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Abstract 

This work demonstrates a highly efficient photocatalytic reduction of Cr(VI) to Cr(III) by using a 

AgI/CeO2@g-C3N4 nanocomposite, under visible light (Vis) irradiation. The as-prepared samples 

were characterized by FT-IR, XRD, FE-SEM, TEM, XPS, DRS, PL, PC, and BET. Optimization of the 

treatment conditions included systematic parameterization, such as initial solution pH, 

photocatalyst dosage, and Cr(VI) concentration were investigated in the reaction. Compared with 

pure g-C3N4, CeO2, AgI, and CeO2@g-C3N4 binary nanocomposite, the as-made AgI/CeO2@g-C3N4 

ternary nanocomposite showed significantly higher photo-reduction efficiency. The ternary 

photocatalyst shows a 99.6% reduction efficiency for Cr(VI) (15 mg L-1) within 75 min at pH=3.0. The 

highest rate constant value (0.058 min-1) was calculated for ternary photocatalyst that is 2.1 times 

higher than CeO2@g-C3N4/Vis process. The improved activity could be related to the effective 

electron/hole (𝑒−/ℎ+) pairs separation by forming a hetero-junction structure. The XPS analysis of 

recovered photocatalyst shows the presence only of Cr(III), which indicated a complete photo-

reduction of Cr(VI) over AgI/CeO2@g-C3N4 nanocomposite. Moreover, the as-made photocatalyst 

exhibited more than 91% reduction efficiency after four cycles under the optimum reaction 

conditions. Based on the radical trapping experiments, photo-generated electrons (𝑒−), and 

superoxide radicals (𝑂2
•−) were the dominant active species in photo-catalytic Cr(VI) removal. 

 

Keywords: Cr(VI) photo-reduction, water treatment, photo-generated electron, visible light 

photocatalysis, advanced reduction process. 
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Highlights 

• A ternary AgI/CeO2@g-C3N4 photocatalyst was fabricated for the first time. 

• The photo-reduction of Cr(VI) was highly enhanced over AgI/CeO2@g-C3N4. 

• Acidic media was the most favorable in photocatalytic reduction of Cr(VI). 

• Trapping experiments indicated that e-, and O2∙- were the dominant reactive species. 

• The presence of AgI NPs can enhance the kinetics of photocatalytic reduction of Cr(VI). 

 

Graphical Abstract 
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1. Introduction 

Heavy metals are dangerous, anthropogenic toxic pollutants, and their excessive release into the 

environment has become a great concern [1]. Among these metals, hexavalent chromium (Cr(VI)), 

whose presence in industrial effluents derives from dye manufacturing, wood processing, leather, 

etc., can result in serious environmental and human health issues, due to its high solubility and 

toxicity [2,3]. According to World Health Organization (WHO) reports, the concentration of Cr(VI) in 

drinking water should not exceed 0.05 mg/L [4], and its high concentration (˃ 0.1 mg/L) can cause 

problems, such as cancer and fetal malformations in pregnant females [5]. 

Chromium exists in various oxidation states, such as Cr(VI) and Cr(III), among which Cr(III) has low 

toxicity, and can be easily transformed to Cr(OH)3 in aquatic environments, while the hexavalent ion 

does not precipitate [6]. Consequently, many approaches have been developed for the removal of 

Cr(VI) from water such as adsorption [7], membrane filtration [8], electrochemical processes [9], ion 

exchange [10], and chemical precipitation [11]. All mentioned methods have problems in practical 

applications, due to the low removal efficiency of Cr(VI), high cost, and poor settleability of the 

precipitate during the reaction [12]. For these reasons, the development of efficient and friendly 

methods is important for the removal of Cr(VI) from industrial wastewaters. Compared to other 

technologies, photocatalysis is considered as a promising technique with high efficiency, and low 

energy consumption for transforming harmful compounds into harmless substances [13-15]. For 

instance, over the last decade, the photocatalytic reduction of Cr(VI) has been established as an 

effective -while green- process for the reduction of Cr(VI) to the harmless Cr(III) form, through 

suitable heterogeneous photocatalysts [16], such as TiO2-based photocatalysts [17,18]. 

Graphitic carbon nitride (g-C3N4, hereon: CN) is a relatively recently-developed type of metal-free 

visible-light responsive photocatalyst, which has gained ground in photocatalytic applications, due 

its facile fabrication method, high stability, exceptional light adsorption, non-toxicity, thermal 

stability, and low-cost synthesis process [19, 20]. This semiconductor has a narrow band gap energy 
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(𝐸𝑔 = 2.7 𝑒𝑉), thanks to its sp2 hybridization of carbon and nitrogen, and the formation of 𝜋-

conjugated graphitic planes, which brings the capacity to harvest light [21]. However, due to its low 

specific surface area and the high recombination rate of electron-hole (𝑒−/ℎ+) pairs, the 

photocatalytic performance of CN is limited. Among the various modification processes of pure CN, 

coupling with other semiconductors is a promising way to enhance its photocatalytic performance 

by modifying its band gap, accelerating charge transfer, and increasing the number of active sites 

[22]. Great potential is found in cerium oxide (CeO2), an important rare earth oxide that has been 

widely used in industrial applications such as catalysis, photocatalysis, solar and fuel cells [23, 24]. 

Despite its desirable features, its rapid 𝑒−/ℎ+  recombination is its great limitation for widespread 

use in the photocatalysis field [25]. Therefore, the modification of CeO2 with a material that will 

delay the electron recombination taking place, by enhancing the charge separation, could improve 

its photocatalytic activity [26]. 

Recently, plasmonic noble metal photocatalysts for water remediation were developed. Among 

these materials, silver halides (AgX, X = Cl, Br, and I) are considered as effective visible-light 

harvesting semiconductors [27]. For instance, AgI, with band gap energy around 2.7 eV [28], has 

been developed for photocatalytic applications due to its high performance under visible light. AgI 

was used for the modification of other semiconductors to enhance the light capacity, and improve 

the charge carriers transfer rate [28]. The main issue with AgI is its stability; it has been reported 

that during the reaction it can be converted to Ag0 [29]. Hence, developing efficient methods for the 

fabrication of AgI-based photocatalysts have been considered [29]. 

Taking into account the aforementioned properties of materials, it is now understood why 

researchers have focused to the development of multi-component systems, especially CN-based 

nanocomposites such as AgCl/Ag3PO4/g-C3N4 [30], g-C3N4/Ag3PO4/AgI [31], AgI/LaFeO3/g-C3N4 [32], 

and g-C3N4/CeO2/ZnO [33], demonstrating high photocatalytic performance. In fact, fabrication of 

hetero-photocatalysts with matching band-gap energy is one of the most effective strategies for 
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improving the photocatalytic activity and promote the separation of charge carriers [34]. In addition, 

ternary photocatalysts show much higher photocatalytic efficiency compared to binary 

photocatalysts, due to their high electron transfer rate [35]. For example, Chen et al. fabricated a 

ternary ZnTiO3/Zn2Ti3O8/ZnO photocatalyst, which showed high photocatalytic activity in 

degradation of organic pollutants and reduction of Cr(VI) [36]. They indicated that this efficient 

activity is related to the effective migration and separation of photo-generated charge carriers, and 

more active sites on the surface of ternary photocatalyst [36].  

To the best of our knowledge, there is no report on the synthesis of CN-based ternary photocatalyst 

containing CN, CeO2, and AgI NPs, that takes advantage the high responsiveness of CN, the 

properties of CeO2 and the matching bandgap of AgI. Herein, a ternary AgI/CeO2@CN 

nanocomposite was fabricated by using facile (hydrothermal and precipitation) methods for this 

novel catalyst, and then used for the photocatalytic reduction of Cr(VI) to Cr(III). Moreover, the 

various operational parameters that affect Cr(VI) removal such as initial solution pH, catalyst 

concentration, and initial Cr(VI) concentration were systematically assessed. The stability and 

durability of novel nanocomposite was examined in consecutive photocatalytic cycles. Finally, in 

order to address the role of each reactive species produced during the reaction, radical trapping 

experiments were deployed, and a plausible mechanism for the elucidation of the enhanced, 

advanced reduction of Cr(VI) over a AgI/CeO2@CN nanocomposite was proposed. 

 

2. Materials and Methods 

2.1. Chemical and reagents 

All solvents and reagents used in the present study were of analytical grade and used as received. 

Cerium nitrate hexahydrate (Ce(NO3)3
.6H2O), ethylene glycol (C2H6O2), acetic acid (CH3COOH), 

methanol (CH3OH), acetone (C3H6O), ethanol (C2H5OH), phosphoric acid (H3PO4), sodium hydroxide 
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(NaOH), and sulfuric acid (H2SO4) were purchased from Merck Co. The melamine powder (C3H6N6) 

for the synthesis of graphitic carbon (g-C3N4), potassium dichromate (K2Cr2O7), diphenylcarbazide 

(DFC, C13H14N4O), silver nitrate (AgNO3), potassium iodide (KI), and scavengers including p-

benzoquinone (BQ), isopropyl alcohol (IPA), and potassium bromate (KBrO3) were supplied from 

Sigma Aldrich. Distilled water (DI) was used for all synthesis processes and experiments. 

2.2. Analytical techniques 

The as-synthesized catalysts were characterized by an array of analytical methods. X-ray diffraction 

(XRD) measurements were used for the evaluation of the crystalline structure by using PW3050/60 

X' Pert PRO diffractometer with a Cu Kα radiation (λ = 1.54060 A°). Fourier transport infrared (FT-IR) 

spectra was recorded on an ABB BOMER MB series spectrophotometer by using KBr pellets in the 

range of 500-4000 cm-1. The surface morphology of the samples was investigated by field emission 

scanning electron microscopy (FE-SEM, Mira3 Tascan), and transmission electron microscopy (TEM, 

Philips-CM30 instrument). To study the oxidation states and binding energy of samples, X-ray 

photoelectron spectroscopy (XPS) was applied with a SPECS Phoibos 100 MCD5 hemispherical 

electron analyzer operating at a constant pass energy. Kα Mg (1253.6 eV) was the X-ray source 

employed together with a flood electron gun to compensate charge effects on the catalysts. The 

optical properties of the as-made nanocomposites were investigated by UV-Vis diffused reflectance 

spectroscopy (DRS, Shimadzu 2550-8030 spectrophotometer) in the wavelength range of 200-600 

nm. The photoluminescence (PL) spectrum was recorded through FL3-TCSPC fluorescence 

spectrophotometer at ambient temperature. Brunauer-Emmett-Teller (BET) analysis for the 

evaluation of pore size distribution, and specific surface area was carried out on a 

Micromeritics/Gemini-2372 analyzer via N2 adsorption/desorption at 77 K. The solution pH was 

adjusted by using a Jenway pH-meter (Jenway Co. UK). The photocatalytic Cr(VI) reduction reaction 

was monitored by using a UV-Vis spectrophotometer (Unico-UV 2100) at 540 nm according to the 

diphenylcarbazide (DFC) method [37]. 
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2.3. Stepwise fabrication of the ternary AgI/CeO2@g-C3N4 photocatalyst 

2.3.1. Synthesis of CeO2 nanospheres 

CeO2 nanospheres were prepared by a hydrothermal method [23]. Briefly, 2.3 mmol (1.0 g) of 

Ce(NO3)3
.6H2O was dissolved in 2.0 mL of DI water. Then, 1.0 mL of acetic acid was added dropwise 

into the above mixture, and mixed under ultrasound for 15 min. Subsequently, 30.0 mL of ethylene 

glycol (EG) was added, and the suspension was stirred at room temperature for 30 min. The obtained 

clear solution was transferred into a Teflon-lined stainless-steel autoclave, and heated at 180 °C for 

200 min. After cooling to ambient temperature, the obtained white products were collected by 

centrifugation, and washed several times with water/ethanol, and then dried at 70 °C overnight. 

2.3.1. Synthesis of the CeO2@g-C3N4 (CeO2@CN) nanocomposite 

The graphitic carbon nitride was synthesized by using a previously reported method [24]. Briefly, a 

melamine was placed into an alumina crucible in the muffle furan, and heated at 550 °C for 2 h, 

following at 500 °C for 2 h with heating rate of 2.0 °C/min. The CeO2@CN nanocomposite was 

prepared by a facile method. At first, 0.05 g of as-prepared CN was dispersed in to 30 mL of EG, and 

named as solution A. In the other vial 0.5 g of Ce(NO3)3.6H2O was dissolved in 1.0 mL of DI water, 

and then 500 µL of acetic acid was added dropwise to the mixture (solution B). The solution A was 

added to solution B, and mixed under stirring for 30 min. Then, the suspension was transferred into 

the Teflon-lined stainless-steel autoclave, and heated at 180 °C for 200 min. Afterwards, the 

products were gathered by centrifugation, washed with mixture water/ethanol, and then dried at 

65 °C for 8 h. 

2.3.2. Preparation of AgI nanoparticles decorated on the CeO2@CN nanocomposite 

The AgI nanoparticles (NPs) were synthesized by using precipitation method. At first step, 0.2 g of 

as-made CeO2@CN nanocomposite was dispersed in 25.0 mL of DI water under ultrasonic for 30 
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min. Then, 15.0 mL of an AgNO3 solution (0.05 M) was dropwise added into the above mixture under 

stirring. The solution was mixed under continuous stirring for 1 h in the dark. Afterwards, 15.0 mL of 

KI solution (0.05 M) was added into the above mixture under stirring. By the addition of KI solution, 

a yellow color was observed into the mixture, which indicated the formation of AgI NPs on the 

surface of the CeO2@CN nanocomposite. Moreover, pure AgI NPs were prepared by using the above 

method, in the absence of CeO2@CN nanocomposite. 

2.4. Photocatalytic experiments 

In order to investigate the photocatalytic activity of the as-made samples, namely CeO2, g-C3N4 (CN), 

AgI, CeO2@CN, and AgI/CeO2@CN nanocomposites, photocatalytic reduction of aqueous Cr(VI) to 

Cr(III) under visible light was selected. A Xenon lamp (35 W, 12 V) was used at the top of reactor with 

a filter cut off wavelength (only λ> 420 nm emitted), as the visible light source during the 

photocatalytic process. The reaction was carried out at room temperature, in a quartz reactor 

containing 50 mL of Cr(VI) solution (15.0 mg L-1), and 10 mg of photocatalyst (as a starting point). 

Prior to the light irradiation, in order to evaluate the adsorption/desorption of as-made samples in 

this reaction, the reaction was carried out at dark for 30 min, and then the solution was irradiated 

with visible light. During the irradiation at certain intervals time (e.g., 0, 15, 30, 45, 60, and 75 min), 

5.0 mL of reaction solution was taken, filtered using 0.22-µL PTFE membranes and then the Cr(VI) 

concentration was evaluated by the diphenylcarbazide (DFC) method [37]. Briefly, a stock solution 

of DFC was prepared by the dissolving of 0.25 g of DFC in 50.0 mL of acetone. Afterward, the 

obtained reaction solution (5.0 mL) was diluted with DI water (50 mL). The solution was transferred 

into the vial, three drops of concentrated phosphoric acid was added dropwise, and was shaken for 

five minutes. Subsequently, 10-12 drops of sulfuric acid (0.2 N) were added until the pH solution 

dropped to 2.0-2.5. Afterward, 1.0 mL of DFC solution was added into the mixture, and the vial was 
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mixed vigorously and kept standing for 10 min. Finally, the concentration of Cr(VI) was determined 

spectrophotometrically at λ = 540 nm.  

After the reaction, the catalyst was separated from the reaction media by high-speed centrifugation, 

washed three times with water/ethanol, and finally dried at 70 °C. The recyclability and stability of 

as-prepared photocatalyst was investigated in consecutive cycles of photo-reduction of Cr(VI) under 

the same reaction conditions. All experiments in this study were performed at least in duplicate 

series and two technical replicates. 

 

3. Results and discussion 

3.1. Characterization of the prepared photo-catalysts 

To evaluate the chemical structure and the functional groups present in the as-made samples, the 

FT-IR spectra was recorded by using the KBr pellet method (Fig. 1A). The pure CeO2 [38], CN [39], 

and AgI [40] showed identical characteristic to those reported in the literature. As it can be seen 

from the results, the broad peak located at 3443 cm-1 is related to the O-H stretching vibrations of 

water adsorbed on the surface of samples. In the FT-IR spectra of pure CeO2 NPs, the absorption 

peak at 550.8 cm-1 is related to the Ce-O band [38]. The mentioned peak was observed in the FT-IR 

spectra of CeO2@CN, and AgI/CeO2@CN catalysts that indicated the presence of CeO2 NPs in all the 

catalysts. Also, the bands at 1623 cm-1 and 3376 cm-1 are related to the water and hydroxyl stretches, 

respectively [38]. The additional band centered at 1384.3 cm-1 corresponds to the stretch band of 

N-O, owing to the presence of nitrate [38]. In the FT-IR spectra of pure CN, CeO2@CN, and 

AgI/CeO2@CN, the adsorption bands at 810 and 889 cm-1 are attributed to the typical breathing 

mode of tri-s-triazine units and the deformation mode of N-H bonds, respectively [39] (Fig. 1a). In 

addition, the broad adsorption bands from 3300 to 3000 cm-1 correspond to the stretching vibration 

modes of N-H bonds [39]. The presence of absorption peaks centered at 1252 cm-1, 1323 cm-1, 1408 

cm-1, and 1568 cm-1 are attributed to the C-N stretching, while the absorption peak at 1635 cm-1 is 
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related to the stretching vibration mode of C-N [23]. Hence, all the peaks which correspond to CN 

and CeO2 were detected in the FT-IR spectra of CeO2@CN and AgI/CeO2@CN nanocomposites, 

indicating the successful preparation of the intended photocatalysts. 

The phase purity and the crystalline structure of the samples, including CeO2, CN, AgI, CeO2@CN, 

and AgI/CeO2@CN nanocomposites, was studied by using X-ray diffraction (XRD) spectrometry (Fig. 

1b). For the pure CN, the observed characteristic peaks at 13.0°, and 27.5° are assigned to the (001), 

and (002) planes of the graphite-like hexagonal phase of g-C3N4 (JCPDS No. 87-1526) [23]. As it can 

be seen from the obtained results, the diffraction peaks centered at 28.5°, 33.1°, 47.5°, 56.4°, 59.1°, 

69.4°, and 76.7° are related to the (111), (200), (220), (311), (222), (400), and (331) planes of cubic 

phase of CeO2 NPs (JCPDS No. 00-004-0593) [23]. Also, the main diffraction peaks of AgI NPs were 

observed at 21.3°, 23.7°, 39.2°, and 46.3° that are attributed to the (100), (002), (110), and (112) 

planes, respectively (JCPDS No. 09-0374) [41]. All the characteristic peaks of CN were observed in 

XRD patterns of CeO2@CN nanocomposite, which confirmed the formation of the binary 

nanocomposite (CeO2@CN) by the reported method. Moreover, in the XRD patterns of 

AgI/CeO2@CN nanocomposite, two main peaks were detected which are related to the AgI and 

confirmed the presence of AgI NPs on the CeO2@CN nanocomposite. 
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Figure 1. FT-IR spectra (a), and XRD patterns (b) of g-C3N4 (CN), CeO2, CeO2@CN, AgI, and AgI/CeO2@CN 

nanocomposite. 

 

Fig. 2 (a-c) illustrates the TEM images of CeO2 NPs, and AgI/CeO2@CN nanocomposite. As it can be 

seen from the TEM images, spherical CeO2 NPs were obtained. Moreover, the CeO2 nanospheres 

have an average particle size of 115.0 nm, as estimated form the histogram of the particle size (Fig. 

2b). The presence of CN in the as-made AgI/CeO2@CN nanocomposite is clearly observed form the 

TEM images of this catalyst (Fig. 2b, and c). The CeO2 NPs with spherical structure were also observed 

from the FE-SEM images of the as-prepared nanocomposite (Fig 2. d, and e). In addition, the 

presence of AgI NPs were confirmed from these images. The elemental mapping was acquired to 

determine the composition of AgI/CN@CeO2 nanocomposite (Fig. 2 f-m). The presence of elemental 

including carbon (C), nitrogen (N), cerium (Ce), oxygen (O), silver (Ag), and iodine (I) was confirmed 
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within the nanocomposite. In addition, all of these elements were distributed uniformly in the as-

made nanocomposite. 

 

 

Figure 2. TEM images of CeO2 NPs (a), and AgI/CeO2@CN nanocomposite (b, and c). FE-SEM images of 

AgI/CeO2@CN nanocomposite (d, and e). Elemental mapping of carbon (f), nitrogen (g), oxygen (h), cerium (i), 

silver (j), iodine (k), and AgI/CeO2@CN nanocomposite (l). 

 

In order to investigate the surface chemistry and chemical states of the elements, XPS analysis was 

performed, and the obtained results were reported in Fig. 3. As it can be seen from the XPS survey scan 

of AgI/CeO2@CN nanocomposite, presence of elements including Ce, C, N, O, Ag, and I were confirmed 

by this analysis (Fig. 3a). Besides, the high resolution XPS spectra of O1s, Ce3d, C1s, N3f, Ag3d, and I3d 

are shown in Fig 3 (b-g). In the XPS spectra of C1s (Fig. 3b), two peaks at 284.6 eV, and 288.1 eV are 

attributed to the graphitic species (C-C), and C-N-C coordination in graphitic carbon nitride, respectively 
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[24, 42]. The XPS spectra of N1s is deconvoluted into the three peaks centered at 398.5 eV, 399.4 eV, 

and 400.6 eV, which are assigned to the sp2 hybridized nitrogen in aromatic rings (C-N=C), nitrogen 

atoms bounded to the tertiary carbon (N-C3), and amino group (-C-N-H), respectively [43]. In the high-

resolution spectra of Ce3d, the bands labeled v0, v1, v2, v3 and u0, u1, u2 represent satellite properties 

arising from the Ce3d5/2, and Ce3d3/2, respectively [44]. Moreover, the dominant peaks at v (880.2 eV), 

v2 (888.2 eV), v3 (896.3 eV) and u (898.3 eV), u2 (914.5 eV) are characteristic for the Ce4+ species. The 

presence of Ce3+ species was confirmed by the observed peaks at positions labeled v0, v1 and u0, u1. 

Therefore, the Ce3d spectrum consists of the mixture of both Ce3+, and Ce4+ ions. As observed in Fig. 3k, 

two peaks centered at 374.16 eV, and 368.13 eV in Ag3d spectrum are assigned to Ag3d3/2, and Ag3d5/2, 

respectively [45, 46]. These findings indicated that no metallic silver (Ag0) appears in AgI/CeO2@CN 

nanocomposite and indicated the successful preparation of AgI nanostructure during the synthesis 

process. Also, the two resolved peaks located at 630.7 eV and 619.1 eV are related to the I3d3/2, and 

I3d5/2, respectively that confirmed the presence of I element in the form of I- in as-made nanocomposite 

is (Fig. 3l) [45]. The XPS spectrum of O1s shows a peak centered at 529.8 eV that can be assigned to the 

Ce-O bond in CeO2 structure [45]. Moreover, the peak at 532.4 eV in spectrum of O1s was attributed to 

the hydroxyl group. 
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Figure 3. XPS survey spectra of AgI/CeO2@CN nanocomposite (a), and high-resolution spectra of C1s (b, c), N1s 

(d, e), Ce3d (f, g), O1s (h, i), Ag3d (j, k), and I3d (l, m) of fresh and reused catalyst, respectively. 

 

The optical properties and band gap energy of samples were studied by UV-Vis DRS analysis at room 

temperature, and the results are illustrated in Fig. 4a. The optical band gap energies (𝐸𝑔) of samples 

were calculated by the Tauc/David-Matt model (eq. 1) as follows: 

Where, A, h, ν, and ɑ are constant values; Plank's constant, high frequency, and absorption 

coefficient, respectively [47]. The band gap energies of samples were obtained by plotting (ɑhν)2 

versus 𝐸𝑔, as shown in Fig. 4b. The band gap energy values for CN, CeO2 NPs, CeO2@CN, and 

(𝐴ℎ𝜈) =  ɑ (ℎ𝜈 − 𝐸𝑔)
𝑛/2 (1) 
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AgI/CeO2@CN were calculated to be 2.72 eV, 2.86 eV, 2.80 eV, and 2.63 eV, respectively. The edge 

potential values of conduction (CB), and valence bands (VB) of as-made photocatalysts were 

predicted by using following equations (eqns. 2, and 3): 

𝐸𝑉𝐵 = 𝜒 − 𝐸
𝑒 + 0.5 𝐸𝑔 (2) 

𝐸𝐶𝐵 = 𝐸𝑉𝐵 − 𝐸𝑔 (3) 

In which, 𝜒, 𝐸𝑒, 𝐸𝑉𝐵, and 𝐸𝐶𝐵 are corresponding to the absolute electronegativity, free energy of 

electron in the hydrogen scale (about 4.5 eV), energy level of VB, and energy level of CB, respectively 

[48]. Based on these equations and the bang gap energies calculated from eq. 1, the CB energy level 

of CN, CeO2, and AgI were calculated to be -1.12 eV, -0.87 eV, and -0.39 eV, and these values for VB 

energy levels were obtained to be 1.60 eV, 1.99 eV, and 2.34 eV, respectively. 

In order to address the separation efficiencies of the photo-generated charge carries in the as-made 

catalysts, their photoluminescence (PL) spectra were reported (Fig. 4c). According to the obtained 

results, pure CN and all the as-made nanocomposites show a broad peak in the range of 400-600 

nm. Lower PL intensity signal indicates a lower recombination rate of photo-generated 

electron/holes (𝑒−/ℎ+) pairs in AgI/CeO2@CN photocatalyst that leads to high photocatalytic 

performance, while high intensity of PL signal resulting the lower photocatalytic activity [49]. Based 

on the results, the presence of CeO2 on the surface of CN significantly reduces the PL intensity, which 

can slow down the recombination of 𝑒−/ℎ+ pairs. Also, as it can be seen from the results, the 

weakest PL peak was obtained for ternary nanocomposite that confirmed the favorable 

recombination rates of 𝑒−/ℎ+ pairs in this sample. 
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Figure 4. UV-Vis diffuse reflectance spectra (a), Tauc's plots (b), photoluminescence (PL) spectra (c), and 

transient photocurrent (PC) curves of as-prepared samples (d). 

 

Fig. 4d displays the photocurrent (PC) response for the as-made samples during on and off cycles. 

The changes in currents confirm the charge transport of the samples. Compared to pure CN and 

CeO2 NPs, our binary nanocomposite (CeO2@CN) can promote the separation efficiency of the 

photo-generated 𝑒−/ℎ+ pairs. The PC response decreases in the order of AgI/CeO2@CN ˃ CeO2@CN 

˃ CeO2 ˃ CN. The PC intensity of the ternary photocatalyst was 1.4, 2.0, and 3.1 times higher than 

CeO2@CN, CeO2, and pure CN, respectively. This property increased the charge carriers transport, 

photocatalytic active sites, and reduced the recombination rate of 𝑒−/ℎ+ pairs. Hence the ternary 

nanocomposite is expected to present the best photocatalytic performance. 

In order to estimate the specific surface area of the as-prepared samples, N2 adsorption-desorption 

isotherms were obtained and are depicted in Fig. 5. Also, the pore volume of structures was 
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determined via the Barret-Joyner-Halenda (BJH) method. According to the IUPAC classification, both 

of samples show the type IV isotherm with a H3-type hysteresis loop that indicate their mesoporous 

structure [20, 50]. The surface area of pure CN, and AgI/CN@CeO2 nanocomposite was calculated 

to be 20.1 m2 g-1, and 110.3 m2 g-1, respectively. Compared to pure CN, the ternary photocatalyst 

showed the higher specific surface area that can be related to the formation of new pores [51]. In 

fact, the large surface area of the nanocomposite can provide more active sites for the adsorption 

of reactant compounds, and facilitate the photo-excited charge transfer [52]. According to the BJH 

plots (insert curves in Fig. 5), the total pore volume of CN, and ternary nanocomposite was obtained 

to be 0.08 cm3 g-1, and 0.148 cm3 g-1, respectively. Therefore, the as-made AgI/CN@CeO2 

photocatalyst has the highest surface area and pore volume, with a well-defined mesoporous 

structure. 

 

Figure 5. N2 adsorption-desorption isotherms, and BJH plots of CN, and AgI/CeO2@CN photocatalyst at 77 K. 

 

3.2. Photocatalytic performance of the synthesized catalysts 

3.2.1. Kinetics of the photocatalytic reduction of Cr(VI) 

The catalytic performance of pure CN, CeO2, AgI, CeO2@CN, AgI/CeO2, AgI/CN, and AgI/CeO2@CN 

nanocomposites were investigated towards Cr(VI) reduction under visible (Vis)-light (Fig. 6a). In the 



19 

 

absence of catalyst, the blank testes showed that the Cr(VI) was stable, and no photodecomposition 

was observed under Vis light. According to obtained results, compared with CN, CeO2, and AgI alone, 

the binary nanocomposite shows better photocatalytic activity in the photo-reduction of Cr(VI), due 

to the formation of a hetero-junction structure between two compounds. As such, the photo-

catalytic reduction of Cr(VI) was efficiently promoted under visible light irradiation. 

In order to obtain more information about the photocatalytic activity of as-prepared samples, the 

pseudo-first order (PFO) rate constant values (kapp) of reactions were determined by using the slope 

of ln (C0/Ct) versus reaction time (t) (eq. 4), in which Ct, and C0 are the concentration of Cr(VI) at time 

t, and zero, respectively. 

ln (
𝐶0
𝐶𝑡
) =  𝑘𝑎𝑝𝑝𝑡 

(4) 

Deposition of AgI NPs on the surface of CeO2@CN increased the reaction rate of photo-reduction 

Cr(VI) under Vis light. It is worth mentioning that the highest rate constant value was obtained to be 

0.058 min-1 for the AgI/CeO2@CN/Vis process, which was 2.1 times higher than the calculated values 

for the CeO2@CN/Vis system (0.028 min-1) (Fig. 6b). These results confirmed the vital role of AgI NPs 

in the as-prepared nanocomposite which can promote the photocatalytic reduction of Cr(VI) 

solution under Vis irradiation. In addition, the photo-reduction rate over the AgI/CeO2@CN 

nanocomposite is 9.7, 4.8, and 5.8 times faster than pure CN (0.006 min-1), and both CeO2 (0.012 

min-1) and AgI (0.01 min-1), respectively.  

The photocatalytic activity of the as-prepared photocatalyst was compared with other 

photocatalysts that were used for the reduction of Cr(VI) in literature, and the results were reported 

in Table 1 [53-59]. According to these results, the mass ratio (amount of catalyst per pollutant) of 

our photocatalyst with chromium was the smallest one in reported systems (see Table 1), and high 

reduction efficiency was obtained in short time. To compare the photo-activity of reported catalysts 

in Cr(VI) removal, the Efficacy Factor (EF) was calculated for these processes by equation 5. This 

factor describes the amount of the contaminants eliminated per concentration of catalyst, through 
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the experimental time. The calculated results are shown in Table 1. Based on the above results, our 

ternary AgI/CeO2@CN photocatalyst showed the highest photocatalytic performance in reduction 

of Cr(VI) under Vis light.  

𝐸𝐹 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑟(𝑉𝐼) (𝑚𝑔/𝐿)  ×  % 𝑜𝑓 𝑖𝑡𝑠 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑔/𝐿)  × 𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛)
 

(5) 

 

Furthermore, for the evaluation of the efficiency of the system, two Figure of merit (FoM) 

parameters including electrical energy per mass (𝐸𝐸𝑀), and electrical energy per order (𝐸𝐸𝑂) are 

generally proposed for AOPs on the use of electrical energy [60]. 𝐸𝐸𝑀  describes the amount of 

electrical energy (kWh) required for the removal of one kg of the pollutant from the (waste)water, 

while in low concentrations of pollutant (as we used here), 𝐸𝐸𝑂  is defined as the energy needed to 

reduce the concentration of pollutant by one order magnitude (90%) in 1 m3 of (waste)water (eq. 6) 

[61]. In this equation, P, V, and t are the power (kW) of the system, volume of reaction reactor (L), 

and irradiation time, respectively. 𝐸𝐸𝑂  can be written as eq. 7 by using eqns. 4, and 6.  

𝐸𝐸𝑂 =
𝑃 × 𝑡 × 1000

𝑉 × 60 × log (
𝐶0
𝐶𝑡
)
 

(6) 

𝐸𝐸𝑂 =
38.4 × 𝑃

𝑉 × 𝑘𝑎𝑝𝑝
 

(7) 

 

According to the above equations, the 𝐸𝐸𝑂  values for the photocatalytic processes in the presence 

of CN, CeO2, AgI, CeO2@CN, and AgI/CeO2@CN were calculated to be 4200, 2297.4, 2688, 973.9, and 

465.05 kWh/m3, respectively. These results indicated the highly efficient photocatalytic 

performance of AgI/CeO2@CN nanocomposite in photo-reduction of Cr(VI). 
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Figure 6. Photo-reduction of Cr(VI) solution over the as-prepared samples (a), and removal efficiency and PFO 

rate constant values of reaction (b) (Reaction conditions: [Cr(VI)] = 15 mg L-1, [catalyst] = 0.2 g L-1, and initial 

solution pH = 3.0). 

 

Table 1. Comparison of different photocatalytic processes in reduction of Cr(VI). 

 

 

Photocatalyst 
catalyst 
(g/L) 

Cr(VI) 
(mg/L) 

pH 
Light  
source 

Removal 
(%) 

Time 
(min) 

kapp 
(min-1) 

EF Ref. 

AgI/CeO2@CN 0.2 15 3.0 Vis 99.6 75 0.058 0.1 This work 

PANI@g-C3N4/ZnFe2O4 1.0 20 - Vis 75.0 120 0.011 0.001 [53] 

UiO-66-NH2(Zr) 0.67 5.0 2.0 Vis 98.0 120 - 0.006 [54] 

ZnAlTi-LDO 0.4 5.0 5.5 LED 69.2 210 - 0.004 [16] 

rGO@Cu2O/BiVO4 0.4 5.0 7.0 LED 88.0 240 - 0.005 [55] 

CoS2/g-C3N4-rGO 0.5 20 2.0 Vis 99.8 120 0.039 0.033 [2] 

MIL(101)Fe/g-C3N4 0.5 20 5.0 Vis 92.6 60 - 0.062 [56] 

g-C3N4/UiO-66 0.5 10 2.0 Xe lamp 99.0 40 0.110 0.05 [57] 

AgI/BiVO4 0.4 15 - Xe lamp 70.0 100 - 0.03 [58] 

AgI/BiOI-Bi2O3 1.0 23.5 6.08 Xe lamp 95.0 90 0.032 0.025 [59] 
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3.2.2. Treatment process optimization and boundary conditions 

-Effect of initial solution pH value: Previous studies demonstrated that the photo-reduction of Cr(VI) 

to Cr(III) was influenced by the initial pH solution [58, 59]. In order to study the initial pH solution on 

photocatalytic reduction of Cr(VI) to Cr(III) over the AgI/CeO2@CN nanocomposite, the reaction pH 

was varied from 2.0 to 9.0. The obtained results are illustrated in Fig. 7a. The highest photo-

reduction of Cr(VI) was detected at acidic media, and by increasing the pH value, the efficiency of 

reaction was decreased, and lowest amount (33.0%) was obtained at pH = 9.0. Moreover, to better 

understand the effect of solution pH on the photo-reduction of Cr(VI) to Cr(III) at different pH values, 

the pseudo-first order rate constant values of the reaction were calculated form the slope of ln 

(C0/Ct) versus reaction time (t). The obtained value at pH = 2.0, is 12.83, 9.64, 5.68, and 1.20 times 

higher than other values at pH of 9.0, 7.0, 5.0, and 3.0, respectively, which indicated the acidic media 

is favorable for photocatalytic reduction of Cr(VI) to Cr(III). The above results indicate that the 

photocatalytic reduction of Cr(VI) is greatly sensitive to pH solution which can explained by the 

following reasons:  

- Point of zero charge of the ternary photocatalyst: The point of zero charge (pHpzc) of the as-made 

photocatalyst is 4.6, which indicates the AgI/CeO2@CN photocatalyst has a positive surface charge 

at pH < pHpzc that can enhance the adsorption of 𝐶𝑟2𝑂7
2− on the surface of the photocatalyst, and 

hence improve the reduction rate. Due to presence of an electrostatic repulsion effect at pH ˃ 4.6, 

Cr(VI) had less chance to be attracted to the surface of nanocomposite and the photo-reduction 

efficiency was decreased. In addition, at acidic media, the dominant, and main species of chromium 

are 𝐶𝑟2𝑂7
2− anionic [3].  

- Cr speciation in the matrix: Three kinds of ions including 𝐶𝑟2𝑂7
2−, 𝐻𝐶𝑟𝑂4

−, and 𝐶𝑟𝑂4
2− exist as 

dominant species at acidic, neutral, and basic conditions, respectively [61]. The photo-reduction 

reaction of Cr(VI) at various conditions is described by the following equations (eqns. 8-10). At low 

pH, due to the presence of high concentration of H+ in the solution, the reduction potential increased 
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dramatically, which confirmed the photo-reduction of Cr(VI) is more favorable at acidic conditions. 

On the other hand, at high pH values, the active sites of nanocomposite can be covered by the Cr 

(OH)3 that corresponding to inferior reduction efficiency (eq. 10).  

 

-Effect of initial Cr(VI) concentration: The photocatalytic efficiency of the as-made nanocomposite 

in the photo-reduction of Cr(VI) was investigated at various concentrations (10-100 mg/L) of Cr(VI) 

at initial pH solution 3.0, and 0.2 g/L of catalyst within reaction time of 75 min (Fig. 7b). The 

photocatalytic efficiency of the reaction was decreased from 100% to 32% when the initial 

concentration of Cr(VI) was increased from 10 to 100 mg/L. This behavior is related to the large 

amount of Cr(VI) that are adsorbed on the surface of photocatalyst and prevent the light absorption 

during the reaction. Consequently, under these conditions, the specific and available surface area of 

photocatalyst was decreased, that results to lower photocatalytic efficiency. Moreover, the PFO rate 

constants values at different concentrations were calculated by using eq. 4, and the results reported 

in Table 2. When the initial concentration of Cr(VI) was increased from 10 m/L to 100 mg/L, the PFO 

rate constant value was changed from 0.074 min-1 to 0.0046 min-1. The relationship between initial 

concentration of Cr(VI) and reduction rate (r) can be investigated by applying the Langmuir-

Hinshelwood model (eqns. 11, and 12) [61]. 

𝑟 = 𝑘𝑐
𝐾𝐶𝑟(𝑉𝐼) [𝐶𝑟(𝑉𝐼)]

1 + 𝐾𝐶𝑟(𝑉𝐼) [𝐶𝑟(𝑉𝐼)]0
= 𝑘𝑎𝑝𝑝 [𝐶𝑟(𝑉𝐼)] 

(11) 

1

𝑘𝑎𝑝𝑝
= 

1

𝑘𝑐𝐾𝐶𝑟(𝑉𝐼)
+ 
[𝐶𝑟(𝑉𝐼)]0

𝑘𝑐
 

(12) 

Where, 𝑘𝑐 (mg/L/min), and 𝐾𝐶𝑟(𝑉𝐼) (L/mg) are the kinetic rate constant of surface reaction, and the 

Langmuir-Hinshelwood adsorption equilibrium constants, respectively.  

𝐶𝑟2𝑂7
2− + 14𝐻+ + 6𝑒−  

         
→   2𝐶𝑟3+ + 7𝐻2𝑂 (8) 

𝐻𝐶𝑟𝑂4
− + 7𝐻+ + 3𝑒−  

         
→   𝐶𝑟3+ + 4𝐻2𝑂 (9) 

𝐶𝑟𝑂4
2− + 4𝐻2𝑂 + 3𝑒

−  
         
→   𝐶𝑟 (𝑂𝐻)3 + 5𝐻𝑂

− (10) 
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These values were calculated to be 0.472 mg/L/min, and 0.198 L/mg, respectively, from the slope of 

1

𝑘𝑎𝑝𝑝
 versus [𝐶𝑟(𝑉𝐼)]0. The superiority of this catalyst can be demonstrated by comparison with 

other works; for instance, the 𝑘𝑐 value was reported to be 0.424 mg/L/min for removal of 20 mg/L 

Cr(VI) over UV/ZnO-TiO2 system [61]. 

In addition, the 𝐸𝐸𝑂  values of the photocatalytic processes with different initial Cr(VI) concentrations 

were calculated and summarized in Table 2. Based on the results, 𝐸𝐸𝑂  value was increased from 

363.243 to 5376 kWh/m3 with increasing the initial Cr(VI) concentration from 10 mg/L to 100 mg/L. 

 

Table 2. PFO kinetic parameters, and 𝐸𝐸𝑂  of the photocatalytic reduction of Cr(VI) at different initial Cr(VI) 

concentrations (Reaction conditions: [catalyst] = 0.2 g/L, and pH=3.0). 

 

 

 

 

 

 

 

-Effect of photocatalyst concentration: Various doses of AgI/CeO2@CN photocatalyst were used for 

the photo-reduction of Cr(VI) while the initial Cr(VI) concentration and initial solution pH were 

constant at 15 mg/L, and 3.0, respectively (Fig. 7c). According to the obtained results, the removal 

efficiency of Cr(VI) was increased from 32% to 100% with increasing the photocatalyst concentration 

from 0.04 g/L to 0.3 g/L within 60 min. In addition, the reductive kinetics of Cr(VI) were fitted to a 

PFO model. Due to increasing the number of adsorption sites, and higher generation of free 

electrons in the conduction band, high efficiency was obtained at higher photocatalyst 

concentration [60, 62]. Although increasing the catalyst amount led to corresponding removal 

Cr(VI)  
(mg/L) 

kapp  
(min-1) 

1/kapp  

(min) 
R2 

𝐸𝐸𝑂   

(kWh/m3) 

10 0.074 13.5 0.9971 363 

15 0.058 17.5 0.9873 472 

30 0.020 50.0 0.9914 1344 

50 0.010 100.0 0.9853 2688 

100 0.005 200.0 0.9856 5376 
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increase, e.g. from 0.1 g/L to 0.2 g/L, the reaction rate was increased 3.3 times, further increase did 

not lead to enhancement of the performance. Therefore, 0.2 g/L was selected at optimum 

concentration of photocatalyst, and further experiments were performed with this concentration. 

 

Figure 7. Effect of initial solution pH (a), Cr(VI) concentration (b), and photocatalyst dose (c) on photocatalytic 

reduction of Cr(VI) to Cr(III) under visible light irradiation (The dashed lines separate the adsorption (dark test) 

and photocatalytic reduction). 

 

3.3. Recyclability of the synthesized ternary photocatalyst 

To identify the recyclability, and chemical/structural stability of as-made nanocomposite 

(AgI/CeO2@CN), the reaction was carried out under the same reaction conditions ([Cr(VI)] = 15 mg/L, 

[catalyst] = 0.2 g/L, pH = 3.0, and reaction time: 75 min) in consecutive runs at ambient temperature. 

The photocatalytic performance of AgI/CeO2@CN nanocomposite in photocatalytic reduction of 
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Cr(VI) to Cr(III) only decreased about 7.2% after four repetitive cycles that confirmed the as-prepared 

photocatalyst is reusable, and stable during the photocatalytic reaction (Fig. 8a). Moreover, the XRD 

patterns of the pristine and reused photocatalysts are reported in Fig. 8b. All characteristic peaks 

related to CN, CeO2 and AgI NPs were observed, which confirmed the high stability of the 

photocatalyst crystalline structure. The TEM image of reused photocatalyst was reported in Fig. 8c 

and indicated that the morphology of catalyst was not changed notably during the photocatalytic 

reactions. In addition, high structure stability was confirmed by the XPS analysis (Fig. 3). All 

characteristic peaks were observed in high-resolution spectra of C1s, N1s, Ce3d, Ag3d, and I3d of 

reused AgI/CeO2@CN nanocomposite. 

 

Figure 8. Photo-reduction of Cr(VI) over AgI/CeO2@CN in continuous cycles (a), XRD patterns of pristine, and 

reused photocatalysts (b), TEM image of reused photocatalyst after four photocatalytic cycles (c), and high-

resolution spectra of Cr2p of re-used catalyst (d). 
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3.4. Reaction mechanism investigation 

In order to determine the role of photo-generated reactive species during the photocatalytic 

reduction of Cr(VI) to Cr(III) over AgI/CeO2@CN nanocomposite, radical trapping experiments were 

performed under optimum reaction conditions ([Cr(VI)]=15 mg/L, [catalyst]=0.2 g/L, and pH=3.0). 

An array of radical scavengers including p-benzoquinone (BQ), iso-propyl alcohol (IPA), potassium 

iodide (KI), and potassium bromate (KBrO3) were applied as the scavenger of superoxide radical 

(𝑂2
•−), hydroxyl radical (𝐻𝑂•), photo-generated hole (ℎ+), and electron (𝑒−), respectively [63]. The 

presence of IPA, and KI have low effect in the photocatalytic reduction process, hence the 

corresponding intermediates (ℎ+ and 𝐻𝑂•) are not involved (Fig. 9). 

By addition of BQ as 𝑂2
•− scavenger, the reaction efficiency was decreased and reached to be 56% 

that confirmed the role of 𝑂2
•− in photocatalytic reduction process. More specifically, at this pH the 

hydroperoxyl radical (𝐻𝑂2
•) is the dominant form (eq. 13) [63]. 

𝑂2
•− + 𝐻+  

        
↔  𝐻𝑂2

•       (𝑝𝐾𝑎 = 4.9) (13) 

The generation of superoxide takes place by the function of dissolved oxygen as electron acceptor. 

As a proof, by addition of KBrO3, as an electron scavenger, the photocatalytic reduction was 

completely inhibited (Fig. 9). Based on the results, the photo-generated 𝑒− and 𝐻𝑂2
•− were the 

primary reactive species in photocatalytic reduction of Cr(VI) to Cr(III) over ternary AgI/CeO2@CN 

nanocomposite. The reaction rate constant value of photocatalytic processes in the presence of each 

scavenger was calculated. The lowest value of kapp was obtained in the presence of 𝑒− scavenger 

(0.0016±4.67×10-5 min-1). This value is 36.2 times lower than obtained value (0.058±0.0046 min-1) in 

blank conditions, which confirmed the vital role of 𝑒− in photocatalytic reduction of Cr(VI) in the 

presence of AgI/CeO2@CN. 

In addition, the XPS analysis after the experiment was applied to study the valence state of Cr, which 

was adsorbed on the surface of AgI/CeO2@CN nanocomposite after the photocatalytic reduction of 

Cr(VI). As can be seen from the high-resolution spectra of Cr2p (Fig. 8d), the peaks at binding 
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energies of 576.9 eV, and 586.3 eV corresponded to Cr2p3/2, and Cr2p1/2 of Cr(III), respectively [2]. 

This result confirmed that reduction of Cr(VI) to Cr(III) rather than plain adsorption of Cr(VI) on the 

photo-catalyst was the dominant Cr removal pathway surface. 

 

Figure 9. Scavenging effect on Cr(VI) reduction efficiency using the AgI/CeO2@CN photocatalyst under visible 

light irradiation (Reaction conditions: ([Cr(VI)] = 15.0 mg/L, [catalyst] = 0.2 g/L, and initial pH solution = 3.0). 

 

Based on the experimental results, a mechanism for the reduction of Cr(VI), based on the charge 

separation and migration over AgI/CeO2@CN photocatalyst under Vis light irradiation is proposed in 

Fig. 10. The position of the conduction band (CB) is an important thermodynamic factor for the 

photo-generated electron towards its acceptor (Cr(VI)). Under light irradiation, each component, 

including CN, CeO2 and AgI, can be excited and produce the photo-generated 𝑒−/ℎ+ pairs (eq. 14). 

The CBs energy level of CN, CeO2, and AgI are -1.12 eV, -0.87eV, and -0.39 eV, respectively. These 

values are more negative than the Cr(VI)/Cr(III) potential (+0.51 eV vs. NHE) [64], which indicated 

the reduction of adsorbed Cr(VI) to Cr(III) is thermodynamically favorable on CB of photocatalyst 

during the reaction. The CB potential of CN is more negative than those of CeO2 and AgI, indicating 

that the photo-generated 𝑒− can be transferred to the CB of CeO2, and AgI. On the other hand, since 

the VB edges of AgI (+2.34 eV vs. NHE) and CeO2 (+1.99 eV vs. NHE) were both more positive than 
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the VB of CN (+1.60 eV vs. NHE), the photo-generated holes in VB edges of AgI, and CeO2 can be 

transferred to VB edge of CN. The photo-generated 𝑒− in CB of semiconductors can participate in 

the photocatalytic reduction of Cr(VI) to Cr(III) as a main reactive species. Consequently, the CB 

potentials of CN, CeO2, and AgI are more negative than potential of 𝑂2/𝑂2
•− (-0.33 eV) [28]. Hence, 

over the nanocomposite the oxygen molecules can easily convert to 𝑂2
•−, and react with Cr(VI) 

resulting formation of Cr(III) (eqns. 15-17). In the acidic media, 𝐶𝑟2𝑂7
2−, and 𝐻𝐶𝑟𝑂4

− can react with 

𝑂2
•− resulting in the formation of Cr3+ and 𝐶𝑟2𝑂4

2−, respectively [65]. Based on the scavenger 

experiments (Fig. 9), a non-radical pathway [66], i.e. the photo-generated 𝑒−, has the most critical 

role in photocatalytic reduction of Cr(VI) to Cr(III) over AgI/CeO2@CN catalyst (eq. 18). 

𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 + ℎ𝑣 
         
→   𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑒𝐶𝐵

− + ℎ𝑉𝐵
+ ) (14) 

 𝑒𝐶𝐵
− + 𝑂2  

         
→   𝑂2

•− (15) 

𝐶𝑟2𝑂7
2− + 14𝐻+ + 6𝑂2

•−  
        
→   2𝐶𝑟3+ + 7𝐻2𝑂 + 6𝑂2 (16) 

2𝐻𝐶𝑟𝑂4
− + 6𝐻+ + 6𝑂2

•−  
        
→   𝐶𝑟2𝑂4

2− + 4𝐻2𝑂 + 6𝑂2 (17) 

𝐶𝑟6+ + 𝑒𝐶𝐵
−  

         
→   2𝐶𝑟3+ (18) 
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Figure 10. Proposed mechanism of the photocatalytic reduction of Cr(VI) over the AgI/CeO2@CN 

nanocomposite. 
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4. Conclusions 

A ternary AgI/CeO2@CN photocatalyst, for the effective reduction of Cr(VI) under visible light, was 

successfully fabricated and characterized. The combination of AgI with CeO2@CN catalyst could 

significantly enhance the photocatalytic efficiency of Cr(VI) reduction. The as-made photocatalyst 

showed the best performance at acidic conditions, achieving high removal of Cr(VI) (more than 99% 

in 75 min), and more than 91% removal efficiency after four catalytic cycles under the optimum 

reaction conditions. The excellent photocatalytic performance can be related to the efficient 

separation of photo-generated electron/holes (𝑒−/ℎ+) pairs through the ternary AgI/CeO2@CN 

nanocomposite. Moreover, the 𝐸𝐸𝑂  value for photocatalytic reduction of Cr(VI) was lower in 

AgI/CeO2@CN/Vis process than in CeO2@CN/Vis, CeO2/Vis, and CN/Vis processes, which confirmed 

the better performance of ternary nanocomposite in this reaction due to enhanced charge 

separation. Based on Langmuir-Hinshelwood (L-H) model, the values of kinetic rate of surface 

reaction, and L-H adsorption constants were obtained as 0.472 mg/L/min, and 0.198 L/mg, 

respectively. The proposed photocatalytic mechanism was also supported by scavenger experiments 

that indicated the vital role of photo-generated 𝑒−, and 𝑂2
•− in photo-reduction of Cr(VI). As such, 

this nanocomposite can be used as promising candidate for Cr removal in further applications, e.g. 

in drinking water Cr remediation. 
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