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Abstract

:

Featured Application


The synthesised and characterised novel compounds of β-phosphonate-type glycine pendant groups grafted on S-DVB copolymer present a great potential application in the treatment of water with organic pollutants, such as effluents resulting from the pharmaceutical, food or textile industry.




Abstract


Environmental pollution from organic contaminants caused by textile dyeing is a real danger. Wastewater from the textile industry has high organic loads, as well as dyes and chemical compounds used in their preparation. Among the azo dyes, Congo red (CR) dye is widely used as a model in the experimental studies of textile wastewater treatment. Heterogeneous photocatalysis consists of UV or VIS light irradiation of various types of organic compounds in water in the presence of a solid catalyst; it is considered an important technique for the purification and reuse of aqueous effluents. In the present study, two novel compounds of β-phosphonate-type glycine pendant groups grafted on S-DVB copolymer were used for the decontamination of Congo red dye polluted water. They were characterized by FTIR spectroscopy, scanning electron microscopy, EDX spectroscopy, thermogravimetric analysis and UV-VIS spectroscopy. By using 25 mg/L initial concentration of Congo red dye and a catalyst concentration of 1 g/L and 240 min of irradiation, a photocatalysis efficiency of 98.6% in the case of [(diethyl)(phosphono)methylene]glycine pendant groups grafted on styrene-6.7% divinylbenzene copolymer (EthylAmAcid material), and of 83.1% in the case of [(dibenzyl)(phosphono)methylene]glycine pendant groups grafted on styrene-6.7% divinylbenzene copolymer (BenzylAmAcid material), respectively, was achieved.
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1. Introduction


Textile wastewater pollution control requires great attention to solve the problem of discharging wastewater directly into the environment in order to reduce the ecotoxicological effect of dyes. Moreover, there is the possibility of reusing process water and chemicals [1]. Due to their intense utilization, organic dyes are currently considered as micropollutants [2]. Because they are found in low concentrations in the aquatic medium [3] and due to their poor biodegradability, they are practically considered to be ubiquitous in the environment, making the efforts to remove them from textile wastewater increase more and more.



The treatment processes of wastewater containing organic dyes are physico-chemical (sedimentation, filtration, flotation, coagulation, adsorption, membrane separation and incineration), chemical (neutralization, oxidation, reduction and electrolysis) and biological (aerobic or anaerobic) [4,5,6]. In general, the treatment scheme for the wastewater from the texile industry has three stages: pretreatment (fine straining, sedimentation and neutralization), biological treatment with activated sludge and tertiary treatment (coagulation-flocculation, adsorption, membrane separation, oxidation and electrolysis). Among these, the adsorption and advanced oxidation processes have proven to have good results in the tertiary treatment process of the effluents from the textile industry. While adsorption concentrates the compound onto the surface of the adsorbent material followed by its separation from water [7,8], the advanced oxidation processes result in the oxidative degradation of the compounds, respectively, and their complete removal from the aqueous environment. The advanced oxidation process implies the generation of strong oxidizing species (hydroxyl radicals or radicals based on sulphate or chlorine species) in the reaction medium to oxidize organic compounds. Among the advanced oxidation processes, we can mention the following: homogeneous ultraviolet irradiation (direct irradiation or photolytic oxidation mediated by hydrogen peroxide (UV/H2O2) and/or ozone (UV/H2O2/O3 or UV/O3)), heterogeneous photocatalysis, electron-beam irradiation, supercritical water oxidation, ultrasonic irradiation or electrohydraulic cavitation [9,10].



Heterogeneous photocatalysis can be defined as the initiation of an oxidation reaction under the action of UV, VIS or IR radiation in the presence of a solid material, called a photocatalyst, which absorbs these radiations and participates in the generation of the oxidizing species. After proving that TiO2 is a very good photocatalyst, many solid materials have been developed to be used as photocatalysts, for example, titania based materials [11,12,13], zinc based materials [14], copper based materials [15], layered double hydroxides [16] and polymers [17,18,19]. The complex architecture of polymers allows, almost unlimitedly, the synthesis of new materials with tunable properties. The alternative to inorganic or inorganic–organic hybrid photocatalyzing materials could be a polymer with similar properties that is easier to synthesize. Functionalization of polymeric supports with pendant active groups has yielded structures with improved properties that can be used in a wide range of applications. The use of polymers composite presents an increase in the water treatment technology’s performance due to the synergic effect brought about by the support and functional groups. In previous studies, as a functional group was introduced aminophosphonate groups on styrene-divinylbenzene supports, which were tested as adsorbents [20]. The functionalized polymers immobilized with transitional metals by coordination were studied as catalysts in the oxidation process of organic compounds with hydrogen peroxide [21]. In order to protect the environment, current trends are considering the possibilities of using the polymeric materials as supports with active pendant groups that could play an important role in the decontamination of aqueous systems and the recovery of toxic substances. A new functional group was studied, β-phosphonate glycine groups, for the functionalization of the styrene-6.7% divinylbenzene copolymer, and the obtained composite polymer was used for the first time as a photocatalyst in the water treatment process. From the literature survey, there are no published studies on using this type of functionalized polymer in the photocatalytic treatment process of water with dyes content.



The objective of the present study is the synthesis, characterization and use as photocatalysts of two polymeric materials obtained by grafting on styrene-divinylbenzene copolymer of the β-phosphonate-type glycine pendant groups.



The goal of the functionalization of copolymers with β-phosphonate glycine groups is to improve their adsorption/catalytic properties towards specific organic compounds present in the wastewater. The obtained copolymer functionalized with β-phosphonate glycine groups were characterized by FTIR spectroscopy, termogravimetric analysis, SEM/EDX analysis. In this study, polymeric heterogeneous photocatalysts with β-phosphonate glycine groups were tested in dark adsorption studies, and kinetics studies in the photocatalysis of the azo Congo red (CR) dye from water. The influence of initial concentration of the dye and the catalyst amount, as well as the possibility of catalyst reuse were investigated. Obtaining modified copolymers with pendant groups that can be easily recovered and reutilized without any contamination of the environment was our main interest. We are reporting some new results that show that the two materials (EthylAmAcid and BenzylAmAcid) can be successfully used in the Congo red dye removal from water through the process of heterogeneous photocatalysis.




2. Materials and Methods


2.1. Materials


Styrene-6.7% divinylbenzene copolymer functionalized with aldehyde groups (GF = 2.80 mmoles aldehyde groups/g copolymer, synthesized in our laboratory [20]), an aminoacid (glicine), diethylphosphite, dibenzylphosphite and ethanol (Chimreactiv, p.a.) were used as starting materials for the preparation of the photocatalytic polymers. All other chemicals were used without further purification.




2.2. Obtaining of β-Phosphonated Glycine Pendant Groups Grafted on Styrene-6.7% Divinylbenzene Copolymers


7 g of styrene-6.7% divinylbenzene copolymer with aldehyde pendant groups was left in ethanol (100 mL) for 24 h to allow the copolymer beads to swell. Functionalization of the copolymers with glicine and diethylphosphite/dibenzylphosphite was carried out at molar ratios of 1:1:1 and at reflux for 30 h. Then, styrene-6.7% divinylbenzene copolymers functionalized with pendant groups (by type: [(diethyl)(phosphono)methylene]glycine (Code: EthylAmAcid) and [(diphenyl)(phosphono)methylene]glycine (Code: BenzylAmAcid)) were separated by filtration, washed with ethanol and dried at 50 °C for 24 h.




2.3. Application as Photocatalysts for Congo Red Dye Removal


The photocatalysis experiments were carried out in a PhotoLAB B400-700 Basic Batch-L-type photocatalytic reactor, purchased from Peschl-Ultraviolet GmbH, Mainz, Germany, equipped with a TQ150-type submerged lamp (150 W Hg medium pressure). The temperature of the system did not exceed 20 °C, due to the circulation of tap water in the outer mantle of the reactor. An amount of 700 cm3 of CR solution (concentrations: 25, 50 and 100 mg/L) was magnetically stirred with a certain mass of photocatalyst, so that the catalyst amount was 0.5, 1 and 2 g/L. Preliminary dark adsorption experiments were carried out, in order to study the equilibrium time achieved between the surface of the photocatalyst and the dye. After this time, the lamp was turned on. At well-established time intervals, 5 mL aliquots were taken, filtered through a Millipore syringe filter (45 μm pore size) and spectrophotometrically analysed. The spectra were recorded between 200 and 800 nm and the maximum absorption values at λ = 498 nm were monitored. The Lambert–Beer’s law was utilized to establish the relationship between absorption and CR concentration. The efficiency of the removal of CR was calculated by using the following equation:


  Efficiency  ( % )  =    c   0      −    c     c 0      ·   100 ,  



(1)




where c0 is the initial concentration of CR (mg/L) and c is the concentration of CR at time t (mg/L).




2.4. Characterization Methods


The FTIR spectra were carried out using a Jasco FTIR spectrophotometer in the range of 400–4000 cm−1, using KBr pellets with a resolution of 4 cm−1. Scanning electron microscopy (SEM) analysis and elemental analysis (EDX) were performed using a Quanta FEG 250 Microscope. Thermal properties were studied through thermogravimetric analysis (TG) using TGA/SDTA 851-LF1100-Mettler equipment at a heating rate of 10 °C/min under nitrogen atmosphere, and temperature in the range of 25–900 °C.



Diffuse reflectance spectra of polymers were measured by using a Varian Cary 100 UV-VIS spectrophotometer equipped with an integrating diffuse reflectance sphere. The band gap energies were deduced after measurements by using the Kubelka–Munk equation.



The CR solution concentrations were analysed from the UV-VIS spectra recorded by using the Varian Cary 100 spectrophotometer.





3. Results and Discussions


3.1. Samples Characterization


In the present study, through a facile one-pot strategy, [(diethyl)(phosphono)methylene]glycine pendant groups and [(diphenyl)(phosphono)methylene]glycine pendant groups grafted on styrene-6.7% divinylbenzene copolymers were prepared successfully using amino acid, diethylphosphite/dibenzylphosphite and aldehyde copolymers as matrix (see Scheme 1).



Within the limits of inherent experimental errors, Table 1 present the results obtained in the characterization of the functionalized copolymers by determining the phosphorus and nitrogen content.



In Figure 1a, it is seen that the beads exhibit as a perfect ball, with the diameter varying from 476 µm to 864 µm. In addition, in Figure 1b, it is seen that the sample has a rough surface and uniform distribution of pores.



The comparative interpretation of the IR spectra (Figure 2) for the synthesized samples (EthylAmAcid and BenzylAmAcid) and aldehyde support shows a decrease in the intensity of the aromatic aldehyde groups’ absorption band at 1697 cm−1, corresponding to C=O stretching at the aromatic nucleus, confirming that the reaction occurred at the aromatic aldehyde groups. It also shows a slight increase in the adsorption band intensity from 1592 cm−1, indicating the presence of N-H valence vibrations, and shows that the aliphatic P-O-C stretch causes an increase in the intensity of the adsorption band at 1017 cm−1.



The comparative interpretation of the TG spectra (Figure 3) for the synthesized sample (EthylAmAcid) and aldehyde support shows that after 900 °C, the decomposition of EthylAmAcid sample gives 19.3% residue; that after 900 °C, the aldehyde support shows better stability, and at decomposition it gives 34% residue; and that the EthylAmAcid sample has stability up to a temperature of 260 °C compared to aldehyde support, which is stable up to a temperature of 420 °C.



Thus, upon the introduction by functionalization of β-phosphonate glycine pendant groups, the EthylAmAcid sample becomes less stable compared to the raw material.



The UV-VIS spectra for the samples are presented in Figure 4. The spectra present a broad absorption band in the UV domain, with two shoulders at 260 and 320 nm, that originate from the intra-aromatic π–π* transitions in copolymer [21]. The direct allowed band gap energies, calculated from the Kubelka–Munk transformed diffuse reflectance spectra, are 3.60 eV for EthylAmAcid sample and 3.65 eV for BenzylAmAcid sample. The values of band gap energies are in the domain of the energies calculated for other polymers [22,23]. The type of the groups, [(diethyl)(phosphono)methylene]glycine pendant groups or [(dibenzyl)(phosphono)methylene]glycine pendant groups, grafted on copolymer does not lead to obtaining very different values for the band gap energy. The small variation band gap energy for these structures may be due to the subtle difference in their structural arrangement. It is expected that the behavior of the samples will be similar in the process of heterogeneous photocatalysis.




3.2. Photocatalysis for Congo Red Dye Removal


3.2.1. Dark Adsorption Studies


Adsorption capacity is an important characteristic of the solid photocatalysts because the generation of the oxidant species and the oxidation process of organic dye compounds takes place at the surface of the solid. On the one hand, a good adsorption capacity ensures the presence of the organic dye compound on the catalyst surface, where the oxidation process takes place [24]. The studies that have been carried out regarding the synergistic effect of adsorption and photocatalysis on the removal of dyes from the water have shown that the materials that have high adsorption capacities have higher removal efficiencies [24], but these performances depend especially on the affinity of the adsorbent material towards the organic compound. On the other hand, the use of adsorbent materials with high adsorption capacity does not economically justify the use of these materials as photocatalysts. In addition, a very high adsorption capacity prevents the radiation generated by the lamp from reaching the surface of the catalyst to initiate the process of generating electron-hole couples that give rise to oxidizing radicals. Studying the synergistic effect of adsorption and photocatalysis developed by carbon nitride-based composite nanosheets, it was concluded that a high adsorption efficiency is followed by a low photocatalysis efficiency [25].



The dark adsorption studies give also information about the time needed to achieve the equilibrium and about the extent of adsorption. The variation in the CR concentration across time when conducting the adsorption studies in the dark is shown in Figure 5. A sharp decrease in the CR concentration is observed in the first 5 min after the contact between the dye solution and the solid materials, then the concentration decreases more slowly, the equilibrium being reached after 30 min of contact.



The adsorption efficiency developed by the two materials is: 34.4% for EthylAmAcid and 12.5% for BenzylAmAcid. Under these experimental conditions, the equilibrium adsorption capacities reached the values of 8.62 mg/g for EthylAmAcid and 1.95 mg/g for BenzylAmAcid, respectively.



The main application of polymers and composite polymers in water treatment, and especially in the tertiary treatment process of dye removal, is adsorption. A varied class of polymers and polymeric composites was synthesized, characterized, and tested for the study of their adsorbent performances. For example, a polyaniline-zinc titanate composite has proven an adsorption efficiency of over 95% in 15 min, when removing CR with an initial concentration of 50 mg/L [26]. A polystyrene/CuO/calcined layered double hydroxide composite has developed a maximum adsorption capacity of 485 mg/g, with an efficiency of over 95% in removing CR dye from water [27]. Comparing the adsorption efficiencies developed by other polymeric materials with those of the two studied materials, it can be concluded that their use as adsorbents is not economically feasible.




3.2.2. Efficiency of Photocatalysts


A comparison between the photocatalysis efficiency developed by the materials EthylAmAcid, BenzylAmAcid and P-CHO is presented in Figure 6. Starting from the initial concentration of 50 mg/L CR, the photolysis efficiency was 47.7% after 240 min of irradiation. Aldehyde support (sample P-CHO) has poor photocatalyst characteristics; after 240 min of reaction, a CR removal efficiency of 60.5% was achieved. However, samples EthylAmAcid and BenzylAmAcid have developed verry good efficiencies, of 95.3% and 85.1%, respectively. It can be concluded that by grafting the aldehyde support with the [(diethyl)(phosphono)methylene] glycine pendant groups/[(dibenzyl)(phosphono)methylene]glycine pendant groups, the photocatalyst characteristics of the synthesized materials are improved. The two studied materials (EthylAmAcid and BenzylAmAcid) presented a low adsorption capacity, but in the meantime developed a very good photocatalysis efficiency. These underline their efficiency to be used as catalytic materials in the degradation process of dyes from water using photocataysis treatment.




3.2.3. Influence of Congo Red Initial Concentration


The influence of the initial concentration of the dye is shown in Figure 7. At a lower initial concentration (of 25 mg/L), almost all the dye was removed from the solution after 240 min of heterogeneous photocatalysis, when using material EthylAmAcid as a catalyst (Figure 7a). The efficiency of CR removal was calculated, and it was 98.6%. With an increase in the initial concentration, the efficiency of the photocatalysis process decreases, reaching 86.0% for 100 mg/L CR. When we used material BenzylAmAcid as a photocatalyst, it can be seen from Figure 7b that the lower initial concentrations of CR had a weak influence on the efficiency of the process. The efficiency was 83.1% and 85.1% when starting from the initial concentration of 25 mg/L and 50 mg/L, respectively. For an initial CR concentration of 100 mg/L, and using material BenzylAmAcid as the photocatalyst, a process efficiency of 73.1% was obtained. The efficiency of CR dye removal from the solutions with different initial concentrations and using the two materials as photocatalysts are presented in Table 2.




3.2.4. Influence of Solid Catalyst Amount


The amount of solid catalyst influences the efficiency of the photocatalysis process; the catalyst surface exposed to irradiation is higher if the solid:liquid ratio is higher. The influence of solid:liquid ratio is presented in Figure 8. By starting from a solution with 50 mg/L CR, and with material EthylAmAcid utilized as a photocatalyst, the efficiency of the dye removal process does not vary significantly with the catalyst amount. The best efficiency was obtained at the solid:liquid ratio of 1 g/L, being 95.3%. When using material BenzylAmAcid as a photocatalyst, the amount of 2 g/L proved to have the best efficiency (92.7%) on removing CR from the aqueous solution. The efficiencies achieved when using various quantities of solid catalyst, for the two materials, are presented in Table 2.




3.2.5. Kinetics of Photocatalysis


The kinetics of heterogeneous photocatalysis obey the Langmuir–Hinshelwood model. If the initial concentration of the dye is low, the model could be simplified to a pseudo-first order equation [16,28,29]:


  ln  (   c   c 0     )  = −      k    app   t  



(2)




where c0 is the initial dye concentration (mg/L), c is the concentration of the dye at time t (mg/L), t is the irradiation time (min) and kapp is the apparent rate constant (min−1).



The representations of −ln(c/c0) as a function of time are presented as insets in Figure 7 and Figure 8, which present the experimental results obtained in different initial conditions of photocatalysis. In Table 2 are given the calculated values of the constant kapp for the presented experiments. It could be noticed that the kinetic constants are higher when material EthylAmAcid is utilized as a photocatalyst.




3.2.6. Structural Changes in CR Molecule during Photocatalysis


By analyzing the changes that occur in the UV-VIS spectra of the CR solution during the photocatalysis test, information can be obtained about the structural changes in the dye molecule following the oxidation process.



Figure 9a shows the UV-VIS spectra of the 50 mg/L CR solution subjected to photocatalysis with 1 g/L material EthylAmAcid. The CR dye solution has three absorption bands in the UV-VIS spectrum. The absorption band with the maximum at 498 nm is due to the azo bond and the decrease in the intensity of this band corresponds to the break of this bond, so it corresponds to the discoloration of the solution. The other two absorption bands in the UV domain, with maxima at 340 nm and 235 nm, are due to the benzene and naphthalene rings, respectively. The decrease in intensity of these bands is due to the opening of the naphthalene and benzene aromatic rings, with the formation of intermediate products. During the photocatalysis process, the maxima of the absorption bands decrease in intensity, without any shifting taking place since probably the CR oxidation products do not absorb UV-VIS radiation. After 240 min, the spectrum of the CR solution became almost flat, because of the opening of the benzene and naphthalene rings and the breaking of the azo bonds from the dye molecules.



By applying the pseudo-first order kinetic model for the three absorption peaks, information can be obtained on the rates of discoloration and the opening of naphthalene and benzene rings (Figure 9b). The fastest process is discoloration, the breaking of the azo bonds having the rate constant kapp = 1.18 × 10−2 min−1. Following this occurs the breaking of the naphthalene rings, with kapp = 4.23 × 10−3 min−1, then the breaking of the benzene rings, with the rate constant kapp = 2.87 × 10−3 min−1.




3.2.7. Reusability of the Catalysts


In order to evaluate the possibility of catalyst reuse, three cycles of CR degradation were performed. After each experiment, the catalyst was separated by filtration from the dye solution, washed with distilled water and dried at 105 °C overnight. Figure 10 shows the efficiency of CR degradation by reusing the photocatalysts. The tests were conducted by using the conditions in which the photodegradation efficiency in the first cycle was maximum: 25 mg/L CR solution with 1 g/L EthylAmAcid and 50 mg/L CR solution with 2 g/L BenzylAmAcid. Both catalysts showed good stability when reused, the efficiency of heterogeneous photocatalysis remaining higher than 90% even after three cycles.



Table 3 presents the performance of various photocatalysts, mentioned in the specialtist literature, developed in the treatment process of water with CR content. It could be observed that the synthesized materials present a superior efficiency compared with more expensive and difficult to synthesize inorganic or organic nanoparticles and composites, which achieved a lower degradation efficiency, needing a much higher treatment time and using a lower initial concentration of the CR in the solution.






4. Conclusions


In the present study, two novel compounds of β-phosphonate-type glycine pendant groups grafted on S-DVB copolymer were synthetized by utilizing the one-pot synthesis procedure. The synthesized materials were characterized by FTIR spectroscopy, scanning electron microscopy, EDX spectroscopy, thermogravimetric analysis and UV-VIS spectroscopy. The use of synthesized materials together with aldehyde support as catalysts in the heterogeneous photocatalysis of Congo red dye showed that grafting of the support results in increased efficiency of the process. Material EthylAmAcid had, under all experimental conditions, a better efficiency of dye removal than material BenzylAmAcid. The initial concentration of the dye and the solid material content influence the oxidation efficiency of CR. The kinetics of the process follow a model of pseudo-first order. UV-VIS spectra of the dye solution show that during photocatalysis, the first process is to break the azo bonds, and then the breaking of the naphthalene and benzene rings takes place.
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Scheme 1. Preparation of [(diethyl)(phosphono)methylene]glycine pendant groups/[(dibenzyl)(phosphono)methylene]glycine pendant groups grafted on styrene-6.7% divinylbenzene copolymer, where R = -O-C6H4-; R = Et:-ethyl, Bz:-benzyl (Code: EthylAmAcid/BenzylAmAcid). 
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Figure 1. SEM images for [(diethyl)(phosphono)methylene]glycine pendant groups grafted on copolymer (Code: EthylAmAcid): (a) polymer beads at 50× magnitude; (b) rough surface of a bead at 10,000× magnitude. 
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Figure 2. FTIR for EthylAmAcid, BenzylAmAcid samples and aldehyde support. 
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Figure 3. TG analysis for EthylAmAcid sample and aldehyde support. 
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Figure 4. UV-VIS spectra of the synthetized samples. Inlet: Kubelka–Munk transformed function from diffuse reflectance spectra. 
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Figure 5. Variation in CR concentration versus time in dark adsorption. c0 = 25 mg/L. Catalyst concentration = 1 g/L. 






Figure 5. Variation in CR concentration versus time in dark adsorption. c0 = 25 mg/L. Catalyst concentration = 1 g/L.



[image: Applsci 13 02025 g005]







[image: Applsci 13 02025 g006 550] 





Figure 6. Photocatalysis efficiency. c0 = 50 mg/L. Catalyst concentration = 1 g/L. 
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Figure 7. Influence of the initial concentration of CR when using EthylAmAcid as the photocatalyst (a); BenzylAmAcid as the photocatalyst. Inset: kinetics of photocatalysis (b). Solid catalyst amount = 1 g/L. Inset: kinetics of photocatalysis. 
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Figure 8. Influence of solid catalyst amount when using EthylAmAcid as the photocatalyst (a); BenzylAmAcid as the photocatalyst. Inset: kinetics of photocatalysis (b). c0 = 50 mg/L. Inset: kinetics of photocatalysis. 
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Figure 9. UV-VIS spectra of 50 mg/L CR solution during the photocatalytic test with 1 g/L EthylAmAcid as the photocatalyst (a); kinetic model for the dye discoloration: naphthalene ring opening and benzene ring opening (b). 
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Figure 10. Reusability of the catalysts. 
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Table 1. EDX for [(diethyl)(phosphono)methylene] glycine pendant groups/[(dibenzyl)(phosphono)methylene]glycine pendant groups grafted on copolymer. (Code: EthylAmAcid/BenzylAmAcid.)
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	Elem./Wt%
	EthylAmAcid Sample
	BenzylAmAcid Sample





	C
	72.1
	80.5



	N
	4.55
	2.24



	O
	21.7
	16.1



	P
	1.51
	1.11



	Cl
	0.141
	0.0103
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Table 2. CR removal in different conditions.
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Material

	
c0 (mg/L)

	
Solid:Liquid (g/L)

	
Efficiency (%)

	
kapp·102 (min−1)

	
R2






	
EthylAmAcid

	
25

	
1

	
98.6

	
1.69

	
0.9796




	
50

	
1

	
95.3

	
1.18

	
0.9771




	
100

	
1

	
86.0

	
0.802

	
0.9737




	
50

	
0.5

	
93.1

	
1.01

	
0.9774




	
50

	
2

	
92.2

	
1.00

	
0.9608




	
BenzylAmAcid

	
25

	
1

	
83.1

	
0.661

	
0.9430




	
50

	
1

	
85.1

	
0.761

	
0.9596




	
100

	
1

	
73.1

	
0.569

	
0.9760




	
50

	
0.5

	
81.2

	
0.533

	
0.9114




	
50

	
2

	
92.7

	
1.09

	
0.9525
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Table 3. CR photocatalysis by using different materials.
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	Material
	c0 (mg/L)
	Solid:Liquid (g/L)
	Time (min)
	Efficiency (%)
	Ref





	Mg-TiO2 nanoparticles
	17
	0.5
	420
	80
	[30]



	TiO2 nanoparticles
	55
	1
	480
	90
	[31]



	CoFe2O4
	5
	-
	90
	90
	[32]



	PANi/BiOCl
	10
	1
	60
	88.4
	[33]



	EthylAmAcid
	25
	1
	240
	98.6
	This study



	BenzylAmAcid
	50
	2
	240
	92.7
	This study
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