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Abstract 

A massive amount of research has been done over the last three decades to develop 

photoactive materials, which could be suitable for real-world use in water remediation 

sector. Water-floating photocatalysts could be one of the best options due to their 

technological characteristics in terms of efficiency and reasonability including a high 

oxygenation of the photocatalyst surface, a fully sunlight irradiation, easy recovery and 

reuse. In the present study, aerogel water-floating based materials were fabricated using 

poly(vinyl alcohol) and polyvinylidene fluoride as a polymer platform, and loaded with 

different semiconductors such as g-C3N4, MoO3, Bi2O3, Fe2O3 or WO3. The 

photocatalytic efficiencies of aerogel floating materials and the suspension of above-

mentioned semiconductors were compared evaluating the photoreduction of Cr(VI) 

under visible light (λ > 420 nm). The results showed that Fe2O3 suspension was the 

most efficient but the slowest in floating system. On the contrary, g-C3N4 exhibited a 

good performance in suspension system, and on top of that it was very effective in 

floating system, wherein it ensures a total reduction of 10 ppm-Cr(VI) to Cr(III) within 

20 min.  

Keywords: Floating photocatalysts; Aerogel materials; Cr(VI) photoreduction, 

Photocatalysis; Water remediation.  

1. Introduction 

Over the last decades, both the scientific and industrial communities have gained wide 

concern with environmental issues such as air, water and soil pollution (Amrose, Burt 

et al. 2015, Rajagopalan, Al-Kindi et al. 2018, Zwolak, Sarzyńska et al. 2019), as a 
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result of the huge growth in worldwide pollution and industrial activities. Effective 

emerging technologies for environmental remediation are under consideration (Bates et 

al. 2016). Of these processes, solar photocatalysis is a sustainable eco-technology that 

could be applied for numerous applications including environmental remediation and 

energy production (Luo, Zhang et al. 2019, Ahmad, Ghatak et al. 2020, Niu, Albero et 

al. 2020). It is focused on the absorption of light irradiation by a photocatalyst, resulting 

in the generation of photoinduced electrons and positive holes. These photoinduced 

carries are responsible for reduction and oxidation reactions in the medium. Although 

the photocatalysis process has been proved to be, over the last decades, a potential 

technology worthy to be transferred in real world application, the scientific community 

is still disappointed because of the scarce use of such a technology on a large scale 

(Loeb, Alvarez et al. 2018). What is missing to successfully scale up the photocatalysis 

process could be mainly the technological issues facing this process which should be 

addressed in order to bridge between the huge scientific research done and the industrial 

side to proceed this system in plausible and economical industrial way. The use of 

suspended photocatalysts in wide-scale application is hindered by some limitations. 

Among them, (i): the recovery of small particles of suspended photocatalyst from water 

after the photocatalytic treatment is very hard, and on top of that, some health and 

environmental organizations classify nanoparticles and nanomaterials in the list of 

prohibited substances (Klaine, Alvarez et al. 2008, Wan, Zhang et al. 2018, Wigger, 

Wohlleben et al. 2018). (ii) In real water treatment stations, the irradiation of suspended 

photocatalyst surface in-depth water is difficult (Shan, Ghazi et al. 2010), especially in 
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high pollutants concentration conditions due to the screening effect which results in 

large inactive photocatalyst amounts. (iii) The handing and recycling of the suspended 

photocatalyst is quite difficult, and the photocatalyst suspension requires high stirring 

conditions to avoid the agglomeration of particles (Qiao, Huang et al. 2019). 

Many approaches have been suggested to overcome these issues such as the use of 

immobilized photocatalyst on different types of supports (Djellabi and Ghorab 2015, 

Marinho, Cristóvão et al. 2018), but this technology suffers from the low mass transfer 

when it is used for applications. The option of the use of low-weight 3D water floating 

photocatalysts for water purification is very promising in many ways (Xing, Zhang et 

al. 2018, de Vidales, Nieto-Márquez et al. 2019, Nasir, Jaafar et al. 2020). From the 

mass transfer point of view, such materials can move on the top water, allowing 

enhanced interactions with the pollutants in water. The floating photocatalysts on the 

water/air interface can receive a maximum sunlight irradiation, resulting in high 

photocatalytic efficiency even for purification of highly concentrated pollutants 

wastewaters (Ollis 2005). Furthermore, floating materials are able to receive a sufficient 

oxygenation from air, wherein, adsorbed O2 on the photocatalyst leads to improve the 

separation of electron/hole and can act as a source of −•O2, 
•OOH and H2O2 species 

(Herrmann 2005). Additionally, the recovery of floating photocatalysts and their 

recycling can be carried out easily. Recent studies showed that the photocatalytic 

floating process is a potential option to deal with the oxidation of water-floating 

pollutants (oil, suspended or insoluble organic) (Yang, Zhang et al. 2017, Leshuk, 

Krishnakumar et al. 2018, Qiu, Hu et al. 2019). 
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The development of aerogel based floating materials has gotten more attention recently 

due to their distinctive characteristics including the low density, porosity, large surface 

area and good wettability (Jung, Jung et al. 2012, Jung, Jung et al. 2014, Wan, Zhang 

et al. 2018). Several visible light responsive aerogel-based floating photocatalysts have 

been reported such as RGO/TiO2/Ag aerogel (Wang, Wang et al. 2019), silica-titania 

aerogel (Zu, Shen et al. 2015), Graphene embedded with TiO2/MoS2 aerogel (Qiu, Hu 

et al. 2019), TiO2/graphene (Qiu, Xing et al. 2014), metal-free graphene–organics 

aerogel (Yang, Zhang et al. 2017) MoS2/reduced graphene oxide aerogel (Zhang, Wan 

et al. 2017) and N-deficient porous graphitic-C3N4 (Hou, Wen et al. 2016).   

Many studies have been reported on the photocatalytic reduction of hexavalent 

chromium in the presence of organic hole scavengers or organic pollutants. The co-

present of Cr(VI) and organic pollutants in wastewaters is a common case. The 

photocatalytic reduction of Cr(VI) takes place through the photogenerated electrons on 

the conduction band, however, some photoproduced radicals, e.g., CO2
•-, could reduce 

Cr(VI) as well (Marinho, Cristóvão et al. 2017). Many types of multifunctional 

photoactive materials have showed effective Cr(VI) reduction such as PDPB-ZnO 

(Ghosh, Remita et al. 2018), WO3/TQDs/In2S3 (Yuan, Huang et al. 2021), TCTA@ 

PVP/Fe3O4 (Djellabi, Ali et al. 2020), g-C3N4/Bi4Ti3O12 (Shi, Fu et al. 2021), 

Bi333(Bi6S9)Br/Bi2S3 (Ai, Wang et al. 2021), Bi2WO6/CuS (Mao, Zhang et al. 2021), 

MgFe2O4/conjugated polyvinyl chloride (Jiang, Chen et al. 2020), Fe3O4/FeWO4 (Ge, 

Jiang et al. 2021).  
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For the purpose of large-scale application, it is not recommended to use photocatalysts 

in suspension because of the technological issues such as the hard recovery of the 

photocatalyst after the treatment, difficult recycling, screen effect (the irradiation of 

photocatalyst suspensions is hard in real conditions as the penetration of light is limited 

in water). Since many studies check the performance of photocatalysts in suspension 

systems which is far away from their application in real conditions, in the present work, 

we evaluated the performances of different common visible light responsive 

semiconductors (g-C3N4, MoO3, Bi2O3, Fe2O3 or WO3) for the reduction of Cr(VI) 

under visible light in suspension and floating systems, in order to understand the 

possible transfer of these photocatalysts to real use.  

2. Experimental  

The fabrication of floating based photocatalysts was carried following the procedure 

used in our previous work (Djellabi, Zhang et al. 2019). As shown in Figure 1 (a), 

Aerogel-Bi2O3 was designed in cubic form. Figures 1 (b-d) show the pill form of 

different floating aerogel photocatalysts. Grinded aerogel photocatalysts were 

characterized by X-ray diffraction (XRD) using PANalytical X’PERT-PRO 

diffractometer with monochromatic CuKα radiation (λ = 1.54056Å). Scanning electron 

microscopy (SEM) images were obtained with a Hitachi SU8000 microscope (Japan). 

Ultraviolet-visible light diffuse reflectance spectra (UV-VIS DRS) of grinded aerogel 

photocatalysts were recorded using Hitachi U-3900 Spectrophotometer equipped with 

an integrating sphere assembly (BaSO4 salt was used as reference).  

The photocatalytic experiments towards the reduction of Cr(VI) (10 ppm, pH: 3) using 
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Aerogel-photocatalysts were carried out under visible light (PLS-SXE300 Xenon lamp 

equipped with UV cut-off filters of λ>420 nm). Tartaric acid was employed as hole 

scavenger. The determination of Cr(VI) concentration was done using UV/Vis 

spectrophotometry at 540 nm after the addition of -1,5-Diphenylcarbazide to Cr(VI).  

 

Figure 1. (a): Cubic form of aerogel- Bi2O3 photocatalyst, width: ~1.5 cm, weight: ~2.5 

g. (b): Pill form of aerogel- Fe2O3 floating photocatalyst. (c): Pill form of different 

floating aerogel photocatalysts, width: ~1.5 cm, weight: ~0.93 g. Different aerogel 

photocatalysts float in Cr(VI) solution.       

3. Results and discussion 

Figure 2 depicts the XRD patterns of aerogel (A) and aerogel photocatalysts and SEM 

image of A/g-C3N4 sample. Bare Aerogel (A) pattern shows an amorphous structure. 
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A/g-C3N4 pattern exhibits a peak at 2θ = 27.4° of (002) diffraction plane of g-C3N4. 

A/Bi2O3 sample has X-ray peaks corresponding to Bi2O3 in monoclinic phase since the 

peak at 2θ = 27.7° is the most intense peak. A/Fe2O3 sample shows only two small 

peaks at 2θ = 33.3° and 2θ = 35.8° corresponding to hematite. Interaction between the 

functional groups of Aerogel and Fe2O3 may affect the crystal structure of Fe2O3. The 

diffraction peaks at 2θ = 27.5° and 34° were detected in A/MoO3 which are due to (021) 

and (111) diffraction planes of MoO3, respectively. A/WO3 sample shows diffraction 

peaks with 2θ at 23.1°, 23.7°, 24.2°, 34.1° indexed to the (002), (020), (200), and (202) 

crystal planes of WO3, respectively. SEM analysis taken on grinded A/g-C3N4 powder 

showed that g-C3N4 particles are well distributed on the top surface of aerogel, 

suggesting a suitable photocatalyst for the photocatalytic water purification under solar 

light. Figure 3 shows the UV-visible diffuse reflectance spectra of photocatalyst 

powders and Aerogel/photocatalysts. The spectra showed that all photocatalysts exhibit 

a good visible light response. The hybridization of these semiconductors with aerogel 

may affect the absorption proprieties of semiconductors. A/g-C3N4 and A/Bi2O3 were 

slightly affected, wherein, the intensity and a slight shifting in the band gap were 

observed. While, the main peaks of A/MoO3, A/WO3 and A/Fe2O3 spectra were 

decreased which might be due to the dilution or surface interactions between the 

functional groups of aerogel compounds and semiconductor particles. 
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Figure 2. (a): XRD patterns of Aerogel (A) and Aerogel/photocatalysts. (b): SEM of 

A/g-C3N4. 

 

Figure 3. UV–VIS DRS spectra for powder photocatalysts and grinded aerogel 
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photocatalysts. 

Photocatalytic tests towards the reduction of Cr(VI) under visible light were carried out 

by the use of suspended photocatalysts (Figure 4) and aerogel based photocatalysts 

(Figure 5). Experiments were achieved in three stages, adsorption in dark, under light 

irradiation and under light with the co-presence of hole scavenger molecule. In the 

system of heavy metals photoreduction, the so-called hole scavenger molecule, usually 

an organic molecule, boosts the photocatalytic reduction. Herein, tartaric acid was used 

because of its efficiency as a small organic molecule. In general, the hole scavenger 

reacts directly with positive holes which improves the lifetime of electrons on the 

conduction band of the photocatalyst to reduce Cr(VI). It can also react with ROSs (e.g., 

•OH and -•O2), preventing the re-oxidation of Cr(III) to Cr(VI) as discussed in details in 

our previous studies (Djellabi, Yang et al. 2019). However, in real wastewater 

purification, usually organic pollutants and small organic molecules co-exist with heavy 

metals, therefore, there is no need to add organic molecules as hole scavengers. Many 

studies reported the simultaneous photocatalytic removal of Cr(VI) and organic 

pollutants (Zhang, Xing et al. 2015, Djellabi, Ghorab et al. 2017).  

Firstly, the photoactivity of the cubic form and pill form of Bi2O3 aerogel photocatalysts 

were comparatively studied. The results showed that the reduction of Cr(VI) was 

slightly faster using cubic form compared to pill form due to the higher external 

irradiation surface. However, to avoid the use of large mass of cubic form aerogel (~ 

2.5 g), the subsequent experiments were carried out using pill form aerogel (~0.93 g). 

As depicted in Figure 4, the photocatalytic reduction of Cr(VI) by suspended 
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photocatalysts after the addition of tartaric acid were 100, 85, 41, 25 and 18% for Fe2O3, 

g-C3N4, Bi2O3, WO3 and MoO3, respectively. Fe2O3 exhibits the highest efficiency for 

Cr(VI) reduction. The photocatalytic efficiency of Fe2O3 towards the reduction of Cr(VI) 

in the presence of organic pollutants has been reported (Wang, Ren et al. 2016). It can 

be seen that Fe2O3 has better adsorption ability, and also it can reduce Cr(VI) slightly 

in the absence of hole scavenger compared with the other photocatalysts. In fact, Fe2O3 

is able to reduce Cr(VI) in dark (Mu, Ai et al. 2015) on the surface or directly with the 

Fe(II) species released from the surface of Fe2O3, while the presence of light irradiation 

can boost Fe(II)-Fe(III) cycle for enhanced Cr(VI) reduction. Therefore, such a 

synergistic photo-chemical combination on the surface of Fe2O3 results in effective 

reduction of Cr(VI). g-C3N4 showed also a great ability for Cr(VI) reduction, after the 

addition of hole scavenger. As shown in Figure 4.b, g-C3N4 has the highest reduction 

potential due to the high energy level of its conduction band among the other tested 

photocatalysts. Comparatively MoO3, WO3 and Bi2O3 showed lower reduction abilities. 

Although these photocatalysts have relatively lower band gaps than g-C3N4, but due to 

the low energy level of their conduction band, their reduction abilities are likely weaker. 

On the contrary, the positive holes of these latter photocatalysts exhibit stronger 

oxidative abilities compared with g-C3N4. In this respect, the yield of photogenerated 

•OH is higher in lower valence level systems due to the oxidation of water molecules 

via the positive holes. It is worthy to mention that both the strong oxidative holes and 

highly generated ROSs are unwanted in Cr(VI) reduction system.                   

Figure 5 depicts the results of the photoreduction of Cr(VI) using aerogel 
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photocatalysts. Interestingly, the photocatalytic behavior of photocatalysts was 

different compared to suspended photocatalyst systems. Unlike Fe2O3 suspension, 

Fe2O3 aerogel showed the lowest reduction rate (51%). It can be noticed that the 

reduction was not observed in dark or in the absence of hole scavenger. It is probably 

due to non-release of Fe(II) species from Fe2O3 aerogel, and the mechanistic reduction 

in this case is mostly photocatalytic. It could be deduced that Fe2O3 is not effective 

enough to generate high yield of photoproduced electrons on the conduction band. Its 

fixation on the aerogel polymer limits the direct chemical reduction of Cr(VI) by 

released Fe(II). On the other hand, g-C3N4 aerogel showed the fastest reduction, 

wherein, Cr(VI) undergoes a total reduction within 20min after the addition of hole 

scavenger. The photocatalytic reduction kinetics of Cr(VI) by g-C3N4 and Fe2O3 in 

suspension and floating systems, under light irradiation in the presence of tartaric acid 

are showed in Figure 6. The reduction of Cr(VI) takes place thought the photoproduced 

electrons on the conduction band, in the presence of a hole scavenger. Fe2O3 can reduce 

Cr(VI) in dark and in dark condition. Released Fe(II) can reduce directly Cr(VI) to 

Cr(III). Under light, photoproduced electrons on the conduction of Fe2O3 can reduce 

Cr(VI), and the presence of hole scavenger can enhance the generation of free electrons 

yield. Homogenous reactions between the hole scavenger and iron species could take 

place under light irradiation which boosts the iron cycles for enhanced reduction of 

Cr(VI). The fixation of Fe2O3 significantly limits the homogenous iron redox reactions. 

g-C3N4 in floating system showed very fast effectiveness, even better than g-C3N4 

suspension, but it important to point out that the mass of g-C3N4 in floating was higher 
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than g-C3N4 in suspension system.   

In addition, MoO3, WO3 and Bi2O3 aerogels exhibited a total reduction of Cr(VI) within 

30 min. The introduction of these photocatalysts in the aerogel mass could lead to better 

interactions with Cr(VI), and improvement in the light absorption and charge carriers 

separation. Figure 7 shows the results of recyclability of g-C3N4 aerogel towards the 

reduction of Cr(VI). The photocatalyst aerogel could be used several times and the 

Cr(VI) undergoes good reduction at different irradiation times. The accumulation of 

Cr(III) species on the surface and organic byproducts during the recycling process could 

lead to block active sites.  
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Figure 4. (a): Photocatalytic reduction of Cr(VI) under visible light using suspended 

photocatalysts. [Cr(VI)]: 10 ppm, pH: 3, [Photocatalyst]: 0.5 g/L, [tartaric acid]: 10 

ppm. (b): Schematic diagram shows the energy levels of used photocatalysts towards 

the reduction of Cr(VI) and photogeneration of ROSs. 
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Figure 5. Photocatalytic reduction of Cr(VI) under visible light using photocatalyst 

aerogels. [Cr(VI)]: 10 ppm, pH: 3, [tartaric acid]: 10 ppm.   

 

Figure 6. Photoreduction kinetics for g-C3N4 and Fe2O3 in suspension and floating 

systems, under light irradiation in the presence of tartaric acid.  
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Figure 7. Reuse of g-C3N4 photocatalyst aerogel for the photocatalytic reduction of 

Cr(VI). [Cr(VI)]: 10 ppm, pH: 3, [tartaric acid]: 10 ppm. 

Table 1 shows comparatively recent advances on the photocatalytic reduction of Cr(VI) 

using different as-prepared photocatalysts. For example, recently (Yang, Yang et al. 

2021), Yang et al. reported the photoreduction of Cr(VI) using AlOOH@FeOOH under 

λ＞420 nm in the presence of tartaric acid as hole scavenger. The reduction of Cr(VI) 

at 40 ppm was obtained within 7 min, however, the authors have used extremely high 

amount of tartaric acid, 0.6 g/L, which results in radical reduction of Cr(VI) by O2
•- and 

CO2
•- species. Overall, in the present study g-C3N4 in aerogel floating system showed 

an excellent efficiency compared to reported recent studies, along with the facile 

recovery and reusability.  
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Table 1. Recent studies on Cr(VI) photoreduction using different as-prepared 

photocatalysts under visible light.  

 

 

4. Conclusions   

In this study, the effectiveness of five aerogel based photocatalysts (g-C3N4, MoO3, 

Bi2O3, Fe2O3 or WO3) were studied towards the Cr(VI) in the presence of organic 

molecule as a hole scavenger under visible light. The suspension system of 

photocatalysts was also studied for the purpose of comparison. The relationship 

between the energy levels of the valence/conduction bands and the reduction of Cr(VI) 

Photocatalyst  [Photocat] [Cr(VI)] Light irradiation  Reduction rate  Reference  

AlOOH@FeOOH  

 

0.4 g/L 40 ppm λ＞420 nm 100%, 7 min (Yang, Yang et 

al. 2021) 

AgCl/Ag/In2O3 1 g/L ~17 ppm λ＞420 nm 94.8%, 180 min (Mu, Liu et al. 

2021) 

WO3/TQDs/In2S3 0.5 g/L 20 ppm Visible light 99.8%, 12 min (Yuan, Huang et 

al. 2021) 

NH2-MIL-

53(Al)/CdS 

4 g/L 10 ppm λ＞420 nm 99%, 180 min (Zhao, Xing et 

al. 2021) 

Zn-doped AgFeO2  0.5 g/L 10 ppm λ＞420 nm 90%, 90 min (Li, Guo et al. 

2021) 

ZnO/GO 

 

1 g/L 1 ppm; LED  56%, 180 min (Chen, Luo et al. 

2021) 

Bi/Fe3O2/Biochar 1 g/L 20 ppm Visible light 95%, 180 min (Shen, Yang et 

al. 2021) 

Bi2WO6/CuS 1 g/L 5 ppm Visible light 95%, 105 min (Mao, Zhang et 

al. 2021) 

g-C3N4/floating  / 10 ppm λ＞420 nm 100%, 20 min This study 
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was addressed. It was found that Cr(VI) undergoes a total reduction in the presence of 

Fe2O3 suspension within 30 min after the addition of hole scavenger molecule, which 

is due the combination of photocatalytic activity of Fe2O3 and the chemical reducing 

activity of released Fe(II). Furthermore, reduction rates of 85, 41, 25 and 18% were 

recorded for g-C3N4, Bi2O3, WO3 and MoO3, respectively. In aerogel systems, except 

Fe2O3 aerogel, all photocatalysts showed a total reduction of Cr(VI), wherein, g-C3N4 

aerogel was the fastest one. On top of that, g-C3N4 aerogel showed a relatively good 

recyclability. Aerogel self-floating materials could be a great option for the outdoor 

solar photocatalytic removal of heavy metals and organic pollutants co-existed in real 

wastewaters.  
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