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Abstract

:

In this study, the zero-valent iron Fenton reagent (ZVI Fenton-like) system was combined with the chemical precipitation method for the deep treatment of desulfurization wastewater from coal-fired power plants, and the chemical oxygen demand (COD) was used as the evaluation criterion for organic matter in the desulfurization wastewater. The effects of reaction time, H2O2 dosage, zero-valent iron dosage, pH, and reaction temperature were also investigated. The results showed that the COD concentration of the effluent was the lowest when the running time of the ZVI Fenton-like reagent system was 1 h, the dosage of H2O2 was 33.3 mg·L−1, the dosage of iron was 0.075 g·L−1, the pH was 4.5~6.5, the reaction temperature was 35 °C, the COD concentration of the wastewater was the lowest and its operating conditions were the best, and the internal reaction mechanism was finally deduced. In summary, the zero-valent iron Fenton reagent system provides a new idea for the treatment of desulfurization wastewater from coal-fired power plants.
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1. Introduction


Flue gas desulfurization (FGD) is an effective method widely used in flue gas treatment. According to the form of the desulfurization agent and its byproducts, based on the advantages of wet flue gas desulfurization, it is the most widely used technology at present. Limestone–gypsum desulfurization is the most typical wet process. It has become the first choice for flue gas desulfurization in thermal power plants because of its mature technology, simple and stable operation, and high desulfurization efficiency, but this method generates a large amount of desulfurization wastewater in the process of desulfurization [1,2,3]. According to statistics, about 92% of the flue gas desulfurization units in Chinese coal-fired power plants use the limestone–gypsum method, so treating desulfurization wastewater is a challenge [4,5,6]. As the end wastewater of coal-fired power plants, desulphurization wastewater has miscellaneous substances which mainly include chloride, fluoride, high concentrations of sulphite, suspended matter, sulphate, a small amount of heavy metal ions (such as Pb2+, Cr2+, etc.), ammonia nitrogen, etc. With most of the pollutants transferring from the gas phase to the liquid phase, it is the most difficult to treat within thermal power plants [7,8,9]. According to the literature, the “neutralization-flocculation-precipitation” triple tank is a common chemical precipitation process to treat desulphurization wastewater, but its process was long and complex. In addition to its large area, various equipment, and complex arrangement, its treatment effect is also average, and it is difficult to achieve the expected effect [10,11,12]. Hydroxyl free radical (·OH) generated by Fenton reaction (Equation (1)) has been shown to effectively degrade numerous toxic pollutants [13], so the Fenton process is widely used as a complementary step for the advanced treatment, given that it is capable of simultaneously removing organics and heavy metals such as As, Cd, and Hg [14,15]. However, the shortcomings of the Fenton oxidation method are mainly: the large amount of H2O2 that will be consumed, the low utilization rate of H2O2, the easy loss of Fe2+, and the ready formation of iron sludge [16], all of which increase the cost of water treatment. In addition, there is the disadvantage of a narrow range of pH. Therefore, the process needs to be further improved. The electrode potential of zero-valent iron (ZVI) is E0 (Fe2+/Fe0) = −0.44 V, which is high electronegativity. It has a strong reduction ability and can reduce oxidizing ions or compounds as well as some organic pollutants. Its chemical property is active, and some inactive heavy metals can be replaced by substitution reaction, which plays a role in removing heavy metal ions in wastewater. Fe2+ can be further oxidized into Fe3+ and OH− to form precipitation, and the pollutants in the water can be removed by flocculation and precipitation. At the same time, compared with the traditional homogeneous Fenton system (Fe2+/H2O2), the heterogeneous Fenton-like system formed by ZVI and H2O2 has the advantages of less H2O2 consumption and easy recovery of catalytic materials. It can avoid the problems of other Fenton systems such as narrow pH range, catalyst deactivation, and difficulty in regeneration [17]. A novel nanoscale zero-valent iron (AMD-nZVI) produced from the reaction of acid mine drainage (AMD) with NaBH4 was combined with peroxydisulfate (PDS) for the simultaneous removal of Cr (VI), Cd (II), and atrazine (ATZ) in water. Results demonstrate that the simultaneous removal efficiencies of Cr(VI), Cd(II), and ATZ by the AMD-nZVI/PDS process were high: up to 90% within 40 min [18]. It can be seen that the treatment of all kinds of wastewater by the zero-valent iron Fenton-like process has been widely studied. However, there are few studies on the use of ZVI Fenton-like oxidation to treat desulfurization wastewater from thermal power plants. This research probes into the effects of reaction time, H2O2 dosage, iron powder dosage, pH, and reaction temperature on the degradation of chemical oxygen demand (COD) through single-factor experiments. It was designed to find the optimal reaction conditions for the treatment of Fenton oxidation of thermal power plant desulphurization wastewater with zero-valent iron, so as to achieve optimal treatment of desulphurization wastewater.




2. Materials and Methods


2.1. Experimental Equipment and Apparatus


The experimental apparatuses used in the experiment include a pH meter (PHSJ-3F, Shanghai Raycom Sensor Technology Co., Ltd., Shanghai, China), magnetic stirrer (DF-101S, Shanghai Shampo Instruments & Equipment Co., Ltd., Shanghai, China), colorimeter (DR300, HACH, Shanghai, China), spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan), and microwave dissolver, etc.




2.2. Water Quality Conditions and Testing Indicators


The desulfurization wastewater used for the experiment was obtained from a coal-fired power plant pretreating with the chemical precipitation method. The light-yellow wastewater was slightly turbid with pungent odor. The current concentrations of the pollutants in the water were: COD 170.6 mg·L−1, SS 38.5 mg·L−1, water color 19, and pH 7.6. The indicators to be measured in the study involved pH, COD, chroma, etc. COD was measured according to the water quality determination of the chemical oxygen demand dichromate method [19].




2.3. Experimental Materials and Reagents


According to the standard assay method, the research had to use the following chemical reagents, namely, FeSO4·7H2O solid, sodium hydroxide solid, concentrated sulfuric acid solution, 30% hydrogen peroxide solution, COD determination reagent, sponge iron powder, polyacrylamide (PAM), etc. All chemicals used in this study were of analytical grade and were purchased from Sinopharm Reagent Co., Ltd., Shanghai, China.




2.4. ZVI Fenton-like Method for Desulfurization Wastewater


The traditional Fenton method involves the decomposition of H2O2 under the catalytic action of Fe2+ to produce hydroxyl radicals which oxidize and decompose organic matter into small molecules. At the same time, Fe2+ was oxidized to Fe3+ to produce coagulation and precipitation, removing a large amount of organic matter. However, the utilization rate of H2O2 is not high and cannot fully mineralize the organic matter. Therefore, for the existing desulfurization wastewater treated by the conventional chemical precipitation method, some of the difficult-to-degrade organic matter proved difficult and problematic to remove. It is proposed to use the ZVI Fenton-like oxidation technology as a supplement to the existing process, the desulfurization wastewater for in-depth treatment, to ensure that the final effluent COD can meet the discharge standards. The ZVI Fenton-like oxidation technology introduces Fe0 into water treatment, which can generate large amounts of Fe2+ upon reaction in water, which in turn can catalyze the generation of ·OH from H2O2 to oxidize and decompose organic matter in a fast and effective manner (Equations (1)–(5)) [20,21]. Regardless, ZVI particles can adsorb organic matter on their surface, where it can directly undergo redox reaction, which contributes to the removal of COD. The Fe3+ generated after a series of oxidation reactions can then react with Fe0 to produce Fe2+ constantly, thus decreasing the production of iron sludge and reducing the burdens of sludge treatment and disposal [18].


Fe0(s) + H2O2 + 2H+ → Fe(II) + 2H2O



(1)






Fe(II) + H2O2 → Fe(III) + ·OH + OH−



(2)






Fe(II) + H2O2 → Fe(IV) (e.g., FeO2+) + H2O



(3)






Fe(II) + O2 → Fe(III) + O2·−



(4)






Fe(II) + O2·− + 2H+ → Fe(III) + H2O2



(5)







According to the above reaction process, the ZVI Fenton-like oxidation technology produces a small amount of precipitation, is easy to separate, and has a flexible operation method compared with the traditional Fenton reaction. However, there are few research reports on the use of the ZVI Fenton-like oxidation technology to treat desulfurization wastewater. Therefore, in this study, the ZVI Fenton-like oxidation technology was used to treat desulfurization wastewater, and the key lies in how to control the catalytic reaction process and optimize the dosage of each agent, as well as in the operating parameters. The reaction mechanism of the ZVI Fenton-like oxidation technology to degrade COD in desulfurization wastewater was analyzed.




2.5. Experimental Design


In the laboratory, the wastewater was treated by the process shown in Figure 1.



The experiment uses the ZVI Fenton-like method to achieve the removal of organic matter in desulfurization wastewater, and the experiment can be divided into two stages: ZVI Fenton-like reaction and coagulation reaction, and the specific operation process and mechanism are shown in Figure 1. Firstly, the collected desulfurization wastewater needs to go through 0.5 h of aeration and 1 h of static pretreatment. Subsequently, each 500 mL of desulfurization wastewater was loaded into a beaker as a water sample, the solution was continuously stirred with the help of a magnetic stirrer, and ZVI and H2O2 were added to the solution in turn. The internal reaction mechanism is shown in Figure 1.



After a period of reaction, polyacrylamide (PAM) was added to the beaker and maintained at a concentration of 10 mg/L, left to stand for a period of time. The PAM was mixed with the suspended material to form a homogeneous mixture, resulting in the final bottom sludge and supernatant. A total of 20 groups of experiments were set up, and single-factor experiments were designed according to five factors: reaction time, H2O2 dosage, iron powder dosage, pH, and reaction temperature for quantitative analysis. Four groups of parallel experiments were set up for each single-factor experiment to finally determine the best reaction conditions for the treatment of desulfurization wastewater by the ZVI Fenton-like system. In addition, to minimize errors, samples were collected and measured in triplicate.





3. Results and Discussion


3.1. Impact of Reaction Time on COD Removal


In general, with the increase in time, the effect of wastewater treatment is better, but the volume of the equipment will increase, leading to an increase in investment costs. Therefore, it is necessary to choose an appropriate reaction time. When the pH was kept at 6.5, the amount of iron powder was 0.1 g·L−1, the amount of H2O2 was 33.3 mg·L−1, and the reaction temperature was 25 °C. The reaction times for the experiments were set to 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.5, and 2 h. To investigate the effect of reaction time on the COD concentration of the effluent, we measured the COD concentration in the aqueous solution after the reaction and calculated the COD removal rate. The results are shown in Figure 2.



As can be seen from Figure 2, the concentration of COD decreased significantly with the increase in the reaction time. When the reaction time was 1 h, its concentration reached the lowest, 98.2 mg·L−1, and the removal rate reached 42.4%. After extending the reaction time, it was found that the increase in COD removal rate was not obvious. Therefore, the treatment of desulfurization wastewater pretreated by chemical precipitation using ZVI Fenton-like oxidation can be completed within 1 h, and the treatment effect of extending the reaction time is not obvious. On the contrary, it increases the volume of the treatment facility and thus the operating cost, which is not worthwhile. Therefore, the optimal reaction time for this study was determined to be 1 h.




3.2. Impact of H2O2 Dosage on COD Removal


The dosage of H2O2 at the initial stage is crucial; it will directly affect the removal efficiency of COD. At the same time, in the application of Fenton-like technology, the amount of H2O2 is an important factor to determine the cost of wastewater treatment, and reducing the dosage of H2O2 to reduce the treatment cost is the main consideration of researchers. It is therefore necessary to investigate the optimal H2O2 dosage. Ramos et al. studied the degradation of a real textile effluent in the presence of zero-valent iron and H2O2 as an oxidant, they discovered that the greatest COD reductions were obtained for H2O2 values of between 0.02–0.04 mol·L−1 at 15 °C [22].



Under the conditions of pH 6.5, a reaction time of 1 h, an iron powder dosage of 0.1 g·L−1, and a reaction temperature of 25 °C, the H2O2 dosages of experimental groups were set as 0.01, 0.02, 0.03, 0.04, and 0.05 mL·L−1, respectively. The COD concentration in the aqueous solution was measured after the reaction, and the COD removal rate was calculated to investigate the effect of H2O2 dosage on the effluent COD concentration. The results are shown in Figure 3.



As shown in Figure 3, when the H2O2 dosage was increased from 0.01 mL·L−1 to 0.03 mL·L−1, the COD concentration decreased to 97.8 mg·L−1, and the removal rate was 42.6%; when the H2O2 dosage was increased from 0.03 mL·L−1 to 0.05 mL·L−1, the COD concentration increased rather than decreased.



When H2O2 was below 0.03 mL·L−1, increased H2O2 dosage led to increased ·OH in the system, which promoted the degradation of pollutants [23]. When H2O2 was above 0.03 mL·L−1, H2O2 may have been excessive, and the excess H2O2 would have been consumed in reaction with ·OH [24,25], thus inhibiting the oxidation reaction and resulting in a lower COD removal rate. According to literature reports, when H2O2 was excessive, the product ·OH reacted with excess H2O2 to form HO2· with lower oxidation ability (Equation (6)). In addition, ·OH further reacted with the generated HO2· and finally released O2 (Equation (7)), resulting in some HO2· being self-consumed. It was further explained that the reaction degradation rate and degradation rate decrease when the amount of H2O2 is excessive. Based on the above analysis, the optimum H2O2 dosage was determined to be 0.03 mL·L−1. The H2O2 dosages were all determined to be 0.03 mL·L−1 in the subsequent experiments.


H2O2 + ·OH → H2O + HO2·



(6)






HO2· + ·OH → H2O + O2



(7)








3.3. Impact of Fe Powder Dosage on COD Removal


In Fe0 type Fenton systems, which employ Fe0 as a reducing agent, can directly reduce the pollutants in wastewater and simultaneously provide a source of Fe2+ ions required in Fenton reaction. However, Fe0 also reacts directly with H2O2 to consume some H2O2. In previous works, the amounts of Fe0 initially used for the treatment were larger [22]. Therefore, it is necessary to select the appropriate Fe0 dosage under the condition of a certain dosage of H2O2 to achieve the best results. In a certain range, the concentration of pollutants increases with the increase in ZVI addition, while the excess Fe affects the removal of pollutants instead, so it is necessary to investigate the Fe dosage.



Under the conditions of pH 6.5, an H2O2 dosage of 33.3 mg·L−1, and a reaction temperature of 25 °C, the iron powder dosages of 0.05, 0.075, 0.1, 0.125, and 0.15 g·L−1 were set, the COD concentration in the aqueous solution was measured after the reaction, and the final COD removal rate was calculated. The results are shown in Figure 4.



Figure 4 shows that when the Fe powder dosage was increased from 0.05 g·L−1 to 0.075 g·L−1, the COD concentration decreased to 100.6 mg·L−1; when the Fe powder dosage was increased from 0.075 g·L−1 to 0.15 g·L−1, the COD concentration increased rather than decreased. It can be seen that under an Fe powder dosage of 0.075 g·L−1, the COD concentration was the lowest, with the highest removal rate of 41.0%. It was obvious that Fe powder dosage will affect the COD removal effect. As for the reason, when the Fe powder dosage was below 0.075 g·L−1 and the Fe powder dosage was increased, more Fe2+ was produced, which contributes to catalytic decomposition of H2O2 and results in more ·OH [24,25,26], thus speeding up the reaction efficiency and increasing the COD removal rate. When the Fe powder dosage was above 0.075 g·L−1, excessive Fe2+ was produced in a short period of time, and the excess Fe2+ reacted with ·OH to form Fe3+ (Equation (8)) [27]. The consumption of ·OH hinders the reaction, resulting in a decreased COD removal rate. Hence, the optimum Fe powder dosage was determined to be 0.075 g·L−1. The Fe powder dosages were all determined to be 0.075 g·L−1 in the subsequent experiments.


Fe2+ + ·OH → Fe3+ + OH−



(8)








3.4. Impact of pH on COD Removal


Both Fenton and Fenton-like processes can degrade pollutants by producing ·OH in the reaction process. The potential of ·OH increases with the decrease in pH, and the oxidation capacity is enhanced, so that the pollutants can be degraded more effectively. It can be seen that the pH affects the efficiency of the decomposition of H2O2 into ·OH, thus affecting the treatment efficiency of Fenton-like processes. Therefore, pH is one of the most important characteristics of natural waters that affects the rates of contaminants removal by ZVI, since pH greatly affects the rate of ZVI corrosion [28,29]. Usually, the pH of Fenton reaction is mostly between 3 and 5, but some scholars have found that intrinsic synergy of Fenton oxidation and in-situ coagulation is achieved in the tannic acid (TA)/Fe(III)/H2O2 process, demonstrating the simultaneous removal of multiple pollutants over a wide pH range. Under the optimal conditions (TA/Fe(III)/H2O2 = 25 mg/L/0.1 mM/0.5 mM), 95.4% of Sulfamethazine and 98.4% of turbidity were simultaneously removed at pH = 7 [27].



The experiment therefore adjusts and optimizes pH within a certain range to explore its change rule. In this study, the reaction pH was set to 2.5, 3.5, 4.5, 5.5, 6.5, 7.5, and 8.5 under Fe powder dosage 0.075 g·L−1, H2O2 dosage 33.3 mg·L−1, reaction time 1 h, and reaction temperature 25 °C. The COD concentration in the aqueous solution was measured after the reaction, and the final COD removal rate was calculated, with results shown in Figure 5.



Figure 5 shows that when the pH increases from 2.5 to 4.5, the COD concentration tends to increase; when the pH increases from 4.5 to 6.5, the COD concentration increases rapidly; when the pH increases from 6.5 to 8.5, the COD concentration exhibits an unobvious increasing trend. It can be seen that COD concentration was lower under lower pH, i.e., the COD removal rate was higher. The low pH facilitates the oxidative degradation reaction. As for the reason, for inorganic contaminant removal, an enhancement in the performance of ZVI was observed with decreasing pH [30,31,32]. The good performance of ZVI at low pH should be mainly ascribed to the acceleration of iron corrosion and dissolution of the passivated oxide layers on the ZVI surface, while a high pH deteriorates the performance of ZVI due to more mineral precipitation, which inhibits the mass transfer [33]. As a result, the removal of pollutants in water under alkaline conditions was not as effective as that under acidic conditions. However, lowering solution pH to very acidic conditions (e.g., below 3.8) might also diminish the ZVI performance, as it could cause a fast loss of ZVI particles through Fe dissolution, and/or lead to an excessive accumulation of hydrogen bubbles at the ZVI interface, which may decrease the available reactive surface area for contaminants removal [14]. If the pH was too low, it was more demanding on the equipment. Considering the cost and the corrosion resistance of the equipment, there was no need to adjust the wastewater pH, since the pH of the desulfurization wastewater was generally 4.5~6.5 [2].




3.5. Impact of Reaction Temperature on COD Removal


Desulfurization wastewater has a general temperature of around 45 °C. It emits heat to the external environment in the form of thermal radiation when transported in the pipeline, leading to decreased temperature. In this study, comparison was carried out under the reaction temperatures of 35 °C and 25 °C, respectively. The reaction conditions, such as pH, reaction time, Fe powder dosage, and H2O2 dosage, were kept consistent, except for the reaction temperature. The COD concentration in the aqueous solution was measured after the reaction, with results shown in Figure 6.



Figure 6 shows that, under a reaction temperature of 25 °C, when the reaction time was consistent, the COD concentration in the aqueous solution was higher after the final reaction than that at the reaction temperature of 35 °C, and the removal rate was lower than that at 35 °C. Hence, COD removal rate increases with the increasing temperature, and high temperature contributes to the reaction process. The reason for the increased COD removal rate may be that with the increase in reaction temperature, the speed of ·OH generation by H2O2 was accelerated, and thermal motion of particles in solution was intensified, which accelerates the collision between particles and increases the degradation rate [34]. It should be noted that elevating temperature means increasing energy consumption. The general temperature of desulfurization wastewater is about 45 °C. It emits part of its heat to the external environment in the form of thermal radiation when transported in the pipeline, leading to decreased temperature, but the temperature will not decrease substantially, so the desulfurization wastewater is not heated in the actual project in order to save energy and reduce the operating cost.




3.6. Mechnism of COD Removal by ZVI Fenton-like Process


From the experiments on the influencing factors, it can be seen that Fe0 dosage, H2O2 dosage, pH, etc. have a greater effect on ZVI Fenton-like treatment of desulfurization wastewater. Combined with Equations (1)–(5), it can be seen that in the ZVI Fenton-like reagent system, ·OH with strong oxidation ability was mainly produced in two ways: one was the interaction of H2O2 catalyzed by Fe2+, and the other was the interaction of zero-valent iron with H2O2 at its surface active site [35]. The reaction mechanism of ZVI Fenton-like degrading organic matter in wastewater can be shown by Figure 7. The three valence states of iron in the system are in a dynamic equilibrium with the intervention of H2O2 and H+. When any concentration of Fe0, H2O2, and pH changes, the existing chemical equilibrium is broken, making the reaction Equations (1)–(5) proceed in the positive or negative direction, thus changing the concentration of Fe2+, Fe3+, ·OH, and OH− in the ZVI Fenton-like system, and thus affecting the efficacy of wastewater treatment. This is the reason to explore the optimal dosage of iron powder and H2O2, which not only achieves the best effect but also saves reagents [36]. As shown in Figure 7, the injected Fe0 can remove a part of macromolecular organic matter, halides, and heavy metals from the water body due to its own absorption, reduction, and co-precipitation [37]. However, more due to the addition of Fe0, it can react with H2O2 and H+ anti-generation to generate a large amount of Fe2+, and at the same time, it will also generate ·OH with strong oxidizing ability. Subsequently, Fe2+ continues to oxidize under the action of H2O2 and H+ to generate Fe3+, and this process will generate more ·OH, which can further oxidize the small molecules of organic matter into carbon dioxide and water in the water body [38]. The generated ·OH oxidizes and breaks the organic complexes, releasing free metal ions, which are then removed through chemical precipitation. It is worth noting that Fe2+ can also generate Fe3+ under the oxidation of ·OH. At this point, if there is an excess of Fe0 in the aqueous solution, Fe3+ will react with Fe0 to form Fe2+ [39,40]. The reaction system is H+-consuming, so there is a requirement for pH, which is consistent with the experimental results of pH-influencing factors. In summary, Fe0 dosage, H2O2 dosage, and pH play crucial roles in the ZVI Fenton-like system for treating desulfurization wastewater, and it is necessary to explore the dynamic equilibrium requirements between them and the optimal operating dosage.





4. Conclusions


In this study, the effect of reaction time, iron powder dosage, H2O2 dosage, pH, and reaction temperature on treatment performance was investigated for the ZVI Fenton-like oxidation method for treating desulfurization wastewater. The internal mechanism of ZVI Fenton-like treatment of desulfurization wastewater was investigated by combining the influencing factors and the analysis of Fe0, Fe2+, and Fe3+ in the presence of H2O2 and H+ in a dynamic equilibrium relationship. Taking a thermal power plant triple tank desulfurization wastewater as an example, its COD concentration was 170.6 mg·L−1, and the COD concentration of the desulfurization wastewater was reduced to about 100 mg·L−1 at pH 4.5~6.5, reaction time of 1 h, under the conditions of an iron powder dosage of 0.075 g·L−1, an H2O2 dosage of 33.3 mg·L−1, and a reaction temperature of 35 °C. It should be noted that this study was only completed in the laboratory, and if it is to be applied to practical projects, pilot scale tests must be carried out to further understand the operating parameters.
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Figure 1. Fenton-like oxidation process for desulfurization wastewater treatment. 
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Figure 2. Reaction time impact on the COD removal rate (reaction conditions: iron powder dosage is 0.1 g/L; H2O2 dosage is 33.3 mg/L; pH is 6.5; reaction temperature is 25 °C). 
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Figure 3. H2O2 dosage impact on the COD removal rate (reaction conditions: iron powder dosage is 0.1 g/L; pH is 6.5; reaction temperature is 25 °C; reaction time is 1 h). 
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Figure 4. Fe powder dosage impact on the COD removal rate (reaction conditions: H2O2 dosage is 33.3 mg/L; pH is 6.5; reaction temperature is 25 °C; reaction time is 1 h). 
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Figure 5. pH impact on the COD removal rate (reaction conditions: iron powder dosage is 0.1 g/L; H2O2 dosage is 33.3 mg/L; reaction temperature is 25 °C; reaction time is 1 h). 
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Figure 6. Reaction temperature impact on the COD removal rate (reaction conditions: iron powder dosage is 0.1 g/L; H2O2 dosage is 33.3 mg/L; pH is 6.5). 
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Figure 7. ZVI Fenton-like treatment of desulfurization wastewater reaction mechanism diagram. 
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