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Abstract

:

In this study, Iron–Carbon Micro-Electrolysis (ICME), Fenton oxidation, and their combination were investigated to treat the leachate obtained from a wastewater treatment plant located in southern China. The results show that the Fenton-ICME process was the most efficient one. After the leachate was treated with the Fenton-ICME process, the COD concentration was reduced from the initial 35,772 mg/L to 13,522 mg/L, and the removal efficiency was up to 62.2%. In addition, the biological oxygen demand (BOD) to COD ratio increased by 40% at optimal conditions. This suggests that the biodegradability of the leachate has been increased, facilitating the biodegradation of the leachate after it is mixed with the raw wastewater. By studying the characteristic variation of the leachate treated with the Fenton-ICME process, it was found that the combined process mainly removes organic compounds such as aromatic compounds, ketones, and aldehydes. The separated sludge does not have a crystalline structure, and the iron in it mainly exists in the form of trivalent iron. It reveals that the Fenton-ICME process has great potential to be used as a pretreatment of leachate.
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1. Introduction


At present, most of the sewage treatment plants in China generally use the activated sludge method as the basic method of sewage treatment. In the process of treatment, a large amount of residual sludge is inevitably generated [1]. Thermal treatment is generally used to pretreat sludge for enhancing the dewatering. The essence of the thermal treatment of the sludge is the process of destroying the water-holding structure of the sludge by using high temperatures and high pressures, which can release the bound and adsorbed water in the sludge efficiently, and the intracellular products of the sludge also release and finally enter into the leachate. Therefore, the leachate has a complex composition and high chemical oxygen demand (COD) [2]. It is enriched with various pollutants, and contains more toxic, harmful substances with high salinity, which are capable of inhibiting the growth and reproduction of microorganisms. In addition, the biological oxygen demand (BOD) to COD ratio (B/C) is about 0.30, which suggests that the leachate has poor biodegradability.



Generally, the leachate is mixed with the raw sewage wastewater and treated in the wastewater treatment. However, the COD concentration of the leachate is normally in the range of 5000~50,000 mg/L [3,4]. There is great concern on that the high COD concentration of the leachate treated along with the raw wastewater will increase the COD loading to the wastewater treatment processes and thus may cause the effluent quality to exceed the discharging regulation. In fact, it has already been found that the COD concentration of the effluent of a wastewater treatment plant in Guangdong province of China was occasionally over the required maximum discharge concentration (50 mg/L). This suggests that there is risk for the plant. Therefore, pretreatment on the leachate is necessary before it is sent to mix with the raw sewage wastewater for treatment.



So far, some physicochemical methods, including coagulation adsorption, advanced oxidation, etc., have been introduced for leachate treatment; however, it is rather costly due to the large amount of chemical addition [5,6,7]. Biological treatment has also been tested to treat the leachate, but the efficiency is very low as the bioavailability of the leachate is quite low [8]. Therefore, these technologies are still mainly in the initial exploration stage. It suggests that cost-effective treatment techniques are highly needed.



Iron Carbon Micro-Electrolysis (ICME) technology is an advanced wastewater treatment technology based on electrochemical principles, and its reaction system has a variety of processes, including galvanic cell reaction, redox reaction, coagulation precipitation, electrochemical enrichment, adsorption, etc. Thus, ICME can decompose multi-ring and multi-chain organic matters in wastewater, and thus improves the B/C value of the wastewater. ICME technology is considered to be a good wastewater treatment process [9,10], which can provide conditions for subsequent biochemical treatment. For example, Han et al. (2023) applied ICME technology to the treatment of aniline wastewater, and after 1 h of reaction, the COD removal rate reached more than 70% [11]. In addition, it can effectively reduce the toxicity of water [12].



A wastewater treatment plant of Guangdong province has adopted ICME as a pretreatment to treat the leachate from the dewatering of sludge that has been thermally treated. However, the COD concentration in the effluent of the wastewater treatment was observed as being greater than 50 mg/L sometimes. This suggests that ICME alone cannot ensure the good performance of the leachate treatment as the leachate is different from the general sewage wastewater. It is more complex and difficult to degrade. Advanced oxidation is an efficient method for treating refractory organic pollutants [13]. Common oxidation methods include sodium persulfate (PS) and the Fenton process. Yao et al. used ICME combined with Fenton technology to treat the wastewater generated from pigment production and have achieved a COD removal of 90% [14]. Wang et al. added H2O2 to the ICME system to effectively degrade fused aromatic hydrocarbon pollutants in wastewater [15]. The study reveals that the coupling of ICME and oxidation methods could be an efficient method to treat the leachate generated from the dewatering of the thermally treated sludge.



In this study, ICME and its combination with Fenton oxidation have been employed to treat the leachate generated from the dewatering of the thermally treated sludge in a wastewater treatment plant. The work explored the treatment efficiency and impact factors. The optimal treatment condition was investigated. The characteristics of the leachate before and after treatment were studied using Gas Chromatography-Mass Spectrometry (GC-MS), and 3-Dimension Excitation Emission Matrix (3D-EEM), and the generated Fenton sludge was analyzed via Fourier Transform Infrared Spectroscopy (FTIR).




2. Methodology


2.1. Materials


The leachate used in this study was collected from a wastewater treatment plant of Guangdong Province, China. In this plant, the wastewater sludge was first thermally treated with steam, and then the residue solid was separated via plate and frame filter press from the liquid. The liquid is the leachate, which contains a high COD concentration. The leachate sample was placed in a 30 L sewage bucket and stored at 4 °C. The color of the leachate is black as paint, and the pungent smell is persistent. The leachate characteristics are as follows: the COD concentration is 25,000~57,000 (mg/L); the BOD5 concentration is 11,100~17,000 (mg/L); the NH4+–N content is 1000~2500 (mg/L); the B/C ratio is 0.28–0.35; and the pH is 5.15–6.30.



The iron–carbon fillers used to carry ICME in the experiment were purchased from Pingxiang Shangyuan Environmental Protection Chemical Co., LTD. Jiangxi Province, China. The iron–carbon fillers were placed in the dark and sealed for storage. This filler was made of iron powder (45~50%), carbon powder (15%), and other metal catalysts through combustion. The selected iron–carbon filler has less density, good strength, good flow permeability, and small flow resistance; it does not easily produce the phenomenon of compaction and passivation and has a longer service life compared to other tested iron–carbon fillers. Its surface color is gray-black, and its main properties are shown in Table 1.




2.2. Leachate Treatment


The ICME process: The iron–carbon fillers were washed with clean water 1 to 2 times before the experiment (except for special instructions), and then soaked in the leachate for 1 h before use. A total of 100 mL of the filtrate was placed in a 250 mL conical flask. The initial pH of the filtrate was adjusted to 3.5, and the dosage of the filler was 800 g/L. It was placed on a constant temperature shaker, and an oscillation speed of 180 rpm was set. After sampling at 0, 0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 h, the pH value of the effluent was measured and adjusted to alkaline via the addition of NaOH. After precipitation, the supernatant was taken to measure the COD concentration and the ratio of BOD to COD.



The Fenton oxidation process: H2SO4 and NaOH were used to adjust the pH of the leachate to a suitable value, and then a certain amount of the leachate and solid FeSO4·7H2O was placed into a 250 mL beaker. Stirring was performed until FeSO4·7H2O was completely dissolved. Then, a certain amount of 30% H2O2 solution was added to the solution and agitated at 500 rpm. After 1 h of reaction, the sample was taken, and a certain amount of NaOH solution was added to adjust the pH. The supernatant was taken to determine the COD concentration after settling.



ICME-Fenton combination process: In this process, ICME was carried out first and then Fenton oxidation followed. The procedures of ICME and Fenton oxidation are as described above.



Fenton-ICME combination process: In this process, Fenton oxidation was carried out first and then ICME followed. The procedures of Fenton oxidation and ICME are as described above.




2.3. The Optimization of the Processes


For the ICME process, the impact of reaction pH, iron–carbon dosage, and oscillation velocity on the COD removal of the leachate were investigated. For the Fenton oxidation process, the influences of H2O2 dosage, dosage ratio, wastewater pH, and reaction time on the COD removal of the leachate were investigated, respectively. As for the ICME-Fenton combined process, the study investigates the influences of H2O2 dosage, pH, and reaction time. For the Fenton-ICME combined process, investigation of filler dosage, wastewater pH, and reaction time were carried out.




2.4. The Composition Variation of the Leachate


Gas Chromatography-Mass Spectrometry (GC-MS, Agilent, US), Fourier Transform Infrared Spectroscopy (FTIR, Thermo Scientific), and Three-Dimension Excitation Emission Matrix (3D-EEM) were employed to analyze the composition variation of the leachate before and after Fenton-ICME treatment, as well as the precipitates obtained via Fenton oxidation. The apparent morphology, material structure, and elemental composition of the sludge were also analyzed.



A total of 10 mL of original or treated leachate sample was added into a 250 mL funnel, and 50 mL of n-hexane was added. The mixture was covered and placed in a shaker for 10 min. Thereafter, it was allowed to stand for separation, and the top layer was collected. The extraction was performed three times, and the collected extractant was united, dehydrated with anhydrous Na2SO4, and finally concentrated to 5 mL by evaporation. Thereafter, it was injected into a GC-MS with a HP-5MS quartz capillary column (30 m × 0.25 mm × 0.25 μm, Agilent, US.). The initial column temperature was set to 40 °C and heated to 280 °C at a rate of 15 °C/min, the injection port temperature was 250 °C, the split ratio was 10:1, the carrier gas (N2) flow rate was 3 mL/min, and the ion source temperature was 250 °C. During the test, the scanning mode was selected for qualitative analysis, and the data collection was compared with the NIST11.L standard and poor’s library.



Dried sludge samples were tested with FTIR, and the number of absorption peaks was used to determine the type of chemical bond expansion and contraction vibration or functional group. The measurement mode was ATR mode, the measurement wavenumber range was 400~4000 cm−1, the measured value was absorbance, and the absorbance and transmittance can be converted in Omnic software according to actual needs.



3D-EEM can rapidly analyze dissolved organic matter (DOM). The original or treated leachate sample was filtered with a 0.45 μm membrane as a pretreatment and then was diluted to a COD concentration between 20 to 100 mg/L, and the UV254 value was read. It was then placed in a 10 mm quartz cuvette and scanned with a 3D fluorescence analyzer. The excitation wavelength (Ex) was set at 220~500 nm, the emission wavelength (Emission, Em) was 200~600 nm, the sampling time interval was 1 nm, and ultrapure water was used as the blank reference zeroing. After the detection was completed, the data were normalized against the UV254 values.





3. Results and Discussion


3.1. The Leachate Treated by Different Processes


3.1.1. ICME Process


The treatment effect of ICME technology is affected by many factors, including filler dosage, iron–carbon ratio, reaction pH, dissolved oxygen, reaction time, etc. After a single variable pre-experiment, the optimal process parameters of ICME were determined as follows: the initial pH value was 3.5, the iron–carbon dosage was 800 g/L, and the oscillation speed was 180 r/min. The results are shown in Figure 1.



According to Figure 1a, after 8 h of reaction, the COD concentration of the leachate decreased from 40,095 mg/L to 24,558 mg/L, and the COD removal rate reached 38.8%. The pH, in fact, is a very important parameter as it impacts on the redox potential of iron. Therefore, the pH variation during the treatment was followed. It can be seen that the pH value of the reaction system increased rapidly to more than 6.0 within 2 h (Figure 1b). This is due to the fact that the iron in the filler is continuously consumed, and OH− is continuously produced in the system, resulting in a continuous increase in pH value. It can be seen that the COD reduction and B/C increasing mainly occurred in the first 2 h. This is due to the fact that low pH increases the potential difference of ICME and thus enhances the treatment efficiency. According to the XPS analysis, the major iron compound was Fe3O4 with a pH < 5.5, but the major iron compound became FeOOH with a pH > 5.5. The redox potential of FeOOH/Fe2+ and Fe3O4/Fe2+ are −274 mV and −314 mV [16]. The higher the redox potential is, the better performance is. Hence, low pH showed better COD removal efficiency. From Figure 1c, it can be seen that the ratio of BOD to COD of the filtrate after ICME treatment increased from 0.31 to 0.33. Although it increased, the range was not high. Therefore, the effect of microelectronics technology on improving the biodegradability of the leachate is not obvious.




3.1.2. ICME-Fenton Combined Process Research


The effects of H2O2 dosage, dosage ratio, pH, reaction time, and other factors on the COD removal rate of the leachate were investigated. After a single variable pre-experiment (results are not shown here), the optimum process parameters of Fenton oxidation were determined as follows: the dosage of H2O2 was 0.20 mol/L, the reaction pH value was 4.0, the ratio of H2O2 to Fe2+ was 4:1, and the reaction time was 15 min.



In order to explore whether the combined process of Fenton and ICME can play a role in strengthening the treatment effect of the ICME process, the leachate was treated via single process and combined process, respectively. The single process includes the single Fenton oxidation process at optimal conditions and the single ICME process at optimal conditions, and the combined process is the ICME-Fenton process. The experimental results are shown in Figure 2.



The COD removal rate of Fenton, ICME, and ICME-Fenton were 36.57%, 34.78%, and 46.03%, respectively (Figure 2). During the ICME reaction, a large amount of iron ions and ferrous ions are dissolved in the system. Ferrous ions can form Fenton’s reagent with H2O2, and Fenton’s reagent can further oxidize organic pollutants. Therefore, it is considered that the combination of the Fenton process after the ICME process can not only reuse iron resources, but also improve the COD removal rate.



In order to enhance the treatment effect of the ICME-Fenton combined process on the leachate, the H2O2 dosage, pH, and reaction time were optimized. From Figure 3a, it can be seen that when the dosage of H2O2 was 0.15 mol/L, the treatment performance was the best. The COD concentration was reduced to 19,942 mg/L, and the COD removal efficiency reached 43.3%. It can be seen from Figure 3b that the treatment efficiency was the highest when the pH of the ICME effluent was adjusted to 4.0. In this case, the COD concentration of the leachate was reduced to 19,132 mg/L, and the COD removal rate was 45.6%. Therefore, the pH value of ICME effluent was adjusted to 4.0 in the ICME-Fenton combined process. It can be seen that when the Fenton oxidation was used following the ICME process, and the reaction rate was very fast (Figure 3c), after about 30 min, the COD removal rate was stable. Therefore, the Fenton oxidation reaction time in the ICME-Fenton combined process was only 30 min.




3.1.3. Fenton-ICME Process


The leachate treated with the Fenton oxidation process only needs a small amount of alkali to adjust the pH to the optimal value required by the single ICME process. In addition, the residual H2O2 in the leachate can continue to react with Fe2+ produced by ICME. Therefore, using the Fenton oxidation process before the ICME process would not only reduce the amount of acid and alkali, but also may improve the COD removal. In order to explore the treatment effect of the Fenton-ICME combined process on the leachate, the related parameters of pH value, filler dosage, and reaction time were optimized. The results of parameter optimization are shown in Figure 4.



Studies have shown that changes in pH value have little effect on the removal rate of COD (Figure 4a). Therefore, in order to reduce the used amount of alkali, it is more appropriate to adjust the pH of the Fenton effluent to 3.5 in the Fenton-ICME combined process. It can be seen from Figure 4b that when the amount of filler was increased to 900 g/L, the COD concentration of the leachate was decreased to 13,660 mg/L, and the COD removal rate reached 61.0%. Thus, it reveals that in the Fenton-ICME combined process, when the iron–carbon filler dosage is 900 g/L, a stable treatment effect can be guaranteed. From Figure 4c, it can be seen that with the reaction proceeding, the treatment performance became better and better. After 6 h of reaction, the COD removal rate reaches stability. Therefore, the optimal ICME reaction time in the Fenton-ICME combined process is 6 h.



As shown in Figure 5a, by comparing the single ICME process, the single Fenton process, the ICME-Fenton combined process, and the Fenton-ICME combined process, the combination of ICME and Fenton could improve the removal rate of COD. Among them, the single ICME process could obtain a COD removal of 38.8%, and the COD concentration was reduced from 40,095 mg/L to 24,558 mg/L. The single Fenton process obtained a COD removal of 38.0%, and the COD concentration was reduced from 35,383 mg/L to 22,546 mg/L. The ICME-Fenton combined process achieved a COD removal of 45.4%., and the COD concentration decreased from 35,189 mg/L to 19,198 mg/L. The Fenton-ICME process obtained a COD removal rate of 62.2%, and the COD concentration decreased from 35,772 mg/L to 13,522 mg/L. In summary, from the perspective of COD removal efficiency, the combination of Fenton-ICME has a better effect on the treatment of sludge filtrate. Compared with the single ICME process, the COD removal rate can be increased from 38.8% to 62.2%.



It can be seen from Figure 5b that the original leachate was dark black, turned into brown after the Fenton treatment, turned yellow after the ICME-Fenton treatment, and turned light yellow after the Fenton-ICME treatment. From the apparent results, Fenton-ICME has the best treatment effect.



From Figure 5c, it can be observed that the single Fenton oxidation process did not improve the B/C ratio, which was 0.31 and 0.30 before and after the treatment, respectively. Meanwhile, the ICME-Fenton process and the Fenton-ICME process both increased the BOD/COD value of the effluent from 0.31 to 0.35.



In summary, the Fenton-ICME combined process is more suitable for treating the leachate obtained from the dewatering of thermally treated sludge. Compared with the single ICME process, the Fenton-ICME combined process increased the COD removal efficiency from 38.8% to 62.2%, and the B/C ratio was increased from 0.31 to 0.35. This suggests that the leachate has a better biodegradability after being treated with the Fenton-ICME combined process.



To further investigate the dependence of COD removal on time, as mentioned before, samples were taken during 8 h of study. It was found that the removal was gradually increased till 6 h, after which it saw almost no change (Figure 4c). This suggests that 6 h reaction time is sufficient for COD removal, and further increases of the reaction time will not bring higher removal but only consume more energy. From the analysis of the COD removal rate during the 6 h treatment, it can be seen that the linear correlation coefficient was around 0.97 (Figure 5d). This reveals that the reaction time has a great impact on the COD removal and should be considered in similar studies.



According to the treatment capacity and leachate production rate, by calculating the COD impact on the raw wastewater COD after the leachate being sent back to the influent of the wastewater treatment plant, the COD would remain lower than 32 mg/L based on the current COD removal efficiency of the plant, which is lower than the regulation (50 mg/L).





3.2. The Characteristics of the Leachate after Fenton-ICME Treatment


3.2.1. Organic Matter in the Leachate before and after Treatment


In order to explore the changes in the organic matter composition after the treatment of the leachate with the Fenton-ICME process, GC-MS was used, the NIST11.L standard library was used to retrieve and compare the characteristic ions, and the relevant data with a matching degree of more than 90% were selected, as shown in Table 2.



According to the data in Table 2, it can be seen that the type of organic matter in the leachate changed greatly after treatment with the Fenton-ICME process. A total of 16 organic compounds with a matching degree greater than 90% were detected in the leachate before treatment, including long-chain alkanes such as Heneicosane and aromatic compounds such as Pheno, 2,6-dimethoxy-, Benzene, and 1-methyl-3-(1-methylethyl)-. A total of nine kinds of organic matters with a matching degree greater than 90%, mainly including alkanes such as Heptadecane, 2,6,10,15-tetramethyl- and complex esters such as sulfurous acid and butyl heptadecylster, were found in the leachate after being treated with Fenton-ICME.



In addition, comparing the same pollutants contained in the leachate before and after treatment, it can be seen that the peak area of the effluent was greatly reduced. This suggests that the organic matter content in the leachate was significantly reduced after the treatment with Fenton-ICME. Moreover, it was found that some new small molecular organic matters were also produced, such as decane. Comparing the types of organic matter in the leachate before and after treatment, it can be seen that the types of organic matter decreased after treatment. This indicates that Fenton-ICME could remove some complex organic matter. Fenton-ICME could be used to remove organic matter in the leachate, which has a certain effect on reducing the content and type of organic matter.




3.2.2. FTIR Analysis


The leachates, before and after being treated with Fenton-ICME, were scanned with FTIR. As shown in Figure 6, a large peak was observed at a wavenumber of about 3195 cm−1 for the original leachate, which was mainly attributed to the stretching vibration of C–H in aromatics. A weak vibration peak was observed at a wavenumber of 2968 cm−1, which was related to the stretching of CH2 and CH3 groups [17], indicating the presence of long-chain aliphatic hydrocarbons in the stock solution. The peak at about 1660 cm−1 is mainly attributed to the stretching vibration of C=C [18], the peak at about 1402 cm−1 is mainly attributed to –COOH [19], the peak at about 1112 cm−1 is mainly attributed to the stretching vibration of C=O [20], and the peak at about 618 cm−1 is mainly attributed to the stretching of N–H and O–N=O [17] and may also be related to Fe–O [21]. This reveals that the main organic compounds in the filtrate are long-chain aliphatic hydrocarbons, aromatic compounds, ketones, and amides. It can be seen that the FTIR spectral analysis results of the original leachate are essentially consistent with the results of GC-MS (as shown in Table 2).



The (b) line in Figure 6 shows the FTIR spectrum of the leachate after the single Fenton treatment. All the peaks are similar to those of the original leachate, except for the peak with a wave number of 1660 cm−1. The peak intensity of other peaks increased, which means that the Fenton oxidation may convert part of the C=C into a saturated bond. The (c) line of Figure 6 shows the FTIR spectrum of the leachate treated with the single ICME treatment. All the peaks were the same as the original leachate, and the peak intensity of the related peaks increased, which means that the ICME process did not have the effect of directly degrading organic matter.



The (d) line of Figure 6 is the FTIR spectrum of the leachate treated with the Fenton-ICME treatment. The broad peak at 3437 cm−1 corresponds to the O–H bond, which is mainly attributed to the adsorption of water on the sample surface [22]. The peak at 3195 cm−1 disappeared, indicating that the Fenton-ICME process could decompose or convert most of the aromatic compounds. Comparing (a), (b), (c), and (d), it can be seen that the peak intensity of the related peaks in the (d) line decreased significantly. This indicates that the Fenton-ICME process can remove more organic pollutants.




3.2.3. The 3D-EEM Analysis


The three-dimensional fluorescence spectra of the original leachate, Fenton-treated leachate, ICME-treated leachate, and Fenton-ICME-treated leachate are given in Figure 7.



The 3D-EEM provides the category of the compounds in the sample, as each excitation wavelength corresponds to a specific emission wavelength. Among them, zone I and zone II mainly refer to aromatic protein substances, zone III mainly refers to fulvic acid substances, zone IV mainly refers to soluble microbial products, and zone V mainly refers to humic acid substances [23]. It can be seen from Figure 7a that the substances with relatively high concentrations in the filtrate are fulvic acids, followed by humic acids and soluble microbial products, while the content of aromatic proteins is lower. Comparing Figure 7a,c, it can be seen that the three-dimensional fluorescence image of the leachate treated with the ICME process was similar to that of the original leachate, indicating that the treatment performance of the single ICME process is not good. By comparing Figure 7b,d, it can be seen that the single Fenton process and the Fenton-ICME process can remove most of the various substances, and that the Fenton process plays a significant role in organic matter removal [24].





3.3. Characteristics of Fenton Precipitation Solution


In order to explore the characteristics of the Fenton precipitation, a small amount of NaOH solution was added to the Fenton precipitation to dissolve it into a liquid, which was called Fenton precipitation solution. The Fenton precipitation solution was dark black-brown with an extremely pungent smell, strong in viscosity, and the COD concentration was about 36,000 mg/L.



The Fenton precipitation solution was scanned with Fourier transform infrared spectroscopy, and the spectra are shown in Figure 8a. It can be seen that the peak with a wave number of 3403 cm−1 in the dissolved solution of the Fenton precipitation could be attributed to the stretching of O–H. Compared with the original leachate, except for the peak with wave number of 3195 cm−1, which disappeared, the other peaks were not significantly different. It can be considered that the composition of the Fenton precipitation solution and the original leachate is highly similar, and special attention should be paid to pH control in practical engineering applications. Three-dimensional fluorescence scanning was performed on the Fenton precipitation solution, and the spectrum is shown in Figure 8b.



It can be seen that the main substances contained in the Fenton precipitation are humic acids, followed by fulvic acids, and there are fewer aromatic proteins and soluble microbial products (Figure 8b). Comparing Figure 7a and Figure 8b, it was found that the content of fulvic acids in the III region was significantly reduced. It was speculated that the Fenton process converted some fulvic acids into humic acids, and this portion of humic acids entered the precipitate, thereby removing pollutants [25].





4. Conclusions


In this study, ICME and Fenton oxidation were employed to treat the leachate obtained from the dewatering of thermally treated wastewater sludge. After comparation, it was found that Fenton-ICME was the most efficient technology for the leachate treatment compared to single ICME, Fenton oxidation, and ICME-Fenton. The optimal treatment condition was as follows: the reaction pH is 4.0, the H2O2 dosage is 0.20 mol/L, the H2O2 and Fe2+ dosage ratio is 4:1 and the reaction time is 15 min for the Fenton step, and the reaction pH is 3.5, the iron–carbon dosage is 900 g/L, and the reaction time is 6 h in the following ICME step. The COD removal was mainly due to the removal of aromatic compounds, ketones, and aldehydes from the leachate. The study has proposed a reliable method for treating the leachate obtained from the dewatering of thermally treated wastewater sludge. It can prevent the effluent COD from exceeding regulations when the leachate is sent to mix with raw wastewater and treated in the treatment plant.
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Figure 1. The COD removal (a), pH variation (b), and the ratio of BOD to COD (c) of leachate before and after ICME treatment. 
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Figure 2. The COD removal via Fenton oxidation, ICME, and ICME-Fenton process. 
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Figure 3. Effect of relevant parameters on COD removal from leachate via the ICME-Fenton combined process: (a) H2O2 dosage, (b) pH, (c) reaction time. 
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Figure 4. Effect of relevant parameters on COD removal of the leachate via the Fenton-ICME combined process: (a) pH value, (b) the filler dosage, (c) reaction time. 
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Figure 5. The performance comparison of different process: (a) COD removal, (b) effluent color, (c) B/C ratio, (d) the correlation coefficient of COD removal. 
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Figure 6. FTIR spectra of filtrate and effluent: (a) original leachate; (b) Fenton-treated; (c) ICME-treated; (d) Fenton-ICME-treated. 
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Figure 7. Three-dimensional fluorescence images of the leachates: (a) original leachate, (b) treated with Fenton oxidation, (c) treated with ICME, (d) treated with the Fenton-ICME process. 
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Figure 8. Fenton precipitate solution: (a) FTIR diagram, (b) three-dimensional fluorescence. 
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Table 1. The main properties of the fillers.
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	Property
	Value
	Property
	Value





	Product Model
	TMIE-1
	Cylinder compressive strength (MPa)
	≥5



	Appearance
	Spherical three holes with grooved side
	Packing density (g/cm3)
	0.9~1.0



	Size Deviation (mm)
	±0.50
	Polymetallic content (%)
	60~65



	Specific surface area  σ  (m2/g)
	≥2
	Carbon content (%)
	15~20



	Porosity   ε   (  %)
	50~55
	Catalyst content (%)
	≥3










 





Table 2. GC-MS analysis of the leachate before and after being treated with the Fenton-ICME process.
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Peak Number

	
Substance

	
Before

	
After




	
Time (min)

	
Peak Area

	
Time (min)

	
Peak Area






	
1

	
Heptane, 2, 4-dimethyl-

	
—

	
—

	
4.929

	
97,431




	
2

	
Octane, 4-methyl-

	
—

	
—

	
5.616

	
26,169




	
3

	
Pyrazine, 2, 5-dimethyl-

	
6.320

	
306,193

	
—

	
—




	
4

	
1H-Pyrrole-2-carboxaldehyde

	
7.659

	
162,964

	
—

	
—




	
5

	
Decane, 4-methyl-

	
7.830

	
264,951

	
7.830

	
69,510




	
6

	
2-Cyclopenten-1-one, 2-hydroxy-3-methyl-

	
7.899

	
224,655

	
—

	
—




	
7

	
p-Cresol

	
8.437

	
671,385

	
—

	
—




	
8

	
Benzene, 1-methyl-3-(1-methylethyl)-

	
8.614

	
138,834

	
—

	
—




	
9

	
Phenol, 2-methoxy-

	
8.654

	
453,017

	
—

	
—




	
10

	
Benzene, 1, 2, 3, 5-tetramethyl-

	
9.015

	
348,810

	
9.020

	
43,653




	
11

	
Phenol, 4-ethyl-

	
9.450

	
1,054,345

	
—

	
—




	
12

	
Undecane, 2, 6-dimethyl-

	
—

	
—

	
9.947

	
62,421




	
13

	
Dodecane, 4-methyl-

	
10.028

	
189,918

	
—

	
—




	
14

	
Dodecane, 4, 6-dimethyl-

	
10.354

	
174,253

	
—

	
—




	
15

	
Odecane, 2, 6, 10-trimethyl-

	
—

	
—

	
10.817

	
40,755




	
16

	
Phenol, 2, 6-dimethoxy-

	
11.309

	
542,295

	
—

	
—




	
17

	
Decane, 3, 8-dimethyl-

	
13.735

	
158,398

	
—

	
—




	
18

	
Sulfurous acid, butyl heptadecylster

	
—

	
—

	
13.821

	
37,787




	
19

	
Heneicosane, 11-(1-ethylpropyl)-

	
14.880

	
166,580

	
—

	
—




	
20

	
Heptadecane, 2, 6, 10, 15-tetramethyl-

	
—

	
—

	
16.819

	
186,213




	
21

	
9-Octadecenamide, (Z)-

	
18.399

	
310,423

	
—

	
—




	
22

	
Phenol, 2, 2’-methylenebis[6-(1, 1-dimethylethyl)-4-methyl-

	
18.776

	
207,837

	
18.776

	
144,798
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