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Abstract

:

Dye solution temperature influences the elimination efficiency of water-soluble and anionic acid dye. Acid Blue 25 dye, using a gas–liquid electrical discharge system, was successfully investigated. The results showed an increase in the percentage of dye decolorization from 91.16% to 96.12% when the dye solution temperature was increased from 278 K to 308 K. However, the initial dye decolorization percentage was decreased with the further increase in dye solution temperature from 318 K to 358 K. The 2D simulation model was introduced to consider the influence of temperature and the electric field generated by corona discharge plasma in air and water. Results also showed a great match between the experimental and the simulation results. The reaction rates of dye degradation were analyzed using the Arrhenius equation. Furthermore, pseudo-zero-, pseudo-first-, and pseudo-second-order models were used to determine the reaction kinetics. The best fit for the experimental data would follow the pseudo-first-order model. Finally, electrical energy per order, energy yield, and experimental degradation data were calculated to investigate the cost analysis.
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1. Introduction


The utilization of organic compounds is persistently expanding with the rapid economic developments and environmental changes. Thus, the creation of chemicals with diverse poisonous quality and unmanageability reaches abnormal levels. Moreover, regular new organic substances, which can become unmanageable contaminants, are combined and surged into the earth. Therefore, removing these dyes from wastes is considered the main concern in the ecological system [1]. These actual scenarios cite the principal challenges in the enhancement of new and successful water treatment techniques. Currently, many research groups are developing various advanced oxidation (AO) processes. These AO processes mainly aim to produce reactive hydroxyl radicals (OH•) for the successful degradation of organics. However, some organic compounds remain undestroyable after using these AO processes, even though some of them are quite promising [1,2].



The influences of solution temperature and pressure on the chemical and physical procedures in the fluid stage of electrical discharge are essential. Additional work is expected to thoroughly depict how electric discharge can fail under the high temperature and pressure of fluid stage settings. The temperature is a critical component that is required in creating the most substantial rate of dye degradation. This effect has been studied by [3,4]. A few articles have informed conclusions on the H2O2 creation and degradation of organic pollution in the corona plasma system under distinctive conditions.



However, the data concerning the influence of reaction temperature, including corona discharge plasma, are absent. This topic remains particularly critical, mainly because corona discharge plasma reactors proficiently treat polluted water. The influence of wastewater temperature should be considered because the temperatures may differ, given the wide variety of global atmospheres around the world, for instance, the icy states of wintertime or close cold waters and the sweltering ones in the summertime or hot zones. The surely understood influence of temperature degrees on the established water-stage reactions also affects the investigation of corona discharge forms affecting the oxidation of pollution in the water stage. This influence has been studied by [5,6,7]. All the reactive species, such as ions, and the molecular and radical generation from the chemical reactions within diverse temperature regions (low and high temperature) can be useful in predicting the plasma activity. Various water particles initially separate the control of the production rate of item species [8]. Wastewater temperature can influence photocatalytic reactant ozonation by advancing or impeding oxidation. The influence of temperature degrees on degradation effectiveness intended for every AO setup is caused by numerous factors, such as electric power and current flow. Case in point, expanding temperature degrees ought to prompt consequential chemical effects included in heterogeneous oxidations. Moreover, this scenario should diminish the dispersion layer’s thickness in the water polluted with dye, improving mass exchange conditions [9]. The dye degradation rate in the polluted solution can be raised by boosting the reaction rate and improving the activity of the species. However, the increasing temperature makes the receptive radicals susceptible to effects and prompts elimination, thereby reducing the dye oxidation rate. As the solution temperature increases, the corona discharge plasma increases, and the average free path of electrons rises; this effect has been studied by [10,11,12]. The expanded temperature diminishes the short life and solvency of active radical species, such as ozone in a liquid. Any deficiency in the strength of ozone adversely influences the yield of photocatalytic reaction by ozone. Moreover, Langmuir adsorption isotherm indicates that as the temperature increases at constant pressure, the contamination rate of adsorption on the photocatalyst impetus surface diminishes, and the amount adsorbed gradually expands, prompting a decline in the oxidation of adsorbed pollutions [13].



The present study mainly aims to research the influence of Acid Blue 25 dye solution temperature on the efficiency of the decolorization process using experimental work and a simulation model. First, the 2D simulation model was introduced to explore the influence of temperature and the electric field generated by corona discharge plasma. The results showed a great match between the result of the experimental work and the simulation result. Second, the reaction rates of the organic dye degradation under the effect of varying temperature degrees were investigated depending on the Arrhenius equation to define the properties of acid anionic dye temperature. Third, dye degradation kinetics during pulse discharge processes was studied experimentally and theoretically. The performance of a corona discharge plasma was defined using a kinetic model. The kinetic models of pseudo-zero-, pseudo-first-, and pseudo-second-order reactions were used to investigate Acid Blue 25 dye degradation. Electrical Energy per Order (EE/O) and energy yield were calculated. The energy consumption requirements for the removal of Acid Blue 25 dye were also calculated.




2. Materials and Methods


2.1. Model of Wastewater Polluted Solution with Dye


Contaminated water with Acid Blue 25 Dye solution was prepared by dissolving an appropriate amount of dye in distilled water. Figure 1 and Table 1 show the compound structure of Acid Blue 25. Acid Blue 25 is widely used to color leather during the manufacturing process and in dyeing nylon, paper, and PC blends. It is mostly utilized for cellulose and polyamide to support the dye. Acid Blue 25 dye is also utilized in wool, nylon, modified acrylics, silk, leather, paper, ink-jet printing, and cosmetics. It is usually soluble in water. Azo (including premetallized), anthraquinone, triphenylmethane, azine, xanthene, nitro, and nitroso are the most common chemical classes of these colors. Acid Blue 25 dye is also suitable for dyeing and printing silk, wool, and mixed fabrics and is good for leather, electrically controlled aluminum soap, and color [14].




2.2. Experimental Arrangement


This experimental work sets a high-voltage conductor over the wastewater, whereas the ground was set inside the wastewater. The gas-liquid electrical discharge system utilized as a part of this study consists of dual-pin anodes. Dual-pin terminals were joined with a high voltage while the plate was ground. Computer-controlled chemical reactors (CEXC) with a continuous blended tank reactor were used in the corona discharge plasma reactor. The reactor has a diameter of 100 mm with a height of 180 mm and an exterior skeleton width of 120 mm. Figure 2 represents a diagram of the experimental work and the corona discharge plasma system. The high-voltage electrode pin’s diameter is 1 mm, and its height is 3 cm. The space between the two pins is 50 mm, notwithstanding that the ground conductor is a cubic measuring 5 cm × 6 cm × 0.02 cm, with an aggregate exposed range of 30 cm2. An excitation voltage of 15 kV from the FTM063GT-GC5MIC2000 Ignition Coil was linked to the pin. Tektronix P6015A was used to measure an excitation voltage waveform. Moreover, Tektronix A6021 (Portland, Oregon, USA) current probe was used to determine the current waveform, and Tektronix TDS2014 digital storage oscilloscope was used to view the voltage and current waveforms. Figure 3 displays the voltage and current sequences of the gas–liquid corona discharge plasma reactor. The high-voltage and ground conductors of the distinct radii of shape separated by a 0.5 cm air gap were considered the finest distance from the simulation work. The high voltage of 15 kV with a time of 10 ms, frequency of 100 Hz, positive width of 8.615 ms, negative width of 1.376 ms, and the rise time of 70.46 µs were also considered [9,10,11,12,13,14]. The schematic setup is displayed in Figure 4, demonstrating all the items used in the corona discharge plasma system. The absorption light for the dye solution before and after the trial was estimated by HITACHI U-3900 UV (Hitachi, Chiyoda, Tokyo, Japan) spectrophotometer at 600 nm wavelength.



Decolorization competence is well described as the relation of decolorization dyeing to the original dye focus, as seen in Equation (1):


  D % =  {     (   A i  −  A t   )     A i     }  × 100  



(1)




where, D% is decolorization competence, Ai is original absorption, and At is absorption after treatment time t.



In the tests, the temperature of the wastewater solution was kept up at 278, 288, and 298 K by the corona reactor unit and at 308, 318, 328, 338, 348, and 358 K using the CEXC chemical reactors service unit as a cooling and heating water bath control. Figure 5 shows the image of corona discharge from the dual pin-to-plate electrodes [13,14].





3. Results and Discussion


A gas-liquid electrical discharge is inclined toward a small zone around a small radius wire. A few physical procedures occur in that region (photoionization or ionization and particle recombination). However, this phenomenon is extremely multifaceted to be counted while leaning to the great part of the conditions of reasonable interest [15,16]. The releases framed specifically over water surfaces are essential for the key investigations of electrohydrodynamics and uses of concoction responses at the gas-liquid interface.



3.1. Influence of Temperature Degrees


The influence of temperature degrees on organic dye degradation is critical in the wastewater treatment technique. Therefore, the color removal of polluted water with Acid Blue 25 dye was studied with varying temperature degrees from 278 K to 318 K, as shown in Figure 6. The measurements were taken under constant dye concentrations (10 ppm) at pH 6.



Figure 6 shows that the color removal percentage of dye declines from 97% to 53% with the increase in dye solution temperature from 308 K to 368 K. However, an inverse behavior was observed at a temperature from 278 K to 308 K. The dye decolorization percentage increased from 90% to 97%. Therefore, the suitable temperature for color removal of Acid Blue 25 dye from wastewater is 308 K, close to room temperature. Thus, we conclude that Acid Blue 25 dye wastewater should cool down to room temperature before any degradation process occurs. The increase in the temperature is considered a restriction with the competence of degradation for organic dye. As in previous work, Dojčinovića [16] stated that the ideal removal temperature for azo dye is more satisfactory at 308 K than that at 310 K. The most extreme decolorization at temperatures 298, 303, and 315 K was decreased by 13%, 37%, and 28%, respectively, compared with the decolorization at 310 K. As the temperature increased from 298 K to 315 K, the decolorization effectiveness of wastewater was increased most likely because of the increment in the movement of the huge dye particles. Chang and Ono suggested that the focus and the lifetime of active radical species are the two principal components affecting decolorization effectiveness [17,18,19].




3.2. Simulation Results and Discussion


Computer simulation generally presents an information trend that provides a specific relationship between variables of interest. The real prerequisite for the development of corona discharge plasma is an adequately steep electric field distribution. The field near the electrode must be sufficiently strong to accelerate the electrons rapidly and enable them to ionize the gas molecules. This high field comes from the high voltages of a few hundred kilovolts for a whole measurement of centimeters. A few authors focused on the 2D investigation of electrical conditions by considering power as an essential instrument influencing the molecule directions. Different numerical procedures have been utilized [20,21,22]: boundary element method, method of characteristics, charge simulation, finite difference method, and donor cell method. A 2D simulator based on the finite element method (FEM) was used to simulate the dual pins in high-voltage electrodes to make this study discernible. The results helped obtain the electric potential, space charge distribution, electric field appropriations, and energy density when corona discharge plasma was used in organic pollution removal under the influence of temperature. FEM is dependable in Maxwell’s equations on 2D grids, as shown in Equations (2)–(5). The mesh size gradually increases from segment to segment of the model body. Different mesh sizes were used to obtain a good result from the model. The model using a small mesh size should present good results because a small mesh size presents abundant calculating points for the electrical field from the connecting sphere.


∇ × E = −∂B/∂t,



(2)






∇ × H = J + ∂D/∂t,



(3)






∇ × D = ρ,



(4)






∇ × B = 0,



(5)




where H is magnetic field intensity, E is electric field intensity, B is magnetic field density, D is electric field density, and J is current density.



The suggested model was created with 2D simulation software to determine the optimal temperature degree for the operation at a particular voltage of 15 kV. Understanding the creation of ozone and active radicals and the voltage and field distribution in the air gap distance between the two conductors is necessary to explain the dynamics of corona discharge. The easiest method to optimize corona devices is understanding the corona onset voltage and electric field, which may be determined using voltage and field distributions [21,22,23,24,25]. The states of limit for the potential are straightforward at the high-voltage corona electrodes and zero voltage at the ground electrodes (Dirichlet limit conditions). This observation indicates that the electric field rises relatively to the voltage beneath the corona discharge plasma; however, its incentive is protected as soon as the corona streamers begin. In the model, the amount of electric field depends on two factors: radius of curvature and voltage being applied. Corona discharge is restricted to a tiny region close to the minor radius wire in the air. Numerous physiological processes occur in this zone; their modeling is too complicated to address when dealing with many practical situations. The potential and electric field variations in a dual pin-to-plate reactor were investigated with the instruments presented. The findings were obtained using a product suite that solves the partial differential equations using the FEM. The plot results of the numerical simulation of dual pins to the plate corona discharge reactor at various ambient temperatures of 25, 24.85, 40, and 30 °C, are shown in Figure 7.



Figure 7a shows that the shaded plots of the potential distributions in the region of the high-voltage electrodes are thick with a rounded form, creating an exceptionally high and consistent electric field around the electrodes, and thin with a circular form while moving near the ground plate. The most remarkable voltage appropriation thickness is moved in the zone near the corona electrodes. Thus, the dynamic species accomplish most of their charge in this zone, acting toward the grounded gathering plates, as shown. The space charge density distribution is presented in Figure 7b. The charge density of species is concentrated in the air gap region above the polluted water and inside the interference between the wastewater and air interface. The graph shows that no electrical field is present inside the rod. However, the electrical field is at its greatest strength or Emax at the tip of the rod. The field lines have a considerable influence on corona discharge plasma formation, as shown in Figure 7c. The electric field must be strong enough to create electrons from all types of collisions and produce the chain reaction (photoionization, ionization, and electron emission from cathode). In addition, the electric field accelerates the active radical species in the gap between two conductors, avoiding the recombination of electrons and ions. The 2D simulation approach was employed to determine the electric field intensity in the reactor. The figure shows the electric potential conveyance in x = 0 plane of the corona discharge plasma reactor if the conductor electrode is energized with a voltage of 15 kV. The energy density distribution is presented in Figure 7d. The influence of the varying water temperatures between two corona electrodes from 278 K to 358 K on the greatest electric field measured near the point of high-voltage conductors was examined. Figure 8, Figure 9, Figure 10 and Figure 11 show that the temperature satisfies the space charge density and the maximum field intensity in the air and water regions. The position of the maximum point of the electric field at the tip of the pin conductor is the same for all cases at each analyzed decolorization period. The electric field surrounding the sharp pins has a high value when compared with the rest of the system, indicating that that location can be a plasma region with a high corona discharge. This conclusion is consistent with the experimental work conducted to investigate the influence of temperature on dye removal from polluted water. According to the 2D simulation model conclusions, the optimal water solution temperature between the high-voltage and ground conductors for considerable corona discharge is 298 K.



The electrical field lines were investigated closely to observe their distribution and understand further what happens during the energization of a material. A corona discharge can occur by applying a voltage to a rod above a plane. The corona is affected by the radius of curvature. The rod with a slight curve has a high concentration of corona plasma. The corona decreases or becomes nonexistent by applying the same voltage to a rod with a large radius curvature. The ionization region increases by growing the potential on the rod, and the corona becomes considerably visible. If the voltage is increased further, the air between the rod and the plane can break down.




3.3. Arrhenius Equation Applied in Analyzing the Influence of Temperature in Polluted Water


Chemical reactions occur quickly at high temperatures. The reason behind this observation is not complex. Thermal energy has a strong relation to movement at the atomic level. As the temperature increases, molecules transfer quickly and collide aggressively, incredibly improving the probability of bond cleavages and rearrangements. Chemical reactions are predicted to proceed quickly at high temperatures and slowly at low temperatures [26,27,28]. Arrhenius equation is a model for temperature-dependent reaction rates. Svante Arrhenius, Father of Physical Chemistry, presented a mathematical statement in 1889. He recommended such an equation for the rates of forward and reverse responses. Arrhenius provided physical evidence and an understanding of an experimental relationship. It can be utilized to display the temperature variety of diffusion coefficients and other numerous thermally actuated procedures/reactions [21,22,23,24]. The activation energy, Ea is the lowest energy that the molecules need to react and generate a product. The slope of the Arrhenius plot may be used to calculate the activation energy. Arrhenius relation depends on collision theory. It expresses that particles must collide with enough energy and in a suitable direction. The actuation energy and preexponential factor are obtained from the Arrhenius plot. Thus, the rate, steady at any temperature utilizing the Arrhenius equation, can be unraveled. Equations (6) and (7) are used to define the Arrhenius equation.


  K =  A 0  ∗ e x  p   (    −  E a    R T    )      ,  



(6)






  ln  ( K )  = ln (  A 0  ) −    E a    R T     ,  



(7)




where K is the rate of the reaction, A0 is the factor of the frequency, R is the ideal gas constant (8.314 J/(mol K)), Ea is activation energy, and T is the temperature (Kelvin). Studying the influence of temperature on the color removal of polluted water with Acid Blue 25 dyes is vital in real industrial applications at high temperatures. Thus, the major purpose of this research is to investigate the effect of rate reactions on the decay of Acid Blue 25 dyes from wastewater as a function of solution temperature, utilizing a dual pin-to-plate corona discharge plasma reactor. In this work, the temperature of the Acid Blue 25 solution is sustained constantly. Figure 6 indicates that the initial dye concentration is reduced with the increase in dye solution temperature from 278 K to 308 K.



Figure 12 shows the relation between the ratio of concentration and time for different solution temperatures from 278 K to 308 K. The Ln (K) plot with the (1/T) is presented as a straight line by applying the Arrhenius equation because of the natural logarithm, as exposed in Figure 13 and Figure 14. Therefore, the activation energy may be simply estimated using the line’s slope = −(Ea/R) and then Ea = 6.750 kJ/(mol K). On the contrary, an opposite behavior is detected at a temperature higher than 308 K. The initial dye concentration is reduced by lowering the dye solution temperature from 318 K to 358 K, as shown in Figure 15.



This behavior may be related to the fact that the temperature affects the generation of ozone and active radicals through its properties on chemical reaction rates, transport properties, and thermodynamics.



Figure 15 shows the relation between the ratio of concentration and time for different solution temperatures from 318 K to 358 K. The Ln (K) plot with the (1/T) presents a straight line by applying the Arrhenius equation because it is taking the natural logarithm as exposed. The activation energy may be simply estimated using the line’s slope = −(Ea/R) and then Ea = −20.94 kJ/(mol K).



The activation energy of the reactions is very little, as seen in Figure 16 and Figure 17. For this situation, the primary component affecting reaction rate stability may not only be the temperature, but it may also be the concentration and the life of chemical radicals. An increase in temperature can assist in the removal of dynamic chemical radicals. The negative effect of temperature on dynamic species prompts the decrease in appropriate rate constants. The increased temperature also decreases the short life and dissolvability of active radicals and ozone in polluted water with Acid Blue 25 dye. Any deficiency in the ozone intensity adversely influences the efficiency of the decolorization process. The reaction rates of the degradation of the organic dye under the effect of temperature changes were investigated depending on Arrhenius equation to define the properties of Acid Blue 25 dye temperature in the treatment process. On the one hand, an increase in temperature can accelerate the reaction rate and increase species mobility, resulting in a fast dye degradation rate in the water solution. Moreover, the mean free path of electrons rises when the corona discharge plasma grows with the increase in temperature. Therefore, delivering electrons becomes slightly continuous with inelastic collisions, and few electrons are created. Electrons tend to assimilate considerable energy from the electric field between collisions. On the other hand, expanding temperature quickens the responsive chemical radicals to affect the treatment and prompts extinguishing. Consequently, the dye oxidation rate may diminish. Therefore, [29,30] investigated that for oxalic acid degradation via photocatalytic ozonation, the degradation rate of the oxalic acid from the water increases with the increase in the temperature from 283 K to 328 K. Moreover, the degradation rate has a negative influence, and it decreases with the temperature of up to 343 K. In 2004, Ghizdavu studied the degradation for 2,4-dichlorophenoxyacetic acid at different temperatures. As the solution temperature increases from 283 K to 343 K, the decomposition rate of dichloroacetic acid increases from 0.294 mM/h to 0.633 mM/h and then decreases with the temperature increase.





4. Energy Calculation


4.1. Energy Yield


Energy yield is a critical consideration in treatment procedure assessment. It is known as the G-value, which is the number of pollutant moles ejected from a liquid by 1 J of energy provided to the procedure. For example, Equation (8) was used to determine the energy yield of the surface of the water under the pulsed corona discharge plasma system [24,25,26,27,28]:


  G =    C 0  ×  V 0  × D %   100 × P × t   ,    



(8)




where G is energy yield (g/kWh), V0 is solution volume (L), C0 is polluted water concentration at t = 0, t is time (s), and P is power (W).



The starting volume of water V0 = 100 mL and the initial concentration C0 = 10 ppm were used to estimate the energy yield. The reactor’s power was computed using the electric voltage and current produced. The power dissipated on the ignition coil, and the electronic circuit was meant to be ignored. Thus, the power used in the release was nearly equal to the power used in the input.



The relationship between time and energy yield (g/kWh) under different temperatures of polluted water with Acid Blue 25 dye is presented in Figure 18. The energy yield increases with the increase in the temperature from 278 K to 308 K. Then, it is reduced with the increase in the temperature from 318 K to 358 K. In the case of corona discharge plasma hitting liquid surfaces, the energy yields for 50% color removal in 15 min are high, and the best condition can affect hundreds of grams per kilowatt-hour (g/kWh).




4.2. EE/O


The energy yields (g/kW or eV/mol) or the EE/O of greatness reduction is typically used for many chemical degradation processes or oxidation processes as a distinctive evaluation of electrically driven treatment process performance. Independent of the system, the EE/O described in this study provides a direct link to the electrical efficiency (small values mean extra effective process) of an AO process. The EE/O enables a quick definition of energy costs and indicates the total power utilized, which is required for a thorough application. The EE/O is defined as the amount of electrical energy in kilowatt-hours (kWh) required to cause one order of magnitude deterioration or oxidation of a contaminated C in 1 m3 (1000 L) of polluted water or air. Equation (9) may be fine-tuned to provide EE/O standards (in kWh/m3) [25,26,27,28,29,30]:


   E  E / O   =   P × t × 1000   60 × V × log  (     C i     C f     )      ,  



(9)




where P is power (kW), V is water volume (L), Ci is initial concentrations (mol L−1), T is time t (min), 1000 is the conversion factor from g to kg, and Cf is final concentrations (mol L−1).



Equation (9) was used to compute the EE/O, with the starting quantity of water of V0 = 100 mL, initial concentration of Ci = 10 ppm, the end concentration at each temperature degree, and the reactor power determined from creating the voltage and current. The power dissipated on the ignition coil, and the electronic circuit was meant to be ignored. Thus, the power used in the release was approximately equal to the power input. Figure 19 depicts the relationship between time and EE/O for polluted water with Acid Blue 25 dye at various temperatures. EE/O increases as the temperature increases from 278 K to 358 K during a 10-min treatment period; then, it steadily decreases. If established, the EE/O provides the industry and potential workers with a standardized objective foundation for assessment. This EE/O is commonly utilized for states with a low early concentration [30,31].





5. Kinetics Calculation


The performance of a gas-liquid corona discharge plasma was defined using a kinetic model. The discolorations of polluted water with Acid Blue 25 dye were investigated using pseudo-zero-, pseudo-first-, and pseudo-second-order reaction kinetic models. The three kinetic models may be found using the mathematical formulae shown in Equations (10)–(12).



Pseudo-zero order:


   C t  =  C 0  −  k 0  t  



(10)







Pseudo-first order:


   ln   ln     (   C t   )  = −  k 1  t +  ln   ln       (   C 0   )     



(11)







Pseudo-second order:


   (   1   C t     )  =  k 2  t +  (   1   C 0     )   



(12)







In these equations, Ct is the concentration at time t, t is reaction time, C0 is initial concentration, k0 is the rate constant of the pseudo-zero order, k1 is the rate constant of the pseudo-first order, and k2 is the rate constant of the pseudo-second order.



The discolorations of polluted water with Acid Blue 25 were investigated using regression analysis based on the concept of pseudo-zero-, pseudo-first-, and pseudo-second-order reaction kinetics. The degradation of Acid Blue was studied experimentally using a dual-pin high-voltage electrode-to-ground electrode in a gas–liquid electrical discharge system for 25 days to explore the effect of dye solution temperature degrees. Figure 20, Figure 21 and Figure 22 show the degradation of Acid Blue 25 dye after the reaction time (i.e., from 0 min to 35 min) for pseudo-zero-, pseudo-first-, and pseudo-second-order models, respectively. The outcomes are displayed in the previous figures. The slopes and intercepts computed from the plots were used to determine the pseudo-zero-, pseudo-first-, and pseudo-second-order reaction kinetics (k0, k1, k2), the starting concentration (C0), and correlation coefficients R02, R12, and R22. Table 2 presents all of the values.



This scenario shows that the three models can account for the reaction kinetics. However, the regression coefficient of pseudo-first-order kinetics is closer to 1 than the regression coefficients of pseudo-zero-and pseudo-second order kinetics, indicating that the first-order model is the most suitable in representing the discoloration kinetics of Acid Blue 25 dye.



This property is attributed to the fact that after 5 min (the induction period), the number of organic species present at the interface is inadequate. The kinetics are then controlled by the diffusion of the target molecules toward the solution’s surface. Given that it has the highest correlation coefficient (R12) value, the pseudo-first-order rate constant may be used to calculate the oxidation rate for the degradation of polluted water with Acid Blue 25 dye. Therefore, the practical initial concentration was discovered. Sunga (2010) explored atrazine decomposition by DBD discharge at a considerably high initial concentration (5 mg/L), and the same outcome was found. The authors determined that the atrazine levels decreased exponentially during the therapy. This observation allows us to deduce from the equation of a first-order reaction rate constant k1 for atrazine elimination in our reactor.




6. Reaction Pathway of Degradation Mechanism


Acid Blue 25 dye degradation in wastewater using corona discharge plasma follows several mechanisms. One of the proposed mechanisms is the formation of active radicals above the water, passing some intermediate components. The hydroxyl group may play a vital role in the degradation process [32,33,34,35]. The deterioration of Acid Blue 25 dye via corona discharge plasma is illustrated in Figure 23. The corona discharge plasma uses choline lactate for efficient dye deterioration. A considerable amount of varied and effective species and radicals is formed during the corona discharge. Water atoms provide abundant supplies of different reactive nitrogen and reactive oxygen species, including hydroxyl radical (OH•) and hydrogen particles (H). Ozone (O3), singlet oxygen (O), hydrogen peroxide (H2O2), hydroperoxyl radical (HO2), and superoxide radical (HO2) are produced by nonthermal plasma corona in wet air (O2−). Experiments revealed the ions created by the corona discharge plasma and other breakdown products. Essential oxidants, such as ozone and H2O2, are notable because they can be converted to free oxidants, such as OH radicals. Ozone is the most economically accessible oxidizing specialist, and it is commonly used to treat water for odor and taste elimination. Among the basic oxidizers, only the hydroxyl radical and fluorine have a higher oxidation potential than ozone. The creation of hydroxyl (OH) radicals that occur as ozone decays positively affects its use. Ozone is a potential oxidant (Eo = 2.07 V) that reacts with various organics in either immediate or abnormal ways (principally hydroxyl radical). Ozone can indirectly deliver free radicals (OH•, Eo = 2.80 V) that can react with almost all natural mixtures. Free oxygen radicals are first produced via inelastic collisions. Then, the reactions of these free radicals produce ozone. This section elaborates the essential active species generated in corona discharge plasma and how they were measured under the influence of 15 kV corona discharge plasma reactors [36,37,38].




7. Conclusions


In this study, a gas-liquid corona discharge plasma with a dual-pin high-voltage electrode-to-ground electrode was used to investigate experimentally the effect of dye solution temperature on the removal efficiency rate of Acid Blue 25 dye from industrial polluted water. The conclusions demonstrated that the decolorization of Acid Blue 25 dye increases with the increase in the temperature degrees of water solution from 278 K to 308 K. On the contrary, the decolorization efficiency decreases as the temperature increases above 308 K. The results indicated that the suitable temperature for dye removal is 308 K, near room temperature. Thus, treating the Acid Blue 25 dye wastewater solution at room temperature before any oxidation mechanism is recommended. The reaction rates of organic dye degradation under the effect of changes in the temperature were investigated depending on Arrhenius equation to define the properties of Acid Blue 25 dye temperature on the treatment process. The performance of the gas-liquid corona discharge plasma was defined using a kinetic model. The discolorations of Acid Blue 25 dye were studied using the pseudo-zero-, pseudo-first-, and pseudo-second-order reaction kinetic models. The Acid Blue 25 elimination process followed a complicated mechanism in which pseudo-zero- and pseudo-first-order processes occur at a comparable temperature, with pseudo-zero order in the early steps and pseudo-first order as the reaction progressed. The next pseudo-first-order kinetics in the dye concentration is the degradation rate of Acid Blue 25 dye. According to this study, the key reactive species involved in the oxidation of colored organic compounds are O3 and H2O2. Thus, the measurements for radicals and active species, such as hydrogen peroxide (H2O2) and ozone, created during the corona discharge in the optimal operation period were made (O3). The energy yield demonstrated the breakdown of O3 and H2O2. The EE/O and energy yield for decolorization were estimated. The energy needs for the breakdown of Acid Blue 25 dye were also determined.
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Figure 1. Configurations of Acid Blue 25. 
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Figure 2. Setup system of corona discharge plasma. 
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Figure 3. Current and voltage waveforms. 
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Figure 4. Diagram of system setup. 1: source of pulsed voltage; 2: conductor pins of high voltage; 3: conductor ground plate; 4: reactor shell; 5: wastewater solution; 6: voltage probe; 7: current probe; 8: oscilloscope; 9: heater. 
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Figure 5. Corona release from the dual pin-to-ground electrodes. 






Figure 5. Corona release from the dual pin-to-ground electrodes.



[image: Sustainability 13 12971 g005]







[image: Sustainability 13 12971 g006 550] 





Figure 6. Effect of temperature on dye removal using corona discharge plasma. 
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Figure 7. Simulation results of dual-pin corona discharge plasma reactor. (a) Electric potential (kV); (b) surface charge density (mC/m3); (c) electric field distribution (V/m); (d) energy density (J/m3). 
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Figure 8. Relationship between maximum electric field and temperature (K) in water. 
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Figure 9. Relationship between maximum electric field and temperature (K) in air. 
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Figure 10. The relationship between space charge density and temperature (K) in air. 
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Figure 11. Relationship between space charge density and temperature (K) in water. 
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Figure 12. Relationship between the concentration and time at different temperatures from 278 K to 308 K. 
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Figure 13. Relationship between the ratio of initial to final concentrations and time at different temperatures from 278 K to 308 K. 
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Figure 14. Reaction rate constant with the reverse of temperature (Kelvin) with different temperatures from 278 to 308 K. 






Figure 14. Reaction rate constant with the reverse of temperature (Kelvin) with different temperatures from 278 to 308 K.



[image: Sustainability 13 12971 g014]







[image: Sustainability 13 12971 g015 550] 





Figure 15. Relationship between the concentration and time at different temperatures from 318 K to 358 K. 
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Figure 16. Relationship between ratio of concentration and time at different temperatures from 318 K to 358 K. 






Figure 16. Relationship between ratio of concentration and time at different temperatures from 318 K to 358 K.



[image: Sustainability 13 12971 g016]







[image: Sustainability 13 12971 g017 550] 





Figure 17. Reaction rate constant with the reverse of temperature (K) at different temperatures from 318 K to 358 K. 
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Figure 18. Relationship between energy yield and time at different temperatures from 318 K to 358 K. 
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Figure 19. Relationship between time and EE/O at various temperatures from 318 K to 358 K. 
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Figure 20. Pseudo-zero order for temperatures from 278 K to 358 K. 
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Figure 21. Pseudo-first order for temperatures from 278 K to 358 K. 
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Figure 22. Pseudo-second order for temperatures from 278 K to 358 K. 
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Figure 23. Degradation pathways of Acid Blue 25 dye. 
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Table 1. Acid Blue 25 dye physical and chemical feature.
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	Name
	Acid Blue 25 Dye





	Color
	Blue



	Class
	Anthraquinone



	Physical State
	Data



	Ionization
	Acidic



	Molecular Weight
	416.382 g/mol



	Monoisotopic Mass
	416.044287 g/mol



	Surface Area
	138 A2



	Atom Count
	29



	Appearance:
	Powder



	Absorption (λmax):
	600 nm



	Molecular Formula:
	C20H13N2NaO5S
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Table 2. Correlation coefficient for various temperatures.
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T

	
Pseudo-Zero Order

	
Pseudo-First Order

	
Pseudo-Second Order




	
R02

	
k0

	
C0

	
R12

	
K1

	
C0

	
R22

	
K2

	
C0






	
278

	
0.947

	
0.301

	
10.02

	
0.956

	
0.084

	
13.82

	
0.825

	
0.037

	
6.587




	
288

	
0.905

	
0.302

	
9.52

	
0.966

	
0.098

	
13.76

	
0.777

	
0.061

	
2.987




	
298

	
0.906

	
0.303

	
9.45

	
0.961

	
0.103

	
14.26

	
0.739

	
0.075

	
2.193




	
308

	
0.889

	
1.515

	
10.78

	
0.953

	
0.114

	
14.89

	
0.679

	
0.112

	
1.276




	
318

	
0.962

	
0.275

	
10.46

	
0.943

	
0.059

	
12.81

	
0.859

	
0.016

	
1000




	
328

	
0.968

	
1.288

	
11.81

	
0.932

	
0.051

	
12.47

	
0.833

	
0.012

	
44.61




	
338

	
0.972

	
1.159

	
11.77

	
0.914

	
0.041

	
12.16

	
0.794

	
0.043

	
1111




	
348

	
0.966

	
1.014

	
11.58

	
0.940

	
0.032

	
11.46

	
0.886

	
0.005

	
14.30




	
358

	
0.971

	
0.796

	
11.16

	
0.964

	
0.022

	
10.76

	
0.944

	
0.003

	
11.57
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