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In gold-smelting wastewater after the original treatment process of flocculation and precipitation using mainly lime, a mixture of As, Cu, Pb, Mn, Zn, Al, Ni, and Fe existed with an arsenic concentration of 813.07 mg/L and other ions’ concentration at ug/L levels. In this work, a new clean process of mainly adsorption with self-made adsorbent Fe-PE, which was synthesized by loading ferric lignin on agricultural mulch film residual, was investigated to purify and remove arsenic from gold-smelting wastewater. A batch of column experiments was investigated to explore the reaction behavior between wastewater and adsorbent Fe-PE. The results showed while operating the adsorption columns at a pilot scale for 68 days, the arsenic concentration in the effluent was below 0.5 mg/L, and there was no significant change in the concentration of co-existing metal ions, indicating that Fe-PE had a good selective adsorption performance for arsenic in wastewater. Furthermore, Fe-PE did not dissolve and release Fe ions in wastewater, and the whole process could not produce sludge. This work first suggested an efficient and potential application for the purification and removal of arsenic from gold-smelting wastewater with agricultural mulch film residual after chemical modification, which will provide a novel strategy for reusing the agricultural mulch film residual.
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INTRODUCTION
Arsenic at higher concentrations in water or land poses a great threat to human health and ecological safety (Lamm and Kruse, 2005; Rodriguez-Lado et al., 2013; Celebi et al., 2014). It is very important that arsenic residues must be strictly restrained to be directly disposed of into the environment. In metallurgical and mining wastewaters (Sekula, 2008; Nazari et al., 2017), arsenic, usually with an extremely high concentration, is one of the main contaminants among other arsenic-associated minerals such as Cu, Fe, Pb, Zn, and Ni (Anderson and Twidwell, 2008; Oishi et al., 2008; Cheng et al., 2009). It is necessary to investigate an efficient process to remove arsenic from metallurgical wastewater in order to meet the environmental legislation.
Iron oxides or oxyhydroxides have a high affinity to arsenic, and the mobility of As is closely correlated with Fe in natural environments (Cances et al., 2005; Jia and Demopoulos, 2005; Jia et al., 2007; Jia and Demopoulos, 2008). Researchers have concluded an adsorption mechanism where As would be bound as a bidentate inner sphere complex with Fe (Ford, 2002; Jia et al., 2006; Gomez et al., 2011; De Klerk et al., 2015). Otherwise, the precipitation as crystalline scorodite (Langmuir et al., 2006; Bluteau and Demopoulos, 2007; Caetano et al., 2009) was reported to offer the advantages of combining a relatively high arsenic content and low release of arsenic in aqueous solutions, but large amounts of neutralizing agents were necessary because of the high alkalinity in the final leaching solution. Therefore, the process of arsenic removal by precipitation is commonly used by the metallurgical and mining industry (De Klerk et al., 2012; Cui et al., 2014; Coudert et al., 2020), mainly due to its lower cost. However, the concentration of residual arsenic is always at the level of mg/L, which is the limit to the technology of precipitation, and most seriously, much sludge with arsenic contamination will be generated, resulting in serious secondary pollution during transportation, storage, and disposal (Lin, 2004; Feng et al., 2017a; Coudert et al., 2020). Focusing on the possible leakage and secondary pollution of arsenic, this work aims to find a new process for arsenic removal in gold-smelting wastewater by adsorption technology using a new adsorbent, expected with no sludge and hazardous solid waste.
Though different adsorbents such as granular activated carbon, activated alumina, biochar, magnetite nanoparticles, and polymeric adsorbents have been proved to be effective in water for arsenic removal, there have been few studies involving the use of agricultural mulch film residual (AMFR) after chem-modification as adsorbents to remove arsenic in wastewater. Because polyethylene film is widely used for the exchange of heat and moisture in agriculture (Liu et al., 2017), AMFR in large amounts is known as one of the agricultural wastes of hard degradation in a short time and could release hazardous substances such as polyethylene particles, plasticizers, or additives into soils and waters during the process of degradation, and it also has the possibility to become microplastics (Zhang et al., 2021). Because of the low-rate recycling (a recycling rate of less than 2/3 each year in China), potentially severe pollution, and plastic-restriction orders by governmental management (MOA, 2017), it is meaningful to investigate a new strategy to reuse AMFR. In our previous work (Zhang et al., 2022), ferric lignin has been loaded on the polyethylene film, and AMFR will also be promisingly modified by ferric lignin because of the same composition as the original polyethylene film. But before modification, AMFR must be pretreated, for example, cleaning to move the pollutants adhered to the surface of AMFR.
In this work, we monitored a kind of gold-smelting wastewater, after the original treatment of flocculation and precipitation using mainly lime; a mixture of arsenic, copper, lead, manganese, zinc, aluminum, nickel, cadmium, and iron existed with an arsenic concentration of 813.07 mg/L and other ions’ concentration was at the level of ug/L. AMFR would be loaded with ferric lignin after chemical modification and used in the process of arsenic removal in this wastewater. A batch of column experiments was investigated to explore the reaction behavior between wastewater and the adsorbent, and the objective of this work was to investigate an integrated process for arsenic purification from gold-smelting wastewater, which may have potential application for arsenic removal in all gold-smelting wastewaters after the precipitation process using mainly lime as pretreatment.
EXPERIMENTAL
Materials and reagents
Sodium lignosulphonate, ferrous sulfate heptahydrate, sodium sulfite anhydrous, sodium hydroxide, and ethanol absolute were all in reagent grade and purchased from Shanghai Macklin Biochemical Co., Ltd., China.
Different specifications of plexiglass ion-exchange columns were ordered from Zhengzhou Glass Factory, China. The column with a diameter of 50 mm and a length of 500 mm was used for a lab-scale experiment, and the column with a diameter of 300 mm and a length of 1500 mm was used for a pilot-scale experiment. The centrifugal pump, peristaltic pump, and flowmeter were purchased from Jiangsu Pump Industry, Co., Ltd. Taizhou, China. The normal window gauze, bought from a local grocery store, was applied as the supporting material. The de-ionized water was used for dilution, and 1 M of HCl or NaOH was used for adjusting the pH of the solution.
The gold-smelting wastewater after the original treatment process of flocculation and precipitation using mainly lime, was from a local company smelting precious metals such as gold and copper. Table 1 shows the chemical composition of the wastewater during the period of observation. In view of the potentially toxic substances, during the process of handling the wastewater, CAUTION in the Supplementary Materials must be obeyed.
TABLE 1 | Composition of the gold-smelting wastewater after the original treatment process of flocculation and precipitation using mainly lime (mg/L).
[image: Table 1]Method for preparing arsenic-removal adsorbent
The adsorbent named Fe-PE used by us in this work was prepared by loading ferric lignin on AMFR. The synthesis route of Fe-PE is shown in Figure S1. AMFR exposed for 6 months in the farmland with growing romaine lettuce plants was manually fetched without pulling too much, and the thickness of AMFR was 0.012 mm with a tensile resistance strength of 1.77 N. After being cleaned by watersteam with pressure and HCl or NaOH solution to remove the surface pollutants, cleaned AMFR was dried at a room temperature of 25°C–30°C and immersed into 1 M NaOH solution in an ultrasonic reactor for 12 h at 70°C. Solutions of sodium lignosulphonate, ferrous sulfate heptahydrate, and sodium sulfite anhydrous were allowed to react to get ferric lignin by adjusting the pH using 0.1 M of NaOH. Then, AMFR and ferric lignin solution were put into a water-bath kettle at 80°C for 6–8 h. After that, AMFR was dried in an air oven at 100°C–140°C. In addition to the soil, mud, and plant residues, especially in the process of cleaning the AMFR, 1.007 mg/L of chlorantraniliprole and 0.001 mg/L of phoxim were detected and measured by GC-MS/MS in the wastewater after the cleaning process, due to the insecticides used in the growth of romaine lettuce plants, so the wastewater after the cleaning process must be collected.
Adsorption experiments using Fe-PE for arsenic removal on the lab scale
The arsenic-bearing wastewater was collected from the outlet after the process of precipitation, and the pH was 8.62∼8.89. The total arsenic concentration was 813.07 mg/L with 68.7% of As (V) and 31.3% of As (III). The size of the column with a volume of 0.981 L was 50 mm diameter and 500 mm length. A peristaltic pump was used to supply impetus. The load density (LD) was calculated according to the following equation: LD = the amount of Fe-PE (g)/the volume of the column (L).
Static adsorption experiments were used to determine the adsorption capacity of the Fe-PE. The arsenic-bearing wastewater was diluted into different concentrations of 8.03, 16.23, 32.35, 81.60, 161.9, 405.2, and 813.07 mg/L. Different mass of 5 g, 10 g, and 20 g of Fe-PE were, respectively, immersed in the wastewater of 1 L in a plastic bucket for 12 h. The Fe-PE was wrapped in a window gauze before to be used.
Methods used to set up the column experiment
A batch of column experiments was conducted to investigate the performance of Fe-PE to remove arsenic from the wastewater. Fe-PE was wrapped in the window gauze and filled into the plexiglass ion-exchange column. The wastewater was pumped into the column from the bottom to the top. The basic flow chart of the adsorption process is shown in Figure S2.
Characterizations and testing
FT-IR spectra were collected on a spectrometer in the range of 400–4,000 cm−1 (jx20112184, PerkinElmer, United States). The pH value of liquid samples was measured using a PHS-3E pH meter (Shanghai, LeiCi, China). Element concentrations of liquid samples were measured using an ICP-OES spectrometer (PQ-900, Analytik Jena, Germany) or ICP-MS (jx20110281, PE, United States). An FESEM (Quanta FEG250, Thermo Fisher Scientific, United States) was used to scan the surface of the adsorbent and further confirm the distribution of elements.
RESULTS AND DISCUSSION
FT-IR and SEM analyses of the prepared adsorbent Fe-PE
An FT-IR spectrum was used to predict and confirm the reaction behavior between cleaned AMFR and ferric lignin. Figure 1 shows the spectra of cleaned AMFR (Figure 1A), ferric lignin prepared by us (Figure 1B), and Fe-PE (Figure 1C). As shown in Figure 1A, adsorption peaks at 2,916 cm−1, 2848 cm−1, 1471 cm−1, and 717 cm−1 represent the antisymmetric stretching, symmetrical stretching, bending, and rocking vibration of -CH2, respectively, which are the four characteristic adsorption peaks of polyethylene (Weng, 2010). The IR spectra of cleaned AMFR showed that there was no other obvious characteristic adsorption peaks except that of polyethylene, indicating that there was no other substance on the cleaned AMFR. As shown in Figure 1B, there were adsorption peaks at 3,344, 1,631, 1,389, 1,126, 1,035, 873, 794, and 551 cm−1 of ferric lignin. As shown in Figure 1C, compared with Figure 1A, the spectra showed that the absorption peaks at 2916 cm−1, 2848 cm−1, 1471 cm−1, and 717 cm−1 were obviously weakened, and new adsorption peaks at 3,344, 1,633, 1,389, 1,126, 1,035, 873, 794, and 551 cm−1 appeared. Compared with Figure 1B, except for the characteristic adsorption peaks of polyethylene, there were same adsorption peaks on Fe-PE as those on ferric lignin, indicating that ferric lignin has been loaded on AMFR. Furthermore, the total content of the Fe element on Fe-PE was determined using an ICP-OES spectrometer after Fe-PE was digested with the mixed acid of HNO3–HClO4–HF, and 263.68 mg (on average) of Fe element on 1 g of Fe-PE could be examined.
[image: Figure 1]FIGURE 1 | FTIR spectra of (A) cleaned AMFR, (B) ferric lignin, and (C) Fe-PE and SEM images and photographs of cleaned AMFR and Fe-PE.
Figure 1 also shows the SEM images and photographs of Fe-PE and cleaned AMFR. It showed that there were many flower-like particles on Fe-PE, compared to that of AMFR. The images also showed that the distribution of the particle size was about 500 nm and the morphology was uniform, indicating that the reaction was sufficient and moderate.
Adsorption behaviors of arsenic removal from gold-smelting wastewater by Fe-PE on the lab scale
Figure S3 shows the arsenic adsorption capacity of Fe-PE. There is a trend that higher solution concentration results in increasing adsorption capacity, but there is no expected increasing trend when using more Fe-PE, probably due to the effect of the As/Fe ratio and effective adsorption sites on the surface of Fe-PE during the process of adsorption. From Figure S3, the higher adsorption capacity of 44.73 mg/g for arsenic could be calculated, while using 10 g of Fe-PE in 1 L of wastewater with arsenic concentration of 813.07 mg/L.
Based on the arsenic adsorption capacity of Fe-PE and the volume of the column, while the adsorption column was full of Fe-PE and window gauze, the load density (LD) should be 360∼400 g/L except for the weight of the window gauze. Also, the lower operating pressure must be taken into consideration. Figure 2 shows the adsorption performance of Fe-PE in column experiments in the laboratory. Figure 2A shows the curve of the breakthrough, Figure 2A1 shows the curve of the bed volume, and Figure 2A2 shows the curve of arsenic removal efficiency, when the velocity of the flow was 1 ml/s. Figure 2B shows the curve of the breakthrough, Figure 2B1 shows the curve of the bed volume, and Figure 2B2 shows the curve of arsenic removal efficiency, when the velocity of the flow was 5 ml/s. Figure 2C shows the curve of the breakthrough, Figure 2C1 shows the curve of the bed volume, and Figure 2C2 shows the curve of arsenic removal efficiency, when the velocity of the flow was 10 ml/s.
[image: Figure 2]FIGURE 2 | Adsorption column experiments on the lab scale [A, B, and C curve of breakthrough. (A1), (B1), and (C1) curve of bed volume. (A2), (B2), and (C2) curve of arsenic-removal efficiency. The velocity of flow was 1.0, 5.0, and 10.0 ml/s].
The empty bed contact time (EBCT) of the column was investigated and analyzed by different values of the flow velocity. When the velocity of the flow was 1, 5, and 10 ml/s, the EBCT was 981, 196.2, and 98 s, respectively. With the longer EBCT, as shown in Figure 2A, the arsenic concentration in the effluent was kept below 0.013 mg/L within 120 min, and 99% of arsenic could be removed when the column was operated for 180 min. With the shorter EBCT, as shown in Figure 2C, the arsenic concentration in the effluent was kept below 0.013 mg/L within 1 min, and 99% of arsenic was removed when the column was operated for 9 min. The adsorption efficiency decreased as the velocity increased with a correspondingly shorter EBCT. Within the scope of experimental investigation, the optimum velocity was 1 ml/s with an EBCT of 981 s, and the bed volume was 24.15 after the effluent arsenic concentration exceeded 813.07 mg/L. Also, when the flow velocity was 5 or 10 ml/s, the bed volume was 19.27 or 17.73, respectively. Figure 2 shows that the breakthrough time and arsenic removal efficiency increased with the increasing EBCT. Furthermore, based on the measured arsenic concentration (on average) of all effluent water during the time period at different flow velocities, the loading mass of Fe-PE in the column, and the column volume, the arsenic adsorption capacity for every column experiment could be 65.63, 53.46, and 49.87 mg/g at the velocity of 1, 5, and 10 ml/s, respectively, indicating a higher arsenic adsorption capacity with an increasing EBCT. The arsenic adsorption capacity calculated from the column experiment was a little higher than that calculated in the static experiment in this work and also a little higher than that calculated in other’s work (Feng et al., 2017a; Feng et al., 2017b) using nano Fe3O4@SiO2@TiO2 or γ-Fe2O3@ZrO2 with the total arsenic adsorption capacity of 21.3 or 42.3 mg/g during the process of removing arsenic from simulated process water of a cyanide gold leach plant, probably due to the faster mass transfer and larger contact area between arsenic and Fe-PE in the column process with a proper EBCT. The results showed again that effective and sufficient contact between the adsorbents and contaminants was essential in the process of adsorption (Neumann et al., 2013; Shakya and Ghosh, 2018).
The aforementioned experiments showed that arsenic could be promisingly removed by Fe-PE to meet drinking-water standards (below 0.01 mg/L) or discharging standards for arsenic in industrial wastewater (below 0.5 mg/L) with a proper velocity flow and EBCT.
Performance of Fe-PE for arsenic removal at varying initial arsenic concentrations with different pH values
In the process of column adsorption, varying initial arsenic concentrations of 8.15 mg/L (with a pH of 4.36 adjusted by HCl), 80.96 mg/L (with a pH of 6.23 adjusted by HCl), and 813.07 mg/L (with a pH of 8.63, the original wastewater) were applied after the wastewater was diluted. The arsenic removal performance of Fe-PE is shown in Figure 3. The operating conditions were as follows: the EBCT was 981 s at a flow velocity of 1 ml/s, and the LD of Fe-PE was 370 g/L except for the weight of the window gauze.
[image: Figure 3]FIGURE 3 | Performance evaluation of Fe-PE for arsenic removal at an initial arsenic concentration of 8.15 mg/L with pH = 4.36 and 80.96 mg/L with pH = 6.23; and the effluent pH of the adsorption column with time at different velocities of the flow.
Figures 2, 3 show that under the same operating conditions, inlet wastewater with a lower initial arsenic concentration resulted in a better adsorption performance of Fe-PE than that with a higher initial arsenic concentration, due to the adsorption capacity of the adsorbents. More interestingly, there occurred an exception when the concentration of inlet wastewater was 8.15 mg/L. Researchers (Antelo et al., 2005; Capobianco et al., 2020; Fan et al., 2020) have revealed that the solution pH has an important effect on adsorption performance because of different arsenic species under different pH conditions as well as the effects of H+ or OH−. But in this work, Fe-PE was prepared under alkaline conditions, so acidic solutions with more H+ may have an effect on the dissolution of Fe ions from Fe-PE and then on the performance of Fe-PE for arsenic removal. To verify this, 1 g of Fe-PE was immersed into the deionized water with HCl or NaOH, the pH was adjusted to 2.13, 4.01, 6.15, 8.07, and 10.05, and the concentration of total Fe ions was measured using an ICP-OES spectrometer. Simultaneously, another 1 g of Fe-PE was put into 5 mg/L of arsenic solutions with HCl or NaOH, the pH was adjusted to 2.05, 4.17, 6.36, 8.17, and 10.19, and the concentration of total arsenic was measured using an ICP-OES or ICP-MS spectrometer. The results are shown in Figure S4. Under acidic conditions, Fe ions were detected in deionized water. The lower the pH values, the more the Fe ions, and it showed Fe ions were in the solution from Fe-PE because of the reaction between Fe oxides and H+. Correspondingly, the arsenic concentration in the solution was higher during the process of arsenic removal by Fe-PE at pH = 2.05 or 4.17, resulting in a lower arsenic removal efficiency. On the contrary, under neutral and alkaline conditions, almost no iron ions were examined, resulting in a higher arsenic removal efficiency correspondingly during the process of arsenic removal by Fe-PE at pH = 6.36 or 8.17 or 10.19. However, it was not that the higher the alkalinity was, the more favorable the adsorption was because a large amount of OH− under strong alkaline conditions will compete with arsenic ions to occupy the effective adsorption sites on Fe-PE. As shown in Figure S4, during the process of arsenic removal by Fe-PE, the optimum pH value of the inlet should be approximately 8.00.
Also, this work investigated the pH of the effluent of the adsorption column. The result is shown in Figure 3. At a flow rate of 1 ml/s, the pH of the effluent decreased slightly with time. When the flow rate increased, the pH of the effluent did not change significantly with time, especially when the flow rate reached 10 ml/s. Iron-based adsorbents may decrease the pH of water because of H+ releasing from the reaction between Fe and As during the process of the adsorption. The experimental results of detecting the pH value of the effluent of the adsorption column in this work were consistent with these conclusions, but applying Fe-PE for arsenic removal will not significantly change the pH value of the raw water. In order to further verify this result, we reduced the flow rate to 0.1 ml/s to ensure full contact and reaction of Fe and As and observed the change in the effluent pH value with time. When the experiment reached the point of breakthrough, the lowest pH value of the effluent from the adsorption column was 8.36, which was still within the optimal range of the pH value in the process of arsenic adsorption by Fe-PE (data not shown). Furthermore, Figures 2, 3 reveal that the pH value of the effluent of the adsorption column was correlated with the arsenic-removal performance of Fe-PE at the same time period, in which the pH of the effluent would decrease slightly during the period of high adsorption efficiency and was almost the same as that of the inlet at the point of breakthrough.
Effect of backflushing with NaOH on the performance of Fe-PE for arsenic removal
The arsenic concentration to meet the discharging standards for arsenic in industrial wastewater was below 0.5 mg/L. Backflushing began while the arsenic concentration in the outlet of the adsorption column was greater than 0.5 mg/L. The velocity of flow for adsorption was 1 ml/s, the concentration of inlet wastewater was 813.07 mg/L, the diameter of the column was 50 mm and the length was 500 mm, and the LD of Fe-PE was 371 g/L. The direction of the water inlet and outlet during backflushing is opposite to that of the adsorption process. The end of the backflushing process using NaOH was determined by detecting the concentration of arsenic in the backflushing water. The effect of 0.1 M, 0.5 M, 1 M, 5 M, and 10 M of NaOH has been studied, and the results (data not shown) showed that 1 M of NaOH could have a better backflushing performance. So 1 M of NaOH was applied in the process of backflushing. Figure 4 shows the backflushing performance at different velocities of the flow. The results showed that applying NaOH for backflushing could desorb arsenic from Fe-PE because OH− could compete with arsenate or arsenite ions to occupy the effective adsorption sites on Fe-PE, so that arsenic ions could enter into the solution. Usually, in the backflushing process, we hope that the flushing speed is not too slow, the efficiency of arsenic desorption is higher, and a small amount of desorption solution with a higher concentration of arsenic can be gathered. Figure 4 shows that the flow rate of NaOH had significant effects on backflushing. When the flow rate of NaOH was 0.1 ml/s, the arsenic concentration in the desorption solution could reach 698,231 mg/L. When the flow rate of NaOH was 0.5 ml/s, the arsenic concentration in the desorption solution could reach 783652 mg/L. When the flow rate of NaOH was 1 ml/s, a higher arsenic concentration in the desorption solution could reach 964,562 mg/L. Furthermore, when the arsenic concentration in the outlet was at the ppb level and the backflushing ended, the arsenic desorption solutions gathered in three groups were 1.2 L, 1.7 L, and 1.1 L with average arsenic concentrations of 6681.4, 4337.1, and 5469.0 mg/L, respectively, and the backflushing lasted for 200 min, 56 min, and 19 min, respectively. The total arsenic (in mass) eluted from the columns in three groups was 8017.7, 7373.1, and 6015.9 g, respectively. Compared with the total arsenic (in mass) adsorbed on Fe-PE in columns in three groups, which was 8049.4, 8046.1, and 7997.3 g, 99.6%, 91.6%, and 75.2% of arsenic could be eluted, respectively, from the columns in three groups. In order to judge which experimental conditions were more suitable for the backflushing, a further experiment was conducted to evaluate the adsorption performance for arsenic removal after backflushing the adsorption column. The operation process was as follows: the adsorption column after backflushing was used for the next adsorption experiment. Figure S5 shows the results of the adsorption performance before and after backflushing. Columns 1, 2, and 3 represented the experiments in three adsorption columns operated simultaneously. Under the same operating conditions, before backflushing, three columns reached the breakthrough point (0.5 mg/L) after 166 min. Then, after columns 1, 2, and 3 were backflushed using 1 M of NaOH at 0.1, 0.5, and 1 ml/s, respectively, the second adsorption began. Compared with the first adsorption, although the time taken to reach the adsorption breakthrough was earlier, the adsorption columns after backflushing were still effective for arsenic removal, indicating that backflushing with 1 M of NaOH could regenerate Fe-PE. Figure S5 also shows that with the lower flow rate, the time taken to reach the adsorption breakthrough in the column after backflushing was closer to the time in the first adsorption, which indicated that the lower flow rate of NaOH solution resulted in efficient desorption of arsenic from Fe-PE.
[image: Figure 4]FIGURE 4 | Adsorption breakthrough curves at the breakthrough point of 0.5 mg/L and backflushing curves using 1 M of NaOH with different velocities of the flow. (A1) Adsorption curves and (A2) the corresponding backflushing curve with an inlet velocity of flow = 0.1 ml/s; (B1) adsorption curves and (B2) the corresponding backflushing curve with an inlet velocity of flow = 0.5 ml/s; (C1) adsorption curves and (C2) the corresponding backflushing curve with an inlet velocity of flow = 1 ml/s.
Treatment of gold-smelting wastewater by Fe-PE in the company on the pilot scale
Based on the overall consideration of the performance of Fe-PE for arsenic removal on the lab scale, a group of three adsorption columns in series controlled by valves was used for pilot experiments. Figure 5 shows the pilot scale schematic diagram of the adsorption and backflushing system. When pilot equipment started, columns 1 and 2 were used for adsorption, and column 3 was on standby. When column 1 was saturated, the adsorption was switched to columns 2 and 3, and column 1 was backflushed. Part of the treated water was used to flush the adsorption column after backflushing, in order to discharge the residual NaOH to avoid the effect of OH− on the adsorption. Therefore, while switching the processes of adsorption and backflushing, continuous operation started. Samples were taken every 30 min, and samples taken during the day were tested at night, and samples taken at night were tested the next day.
[image: Figure 5]FIGURE 5 | Pilot-scale schematic diagram and the performance evaluation of the adsorption and backflushing system for arsenic removal by Fe-PE.
After precipitation with lime, the temperature of wastewater was 36°C–38°C, pH was 8.62–8.89, and arsenic concentration was 813.07 mg/L. According to the adsorption capacity of Fe-PE for arsenic and the influence of flow rate and EBCT on the adsorption process, as well as the point of breakthrough (0.5 mg/L), the experimental parameters selected for the pilot-scale experiment were as follows: the diameter of the column was 300 mm and the length was 1500 mm, the LD of Fe-PE was 373 g/L, and the velocity of the flow for adsorption was 10 L/min to ensure that the EBCT was not lower than 10 min.
The performance of arsenic removal by Fe-PE from gold-smelting wastewater in the company on the pilot scale is shown in Figure 5. Simultaneously, the performance of pilot equipment to arsenic and other coexisting metal ions was evaluated. There was no significant change in the concentration of coexisting metal ions in the effluent, indicating that the adsorption column did not work with the removal of coexisting metal ions, and the adsorbent had good selective adsorption performance for arsenic in wastewater and also indicating that Fe-PE did not dissolve and release Fe ions in wastewater. Within 68 days of the operation of the adsorption column, the concentration of arsenic in the effluent was below 0.5 mg/L. The pH of effluent water was between 8.36 and 8.65 during the entire period of operation (data not shown). After the column adsorption, the concentration of SO42-, NO3−, and CO32- in effluent water was kept almost the same as before. Thus, it could be concluded that the adsorption column with Fe-PE could remove arsenic efficiently with an adequate EBCT of not less than 10 min in this experiment.
Characterizing the adsorbent Fe-PE after adsorption saturation
Figure 6 shows FESEM images of the surface of Fe-PE after arsenic adsorption in the wastewater, and the presence of small and uniform granular structures could be clearly seen. The elemental distribution on the surface of Fe-PE was further confirmed by elemental mapping. Figure 6 shows the mapping of the encircled portion, which showed the uniform distribution and presence of a substantial amount of iron and arsenic on the surface of Fe-PE. Elemental mapping of individual elements clearly indicated the higher content of iron and arsenic.
[image: Figure 6]FIGURE 6 | FESEM micrograph and elemental mapping of Fe-PE after adsorption. (A) Mapping of iron element and (B) mapping of arsenic element.
CONCLUSION
In this study, the process of purification and removal of arsenic in gold-smelting wastewater was conducted by column experiments with Fe-PE. Whether it was a laboratory test or a pilot test, Fe-PE had good purification performance for arsenic. Within 68 days of operating the adsorption column on the pilot scale, the concentration of arsenic in the effluent was below 0.5 mg/L, and there was no significant change in the concentration of coexisting metal ions in the effluent, indicating that the adsorbent had good selective adsorption performance for arsenic in wastewater. There was a high content of iron and arsenic on the surface of the saturated Fe-PE tested using an FESEM by elemental mapping of individual elements. Furthermore, compared with the conventional process, the promising environmental advantages of this work are the following: the higher concentration of arsenic in backwashed water obtained in this work deserves the refinement of arsenic compounds by precipitating or recrystallization. Fe-PE with arsenic adsorption could be pyrolyzed in which the ash could be leached by acid or alkali to refine the arsenic compound, and the exhaust gas with higher temperature could be used for the heater and could be purified using a biological filter or a functional fibrous filter. Therefore, it could be concluded from the present findings that arsenic could be removed from gold-smelting wastewater by using agricultural exhausted polyethylene film loaded with ferric lignin at an optimal empty bed contact time, and the adsorption and backflushing system on the pilot scale could make arsenic concentration possible to meet the discharge standards for arsenic (below 0.5 mg/L) in industrial wastewater, with no sludge being produced.
However, the pretreatment of cleaning the AMFR before modification and loading the Fe-PE into columns was a laborious and time-consuming job by manual operation, so the machinery promotion by automatic or semi-automatic operation may be suitable in the future.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
XZ: investigation, funding acquisition, conceptualization, formal analysis, and writing—original draft. KZ: conceptualization, formal analysis, and methodology. XS: conceptualization, formal analysis, and methodology. ZT: methodology and software. ZH: methodology and software. LZ: writing—review and editing, funding acquisition, and supervision.
FUNDING
This work was supported by the National Natural Science Foundation of China (grant number: 41907121).
ACKNOWLEDGMENTS
All authors acknowledge the experimental site provided by the local gold-smelting company for conducting the pilot experiment.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2022.1036726/full#supplementary-material
REFERENCES
 Anderson, C. G., and Twidwell, L. G. (2008). Hydrometallurgical processing of gold-bearing copper enargite concentrates. Can. Metall. Q. 47 (3), 337–346. doi:10.1179/cmq.2008.47.3.337
 Antelo, J., Avena, M., Fiol, S., Lopez, R., and Arce, F. (2005). Effects of pH and ionic strength on the adsorption of phosphate and arsenate at the goethite-water interface. J. Colloid Interface Sci. 285 (2), 476–486. doi:10.1016/j.jcis.2004.12.032
 Bluteau, M. C., and Demopoulos, G. P. (2007). The incongruent dissolution of scorodite - solubility, kinetics and mechanism. Hydrometallurgy 87 (3-4), 163–177. doi:10.1016/j.hydromet.2007.03.003
 Caetano, M. L., Ciminelli, V. S. T., Rocha, S. D. F., Spitale, M. C., and Caldeira, C. L. (2009). Batch and continuous precipitation of scorodite from dilute industrial solutions. Hydrometallurgy 95 (1-2), 44–52. doi:10.1016/j.hydromet.2008.04.010
 Cances, B., Juillot, F., Morin, G., Laperche, V., Alvarez, L., Proux, O., et al. (2005). XAS evidence of As(V) association with iron oxyhydroxides in a contaminated soil at a former arsenical pesticide processing plant. Environ. Sci. Technol. 39 (24), 9398–9405. doi:10.1021/es050920n
 Capobianco, L., Di Caprio, F., Altimari, P., Astolfi, M. L., and Pagnanelli, F. (2020). Production of an iron-coated adsorbent for arsenic removal by hydrothermal carbonization of olive pomace: Effect of the feedwater pH. J. Environ. Manage. 273, 111164. doi:10.1016/j.jenvman.2020.111164
 Celebi, A., Sengorur, B., and Klove, B. (2014). Human health risk assessment of dissolved metals in groundwater and surface waters in the Melen watershed, Turkey. J. Environ. Sci. Health Part A 49 (2), 153–161. doi:10.1080/10934529.2013.838842
 Cheng, H. F., Hu, Y. N., Luo, J., Xu, B., and Zhao, J. F. (2009). Geochemical processes controlling fate and transport of arsenic in acid mine drainage (AMD) and natural systems. J. Hazard. Mater. 165 (1-3), 13–26. doi:10.1016/j.jhazmat.2008.10.070
 Coudert, L., Bondu, R., Rakotonimaro, T. V., Rosa, E., Guittonny, M., and Neculita, C. M. (2020). Treatment of As-rich mine effluents and produced residues stability: Current knowledge and research priorities for gold mining. J. Hazard. Mater. 386, 121920. doi:10.1016/j.jhazmat.2019.121920
 Cui, J., Du, Y. G., Xiao, H. X., Yi, Q. S., and Du, D. Y. (2014). A new process of continuous three-stage co-precipitation of arsenic with ferrous iron and lime. Hydrometallurgy 146, 169–174. doi:10.1016/j.hydromet.2014.03.012
 De Klerk, R. J., Jia, Y. F., Daenzer, R., Gomez, M. A., and Demopoulos, G. P. (2012). Continuous circuit coprecipitation of arsenic(V) with ferric iron by lime neutralization: Process parameter effects on arsenic removal and precipitate quality. Hydrometallurgy 111, 65–72. doi:10.1016/j.hydromet.2011.10.004
 De Klerk, R. J., Feldmann, T., Daenzer, R., and Demopoulos, G. P. (2015). Continuous circuit coprecipitation of arsenic(V) with ferric iron by lime neutralization: The effect of circuit staging, co-ions and equilibration pH on long-term arsenic retention. Hydrometallurgy 151, 42–50. doi:10.1016/j.hydromet.2014.11.003
 Fan, Y. R., Zheng, C. L., Liv, H. X., He, C., Shen, Z. X., and Zhang, T. C. (2020). Effect of pH on the adsorption of arsenic(V) and antimony(V) by the black Checksoil in three systems: Performance and mechanism. Ecotox Environ. Safe 191, 110145. doi:10.1016/j.ecoenv.2019.110145
 Feng, C., Aldrich, C., Eksteen, J. J., and Arrigan, D. W. M. (2017). Removal of arsenic from alkaline process waters of gold cyanidation by use of gamma-Fe2O3@ZrO2 nanosorbents. Hydrometallurgy 174, 71–77. doi:10.1016/j.hydromet.2017.09.007
 Feng, C., Aldrich, C., Eksteen, J. J., and Arrigan, D. W. M. (2017). Removal of arsenic from alkaline process waters of gold cyanidation by use of Fe3O4@SiO2@TiO2 nanosorbents. Miner. Eng. 110, 40–46. doi:10.1016/j.mineng.2017.04.007
 Ford, R. G. (2002). Rates of hydrous ferric oxide crystallization and the influence on coprecipitated arsenate. Environ. Sci. Technol. 36, 2459–2463. doi:10.1021/es015768d
 Gomez, M. A., Becze, L., Cutler, J. N., and Demopoulos, G. P. (2011). Hydrothermal reaction chemistry and characterization of ferric arsenate phases precipitated from Fe-2(SO4)(3)-As2O5-H2SO4 solutions. Hydrometallurgy 107 (3-4), 74–90. doi:10.1016/j.hydromet.2011.01.007
 Jia, Y. F., and Demopoulos, G. P. (2005). Adsorption of arsenate onto ferrihydrite from aqueous solution: Influence of media (sulfate vs nitrate), added gypsum, and pH alteration. Environ. Sci. Technol. 39 (24), 9523–9527. doi:10.1021/es051432i
 Jia, Y. F., and Demopoulos, G. P. (2008). Coprecipitation of arsenate with iron(III) in aqueous sulfate media: Effect of time, lime as base and co-ions on arsenic retention. Water Res. 42 (3), 661–668. doi:10.1016/j.watres.2007.08.017
 Jia, Y. F., Xu, L. Y., Fang, Z., and Demopoulos, G. P. (2006). Observation of surface precipitation of arsenate on ferrihydrite. Environ. Sci. Technol. 40 (10), 3248–3253. doi:10.1021/es051872+
 Jia, Y. F., Xu, L. Y., Wang, X., and Demopoulos, G. P. (2007). Infrared spectroscopic and X-ray diffraction characterization of the nature of adsorbed arsenate on ferrihydrite. Geochim. Cosmochim. Acta 71 (7), 1643–1654. doi:10.1016/j.gca.2006.12.021
 Lamm, S. H., and Kruse, M. B. (2005). Arsenic ingestion and bladder cancer mortality - what do the dose-response relationships suggest about. Hum. Ecol. Risk Assess. Int. J. 11 (2), 433–450. doi:10.1080/10807030590925678
 Langmuir, D., Mahoney, J., and Rowson, J. (2006). Solubility products of amorphous ferric arsenate and crystalline scorodite (FeAsO4·2H2O) and their application to arsenic behavior in buried mine tailings. Geochim. Cosmochim. Acta 70 (12), 2942–2956. doi:10.1016/j.gca.2006.03.006
 Lin, H. (2004). Treatment of arsenic-contaning acidic wastewater from gold metallurgical process. ShiFaYeJin 33 (06), 493–496. 
 Liu, Y., Yang, H. S., Li, Y. F., Yan, H. J., and Li, J. S. (2017). Modeling the effects of plastic film mulching on irrigated maize yield and water use efficiency in sub-humid Northeast China. Int. J. Agric. Biol. Eng. 10 (5), 69–84. doi:10.25165/j.ijabe.20171005.2799
 MOA (2017). The issuance of the action plan for recycling agricultural film. China: Ministry of Agriculture of the People's Republic of China. 
 Nazari, A. M., Radzinski, R., and Ghahreman, A. (2017). Review of arsenic metallurgy: treatment of arsenical minerals and the immobilization of arsenic. Hydrometallurgy 174, 258–281. doi:10.1016/j.hydromet.2016.10.011
 Neumann, A., Kaegi, R., Voegelin, A., Hussam, A., Munir, A. K. M., and Hug, S. J. (2013). Arsenic removal with composite iron matrix filters in Bangladesh: A field and laboratory study. Environ. Sci. Technol. 47 (9), 4544–4554. doi:10.1021/es305176x
 Oishi, T., Yaguchi, M., Koyama, K., Tanaka, M., and Lee, J. C. (2008). Hydrometallurgical process for the recycling of copper using anodic oxidation of cuprous ammine complexes and flow-through electrolysis. Electrochim. Acta 53 (5), 2585–2592. doi:10.1016/j.electacta.2007.10.046
 Rodriguez-Lado, L., Sun, G. F., Berg, M., Zhang, Q., Xue, H. B., Zheng, Q. M., et al. (2013). Groundwater arsenic contamination throughout China. Science 341 (6148), 866–868. doi:10.1126/science.1237484
 Sekula, F. (2008). Hydrometallurgical method of processing the tetrahedrite concentrate from Maria Mine in Roznava, Slovakia. Acta Montan Slovaca 13 (1), 50–57. 
 Shakya, A. K., and Ghosh, P. K. (2018). Simultaneous removal of arsenic, iron and nitrate in an attached growth bioreactor to meet drinking water standards: Importance of sulphate and empty bed contact time. J. Clean. Prod. 186, 1011–1020. doi:10.1016/j.jclepro.2018.03.176
 Weng, S. F. (2010). Fourier transform infrared spectroscopy and Analysis. China: Chemical Industry Press. Chapter 6-8. 
 Zhang, Q. Q., Ma, Z. R., Cai, Y. Y., Li, H. R., and Ying, G. G. (2021). Agricultural plastic pollution in China: Generation of plastic debris and emission of phthalic acid esters from agricultural films. Environ. Sci. Technol. 55 (18), 12459–12470. doi:10.1021/acs.est.1c04369
 Zhang, X. Z., Zhao, G. H., Shi, X. B., Yuan, B. B., Zhao, K. J., Tian, Z. B., et al. (2022). Loading ferric lignin on polyethylene film and its influence on arsenic-polluted soil and growth of romaine lettuce plant. Environ. Sci. Pollut. R. 29 (30), 50362–50375. doi:10.1007/s11356-022-19490-7
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zhang, Zhao, Shi, Tian, Huang and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-10-1036726-g005.gif





OPS/images/fchem-10-1036726-g006.gif
(A) Fe mapping

(®) As mapping





OPS/images/fchem-10-1036726-g003.gif
- S s R Sy L A A | Sieewt ee

i
073 0 W o e e W Ho me 3 e % B0 ke 5o e o %0 o
ey "





OPS/images/fchem-10-1036726-g004.gif





OPS/images/fchem-10-1036726-t001.jpg
Element

As

Mn

K

Ni

Zn

Fe

Ba

Al

Cu

Pb

SO,

Concentration

813.07

0428

0332

0.205

0271

0.167

0.065

0.044

0.039

0.011

1013





OPS/xhtml/nav.xhtml
Contents

		Cover

		Novel strategy for reusing agricultural mulch film residual by iron modification for arsenic removal in gold-smelting wastewater		Introduction

		Experimental		Materials and reagents

		Method for preparing arsenic-removal adsorbent

		Adsorption experiments using Fe-PE for arsenic removal on the lab scale

		Methods used to set up the column experiment

		Characterizations and testing





		Results and discussion		FT-IR and SEM analyses of the prepared adsorbent Fe-PE

		Adsorption behaviors of arsenic removal from gold-smelting wastewater by Fe-PE on the lab scale

		Performance of Fe-PE for arsenic removal at varying initial arsenic concentrations with different pH values

		Effect of backflushing with NaOH on the performance of Fe-PE for arsenic removal

		Treatment of gold-smelting wastewater by Fe-PE in the company on the pilot scale

		Characterizing the adsorbent Fe-PE after adsorption saturation





		Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/fchem-10-1036726-g001.gif





OPS/images/fchem-10-1036726-g002.gif
|
|

LTI










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





