. Ashokkumar. Hybrid 827 

Advanced Oxidation Processes Involving Ultrasound: An Overview. Molecules 24, 2019, 3341(1-828 

18). https://doi.org/10.3390/molecules24183341 829 

[22] M. Pirsaheb, N. Moradi. A systematic review of the sonophotocatalytic process for the 830 

decolorization of dyes in aqueous solution: Synergistic mechanisms, degradation pathways, and 831 

process optimization.  J. Water Process Eng. 44, 2021, 102314(1-32). 832 

https://doi.org/10.1016/j.jwpe.2021.102314 833 

[23] D. Meroni, M. Jiménez-Salcedo, E. Falletta, B. M. Bresolin, C. Fai Kait, D. C. Boffito, C. L. 834 

Bianchi, C. Pirola. Sonophotocatalytic degradation of sodium diclofenac using low power 835 

ultrasound and micro sized TiO2. Ultrason. Sonochem. 67, 2020, 67, 105123(1-12). 836 

https://doi.org/10.1016/j.ultsonch.2020.105123 837 

[24] W.-J. Ong, L.-L. Tan, Y. H. Ng, S.-T. Yong, S.-P. Chai. Graphitic carbon nitride (g-C3N4)-838 

based photocatalysts for artificial photosynthesis and environmental remediation: Are we a step 839 

closer to achieving sustainability? Chem. Rev. 116, 2016, 7159-7329. 840 

https://doi.org/10.1021/acs.chemrev.6b00075 841 

[25] M. Jiménez-Salcedo, M. Monge, M. T. Tena. The photocatalytic degradation of sodium 842 

diclofenac in different water matrices using g-C3N4 nanosheets: A study of the intermediate by-843 
products and mechanism. J. Environ. Chem. Eng. 9(5), 2021, 105827(1-9). 844 
https://doi.org/10.1016/j.jece.2021.105827 845 

[26] A. A. Yadav, S.-W. Kang, Y. M. Hunge. Photocatalytic degradation of Rhodamine B using 846 
graphitic carbon nitride photocatalyst. J. Mater. Sci.: Mater. Electron. 32, 2021, 15577-15585. 847 

https://doi.org/10.1007/s10854-021-06106-y  848 
[27] D. Cecconet, M. Sturini, L. Malavasi, A. G. Capodaglio. Graphitic Carbon Nitride as a 849 

Sustainable Photocatalyst Material for Pollutants Removal. State-of-the Art, Preliminary Tests and 850 

Application Perspectives. Materials 14, 2021, 7368(1-19). https://doi.org/10.3390/ma14237368 851 

[28] S. J. Mun, S.-J. Park. Graphitic Carbon Nitride Materials for Photocatalytic Hydrogen 852 

Production via Water Splitting: A Short Review. Catalysts 9(10), 2019, 805(1-17). 853 

https://doi.org/10.3390/catal9100805 854 

[29] T. Selvamani, S. Anandan, M. Ashokkumar. Nanoscale Graphitic Carbon Nitride, Synthesis 855 

and Applications. Chapter 2 - Graphitic carbon nitride for photocatalytic hydrogen production, 856 

Micro and Nano Technologies 2022, 17-68. https://doi.org/10.1016/B978-0-12-823034-3.00002-9 857 

[30] E. Jackcina Stobel Christy, Anitha Pius. Performance of metal free g-C3N4 reinforced graphene 858 

oxide bio-composite for the removal of persistent dyes, Environ. Chem. Ecotoxicol. 3, 2021, 220-859 

233. https://doi.org/10.1016/j.enceco.2021.06.003 860 

[31] S. Yang, Y. Gong, J. Zhang, L. Zhan, L. Ma, Z. Fang, R. Vajtai, X. Wang, P. M. Ajayan. 861 

Exfoliated graphitic carbon nitride nanosheets as efficient catalysts for hydrogen evolution under 862 

visible light. Adv. Mater. 25, 2013, 2452-2456. https://doi.org/10.1002/adma.201204453 863 

https://doi.org/10.1016/j.jhazmat.2021.125324
https://doi.org/10.1016/j.mtener.2020.100589
https://doi.org/10.1039/d0ta08384d
https://doi.org/10.3390/molecules24183341
https://doi.org/10.1016/j.ultsonch.2020.105123
https://doi.org/10.1021/acs.chemrev.6b00075
https://doi.org/10.1016/j.jece.2021.105827
https://doi.org/10.1007/s10854-021-06106-y
https://doi.org/10.3390/ma14237368
https://doi.org/10.3390/catal9100805
https://doi.org/10.1016/B978-0-12-823034-3.00002-9
https://doi.org/10.1016/j.enceco.2021.06.003
https://doi.org/10.1002/adma.201204453


[32] Y. Kang, Y. Yang, L. C. Yin, X. Kang L. Wang, G. Liu, H. M. Cheng. Selective breaking of 864 

hydrogen bonds of layered carbon nitride for visible light photocatalysis. Adv. Mater. 28(30), 2016, 865 

6471-6477. https://doi.org/10.1002/adma.201601567 866 

[33] Z. Xing, J. Zhang, J. Cui, J. Yin, T. Zhao, J. Kuang, Z. Xiu. Recent advances in floating TiO2-867 

based photocatalysts for environmental application. Appl. Catal. B Environ. 225, 2018, 225, 452-868 

467. https://doi.org/10.1016/j.apcatb.2017.12.005 869 

[34] G. Vilé, P. Sharma, M. Nachtegaal, F. Tollini, D. Moscatelli, A. Sroka-Bartnicka, O. Tomanec, 870 

M. Petr, J. Filip, I. S. Pieta, R. Zbořil, M. B. Gawande. An Earth-Abundant Ni-Based Single-Atom 871 

Catalyst for Selective Photodegradation of Pollutants. Sol. RRL 5, 2021, 2100176(1-12). 872 

https://doi.org/10.1002/solr.202100176 873 

[35] J. Liu, Y. Zou, D. Cruz, A. Savateev, M. Antonietti, G. Vilé. Ligand−Metal Charge Transfer 874 

Induced via Adjustment of Textural Properties Controls the Performance of Single-Atom Catalysts 875 

during Photocatalytic Degradation. ACS Appl. Mater. Interfaces 13, 2021, 25858−25867. 876 

https://doi.org/10.1021/acsami.1c02243 877 

[36] E. Falletta, A. Bruni, M. Sartirana, D. C. Boffito, G. Cerrato, A. Giordana, R. Djellabi, E. S. 878 

Khatibi, C. L. Bianchi. Solar Light Photoactive Floating Polyaniline/TiO2 Composites for Water 879 

Remediation. Nanomaterials 11, 2021, 3071(1-16). https://doi.org/10.3390/nano11113071 880 

[37] P. Ravi Anusuyadevi, A. V. Riazanova, M. S. Hedenqvist, A. J. Svagan, Floating 881 

Photocatalysts for Effluent Refinement Based on Stable Pickering Cellulose Foams and Graphitic 882 

Carbon Nitride (g‑C3N4). ACS Omega 5, 2020, 22411−22419. 883 

https://dx.doi.org/10.1021/acsomega.0c02872?ref=pdf 884 

[38] M. Urbonavicius, S. Varnagiris, S. Sakalauskaite, E. Demikyte, S. Tuckute, M. Lelis. 885 

Application of Floating TiO2 Photocatalyst for Methylene Blue Decomposition and Salmonella 886 

typhimurium Inactivation. Catalysts 11, 2021, 794(1-12). https://doi.org/10.3390/catal11070794 887 

[39] H. Xue, Y- Jiang, K. Yuan, T. Yang, J. Hou, C. Cao, K. Feng, X. Wang. Floating photocatalyst 888 

of B–N–TiO2/expanded perlite: a sol–gel synthesis with optimized mesoporous and high 889 

photocatalytic activity. Sci Rep 6, 2016, 29902(1-9). https://doi.org/10.1038/srep29902 890 

[40] S. Xu, Z. Jiang, Y. Lu, H. Wu, W.-K. Yuan. Preparation and catalytic properties of novel 891 

alginate−silica−dehydrogenase hybrid biocomposite beads. Ind. Eng. Chem. Res. 45, 2006, 511-892 

517. https://doi.org/10.1021/ie050940y 893 

[41] V. K. Gupta, M. L. Yola, T. Eren, F. Kartal, M. O. Çağlayan, N. Atar. Catalytic activity of 894 

Fe@Ag nanoparticle involved calcium alginate beads for the reduction of nitrophenols. J. Mol. Liq. 895 

190, 2014, 133-138. https://doi.org/10.1016/j.molliq.2013.10.022 896 

[42] N. M. Ainali, D. Kalaronis, E. Evgenidou, D. N. Bikiaris, D. A. Lambropoulou. Insights into 897 
Biodegradable Polymer-Supported Titanium Dioxide Photocatalysts for Environmental 898 
Remediation. Macromol. 1, 2021, 201-233. https://doi.org/10.3390/macromol1030015 899 
[43] F. Shi, Y. Luo, W. Wang, J. Hu, L. Zhang. Hydroxylation of phenol with H2O2 over binary 900 

Cu–Pd–alginate catalyst in the fixed-bed flow reactor. React. Kinet. Mech. Catal., 115, 2015, 187-901 

199. https://doi.org/10.1007/s11144-015-0836-1 902 

[44] Y. Zheng, Z. Zhang, C. Li. A comparison of graphitic carbon nitrides synthesized from 903 

different 904 

precursors through pyrolysis. J. Photochem. Photobiol. A: Chem. 332, 2017, 32-44. 905 

http://dx.doi.org/10.1016/j.jphotochem.2016.08.005 906 

[45] B.-W. Sun, H.-Y. Yu, Y.-J. Yang, H.-J. Li, C.-Y. Zhai, D.-J. Qian, M. Chen. New complete 907 

assignment of X-ray powder diffraction patterns in graphitic carbon nitride using discrete Fourier 908 

transform and direct experimental evidence. Phys. Chem. Chem. Phys. 19, 2017, 26072-26084. 909 

https://doi.org/10.1039/C7CP05242A 910 

https://doi.org/10.1002/adma.201601567
https://doi.org/10.1016/j.apcatb.2017.12.005
https://doi.org/10.1002/solr.202100176
https://doi.org/10.3390/nano11113071
https://dx.doi.org/10.1021/acsomega.0c02872?ref=pdf
https://doi.org/10.3390/catal11070794
https://doi.org/10.1038/srep29902
https://doi.org/10.1021/ie050940y
https://doi.org/10.1016/j.molliq.2013.10.022
https://doi.org/10.3390/macromol1030015
https://doi.org/10.1007/s11144-015-0836-1
http://dx.doi.org/10.1016/j.jphotochem.2016.08.005


[46] Z. Zhang, M. Zhang, F. Li, J.Tian, C. Yu. Fabrication, characterization of O doped g-C3N4 911 

materials via a green ascorbic acid-assisted calcination route. Solid State Sci. 115, 2021, 106605(1-912 

9). https://doi.org/10.1016/j.solidstatesciences.2021.106605 913 

[47] C. Saka. Surface modification with oxygen doping of g-C3N4 nanoparticles by carbon vacancy 914 

for efficient dehydrogenation of sodium borohydride in methanol. Fuel 310(C), 2022, 122444(1-915 

11). https://doi.org/10.1016/j.fuel.2021.122444 916 

[48] C. Wang, H. Fan, X. Ren, J. Ma, J. Fang, W. Wang. Hydrothermally Induced Oxygen Doping 917 
of Graphitic Carbon Nitride with a Highly Ordered Architecture and Enhanced Photocatalytic 918 
Activity. ChemSusChem 11, 2018, 700-708. https://doi.org/10.1002/cssc.201702278. 919 
[49] X. Zhang, X. Zhang, P. Yang, S. P. Jiang. Layered graphitic carbon nitride: 920 

nano‑heterostructures, photo/electro‑chemical performance and trends. J. Nanostruct. Chem. 2021. 921 

https://doi.org/10.1007/s40097-021-00442-5 922 

[50] M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. Rodriguez-Reinoso, J. Rouquerol, 923 

K. S.W. Sing. Physisorption of gases, with special reference to the evaluation of surface area and 924 

pore size distribution (IUPAC Technical Report). Pure App. Chem. 87(9-10), 2015, 1051-1069. 925 

https://doi.org/10.1515/pac-2014-1117 926 

[51] S. Lowell, J. E. Shields. Powder Surface Area and Porosity (third ed.), Chapman & Hall Ltd, 927 

London (1991), 61. 928 

[52] P. Y. Yu, M. Cardona. Fundamentals of Semiconductors: Physics and Materials Properties. 4th 929 

ed. , Springer , Heidelberg, Germany 2010. 930 
[53] N. Yang, R. Wang, P. Rao, L. Yan, W. Zhang, J. Wang, F. Chai. The Fabrication of Calcium 931 
Alginate Beads as a Green Sorbent for Selective Recovery of Cu(II) from Metal Mixtures. Crystals 932 

9, 2019, 255(1-14). https://doi.org/10.3390/cryst9050255 933 
[54] D. Hao, Q. Huang, W. Wei, X. Bai, B.-J. Ni. A reusable, separation-free and biodegradable 934 

calcium alginate/g-C3N4 microsphere for sustainable photocatalytic wastewater treatment. J. Clean. 935 

Prod.314, 2021, 128033(1-7). https://doi.org/10.1016/j.jclepro.2021.128033 936 

[55] X. Zhang, Y. Wu, G. Xiao, Z. Tang, M. Wang, F. Liu, X. Zhu. Simultaneous photocatalytic 937 
and microbial degradation of dye-containing wastewater by a novel g-C3N4-P25/photosynthetic 938 

bacteria 939 
composite. PLoS ONE 12(3), 2017, e0172747(1-16). https://doi.org/10.1371/journal.pone.0172747 940 
[56] P. Chen, Q. Zhang, L. Shen, R. Li, C. Tan, T. Chen, H. Liu, Y. Liu, Z. Cai, G. Liu, W. Lv. 941 

Insights into the synergetic mechanism of a combined vis-RGO/TiO2/ peroxodisulfate system for 942 

the degradation of PPCPs: kinetics, environmental factors and products. Chemosphere 216, 2019, 943 

341-351. https://doi.org/10.1016/j.chemosphere.2018.10.096 944 

[57] J. Nieto-Sandoval, M. Munoz, Z. M. de Pedro, J. A. Casas. Catalytic hydrodechlorination as 945 

polishing step in drinking water treatment for the removal of chlorinated micropollutants. Sep. 946 

Purif. Technol. 227, 2019, 115717(1-8). https://doi.org/10.1016/j.seppur.2019.115717 947 

[58] D. F. Ollis, C.-Y. Hsiao, L. Budiman, C.-L. Lee. Heterogeneous photoassisted catalysis: 948 

conversions of perchloroethylene, dichloroethane, chloroacetic acids, and chlorobenzenes. J. Catal. 949 

88, 1984, 89-96. https://doi.org/10.1016/0021-9517(84)90053-8 950 

[59] C. Kormann, D. Bahnemann, M. R. Hoffmann. Photolysis of chloroform and other organic 951 

molecules in aqueous titanium dioxide suspensions. Environ. Sci. Technol. 25, 494-500 1991. 952 

https://doi.org/10.1021/es00015a018 953 

[60] S. Sharma, V. Dutta, P. Raizada, V. Kumar Thakur, A. K. Saini, D. Mittal, V.-H. Nguyen, T. 954 

Ahamad, C. Chien Nguyen, S. Young Kim. Synergistic photocatalytic dye mitigation and bacterial 955 

disinfection using carbon quantum dots decorated dual Z-scheme Manganese Indium 956 

Sulfde/Cuprous Oxide/Silver oxide heterojunction. Mater. Lett. 313, 2022, 131716(1-5). 957 

https://doi.org/10.1016/j.matlet.2022.131716 958 

https://doi.org/10.1016/j.solidstatesciences.2021.106605
https://doi.org/10.1016/j.fuel.2021.122444
https://doi.org/10.1002/cssc.201702278
https://doi.org/10.1007/s40097-021-00442-5
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.3390/cryst9050255
https://doi.org/10.1016/j.jclepro.2021.128033
https://doi.org/10.1371/journal.pone.0172747
https://doi.org/10.1016/j.chemosphere.2018.10.096
https://doi.org/10.1016/j.seppur.2019.115717
https://doi.org/10.1021/es00015a018
https://doi.org/10.1016/j.matlet.2022.131716


[61] K. Sharma, V. Dutta, S. Sharma, P. Raizada, A. Hosseini-Bandegharaei, P. Thakur, P. Singh. 959 

Recent advances in enhanced photocatalytic activity of bismuth oxyhalides for efficient 960 

photocatalysis of organic pollutants in water: A review. J. Ind. Eng. Chem. 78, 2019, 1-20. 961 

https://doi.org/10.1016/j.jiec.2019.06.022 962 

[62] V. Hasija, A. Kumar, A. Sudhaik, P. Raizada, P. Singh, Q. Van Le, T. Thu Le, V.‑H. Nguyen. 963 

Step‑scheme heterojunction photocatalysts for solar energy, water splitting, CO2 conversion, and 964 

bacterial inactivation: a review. Environ. Chem. Lett. 19, 2021, 2941-2966. 965 

https://doi.org/10.1007/s10311-021-01231-w 966 

[63] S. Sharma, V. Dutta, P, Raizada, A. Hosseini-Bandegharaei, P. Singh, 967 

V.-H. Nguyen. Tailoring cadmium sulfde‑based photocatalytic nanomaterials for water 968 

decontamination: a review. Environ. Chem. Lett. 19, 2021, 271-306. 969 

https://doi.org/10.1007/s10311-020-01066-x 970 

[64] X. Song, Q. Yang, M. Yin, D. Tang, L. Zhou, Highly efficient pollutant removal of graphitic 971 

carbon nitride by the synergistic effect of adsorption and photocatalytic degradation. RSC Adv. 8, 972 

2018, 7260–7268. https://doi.org/10.1039/c7ra11467b 973 

[65] A. Habibi-Yangjeh, S. Asadzadeh-Khaneghah, S. Feizpoor, A. Rouhi. Review on 974 

heterogeneous photocatalytic disinfection of waterborne, airborne, and foodborne viruses: Can we 975 

win against pathogenic viruses? J. Colloid Interface Sci. 580, 2020, 503-514. 976 

https://doi.org/10.1016/j.jcis.2020.07.047 977 

[66] T. Ahamad, M. Naushad, Ruksana, A. N. Alhabarah, S. M. Alshehri. N/S doped highly porous 978 

magnetic carbon aerogel derived from sugarcane bagasse cellulose for the removal of bisphenol‑A. 979 

Int. J. Biol. Macromol. 132, 2019, 1031-1038. https://doi.org/10.1016/j.ijbiomac.2019.04.004 980 

[67] M. J. Jacinto, L. F. Ferreira, V. C. Silva. Magnetic materials for photocatalytic applications—a 981 

review. J. Sol-Gel Sci. Technol.96, 2020, 1-14. https://doi.org/10.1007/s10971-020-05333-9 982 

[68] D. Mehta, S. Mazumdar, S. K. Singh. Magnetic adsorbents for the treatment of 983 

water/wastewater-A review. J. Water Process Eng. 7, 2015, 244-265. 984 

https://doi.org/10.1016/j.jwpe.2015.07.001 985 

[69] M. J. López-Muñoz, A. Revilla, J. Aguad. Heterogeneous photocatalytic degradation of 986 

isoproturon in aqueous solution: Experimental design and intermediate products analysis, 987 

Cat.Today 209, 2013, 99-107. https://doi.org/10.1016/j.cattod.2012.11.017 988 

https://doi.org/10.1016/j.jiec.2019.06.022
https://doi.org/10.1007/s10311-021-01231-w
https://doi.org/10.1039/c7ra11467b
https://doi.org/10.1016/j.jcis.2020.07.047
https://doi.org/10.1016/j.ijbiomac.2019.04.004
https://doi.org/10.1007/s10971-020-05333-9
https://doi.org/10.1016/j.cattod.2012.11.017

