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Abstract  Öz 

A hybrid nanocomposite namely 𝐶₃𝑁₄/𝐷𝐸𝑈 − 51(𝘍𝘦) was developed to 
reduce the 𝘊𝘳(𝘝𝘐) from a textile industry wastewater.  
𝐶₃𝑁₄/𝐷𝐸𝑈 − 51(𝘍𝘦) exhibited a good cristalinity. The photocatalytic 
reaction of the carboxyl groups of the composite is in center and it is 
associated with the C-H-vibration. The optimal doping content of 
 𝐶₃𝑁₄/𝐷𝐸𝑈 − 51(𝘍𝘦) was determined to be 1.2 mg/L to treat 1.6 mg/L 
𝘊𝘳(𝘝𝘐) with a maximum yield of 98% at a sun light power of 80 mW/m2 
after 15 min at 42 °𝐶 in summer. After 5th times sun light experiments, 
the 𝐶₃𝑁₄/𝐷𝐸𝑈 − 51(𝘍𝘦) was reused with a yield of 97%. The 𝘊𝘳(𝘝𝘐) 
reduction was explained with the Langmuir-Hinshelwood (L-H) kinetic 
model. 

 𝐶₃𝑁₄/𝐷𝐸𝑈 − 51(𝘍𝘦) hibrit nanokompoziti bir tekstil endüstrisi atık 
suyundaki 𝘊𝘳(𝘝𝘐)'yı azaltmak için geliştirilmiştir. 𝐶₃𝑁₄/𝐷𝐸𝑈 − 51(𝘍𝘦) 
kristal özellikli olup bu kompozitin merkezindeki karboksil gruplarının 
fotoparçalanma reaksiyonu C-H bağlanmasıyla ilgilidir. 1.6 mg/L 
𝘊𝘳(𝘝𝘐)'yı yaz ayında %98’lik maksimum verimle gidermek için optimum 
koşullar; 1.2 mg/L 𝐶₃𝑁₄/𝐷𝐸𝑈 − 51(𝘍𝘦), 15 dk. temas süresi,  
80 mW/m2 güneş ışığı şiddeti ve 42 °𝐶 sıcaklıktır. 𝐶₃𝑁₄/𝐷𝐸𝑈 −
51(𝘍𝘦)nanopartikülü 5 kez kullanıldıktan sonra %97 verimle geri 
kullanılmıştır. 𝘊𝘳(𝘝𝘐) giderimi Langmuir-Hinshelwood (L-H) kinetik 
modelle açıklanmıştır. 𝘊𝘳(𝘝𝘐) giderimi Langmuir-Hinshelwood (L-H) 
kinetik modelle açıklanmıştır. 

Keywords: 𝖢𝗋(𝖵𝖨), C₃N₄/DEU − 51(𝖥𝖾), Langmuir-Hinshelwood 
photo-degradation kinetic, Reuse, Sun light. 

 Anahtar kelimeler: 𝖢𝗋(𝖵𝖨), C₃N₄/DEU − 51(𝖥𝖾), Langmuir-
Hinshelwood foto parçalanma kinetiği, Geri kullanım, Güneş Işığı. 

1 Introduction 

Heavy metal pollution is increasing significantly since the 
disposal of wastewater is an important environmental 
problem. Wastewaters from chemical, textile, glass and metal 
industries includes toxic heavy metals at high concentrations 
[1]-[3]. The environmental pollution caused by organic and 
inorganic pollutants increase the pollution problem because of 
rapid industrialization. Metals released to aquatic ecosystems 
as a result human activities, from soils and rocks concerning the 
discharge of metals from metal, chemical, petrochemical and 
metallurgical industries [4]. The big part of heavy metal 
pollutants are zinc, chromium, nickel and lead [5]. (𝖢𝗋(𝖵𝖨)) is a 
metal present in the receiving aquatic ecocystems released 
wastewaters like metal, petrochemical, textile, leather and 
metal finishing [6]-[9]. 

The utilization of photo catalysts under sunlights increase the 
photodegradation mechanism by elevating the removal of 
resistant compounds. With good absorption under cross-
section areas under solar spectrum, increase the conversion 
efficiency of pollutant in different environments with low cost 
[7],[10]. Cost is very significant in the comparison of the 
efficiency of the nano-adsorbents. A nono adsorbent should be 
cost effective. Improved adsorption capacities should be 
attributed to the low cost of adsorbents [11],[12]. With 
photocatalytic applications metals oxides can be converted to 
the other metals under UV light. The adsorbents it is used 
successfully in the removals of expensive by the industries and 
cause to environmental pollution [13]. Therefore, it is 
important to generate some cheap new metal-free catalysts 
activated under sun light and exhibiting good photocatalytic 
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performance and they are friendly in environmental 
ecosystems [14]. For this reason, degradation of 𝖢𝗋(𝖵𝖨) to 𝖢𝗋(II𝖨)  
can be usefull for the environment and ecosystem. 

In this study, Fe-based carbon nitride 𝙲₃𝙷₄ nanocomposite was 
developed under laboratory conditions and it was used to 
reduce 𝖢𝗋(𝖵𝖨). The different concentrations of C₃N₄ ( 0.05 mg/L, 
0.1, 0.3, 0.7, 1.0, 1.5, 2.3 and 5 mg/L) in C₃N₄/DEU − 51(𝖥𝖾), the 
effects of increasing photooxidation times (5 min, 15 min, 35 
min, 60 min and 90 min), the effects of increasing sun light 
powers (25 mW/m2 at 12:00 in winter, 80 mW/m2 at 12:00 in 
summer,  55 mW/m2 at 12:00 in spring and 35 mW/m2 at 12:00 
in autumn), effect of temperature (10 °C in winter at 12:00; 
23 °C in spring, at 12:00; 42 °C in summer at 12:00 and 26 °C in 
autumn at 12:00), effect of pH (2, 7 and 10) on the removals of 
𝙲𝚛(𝚅𝙸) were researched. The reusability performance of 
C₃N₄/DEU − 51(𝖥𝖾) and the 𝖢𝗋(𝖵𝖨) reduction by Langmuir-
Hinshelwood kinetic model was researched. 

2 Materials and methods 

2.1 Production of DEU-51(Fe) under laboratory 
conditions 

1,4-benzenedicarboxylate (1.4-BDC) (1.69 g) and FeCl₃6H₂O  
(2.12 g) were added into 50 mL N, N-dimethylformamide 
(DMF) and was mixed in a magnetic stirrer homogeneously. 
Then they were transferred into a 100 mL Teflon cap and it was 
incubated at 150 °C for 24 h. It was cooled in room temperature. 
The product was centrifugated, then it was rinsed with DMF 
and ethanol, respectively. The obtained sample dehydreted in 
an incubator at 150 °C for 24 h [15]. 

 

https://www.lenntech.com/Periodic-chart-elements/Cr-en.htm
https://www.lenntech.com/Periodic-chart-elements/Ni-en.htm
https://www.lenntech.com/Periodic-chart-elements/Pb-en.htm
https://orcid.org/0000-0002-5386-1862
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2.2 Production of 𝐂₃𝐍₄ under laboratory conditions 

The C₃N₄ was produced with calcination of melamine [16].  
1.3 g melamine was added into a ceramic cup containing a 
cover, and then the produced matter was boiled at 560 °C in an 
incubator for 6 h. The product was utilized to produce the 
composite [15]. 

2.3 Production of 𝐂₃𝐍₄/𝐃𝐄𝐔 − 𝟓𝟏(𝗙𝗲) under laboratory 
conditions 

3 g C₃N₄ was put into10 mL DMF. This mixture ultrasonicated 
for 35 min. 1.76 g of 1.4-BDC and 4.89 g FeCl₃6H₂O were 
transferred to 56 mL DMF. They stirred until became 
homogenous. C₃N₄/DMF was successively settled in the 
mixture. It heated at an furnace of 150 °C for 1 day. The 
products were CMFe3 and CMFe5. They identified based on  
C and N (3 % and 5 %) percentages [15]. 

2.4 Photocatalytic removal of Cr(VI) 

The photodegradation yield was measured by removing of 
Cr(VI) to Cr(III). Using different C₃N₄/DEU − 51(𝖥𝖾) (0.1 
mg/L, 0.3, 0.8, 1, 1.2, 1.6, 1.8, 2.5 and 4 mg/L) 
concentrations the reducing of 6 mg/L initial Cr(VI) solution 
were investigated. 

2.5 Solar reactor 

The solar reactor was made from a resistant quartz material 
with a volume of 1.9 L (30 cm heigth and 4 cm diameter). The 
UV studies were performed under constant sun ligths at powers 
varying between 70.00-80.00 mW/m2 at hours between  
11:00 am and 16:00 pm when the sunligth powers were at 
maximum levels. 

2.6 Power of sunlight 

The intensities of sunlight photoreactor were 25 mW/m2 at 
12:00 in winter, 80 mW/m2 at 12:00 in summer, 55 mW/m2 at 
12:00 in spring and 35 mW/m2 at 12:00 in autumn. Sunlight 
powers were measured with a Philips light meter Model  
DL-2001 during months and days. 

2.7 Measurements of Cr(VI) and Cr(III) concentrations 

Cr(VI) was detected in an chromatographic device containing a 
visible wavelength detector. The IC/PCR distinguish the Cr⁺⁶ as 
CrO4 = from other diphenyl reactions with carbazide. 
Reduction Cr(III) to Cr(VI) was performed according to the 
literature given by Gürkan et al. [17]. The pH was regulated to 
pH 10 by adding 15 mL 4% (w/w) H₂O₂. This sol was heated in 
an incubator at 80 °C during 50 min. Then it was boiled in a 
heater for 15 min to treat the H₂O₂. Cr(VI) was calculated in a 
spectrophotometer at a wave length of 651 nm. Cr(III) was 
measured by discarding Cr(VI) level from the total Cr. 

2.8 Characterization of 𝐂₃𝐍₄, DEU-51(Fe) and 
𝐂₃𝐍₄/𝐃𝐄𝐔 − 𝟓𝟏(𝗙𝗲)  

X-Ray Diffractometer (XRD) running at 40 mA and 40 kV  
(Cu-K) was used while a Fourier Transform Infrared (FTIR) 
spectroscopy on KBr was utilized in a Transmission FTIR 
Spectrometric Analyzer. Transmission Electron Microscope 
(TEM) and Scanning Electron Microscope (SEM) data were 
collected by using TEM JEM-200 CX with an electrical voltage of 
100 kV. Brunauer, Emmet and Teller (BET) analysis were 
performed to determine the surrounding area, the pore volume 
and the pore size distribution of the adsorbent using nitrogen 
adsorption method. 

3 Results and discussion 

3.1 XRD patterns of 𝐂₃𝐍₄, DEU-51(Fe) and 
𝐂₃𝐍₄/𝐃𝐄𝐔 − 𝟓𝟏(𝗙𝗲) for 0.5 mg, 1.0 and 2.0 mg 

The crystal composition of DEU-51(Fe) was researched using 
XRD. The XRD pathways of DEU-51(Fe) exhibiting similar data 
with the study’s results by Akple et al. and Wen et al. 
C₃N₄/DEU − 51(𝖥𝖾), C₃N₄ and DEU-51(Fe) [18],[19] 
(Figure 1a). The strong diffraction hills of DEU-51(Fe) showing 
the crystalloid structure of this adsorbent. The raised peaks in 
XRD pathways exhibited similarities with the studies 
performed recently [20]. The small hills results from the 
breathing of some small molecular organics in the solvents used 
in the production of DEU-51(Fe) (Figure 1a). Some solvents, 
like DMF and BDC leads to production of important changes of 
the lattice in the hill peaks. The distinctions peaks of C₃N₄ 
exhibited similar data with the results of Lewellyn et al. and Hu 
et al. (Figure 1b) [21],[22]. The interlayer-stacking hill (0019) 
at 29.8 °C attributed to the interlayer distance of ∼0.38 nm in 
the structure of C₃N₄. The XRD patterns of C₃N₄/DEU − 51(𝖥𝖾) 
showed a crystal constitution of the DEU-51(Fe). It was not 
varied after the supplementation of C₃N₄ as reported by Wang 
et al. and Hong et al. [23],[24]. Figure 1c, indicates the XRD-
patterns of 0.5 mg, 1.0 and 2.0 mg C₃N₄/DEU − 51(𝖥𝖾). It 
was shown that the XRD pathways of the this composite 
exhibited similarities with the XRD patterns of DEU-51(Fe) and 
C₃N₄. This showed that the crystal constitution of the DEU-
51(Fe) is not varied after the supplementation of C₃N₄. This 
result agree with the previous recent investigations [24],[25]. 

 

Figure 1a. XRD patterns of DEU-51(Fe). 

 

Figure 1b. XRD patterns of C₃N₄. 

 

Figure 1c. XRD patterns of  C₃N₄/DEU − 51(𝖥𝖾). 
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3.2 FTIR spectra of 𝐂₃𝐍₄, DEU-51 (Fe) and 
𝐂₃𝐍₄/𝐃𝐄𝐔 − 𝟓𝟏(𝗙𝗲)  

The spectra of C₃N₄ and the other constituents of 
nanocomposites are illustrated in Figure 2. This spectrum 
involved broad exceed bands at 3271 cm-1, 3164 cm-1, and 3072 
cm-1. These bands are related with the stretching pulses of N-H 
bonds. More specific bands were detected at 1636 cm-1, 1569 
cm-1, 1410 cm-1, 1326 cm-1, 1242 cm-1 and 806 cm-1 indicating 

the characteristic of C₃N₄ [21],[22],[24]. Powerful bands 
around 1636 cm-1 and 1242 cm-1 such as C=N and C-N 
illustrated different cyclic rings. The FTIR spectra of 
DEU-51(Fe) showed in Figure 2. This graph showed similar 
data based on vibration their structure. This contains trivalent 
metal cores and -COOH ligands. The absorption apicals of the 
DEU-51(Fe) were detected at around 1685 cm-1, 1595, 1396, 
1020, and 750 cm-1. These hills were originated from the 
oscillation in the COOH groups compared to the recent 
literatures [26],[27]. The high intensity of (C-O) at around 1685 
cm-1 indicates the availability of some free carboxylic groups 
[28]. The two strong peaks at around 1595 and 1396 cm-1  
((C-O) and (C-O)) exhibited the derivatives of carboxyl groups. 
This indicates the availability of Fe containing nanocomposites 
for effective adsorption. The FTIR spectrum of  
C₃N₄/DEU − 51(𝖥𝖾)-(0,5 mg; 1 and 2 mg) exhibits two bands 
at 1564 cm-1 and 1383 cm-1 (Figure 2). This is related with the 
absorption of the carboxyl groups on the center of  
C₃N₄/DEU − 51(𝖥𝖾) composite. The strong band at 747 cm-1 is 
relevant to C-H-puls. Both samples showed the same frequency 
dependence in the construction of nanocomposite. This showed 
that the structure of C₃N₄/DEU − 51(𝖥𝖾) composite was not 
changed effectively. 

 

Figure 2. FTIR spectra of C₃N₄, DEU-51(Fe) and  
C₃N₄/DEU − 51(𝖥𝖾). 

3.3 SEM images of DEU-51(Fe), 𝐂₃𝐍₄/𝐃𝐄𝐔 − 𝟓𝟏(𝗙𝗲); 
and TEM micrographs of 𝐂₃𝐍₄, DEU-51(Fe) 

As shown in Figure 3a, SEM images of DEU-51(Fe) exhibited a 
multiple hedron structure. The SEM picture of  
C₃N₄/DEU − 51(𝖥𝖾) composite reveals C₃N₄ coated on the  
DEU-51(Fe) showed similarities with the surface of composite 
(Figure 3b). Figure 3c exhibited the TEM micrographs of  
C₃N₄ and DEU-51(Fe). This showed that the C₃N₄ was greatly 
localized to the superficies of the C₃N₄/DEU − 51(𝖥𝖾) 
composite. 

3.4 EDS measurement of C3N4/DEU-51(Fe) 

EDS analysis results showed that there are iron, carbon, oxygen 
and nitrogen elements in the structure of C₃N₄/DEU − 51(𝖥𝖾) 
composite (Figure 4). The elements were distributed 
throughout C₃N₄/DEU − 51(𝖥𝖾) composite. 

 

Figure 3(a). DEU-51(Fe). 

 

Figure 3(b). C₃N₄/DEU − 51(𝖥𝖾). 

 

Figure 3(c). C₃N₄ and DEU-51(Fe). 

Figure 3. SEM images of DEU-51(Fe) (a) and C₃N₄/DEU −
51(𝖥𝖾)(b); TEM images of C₃N₄ and DEU-51(Fe)(c). 

 

Figure 4. EDS measurement composite. 

3.5 BET, pore volume and pore diameter analysis of 
𝐂₃𝐍₄, DEU-51(Fe) and 𝐂₃𝐍₄/𝐃𝐄𝐔 − 𝟓𝟏(𝗙𝗲) 

The BET surface area of C₃N₄/DEU − 51(𝖥𝖾) complete 
composite is 22.04 m2 g-1.  It is over than pristine C₃N₄ (13.5 

m
2 g

-1
) and DEU-51(Fe) (12.8 m2 g-1) (Table 1). The mean 

pore radius of C₃N₄/DEU − 51(𝖥𝖾) composite containing 
Cr(VI) is also bigger than that of pristine C₃N₄/DEU − 51(𝖥𝖾) 
composite before Cr(VI) treatment. This can be explained 
with the surface of composite which is not occupied by C₃N₄. 
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The introduction of the C₃N₄ to the C₃N₄/DEU − 51(𝖥𝖾) 
composite does not influence the generation of the pure 
composite crystals to a certain extend.  

3.6 Effects of doping content of 𝐂₃𝐍₄ in the 1.6 mg/L 
𝐂₃𝐍₄/𝐃𝐄𝐔 − 𝟓𝟏(𝗙𝗲) on the treatment of initial 6 
mg/L Cr(VI) at a sun light power of 65 mW/m2 after 
14 min photoxidation 

The effect of C₃N₄ dose on the photocatalytic treatment of 
Cr(VI) was investigated for limits varying between  
0.05-5.0 mg/L. The efficiencies were compared with a sample 
without catalyst. This phenomenon was determined as 
photolysis. Furthermore, a control was utilized to research the 
adsorption and desorption of Cr(VI) on the C₃N₄ surface under 
sun light. As the C₃N₄ concentration was increased from  
0.05 mg/L up to 0.7 mg/L, the Cr(VI) concentrations reduced to 
0.83 mg/L with a Cr(VI)  yield of 93 % (Table 2). Further 
increase of C₃N₄ concentration up to 2.3 and 5.6 mg/L the 
Cr(VI) removals remained stable. The maximum Cr(VI) yields 
was obtained at 0.70 mg/L C₃N₄ concentration. About 0,8-1,2 % 
removal in the level of Cr(VI) was detected after 20 min of 
adsorption under dark circumtances. The level of Cr (VI) did not 
modify during 60 min (data not shown). For this reason, the Cr 
(VI) mixed with the C₃N₄ during 10 min in order to reach the 
steady-state conditions for adsorption and desorption 
processes under dark conditions. It was not found a big removal 
in the Cr (VI) concentrations during photolysis. However 
addition of 0,7 mg/L of C₃N₄ catalyst increase the 
photodegradation of pollutant. At a lower C₃N₄ concentrations 
(0.05 and 0.1 mg/L) the Cr(VI) removal yield was 45-55 % after 
15 min photocatalysis. When the C₃N₄ level increased  
(0.30 mg/L and 0.7 mg/L); 65% and 93% Cr (VI) treatment 
efficiencies was observed, respectively. The increasing of the 
C₃N₄ catalyst (1.00 mg/L, 1.50 and 5 mg/L) lowered the yield 
of Cr (VI) (92%). Therefore, 0.7 mg/L C₃N₄ was accepted as an 
optimum concentration for the studies performed during the 
experiments. At his C₃N₄ levels the photocatalytic yield for 
Cr(VI) removal was detected via good electron transferring 
during effective sun light absorption. The optimum catalyst 
concentration was chosen when the reactive oxygen species are 
optimum to remove the Cr (VI). Optimum concentration can be 

defined as the equilibrium between free radicals and shifting 
due to the presence of excess C₃N₄. Similarly, Huang at al. also 
detected an optimum gC₃N₄ concentration in the gC₃N₄,  
MIL-53(Fe) showed better Cr(VI) yield, compared to MIL-
53(Fe) [15]. It was declared that high electron migration yield 
exhibits an important way to rise the photocatalytic yield. This 
is very important since rich electron transfer can decrease the 
redox of electron-cavity pairs [15]. Wan et al. and Wang et al. 
investigated the impact of nanocomposite level on 
photodegradaion of Cr(VI) under visible light. They observed 
efficient Cr(VI) yield (85%) under sunlight using 0.8 g/L 
gC₃N₄/graphene under optimum conditions [29],[30]. 

3.7 Effects of 𝐂₃𝐍₄/𝐃𝐄𝐔 − 𝟓𝟏(𝗙𝗲) concentrations on the 
treatment of Cr(VI) at 0,7 mg/L 𝐂₃𝐍₄ concentration 
at initial 6 mg/L Cr(VI) at a sun light power of  
65 mW/m2 after 14 min photooxidation 

C₃N₄/DEU − 51(𝖥𝖾) levels were raised from 0.1 mg/L up to  
4 mg/L. As the C₃N₄/DEU − 51(𝖥𝖾) level was enhanced from  
0.1 mg/L up to 1.2 mg/L the Cr(VI) yields increased from 34% 
up to 93% (Table 3). Further increase of this nanocomposite 
did not affect the Cr(VI) removals. The effective Cr(VI) 
photooxidation was obtained at 1.2 mg/L C₃N₄/DEU − 51(𝖥𝖾) 
levels. The lowest Cr(VI) photooxidation was obtained at  
0.1 mg/L C₃N₄/DEU − 51(𝖥𝖾) levels as 34%. An increase of 
C₃N₄/DEU − 51(𝖥𝖾) loading advices to elevate the activated 
regions, however, can be decrease the reduction of Cr(IV) by 
blocking sun irradiation. 

Nguyen and Juang reported that the increase of catalyst 
increased the reduction efficiency of pollutant because catalyst 
exhibits a high capacity for promoting the intreaction between 
oh radicals and pollutants [31]. In this study, C₃N₄/DEU −
51(𝖥𝖾) C₃N₄/DEU − 51(𝖥𝖾) exhibited a high Cr(VI) reduction, 
however when the C₃N₄/DEU − 51(𝖥𝖾) concentration 
increased from 1. 6 mg/L up to 4.0 mg/L, no significant 
improvement of Cr(VI) decrease was observed. When the 
catalyst concentration is higher than that an optimal value 
[C₃N₄/DEU − 51(𝖥𝖾) catalyts concentration (>1.2 mg/L)]; 
excess photocatalyst vould cause accumulation of nano 
composite which is independent and elevated the opacity. 

 

Table 1. Surface Properties of C₃N₄/DEU − 51(𝖥𝖾). 

Samples BET(m²g⁻¹)ᵃ V(ccg⁻¹)ᵇ  D(nm)ᶜ 

C₃N₄/DEU − 51(𝖥𝖾) (1.6 mg) 22.04 0.093 1.92 
C₃N₄ (0.70 mg) 13.50 0.021 1.42 

C₃N₄/DEU − 51(𝖥𝖾) (0.5 mg) 17.90 0,067 1.72 
C₃N₄/DEU − 51(𝖥𝖾) 1 mg) 18.50 0,076 1.83 
C₃N₄/DEU − 51(𝖥𝖾) (2 mg) 19.90 0.081 1.79 

DEU-51(Fe) (0.90 mg) 12.80 0.070 1.45 
a.: BET specific surface. b: Total pore volüme. c: The pore diameter. 

Table 2. Effects of doping content of C₃N₄ in the 1.6 mg/L C₃N₄/DEU − 51(𝖥𝖾) on the removals of Cr(VI). 

C₃N₄ 
Concen 
tration 
(mg/L) 

Cr(VI) 
Concen 
tration 
(mg/L) 

Cr(VI) 
removal 

efficiency 
(%) 

Cr(III) 
Concen 
tration 

(mg/L)after 
Photocatalysis 

Remaining 
Cr(VI) 

Concen 
tration 
(mg/L) 

0.05 6 45 1.60 3.30 
0.10 6 55 1.80 2.70 
0.30 6 65 2.20 2.10 
0.70 6 93 5.59 0.42 
1.00 6 92 5.52 0.48 
1.50 6 92 5.52 0.48 
2.30 6 92 5.52 0.48 
5.00 6 92 5.52 0.48 
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Table 3. Effects of C₃N₄/DEU − 51(𝖥𝖾) concentrations on the removal of Cr(VI). 

C₃N₄/DEU − 51(𝖥𝖾) 
Concen 
tration 
(mg/L) 

Cr(VI)  concen 
tration 
(mg/L) 

Cr(VI) removal efficiency 
(%) 

Cr(III) concentration 
(mg/L) 

after photocatalysis 

Remaining Cr(VI)  concen 
tration (mg/L) 

0.1 6 34 1.10 3.96 
0.3 6 55 1.40 2.70 
0.8 6 65 1.70 2.10 
1.0 6 70 2.20 1.80 
1.2 6 93 5.58 0.42 
1.6 6 91 5.52 0.54 
1.8 6 91 5.52 0.54 
2.5 6 91 5.52 0.54 
4.0 6 91 5.52 0.54 

 

However, this cause a reduction in sun ligth distibution in order 
to protect the effect of some solid particles [32]. At high 
nanocomposite levels in aquatic media asteric effect can be 
observed. Under these conditions the granule-granule 
interaction can musk the sun ligth diffusation and lowered the 
active reaction sites. 

3.8 Effect of photooxidation times under sun light at  
1.2 mg/L 𝐂₃𝐍₄/𝐃𝐄𝐔 − 𝟓𝟏(𝗙𝗲) concentrations on the 
removal of Cr(VI) at 0.7 mg/L 𝐂₃𝐍₄ concentration at 
initial 6 mg/L Cr(VI) at a sun light power of  
65 mW/m2 after increasing photodegradation times 
(5 min, 15, 35, 60 and 90 min) 

As the photooxidation times were increased from 5 min up to 
15 min the Cr(VI) yields increased from 45% up to 93% under 
sun light (Table 4). The maximum Cr(VI) reduction to Cr(III) 
was found after 15 min contacting with 65 mW/m2 sun light. 
Further increase of time did not affect the Cr(VI) removals.  
Data obtained from this study showed that the Cr(VI) reduction 
to Cr(III) depletes with attenuation of photodegradation 
period. It can speculated that longer retention time, in an 
elevated ratio of contact and at long contact times; hydroxyl 
radicals were not achieved for Cr(VI) reduction. As a result, low 
conversion rates was observed [33]. At a shorter residence 
time, Cr(III) have a lower colloid forming capacity with the OH 
anions produced from the photooxidation of Cr(VI) [33]. The 
enhancement effect is reduced with decreasing residence time. 
Jing et al. observed that the photoremoval efficiency of  
MIL-68(Fe) on the treatment of Cr(VI) in different media under 
UV light depends on illumination time [34]. The optimum 
illumination time for maximum removal of Cr(VI) (87%) was 
obtained as 60 min. In our study, the optimum time and the 
maximum Cr (VI) yields were found to be higher than the study 
by Jing et al. [34]. 

3.9 Effects of increasing sun light powers on the 
removals of Cr(VI) photoremovals at 1.2 mg/L 
𝐂₃𝐍₄/𝐃𝐄𝐔 − 𝟓𝟏(𝗙𝗲) concentration at 0.7 mg/L 𝐂₃𝐍₄ 
concentration at initial 6 mg/L Cr(VI) at a sun light 
power of 65 mW/m2 after 15 min photooxidation 

As the sun light powers were increased from 25 mW/m2 at 
12:00 in winter to 80 mW/m2 at 12:00 in summer; the Cr(VI) 
removals increased from 34 % up to 97% (Table 5). The Cr(VI) 
yields increased from 34% to 45%, to 78% and to 97% as the 
sun light powers increased during season. The Cr(VI) removals 
were at medium levels (45% and 78%) at medium sun light 
powers (35 and 55 mW/m2); since the sun was not so effective 
in the photooxidation. Sun light corresponds for the wavelength 
and gap energy of C₃N₄/DEU − 51(𝖥𝖾) during contacting sun 
wavelength. The photon flux is important in the photocatalytic 

processes. The UV has a major influence in the removal of 
Cr(VI) since its influence in the production of OH • radicals at 
elevated amount. A rise in light strength cause to improve the 
photocatalytic rates. In this study contrarily to the studies 
performed by Asadi et al. at high sun light powers  
(55 and 80 mW/m2 in spring and in summer) electron hole 
pairs did not separate and they did not compete with electron-
hole recombination [35]. Zou et al. also mentioned that 
treatment of Cr(VI) and total chromium by Fe-nanoparticles 
depend on sun light powers [36]. They found that the majority 
of Cr(VI) presented in wastewater was likely reduced to Cr(III)  
at high sun light powers such as 80-90 mW/m2. 

3.10 Effect of pH on the Cr(VI) reductions 

The studies were performed in the pH range (2,5-8,5) for  
6 mg/L Cr(VI) dose and 1.2 mg/L of C₃N₄/DEU − 51(𝖥𝖾) dosage 
and a C₃N₄ level of 0.7 mg/L at a temperature of 42 °C. Cr(VI) 
yield is relevant with pH and the maximum Cr(VI) yield  
(99.8%) is obtained at pH 2.5 (Table 6). The pH in the beginning 
of the study has an important effect on the Cr(VI) in 
wastewater, and this affect the photoremoval of Cr(VI) [37]- 
[41]. 

At high pH levels the removals of Cr(VI) depleted since pH pzc 
of C₃N₄/DEU − 51(𝖥𝖾) is around 4.2 [41]. At negative surface 
charges the production of Cr(VI) species decreased. HCrO₄‾ 

accumulates under pH 4 and 5 and is sorbed on the 
nanocomposite superficial surface. At pH>3, important 
quantity of Cr₂O₄²‾ and Cr₂O₇²‾ were found [42],[43]. Cr(VI) 
yields raised at low pH values [44]. At pH 2.5, 99.8 % of the 
Cr(VI) decreased after 15 min. At pH of 5.0, and 8.5, the yield 
after 15 min irradiation were 60%, and 30%, respectively 
(Table 7). Cr(VI) reduction rates were maximum at acidic pH 
than at neutral or basic pH conditions. This can be explained by 
the big removal ratio of Cr(VI)/Cr(III) at lower pH. 

As the pH was decreased, the main thermodynamic power for 
Cr(VI) removal increases [45]. At high pH, the molecular oxygen 
levels is higher than for the Cr(VI) and O₂.  This resultnng in 
with low Cr(VI) yields. The Cr(VI) yield elevated at low pH, and 
improve the rate by corrosion of Fe. pH is one of the important 
since has an significant effect on photocatalysis [46]. At lower 
value of pH (5.0), the Cr(VI) yield was 60%. When the pH was 
8.5, 30% removal was obtained. The results indicated that low 
pH was favorable for the removal of chromium. Under acidic pH 
condition, the electrostatic attraction between C₃N₄/DEU −
51(𝖥𝖾) the and Cr ion increases. Jing et al., also observed that 
the low Cr(VI) yields via photodegradation was  strongly 
effected by the pH value of the medium[34]. The Cr (VI) 
photooxidation percentage increased to 98 % when the pH 
increased to 3.0 [34],[47]. 
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Table 4. Effects of photooxidation times on Cr(VI) removals at a sun light power of 65 mW/m2. 
C₃N₄/DEU − 51(𝖥𝖾) 

Concen 
tration (mg/L) 

Photo 
oxi 

dation 
time (min) 

Cr(VI) concen 
tration (mg/L) 

Cr(VI)  removal 
efficiency (%) 

Cr(III) 
concentration 
(mg/L) after 

photocatalysis 

Remaining Cr(VI)  
concen 
tration 
(mg/L) 

1.2 5.0 6 45 1.9 3.30 
1.2 15 6 93 5.58 0.42 
1.2 35 6 93 5.58 0.42 
1.2 60 6 93 5.58 0.42 
1.2 90 6 93 5.58 0.42 

Table 5. Effects of sun light powers on Cr(VI) removals. 

C₃N₄/DEU −
51(𝖥𝖾)  

Concen 
tration 
(mg/L) 

Photooxi 
dation 
power 

(mW/m2) 

Photo 
oxidation 

time 
(min) 

Cr(VI) 
Concen 
tration 
(mg/L) 

Cr(VI) 
removal 

efficen cy 
(%) 

Cr(III) 
Concen 
tration 
(mg/L) 

after 
photoca 
talysis 

Remai 
ning 

Cr(VI) 
Concen 
tration 
(mg/L) 

1.2 25 W/m2 
in winter 

15 6 34 2.02 3.96 

1.2 80W/m2 In 
Summer 

15 6 90 4.10 0.60 

1.2 55 W/m2 
in spring 

15 6 78 3.45 1.32 

1.2 35 W/m2 
in autumn 

15 6 45 2.45 3.30 

Table 6. Effects of pH on Cr(VI) removals. 

C₃N₄/DEU − 51(𝖥𝖾) 
concen 

tration (mg/L) 

pH Cr(VI) concen 
tration 
(mg/L) 

Cr(VI)  removal 
efficiency (%) 

Cr(III) concentration 
(mg/L) after 

photocatalysis 

Remaining 
Cr(VI) 

concentra 
tion (mg/L) 

1.2 2.5 6 99.8 5.70 0.012 
1.2 5.0 6 60.0 2.40 2.400 
1.2 8.5 6 30.0 1.02 4.200 

Table 7. Langmuir Hinshelwood kinetic for photocatalytic reduction of Cr(VI). 

C₃N₄/DEU − 51(𝖥𝖾) 
Concentration (mg/L) 

kᵣ 

(unitless) 
Kʟʜ 

(mg/L-min) 
R² 

0.1 0.204 0.018 0.99 
0.3 0.308 0.032 0.99 
0.8 0.442 0.042 0.99 
1.0 0.490 0.065 0.99 
1.2 0.940 0.078 0.99 
1.6 0.720 0.043 0.99 

 

3.11 Photocatalytic removal mechanism of Cr(IV) by 
𝐂₃𝐍₄/𝐃𝐄𝐔 − 𝟓𝟏(𝗙𝗲) 

During photocatalysis C₃N₄/DEU − 51(𝖥𝖾) is excited by 
sorption of electrons of sun light equivalent or bigger than the 
band gap Eg. This cause to exciting of a photon from the valence 
band to the conduction band. Eg of C₃N₄/DEU − 51(𝖥𝖾) is 
around 2.4 eV, relevant to ca. 320 nm. For this reason, 
C₃N₄/DEU − 51(𝖥𝖾) has to be affected with sun light. The 
photon-hollow redox reactions is a quick phenomenon (<80 
split-second in a C₃N₄/DEU − 51(𝖥𝖾) [48],[49]). With chemical 
processes the photon conduction proceses occurred 
between h⁺𝜈ᴃ or 𝑒ˉ󠄀св  and different matters on the around of 
C₃N₄/DEU − 51(𝖥𝖾) [50], [51]. The photon receivers decreased 
by photons in conduction band and releasing matters can be 
oxidized by h⁺𝜈ᴃ [52]. The redox reactions occurred between 
conduction band and valance band. Hydroxyl radicals (𝐻𝑂 •) 

releasing by the redox reaction between valence band and 
conduction band adsorbed to the wastewater and to the 
surrounding of the hydroxyls are oxidizing compounds [51]. 
The reactive oxygen species such as (𝐻𝑂₂ •/𝑂₂ • ˉ󠄀), are also 
generated from Cr(III) by transformation of Cr(IV). Cr(V) and 
Cr(IV) can be dissolved and it can be reacted with Cr(V) and 
Cr(IV). Cr(III) can be oxidized by valence band/hydroxyl radical 
couple [37],[53],[55]. Cr(III) was obtained as the end product 
on the C₃N₄/DEU − 51(𝖥𝖾)  surface [53],[54],[56]. This is 
possible because the accumulation of Cr(III) cause to decrease 
the activation of C₃N₄/DEU − 51(𝖥𝖾) and this prevents the 
transportation of the electrons by redox reactions [57],[58]. 

This provides very advantageous in the photocatalytic systems 
for Cr(VI) depletion from effluents. The mechanism responsible 
for the convertion of Cr(VI) to Cr(III) can be explained as 
follows: Cr(VI) in excited state could be reduced by the electron 
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donor in the conduction band of C₃N₄/DEU − 51(𝖥𝖾) with the 
aid of H⁺. The photoreduction of CrO₄ mediated by the electron 
donor in oxygenated textile industry wastewaters. The possible 
mechanism of the photochemical reduction of Cr(VI) was 
proposed following Eqs. 1-4 [57],[58]. 

𝙲𝚛(𝚅𝙸) + 𝚁𝙾𝙷 + 𝙾𝙷ˉ󠄀 + ℎ𝜈 →  𝙲𝚛(𝚅𝙸) + 𝙾𝙷ˉ󠄀 + H₂𝙾 (1) 

𝙲₃𝙷₄ ⁄ DEU − 51(Fe) +  hν
→  h + [𝙲₃𝙷₄ ⁄ DEU − 51(Fe⁺)] + 𝙾𝙷ˉ󠄀
+ 𝖾ˉ󠄀[𝙲₃𝙷₄ ⁄ DEU − 51(Fe) 

(2) 

𝖾ˉ󠄀[𝙲₃𝙷₄ ⁄ DEU − 51(Fe)]  + 𝙾𝙷ˉ󠄀
→ 𝖾ˉ󠄀[𝙲₃𝙷₄ ⁄ DEU − 51(Fe)] 

(3) 

𝙲𝚛(𝚅𝙸) + 𝙾𝙷ˉ󠄀 + 𝖾ˉ󠄀 →  𝙲𝚛(II𝙸) + H₂𝙾 (4) 

3.12 Reusability of 𝐂₃𝐍₄/𝐃𝐄𝐔 − 𝟓𝟏(𝗙𝗲) 

The photocatalytic activity of C₃N₄/DEU − 51(𝖥𝖾) does not 
significantly reducted after sequential five cycles for the 
removal of Cr(VI) to Cr(III). This showed that  
C₃N₄/DEU − 51(𝖥𝖾) exhibited high resistance and can be 
utilized for sequential removal of Cr(VI) photoreduction 
(Table 8). 

Table 8. Recovery of C₃N₄/DEU − 51(𝖥𝖾). 

C₃N₄/
DEU −
51(𝖥𝖾)  
(mg/L) 

Cr(VI) 
remov

al 
(%) 
first 

Cr(VI) 
remov

al 
(%) 

second 

Cr(VI) 
remov

al 
(%) 

third 

Cr(VI) 
remov

al 
(%) 

fourth 

Cr(VI) 
remov

al 
(%) 
five 

1,2 RUN -1 98 98 98 97 97 

1,2 RUN -2 98 98 98 97 97 

1,2 RUN -3 98 98 97 97 96 

4 Conclusions 

C₃N₄/DEU − 51(𝖥𝖾) was produced in a research laboratory 
and can be used was as a heterocatalyst to remove Cr(VI) 
from wastewater under sun-light applications. The novel 
composite is effective of Cr(VI) removal. pH has a successfully 
effect on the removal of Cr(VI) photodegradation under a 
sun light power of 80 mW/m2. XRD analysis showed that 
C₃N₄/DEU − 51(𝖥𝖾) exhibited good crystallinity. The FTIR 
spectrums showed that the corresponded bands in the 
photocatalytic reaction are related to carboxyl groups of the 
composite center and it is associated with the C-H-vibration. 
The TEM micrographs showed that C₃N₄ was present in the 
C₃N₄/DEU − 51(𝖥𝖾). The optimum pH in Cr(VI) removal by 
C₃N₄/DEU − 51(𝖥𝖾) was found at pH 2,5. Cr(VI) was reduced 
with a maximum yield of 92% to Cr(III) at 0.7 mg/L C₃N₄ 

concentration using 1.2 mg/L C₃N₄/DEU − 51(𝖥𝖾) composite 
concentration after 15 min photooxidation time in summer at 
42 °C. The photocatalytic performance of C₃N₄/DEU − 51(𝖥𝖾) 
was enhanced by doping of C₃N₄. The photo- c atalytic 
reduction rate of Cr(VI) was expressed by Langmuir-
Hinshelwood Kinetic Model. The 𝑘ᵣ and the 𝐾ʟʜ were 
obtained as 0.940 unitless and 0.078 mg/L-min, 
respectively. C₃N₄/DEU − 51(𝖥𝖾) was reused with a Cr(VI) 
yield of 97% after five sequential treatment trips. 
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