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Abstract

:

This study investigated the use of ozone in a rotating packed bed (RPB) with liquid detention for the treatment of Basic Red 46 (BR-46). Liquid detention means that liquid accumulates at the lower section to a certain level in the RPB, which leads to longer liquid residence time and greater liquid holdup in the packing and cavity in the RPB. The experimental results showed that the presence of liquid detention in the RPB significantly enhanced the BR-46 treatment effect and ozone absorption rate. With 200 mL of liquid detention in the RPB, the decolorization rate, COD degradation rate, and ozone absorption rate were 34.7%, 62.8%, and 80.0% higher than those without liquid detention. The effects of the rotational speed of the RPB, ozone concentration, initial BR-46 concentration, liquid and gas flow rates on BR-46 degradation were also investigated, and it was found that the high-gravity environment is beneficial to the degradation of BR-46. These results suggest that with the utilization of the liquid detention phenomena in the high-gravity devices, the applications of the high-gravity technology can be extended to the processes where a long liquid residence time is required.
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1. Introduction


Azo dyes are the largest category of commercial synthetic dyes, accounting for 70% of the total number of textile dyes. They are extensively used in the food, pharmaceutical, paper, cosmetic, textile, and leather industries due to their wide range of colors and structures [1]. Azo dyes are organic compounds that have one or more azo bonds (–N = N–) in a molecule [2]. However, they have been reported to have adverse effects on ecosystems and human health and are present in aqueous environments, sediments, soils, and drinking water supplies [3]. Basic Red 46 (BR-46) is a cationic azo dye that is widely used in coloring nylon, acrylic, and wool fabrics. It is known to be difficult to degrade BR-46 through chemical oxidation, photocatalysis, and biodegradation [4]. Compared to anionic dyes, cationic dyes are more toxic and can enter cells easily by reacting with negatively charged surfaces of cell membranes and gathering in the cytoplasm [5]. Therefore, the removal of these dyes prior to discharge in wastewater has become an important issue.



Advanced oxidation processes (AOPs) based on highly reactive radicals have been shown to be robust technologies for treating organic contaminants in wastewater, providing nearly total degradation [6]. Ozone is a powerful oxidizer with a high oxidation potential of 2.07 V, which directly participates in the reaction with organic matters under acidic conditions (direct oxidation), while alkaline conditions are conducive to forming •OH from ozone, and •OH-based oxidation is considered to be an advanced oxidation process (indirect oxidation) [7,8]. Under acidic conditions, ozone selectively attacks organic matters, while •OH reacts with organic matters without selectivity under alkaline conditions [9]. The ozonation process is affected by pH, ozone flow rate and initial organic matter concentration [10].



Over the past few decades, AOPs have been demonstrated to enhance the degradation of various organic compounds [11]. Well-known advanced oxidation technologies mainly include O3/H2O2, O3/UV, O3/US, Fenton, and AOPs based on persulfate [12,13,14,15,16]. It was found that the degradation of dyes by ozone-based AOPs exhibited the benefits of high reactivity, environmental friendliness and easy operation with ubiquitous air sources [17,18,19]. However, the ozone oxidation process is significantly affected by the ozone–liquid mass transfer rate due to the low solubility of ozone in water. Thus, a reactor with high gas–liquid mass transfer efficiency is needed to improve the ozone oxidation process [20].



The concept of mass transfer intensification using the rotating packed bed (RPB) was first introduced by Ramshaw [21]. In the RPB, high centrifugal acceleration derived from a rotating rotor disperses the liquid into thinner films and smaller droplets, which enhances gas–liquid mass transfer and intrinsically improves fast reaction processes [22]. The RPB is considered as a reactor that can increase the amount of ozone dissolved per unit time and make wastewater treatment more effective [23].



Recently, we found that the liquid detention phenomena in the RPB can significantly enhance the gas–liquid mass transfer. The phenomena are illustrated in Figure 1. When liquid is detained in the RPB, it will accumulate at the bottom and immerse the lower part of the rotor. In addition, some of the detained liquid will be carried by the rotating rotor to the upper part of the rotor and cavity. Thus, both the liquid residence time and liquid holdup in the RPB increase when the liquid is detained. A longer liquid residence time and greater liquid holdup in the RPB can facilitate the process of ozone mass transfer, suggesting that the phenomena can be used to enhance ozone AOPs for the treatment of organic wastewater.



Herein, we investigated the effect of liquid detention on ozonation of BR-46 in an RPB for the first time. This work indicates that the RPB with liquid detention enhanced the ozonation efficiency of BR-46 and the absorption rate of ozone, thus providing a novel means for the intensification of organic wastewater treatment by AOPs in high-gravity devices.




2. Materials and Methods


2.1. Materials and Procedure


The experiment used BR-46 (strength: 250%) provided by Shanghai Huayuan Century Trading Co., Shanghai, China. The simulated BR-46 wastewater was prepared by dissolving BR-46 in deionized water. The pH value of the wastewater was measured using a PHSJ-3F pH Meter (Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China). Table 1 provides the specifications of the RPB.



The experimental setup is presented in Figure 2. Before the experiment, the liquid outlet valve was adjusted to ensure that the inlet and outlet liquid flow rates were equal under the preset experimental conditions. Then, ozone generated from oxygen by a 3S-A10 Ozone Generator (Tonglin High-Tech Technology Co., Ltd., Beijing, China) was introduced into the RPB. Once the ozone concentration at the gas inlet reached the required level, the RPB was turned on before the BR-46 wastewater was pumped into the center of the rotor by a peristaltic pump.



When the required amount of liquid was detained in the RPB, the plug of the liquid outlet line was immediately removed to keep the detained liquid in the RPB at a certain level during the experiment. The gas and liquid flows were in counter-current contact in the packing of the RPB, resulting in the absorption of ozone into the liquid stream and degradation of BR-46 by ozone. Finally, the liquid and gas flow exited the RPB through the liquid and gas outlets, respectively. Sampling was conducted from the liquid outlet line when the outlet ozone concentration was stable, and the BR-46 concentration and COD were measured immediately.




2.2. Analytical Methods


The concentration of BR-46 in the wastewater was determined using a DR6000 UV–Vis Spectrophotometer (Hach Corp., Loveland, CO, USA) at a wavelength of 532 nm. The COD in the wastewater was determined using a 5B-6C Multi-parameter Water Quality Analyzer (Lianhua Technology, Beijing, China). The inlet and outlet ozone concentrations were monitored by two detectors (UV300B, Guangzhou Limei Ozone Co., Ltd., Guangzhou, China, and UVOZ-1200, Shandong Zhipu Measurement and Control Technology Co., Ltd., Zibo, China), respectively. The decolorization rate, COD degradation rate, and ozone absorption rate were calculated by the following Equations (1)–(3), respectively:


    D   B   =     C   0   −   C   1       C   0     × 100 %  



(1)




where DB represents the decolorization rate of BR-46 wastewater, while C0 and C1 represent the initial and final BR-46 concentrations before and after treatment, respectively, (mg/L).


    R   C O D   =     C O D   0   −   C O D   1       C O D   0     × 100 %  



(2)




where RCOD represents the COD degradation rate, while COD0 and COD1 represent the initial and final COD of the BR-46 wastewater before and after treatment, respectively, (mg/L).


    A   B   =     ω   0   −   ω   1       ω   0     × 100 %  



(3)




where AB represents the ozone absorption rate, while ω0 and ω1 represent the ozone concentration at the inlet and outlet of RPB, respectively, (mg/L).





3. Results and Discussion


3.1. Effect of Liquid Detention


In the degradation of BR-46 by ozonation, ozone and •OH first break the –N = N– bond of BR-46 to produce various intermediates, which are further attacked by ozone and •OH to eventually produce N2, NO3−, CO2, H2O, etc. [24,25].



Figure 3 shows the effect of liquid detention volume (V) on the ozonation of BR-46 in the liquid detention range of 0–300 mL. The results indicate that the presence of liquid detention in the RPB enhances the treatment efficiency of BR-46 and increases the absorption rate of ozone. In the absence of liquid detention in the RPB, the decolorization rate, COD degradation rate, and ozone absorption rate were 61.3%, 18.3%, and 40.1%, respectively. However, with 200 mL of liquid detention, the decolorization rate, COD degradation rate, and ozone absorption rate increased to 82.6%, 29.8%, and 72.2%, respectively, which were 34.7%, 62.8%, and 80.0% higher than those without liquid detention, suggesting that liquid detention in the RPB can significantly enhance the absorption of ozone and the degradation of BR-46.



As shown in Figure 1, liquid detention means that liquid does not flow out of the RPB immediately, but accumulates and stays at the lower section of the RPB for a certain time after it is ejected from the rotor. Thus, the liquid residence time in the RPB greatly extends. Furthermore, some of the detained liquid will be carried by the rotating rotor to the upper part of the rotor, causing an increase in liquid holdup in the packing of the rotor and the cavity of the RPB. The increase in the liquid residence time and holdup is conducive to the absorption of ozone and thus the degradation of BR-46.



However, a further increase in the liquid detention to more than 200 mL resulted in a lower treatment effect, which may be ascribed to the reduced gas flow channel and accelerated gas flow rate as a result of the excessive liquid detention, thereby leading to the decreased ozone absorption rate and reduced treatment effect of BR-46.




3.2. Effect of Rotational Speed of RPB


Figure 4 illustrates the impact of the rotational speed of the RPB on the degradation efficiency of BR-46 in the rotational speed range of 200–1000 rpm. With an increase in rotational speed from 200 rpm to 600 rpm, the decolorization rate, COD degradation rate, and ozone absorption rate increased from 78.0%, 28.8%, and 40.1% to 95.3%, 33.7%, and 63.2%, respectively. When the rotational speed exceeded 600 rpm, the decolorization rate, COD degradation rate, and ozone absorption rate remained steady at approximately 95%, 33%, and 63%, respectively.



The reason behind this is that a higher rotational speed increases the turbulence of the liquid in the RPB, leading to its dispersion into thinner films and smaller droplets, thus increasing the area of gas–liquid mass transfer. As a result, more ozone dissolves in the wastewater, leading to the higher degradation efficiency of BR-46.



However, the liquid residence time in the packing decreases with an increasing rotational speed, which is unfavorable for the degradation of BR-46. When the rotational speed increases over 600 rpm, the unfavorable effect of reduced liquid residence time offsets the favorable effect of increased dispersion of the BR-46 solution, resulting in almost stable ozone absorption rate, decolorization rate, and COD degradation rate. Liu et al. [26] also observed similar phenomena in the inactivation of E. coli by ozone in an RPB.




3.3. Effect of Gaseous Ozone Concentration


Figure 5 shows the effect of ozone concentration in a gas stream on the ozonation of BR-46 in the gaseous ozone concentration range of 10–50 mg/L. The results indicate that as the ozone concentration increased from 10 mg/L to 50 mg/L, the decolorization rate and COD degradation rate increased, while the ozone absorption rate decreased. At an ozone concentration of 30 mg/L, the decolorization rate, COD degradation rate, and ozone absorption rate were 97.0%, 29.4%, and 57.7%, respectively. The amount of ozone dissolved in wastewater increases with the increase in gaseous ozone concentration, leading to an increase in the amount of ozone reacting with the wastewater and promoting the degradation of BR-46. However, with the increase in ozone concentration, more ozone entering the RPB is discharged without participating in a reaction, resulting in a decrease in the ozone absorption percentage. Similar phenomena have also been observed by other researchers [27].




3.4. Effect of Initial BR-46 Concentration


Figure 6 shows the effect of the initial BR-46 concentration on the degradation efficiency of BR-46 in the BR-46 concentration and COD range of 92.8–512.0 mg/L and 57.2–255.8 mg/L, respectively. As the initial concentration increased from 100 mg/L to 500 mg/L, the decolorization rate and COD degradation rate decreased from 100% and 50.0% to 85.4% and 27.6%, respectively, while the ozone absorption rate increased from 31.8% to 63.7%. This is because the increase in BR-46 concentration increases the mass transfer driving force and promotes ozone absorption. However, with the constant ozone concentration, the increase in BR-46 concentration results in the insufficiency of oxidants, leading to the reduction in the degradation efficiency of BR-46. It was found that the degradation of Bisphenol A by ozone in an RPB also followed the same rules [28].




3.5. Effect of Liquid Flow Rate


Figure 7 shows the effect of the liquid flow rate on the degradation efficiency of BR-46 in the liquid flow rate range of 5–25 L/h. As the liquid flow rate increased from 5.0 to 25 L/h, the decolorization rate and COD degradation rate decreased from 100% and 44.9% to 80.9% and 28.4%, respectively, while the ozone absorption rate increased from 41.0% to 71.2%. The decrease in the residence time of liquid in the RPB due to the increase in liquid flow rate leads to the discharge of the BR-46 solution with underreaction with ozone, resulting in a decrease in the decolorization rate and COD degradation rate. However, the increase in the gas–liquid interfacial area due to the elevation of the liquid flow rate promotes ozone absorption, leading to an increase in the ozone absorption rate. Similar observations have also been reported for the ozonation of amaranth in a rotating zigzag bed [20].




3.6. Effect of Gas Flow Rate


Figure 8 demonstrates the effect of the gas flow rate on the degradation efficiency of BR-46 in the gas flow rate range of 30–90 L/h. With an increase in the gas flow rate from 30 L/h to 90 L/h, the decolorization rate and COD degradation rate increased from 65.4% and 24.0% to 97.0% and 37.0%, respectively, while the ozone absorption rate decreased from 94.0% to 55.8%.



The increase in the gas flow rate leads to an increase in the turbulence of the gas and liquid phases, enabling more ozone to dissolve in the wastewater, thereby increasing the decolorization rate and COD degradation rate. However, a higher gas flow rate leads to a higher flow speed of the ozone gas in the RPB, resulting in shorter gas–liquid contact time and thus a decreased ozone absorption rate. The phenomena agree with the observations of Wang et al. on Bisphenol A ozonation in an RPB [28].





4. Conclusions


This study investigated the ozonation of BR-46 in the RPB with liquid detention under various process conditions. The experimental results showed that the presence of liquid detention in the RPB enhanced the ozone absorption rate and the ozonation of BR-46. With 200 mL of liquid detention, the decolorization rate, COD degradation rate, and ozone absorption rate were 34.7%, 62.8%, and 80.0% higher than those without liquid detention, respectively, suggesting that liquid detention in the RPB can significantly promote ozone absorption and BR-46 degradation. It is deduced that the liquid detention leads to the increase in liquid residence time and holdup in the RPB, which is conducive to the absorption of ozone and thus the degradation of organic matters. It was also found that the decolorization rate, COD degradation rate, and ozone absorption rate increased from 78.0%, 28.8%, and 40.1% to 95.3%, 33.7%, and 63.2%, respectively, with an increase in the rotational speed of the RPB from 200 rpm to 600 rpm. These results indicated that the utilization of the liquid detention phenomena in the high-gravity technology can overcome the shortcomings of insufficient liquid residence time in this technology and extend its applications to kinetics-limited processes.
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Figure 1. Schematic diagram of liquid detention phenomena in RPB. 
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Figure 2. Experimental Setup. (1) Oxygen cylinder; (2) oxygen flowmeter; (3) ozone generator; (4) ozone monitor; (5) gas inlet; (6) RPB; (7) liquid outlet; (8) liquid outlet valve; (9) treated wastewater tank; (10) liquid inlet; (11) gas outlet; (12) pump; (13) original wastewater tank; (14) drying tube; (15) ozone monitor; (16) pump. 
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Figure 3. Effect of liquid detention volume on BR-46 degradation. Ozone concentration (C) = 20 mg/L; gas flow rate (G) = 75 L/h; liquid flow rate (L) = 15 L/h; rotational speed (R) = 800 rpm; initial BR-46 concentration (CBR-46) = 300 mg/L. 
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Figure 4. Effect of rotational speed on BR-46 degradation. V = 200 mL; G = 75 L/h; L = 15 L/h; C = 30 mg/L; CBR-46 = 300 mg/L. 
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Figure 5. Effect of ozone concentration on BR-46 degradation. V = 200 mL; G = 75 L/h; L = 15 L/h; R = 800 rpm; CBR-46 = 300 mg/L. 






Figure 5. Effect of ozone concentration on BR-46 degradation. V = 200 mL; G = 75 L/h; L = 15 L/h; R = 800 rpm; CBR-46 = 300 mg/L.



[image: Processes 11 01345 g005]







[image: Processes 11 01345 g006 550] 





Figure 6. Effect of initial BR-46 concentration on BR-46 degradation. V = 200 mL; G = 75 L/h; L = 15 L/h; R = 800 rpm; C = 30 mg/L. 
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Figure 7. Effect of liquid flow rate on BR-46 degradation. V = 200 mL; G = 75 L/h; R = 800 rpm; C = 30 mg/L; CBR-46 = 300 mg/L. 






Figure 7. Effect of liquid flow rate on BR-46 degradation. V = 200 mL; G = 75 L/h; R = 800 rpm; C = 30 mg/L; CBR-46 = 300 mg/L.



[image: Processes 11 01345 g007]







[image: Processes 11 01345 g008 550] 





Figure 8. Effect of gas flow rate on BR-46 degradation. V = 200 mL; R = 600 rpm; L = 15 L/h; C = 30 mg/L; CBR-46 = 300 mg/L. 
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Table 1. Specifications of the RPB.






Table 1. Specifications of the RPB.





	Item
	Value





	Inner diameter of packing
	40 mm



	Outer diameter of packing
	120 mm



	Thickness of packing
	15 mm



	Material of packing
	Stainless steel wire mesh



	Specific surface area of packing
	522 m2/m3



	Porosity of packing
	97%



	Inner diameter of casing
	180 mm
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