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Abstract

:

The ubiquitous presence of perfluoroalkyl acids (PFAAs) in the environment remains a serious environmental concern. In this study, the electrochemical oxidation (EO) of PFAAs from the waste of ion exchange (IX) still bottoms was assessed at the laboratory and semi-pilot scales, using full boron-doped diamond (BDD) electrochemical cells. Multiple current densities were evaluated at the laboratory scale and the optimum current density was used at the semi-pilot scale. The results at the laboratory scale showed >99% removal of total PFAAs with 50 mA/cm2 after 8 h of treatment. PFAAs treatment at the semi-pilot scale showed 0.8-fold slower pseudo-first-order degradation kinetics for total PFAAs removal compared to at the laboratory scale, and allowed for >94% PFAAs removal. Defluorination values, perchlorate (ClO4−) generation, coulombic efficiency (CE), and energy consumption were also assessed for both scales. Overall, the results of this study highlight the benefits of a tandem concentration/destruction (IX/EO) treatment approach and implications for the scalability of EO to treat high concentrations of PFAAs.
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1. Introduction


The persistent nature, toxicity and bio-accumulation potential of per-and polyfluoroalkyl substances (PFAS) led to their classification as emerging contaminants [1,2]. Multiple treatment technologies have been developed to remove PFAS from water [3,4,5]. Separation technologies including granular activated carbon (GAC), ion exchange (IX), reverse osmosis (RO), and nanofiltration (NF) have shown high levels of PFAS removal in water [5,6,7,8]. IX was shown to be effective for removing long- and short-chain PFAS and has demonstrated higher sorption capacities and shorter contact times than GAC [3,6,9]. Although IX resins are typically intended for a single use, regenerable resins have been proposed as an alternative by: (i) enhancing the lifetime of the resins and (ii) eliminating the need for disposal or incineration of the spent resins [6]. In the regeneration process, PFAS are desorbed from the resin with a brine solution and an organic solvent (e.g., 80% methanol or ethanol) [10,11]. This solution is called the spent regenerant solution. The solvent fraction of the spent regenerant solution can be subsequently distilled, leaving a low volume of liquid waste containing high concentrations of PFAS in a brine solution, known as still bottoms, as the final product. The still bottoms can be further recycled, reduced in volume by more than 95%, and concentrated on specialized sorbents in a process called SuperloadingTM for further off-site disposal, usually performed by landfilling or incineration [6,10]. However, the previous off-site disposal options are not ideal. In the former case, PFAS migrate to landfill leachates that expand PFAS contamination to other sources [12,13,14]. For the latter, residual PFAS have been detected in the fly ash and bottom ash of the incineration process [15]. Therefore, alternative technologies are desired to target waste concentrates containing PFAS.



Destructive technologies have gained interest in recent years due to their potential for destroying PFAS. Electrochemical oxidation (EO) is one of the leading technologies that have demonstrated capability to degrade multiple contaminants in water, including PFAS [16,17,18,19,20]. In this context, electrochemical treatment could be used as a target technology for the destruction of IX still bottoms containing high concentrations of PFAS. Low volumes of highly concentrated PFAS are desirable for EO as it has been shown that the increase in concentration enhances the mass transfer of the process that leads to a higher treatment efficiency [21,22]. Moreover, the direct treatment of large volumes of water with EO, without any pre-concentration step, was shown to significantly increase treatment costs [23]. Thus, the combination of IX/EO could work as a tandem concentration/destruction approach to decrease the treatment cost of EO and eliminate PFAS from the environment.



While previous studies have assessed the electrochemical treatment of PFAS from IX still bottoms in a laboratory scale [22,24,25], the evaluation of the process at a larger scale is yet to be addressed as part of the next steps towards scaling up the EO process, which is presented in this work.



The objectives of this study were to evaluate and optimize the electrochemical treatment of perfluoroalkyl acids (PFAAs) from still bottoms at the laboratory and semi-pilot scales.




2. Materials and Methods


2.1. Materials


All chemicals used in this work were of reagent grade or higher. Perfluorooctane sulfonic acid (PFOS, >98%), perfluorooctanoic acid (PFOA, >98%), perfluorohexanesulfonic acid (PFHxS >98%), perfluorobutanoic acid (PFBA, >98%), potassium ferricyanide (K4Fe(CN)6), potassium ferrocyanide (K3Fe(CN)6), sodium carbonate (Na2CO3), and sodium chloride (NaCl) were purchased from Sigma Aldrich, St. Louis, MO, USA. A synthetic still bottoms solution and a real still bottoms solution were used in the experiments. The composition of the solutions is described in Table A1 and Table A2 in Appendix A. The real still bottoms solution was provided by Emerging Compounds Treatment Technologies (ECT2) and shipped to the Fraunhofer USA Center Midwest at Michigan State University. Samples were stored at 4 °C upon receipt.




2.2. Electrochemical Oxidation Setup


The laboratory and semi-pilot scale experiments were performed within two separate in-house build systems comprised of an electrochemical cell equipped with boron-doped diamond (BDD) rectangular-plate electrodes (Condias, Germany), power supply, peristaltic pump, reservoir tank, pH, temperature and flow rate sensors. Table A3 and Figure A1 show details of the experimental setup for both scales. The semi-pilot scale setup was built by increasing the exposed anodic surface area of the laboratory scale by a factor of 7 and maintaining a constant area-to-volume ratio (A/V) for the treated solution.



A flow rate of 6 L/min for the semi-pilot-scale setup was estimated by calculating the equivalent Reynolds number (Re) when compared to the laboratory scale setup. The Re number was determined using Equation (1) that considers the linear velocity and equivalent diameter of a parallel-plate cell [26]:


  R e =   2 · Q   v · ( W + S )    



(1)




where Q is the flow rate (m3/s), v is the kinematic viscosity (m2/s), and W and S are the width of a rectangular plate and the inter-electrode gap.




2.3. Electrochemical Experiments


All experiments were performed in duplicate, batch mode, and under galvanostatic conditions. For the laboratory scale experiments, different current densities (10, 25, and 50 mA/cm2) were evaluated to determine the optimum current density to treat a synthetic still bottoms solution. For the semi-pilot-scale experiments, only the optimum current density found with the laboratory scale setup was used. Control experiments, without the application of current were also performed in duplicate. Experiments were typically performed for 8 h and samples were collected over time. Typically, 10 mL of sample was collected at each time point, transferred to polypropylene tubes, and stored in the refrigerator at 4    °  C until delivered for PFAS analysis. The conductivity of all solutions used was sufficiently high and the addition of electrolyte was not necessary.




2.4. Analytical Methods


During the electrochemical experiments pH, temperature, conductivity, flow rate, voltage, fluoride (F−), total organic carbon (TOC), perchlorate (ClO4−), and PFAS were monitored over time. TOC was determined using USEPA approved HACHTM standard methods. F− was analyzed via ion chromatography using EPA Method 9056A, and ClO4− was analyzed via ion chromatography using EPA Method 314.0. The pH and conductivity were measured with an SG23-B SevenGo DuoTM Series Portable Meter (Mettler Toledo). Temperature and flow rate were monitored using in-house designed control systems.



PFAS analysis was performed following a modified EPA 537 method by Trident Labs, Inc (Holland, MI, USA). The description of the method is provided in Appendix B. The calibration standards used for PFAS quantification are shown in Table A4. The PFAS precursors 4:2 fluorotelomer sulfonate (4:2 FTS), 6:2 fluorotelomer sulfonate (6:2 FTS), 8:2 fluorotelomer sulfonate (8:2 FTS), N-ethyl perfluorooctane sulfonamido acetic acid (NEtFOSAA), and N-methyl perfluorooctane sulfonamido acetic acid (NMeFOSAA) were below detection levels (<2000 ng/L) for all the synthetic still bottoms due to the dilution factor used in this work (10,000×), which was necessary to achieve concentrations within the linear dynamic range and quantify PFAS.





3. Results and Discussion


3.1. Laboratory Scale Evaluation


3.1.1. General Observations


During the electrochemical treatment of the synthetic still bottoms solution in a laboratory scale setup, the applied voltages for the current densities evaluated ranged from 4 to 8 V. The pH of the solution was 7.70 ± 1. After 8 h of treatment, the pH decreased by 15% with 10 and 25 mA/cm2, and increased by 5% with 50 mA/cm2. The TOC removal was 19, 27, and 67% after 8 h of electrochemical treatment with 10, 25, and 50 mA/cm2. The TOC evolution over time is depicted in Figure A2.



No decrease in PFAAs concentrations was observed in the control (no-current) experiments, indicating that adsorption of PFAAs by the system components was not significant. However, a layer of foam was formed during all the electrochemical experiments due to the electrochemical generation of hydrogen and oxygen at the electrodes [27]. The layer of foam substantially decreased in thickness after 4 h and a small but persistent layer remained throughout the rest of the experimental time in all experiments. This will be addressed in following sections.




3.1.2. Influence of Current Density on PFAAs Removal


The influence of the current density on the electrochemical oxidation of PFAAs in a synthetic still bottoms solution was studied at the laboratory scale. Figure 1a shows the decrease in PFAAs concentration over time with the application of multiple current densities. The decrease in concentration was proportional to the applied current density and led to a total PFAAs removal of 46, 75, and 99% with 10, 25, and 50 mA/cm2 after 8 h of treatment, respectively. The decrease in concentration of total PFAAs followed a pseudo-first-order degradation rate and the corresponding values for the surface area normalized rate constants (kSA) are depicted in Table A5. Figure A3 shows the concentration values for individual PFAAs over time. In general, long-chain PFAAs decreased in concentration faster than short-chain PFAAs. The increase in current density allowed for a higher removal of short-chain PFAAs. PFBA presented the slowest removal rate of the PFAAs detected and although a current density of 10 mA/cm2 was not able remove it, 50 mA/cm2 allowed for >95% removal of PFBA and >99% removal for the remaining PFAAs. In addition, during the electrochemical treatment with 25 and 50 mA/cm2, the shorter-chain PFAAs—perfluoroheptanoic acid (PFHpA), perfluorohexanoic acid (PFHxA), and perfluoropentanoic acid (PFPeA)—presented transient increases in concentration. The latter results from the oxidation of the head group of longer-chain perfluorinated carboxylates and sulfonates that release CF2 moieties leading to shorter-chain PFAAs, which are consecutively oxidized under the same unzipping mechanism [22,28].



The release of CF2 moieties during the electrochemical oxidation of PFAAs leads to the generation of F−, which increases over time during the PFAAs degradation process. Figure 1b depicts the F− generation over time with multiple current densities. The pseudo-first-order fluoride generation rate constant and r2 values are shown in Table A6. Although the concentration of F− increased with the applied current density, the generation rate constant was inversely proportional to the applied current density (Table A6) and PFAAs removal. For instance, the F− generation rate was 3.5-fold slower with 50 mA/cm2 when compared to 10 mA/cm2. In addition, the F− concentration values were used to quantify the defluorination percentage over time. The defluorination values are shown in Figure A4. The values were calculated using Equation (2):


  D e f l u o r i n a t i o n  ( % )  =    C  F  [ t ]   −  C  F  [ 0 ]     ∑  n  F , i    ×   (  C 0  −  C t  )  t     



(2)




where   C  F  [ t ]    and   C  F  [ 0 ]    are the concentrations of F− (mM) at time t and 0, respectively;   C 0   and   C t   are the concentrations of PFAAs (mM) at time 0 and t, respectively; and n is the number of fluorine atoms in each PFAAs molecule present in the treated solution [24]. Similarly to the trend observed with F− generation, the defluorination percentage increased with the applied current density. However, this trend was true only for the first 2 h of treatment. The defluorination percentage determined for higher treatment time points was independent of the applied current density and the average value for all the applied current densities was 10.20 ± 9% and 12.60 ± 6% for 4 and 8 h of electrochemical treatment, respectively. Nevertheless, the defluorination values with different current densities were statistically different (p < 0.05) for all treatment times. Low defluorination ratios for still bottoms electrochemical treatment were also observed by Wang et al. [24].



The decrease in the F− generation rate with higher current densities and the low defluorination values attained during the electrochemical treatment can be attributed to multiple factors. One of them is the inhibition of defluorination due to the high concentration of brine that corresponded to 4% NaCl for the synthetic solutions. Schaefer et al. evaluated the impact of different brine solutions on the defluorination in the electrochemical treatment of PFAS and observed a lower F− release for high concentrations of NaCl when compared to other brine solutions [22]. Both chloride Cl− oxidation and PFAAs defluorination occurs through direct anodic oxidation [29,30]. In addition, the defluorination of PFAAs is rate-limited by direct oxidation at the anode surface [22]. Therefore, the low defluorination rate of PFAAs is likely attributed to the competitive reaction for chloride oxidation that ultimately leads to ClO4− generation, which was shown to be the primary Cl− transformation product [22]. Incomplete oxidation of PFAAs, evidenced by the generation of shorter-chain PFAAs (Figure A3), was also ascribed to the low defluorination percentages. Other factors including recombination of F− with additional constituents in the solution, generation of unknown byproducts (e.g., fluoroalkane), and possible calcium fluoride (CaF2) precipitation could be associated with the low defluorination values. However, further investigation is required. The discrepancies between the high removal percentage and low defluorination rates of PFAAs with 25 and 50 mA/cm2 could have arisen due to the fact that some PFAAs were partially removed due to their accumulation in the layer of foam that was generated during the electrochemical experiments. The high concentrations of PFAAs, together with the electrochemically generated hydrogen and oxygen, likely facilitated foam partitioning. Therefore, a percentage of the removal of the highly hydrophobic PFAAs could have been attributed to their accumulation in the foam. This hypothesis is discussed in Section 3.2.




3.1.3. Electrochemical Treatment of Real Still Bottoms


The current density that allowed for the highest PFAAs removal in the synthetic still bottoms solution (50 mA/cm2) was used to treat a real still bottoms sample at the laboratory scale. The treatment time was increased to 24 h to guarantee removal of short-chain PFAAs, given their slower degradation kinetics [31]. Figure 2 depicts the concentration of individual PFAS over time. Long-chain PFAAs, short-chain PFAAs, and PFAA-precursors were present in the sample. The PFAS characterization of the sample is depicted in Table A2. Removal efficiencies were higher for long-chain PFAAs than for short-chain PFAAs. After 24 h of treatment, the concentration of total PFAS was reduced by 93%. In particular, long-chain PFAAs were removed by 95%, short-chain PFAAs by 87%, and PFAA precursors by 99%. Transient increases were observed for perfluorobutanesulfonic acid (PFBS), perfluoropentanoic acid (PFPeA), pefluoropentanesulfonic acid (PFPeS), perflueorohexanoic acid (PFHxA), and perfluoroheptanoic acid (PFHpA), likely ascribed to the degradation of precursor compounds and longer-chain PFAAs [18,32].



Moreover, the kSA for total PFAS degradation was determined and corresponded to   4.3 ×  10  − 6     m/s, 7-fold lower than the kSA obtained for the synthetic spent regenerant solution (  1.4 ×  10  − 5     m/s) treated with the same current density. A plausible explanation for the slower kinetics for PFAS removal in the real still bottoms is the interference of the additional organic matter and co-contaminants present in the matrix. The presence of organic matter and co-contaminants interferes with the electrochemical degradation process of target contaminants, usually by competitive oxidation [23,33,34]. The slower removal of PFAS was in accordance with a slower TOC removal, which was reduced by 18.5% after 8 h of treatment of the real still bottoms solution compared to 67% in the synthetic solution. Lastly, unlike the synthetic still bottoms, the real solution presented high concentration of PFAA-precursors that had to be oxidized together with PFAAs, adding more organic content to the solution.





3.2. Semi-Pilot-Scale Evaluation


The laboratory-scale setup was scaled up by a factor of 7, while maintaining the A/V ratio used in the laboratory scale constant. The A/V ratio had a value of 10 m−1 (0.02 m2/0.002 m3 for the laboratory scale and 0.14 m2/0.014 m3 for the semi-pilot scale).



Prior to the evaluation of PFAAs removal, a mass transfer study was performed to determine the average mass-transfer coefficient (km) in both setups (km,lab for the laboratory scale and km,sp for the semi-pilot scale). The values of km were determined with Equation (3), using the limiting-current technique—the procedure is described elsewhere [26,35].


   k m  =   I  l i m    n F A  C B     



(3)




where   I  l i m    is the limiting current (A), n is the number of e− exchanged, F is Faraday’s constant (96,485 C/mol), A is the anodic area (m2), and   C B   is the concentration in the bulk (mol/m3).



Constant concentrations of potassium of 0.05 M K4Fe(CN)6 and 0.1 M K3Fe(CN)6 were used for all the experiments. The concentration of K3Fe(CN)6 was in excess to ensure the limiting current was at the anode. For the corresponding flow rates (2 L/min at the laboratory scale and 6 L/min at the semi-pilot scale) that provided an equivalent Re number for both setups ( 2300), km,lab was   7.0 ×  10  − 6     m/s and km,sp was   9.0 ×  10  − 6     m/s, giving a km,lab/km,sp ratio of 0.8. The value of km depends on the cell geometry and increases with a lower inter-electrode gap [26]. Therefore, the smaller inter-electrode distance of the semi-pilot scale (2 mm, compared to 3 mm at the laboratory scale) led to an enhancement of km at the semi-pilot scale. An enhancement in kSA for PFAAs degradation was also expected at the semi-pilot scale.



Consecutively, the electrochemical treatment of PFAAs in a synthetic still bottoms solution was assessed at the semi-pilot scale and the results were compared with those obtained at the laboratory scale. The voltage that resulted from the galvanostatic process was lower at the semi-pilot scale (5.7 V at the semi-pilot scale vs. 5.9 V at the laboratory scale), attributed to the smaller inter-electrode distance, as previously stated.



Figure 3 shows the decrease in concentration of total PFAAs from the synthetic still bottoms treated with 50 mA/cm2 in both scales. The total PFAAs removal after 8 h of treatment was 94% in the semi-pilot-scale setup. The percentages of individual PFAAs remaining in solution after treatment with respect to their initial concentrations were 19% of PFBA, 3% of PFHxS, and <2% of PFOA and PFOS. Similar to the laboratory scale experiments, a layer of foam was observed during the electrochemical treatment of PFAAs in the semi-pilot-scale setup. Therefore, a fraction of PFAAs removal, in particular the highly hydrophobic PFAAs, was likely attributed to their partitioning into the foam. To verify this, the foam generated during the experimental time (8 h) was collected separately and sent for PFAS analysis. Results showed that the mass percentage of individual PFAAs partitioned into the foam with respect to the initial concentration of PFAAs in the solution corresponded to 61% of PFOS, 17% of PFOA, 8% of PFBA, and 2% of PFHxS. Likewise, a previous study showed that at least 80% of the PFOS-associated fluorine partitioned into the foam [22].



The fraction of molar F in PFCAs and PFSAs (shown in Figure A5) was used to compare the evolution of individual PFAAs over time during the electrochemical treatment in both scales. In general, higher fractions of PFCAs, in particular PFHpA, PFHxA, and PFPeA, were generated at the laboratory scale, suggesting faster degradation kinetics at the laboratory scale and more foam partitioning at the semi-pilot scale.



The values of kSA for total PFAAs removal were   1.4 ×  10  − 5     m/s and   8.4 ×  10  − 6     m/s for the laboratory and the semi-pilot scales, respectively, giving a kSA,lab/kSA,sp ratio of 1.6. Interestingly, opposite ratios showing kSA,lab > kSA,sp and km,lab < km,sp were obtained.



The lower value of kSA for PFAAs removal in the semi-pilot setup suggests that other factors besides fluid properties, hydrodynamics, and A/V ratio play a critical role in the treatment efficiency of PFAAs in IX still bottoms. These factors include gas evolution and current density distribution [36]. During the electrochemical oxidation of target compounds (e.g., PFAAs), only a fraction of the applied current density, equal to the limiting current, is used in the oxidation of the target compound [27]. The remaining fraction of current is used in side reactions including oxygen and hydrogen evolution [37]. The previous reactions generate substantial quantities of gas (  V  g a s   ) that are proportional to the applied current, according to Faraday’s first law of electrolysis (Equation (4)):


   V  g a s   =   I R T t   n F P    



(4)




where R is the universal gas constant (8.314 J/mol−1K−1), I is the current applied (A), T is the average working temperature (303 K), t is the treatment time (s), F is the Faraday’s constant (96,485 C/mol), P is the atmospheric pressure (  1 ×  10 5    Pa), and n is the number of e− exchanged (2 for H2, and 4 for O2). A higher electrode area requires the application of a higher current to maintain a constant current density between both reactor scales, leading to the generation of a higher volume of gas in the semi-pilot-scale setup. For the corresponding currents of each setup (10.7 A at the laboratory scale and 70 A at the semi-pilot scale), the total volume of gas generated corresponds to 7.5 L/h and 49.3 L/h, approximately 7-fold more gas generation at the semi-pilot scale. Although a local increase in the mass transfer is expected if gas bubbles are generated [27], the inherent surface-active properties of PFAAs induce their movement towards the air-water interface of the bubbles [38], that travel to the interface of the solution (foam generation), where PFAAs are partitioned. In addition, local gas hold-up in the vicinity of the electrodes could have interfered with direct anodic oxidation of PFAAs in the liquid phase [37]. Therefore, the probability of PFAAs reaching the anode surface decreases, slowing down the oxidation process. Thus, a lower kSA is obtained.



Finally, possible differences in current density distributions along the electrodes in each setup could have affected the mass transfer of the process [36,39]. To maintain current similarity, it is recommended to increase the number of smaller modules, rather than increase the electrode size [36].




3.3. Perchlorate Formation during Electrochemical Treatment


ClO4− generation was quantified for all experiments and its evolution over time is shown in Figure 4. For the electrochemical treatment of synthetic solutions with multiple current densities, the zero-order generation rate of ClO4− increased with the current density (Figure 4a) and reached concentrations of 2.6, 10.0, and 16.1 mM after 8 h of treatment with 10, 25, and 50 mA/cm2, respectively. ClO4− concentrations at the end of the treatment time (8 h) accounted for 0.2, 0.8, and 1.4% of the initial Cl− concentration (1250 mM). The generation of ClO4− was relatively low compared to the initial concentration of Cl− available for oxidation. Although the concentration of chlorate (ClO3−) was not quantified in this work, a recent study performed with still bottom solutions reported equimolar concentrations of ClO3− and ClO4− generated after 40 h of electrochemical treatment [24]. Even assuming equivalent concentrations of ClO3− generated, the percentage of chlorinated byproducts remains low when compared to the initial concentrations of Cl−. These results suggest that additional species present in the solution may be competing for direct anodic oxidation or scavenging Cl− oxidation. Wang et al. showed that the presence of methanol (100–1000 mM) in still bottom solutions scavenges chlorine radical Cl. generation and significantly reduces the formation of chlorinated byproducts [24]. The synthetic still bottoms solution of this work included a concentration of methanol of 312 mM, which likely contributed to the reduction of ClO4− generation. Moreover, although having similar initial concentrations of Cl−, the generation rate of ClO4− during the electrochemical treatment of the real still bottoms was 2-fold slower than with the synthetic solution (Figure 4b). The latter suggests that Cl. scavenging may be affected by additional constituents of the solution, besides methanol. However, this assumption requires further studies.



ClO4− generation was quantified for all experiments and its evolution over time is shown in Figure 4. For the electrochemical treatment of synthetic solutions with multiple current densities, the zero-order generation rate of ClO4− increased with the current density (Figure 4a) and reached concentrations of 2.6, 10.0, and 16.1 mM after 8 h of treatment with 10, 25, and 50 mA/cm2, respectively. ClO4− concentrations at the end of the treatment time (8 h) accounted for 0.2, 0.8, and 1.4% of the initial Cl− concentration (1250 mM). The generation of ClO4− was relatively low compared to the initial concentration of Cl− available for oxidation. Although the concentration of chlorate (ClO3−) was not quantified in this work, a recent study performed with still bottom solutions reported equimolar concentrations of ClO3− and ClO4− generated after 40 h of electrochemical treatment [24]. Even assuming equivalent concentrations of ClO3− generated, the percentage of chlorinated byproducts remains low when compared to the initial concentrations of Cl−. These results suggest that additional species present in the solution may be competing for direct anodic oxidation or scavenging Cl− oxidation. Wang et al. showed that the presence of methanol (100–1000 mM) in still bottom solutions scavenges chlorine radical Cl. generation and significantly reduces the formation of chlorinated byproducts [24]. The synthetic still bottoms solution of this work included a concentration of methanol of 312 mM, which likely contributed to the reduction of ClO4− generation. Moreover, although having similar initial concentrations of Cl−, the generation rate of ClO4− during the electrochemical treatment of the real still bottoms was 2-fold slower than with the synthetic solution (Figure 4b). The latter suggests that Cl. scavenging may be affected by additional constituents of the solution, besides methanol. However, this assumption requires further studies.



Finally, under the same experimental conditions, the generation of ClO4− at the semi-pilot scale was comparable to the results obtained at the laboratory scale (Figure 4b). The ClO4− concentration after 8 h of electrochemical treatment was of 17.3 mM. The results suggest that ClO4− generation with BDD electrodes solely depends on the applied current density, regardless of factors associated to scale performance differences.




3.4. Treatment Efficiency and Energy Consumption


The coulombic efficiency (CE) was used to quantify the current efficiency for PFAAs defluorination during the electrochemical treatment and it is defined in Equation (5) [40,41]:


  C E =   F V e  C F    I t    



(5)




where F is Faraday’s constant (96,485 C/mol), V is the volume of solution treated (L), e is the moles of e− needed per mole fluoride (1 electron per C-F bond [22]),   C F   is the fluoride concentration (mol/L), I is the current (A), and t is the treatment time (s).



As shown in Figure 5, the CE decreases over time from   2.3 ×  10  − 3     at 2 h of treatment to   8.6 ×  10  − 4     at 8 h of treatment. A comparable but lower decreasing trend was observed at the semi-pilot scale, with 15 and 40% lower CE at 2 and 8 h of electrochemical treatment, respectively. The low and decreasing CE values, characteristic of mass-transfer limited electrochemical reactions with applied potentials above the water oxidation threshold, are attributed to competitive oxidation reactions from additional components of the solution (e.g., Cl−, additional TOC) and water electrolysis reactions [27]. Nevertheless, the reported CE values are 5-fold greater than the values reported for the electrochemical treatment of low concentrations of PFAS in groundwater [29], showing that the efficiency of the electrochemical treatment of PFAS increases with highly concentrated solutions, such as still bottoms from IX spent regenerant solutions.



Finally, the electric energy per order (EEO) was determined using Equation (6) as follows [42]:


   E  E O   =   P t   V  l o g ( C /  C 0  )    



(6)




where P is the power of the system (W), V is the treatment volume (L), t is the treatment time (h), and   C 0   and C are the initial and final PFAAs concentration. The energy required for 90% PFAAs removal with a current density of 50 mA/cm2 was 173 and 194 Wh/L for the laboratory and semi-pilot scales, respectively. Although the smaller inter-electrode distance in the semi-pilot-scale system provided a lower voltage, the faster degradation kinetics in the laboratory scale setup compensated the energy losses that result from a wider electrode gap, leading to a lower energy consumption required for the same order of removal. The latter highlights the importance of a fast degradation rate in the electrochemical process that allows for energy optimization.



Last, it is important to consider that the energy consumption for the electrochemical treatment of PFAS from still bottoms accounts for less than 0.01% of the total volume of water pre-treated with IX resins [10]. Therefore, the calculated energy required for the electrochemical treatment of the total volume of pre-treated water with IX is 0.017 Wh/L at the laboratory scale and 0.019 Wh/L at the semi-pilot scale. This outcome illustrates the benefits of a combined tandem IX- electrochemical oxidation process that allows for >99.9% energy reduction for the combined IX/EO technologies when compared to electrochemical oxidation of PFAAs alone.





4. Conclusions


This work focused on the evaluation of the electrochemical treatment of PFAAs from still bottoms at the laboratory and semi-pilot scales. Results at the laboratory scale showed >99% removal for total PFAAs, which included >95% removal for PFBA and >99% removal for PFOA, PFHxS, and PFOS, with 50 mA/cm2 after 8 h of electrochemical treatment. However, low defluorination values were reported. Competitive oxidation of Cl− and PFAAs foam partitioning were attributed as the main factors for low defluorination. Additionally, the electrochemical treatment of a real still bottoms solution allowed for 93% removal of PFAAs after 24 h of treatment. However, 3-fold slower degradation kinetics for PFAAs compared to the synthetic still bottoms solution were measured, likely due to the presence of additional co-contaminants in the matrix.



The results from the semi-pilot scale presented slower degradation kinetics for total PFAAs removal with respect to the laboratory scale and allowed for 94% of total PFAAs removal after 8 h of treatment. Minimization of foaming and scaling up of smaller modules, rather than increasing the electrode size may help to improve the similarity between scales that provide an equivalent performance. The generation of ClO4− was not affected by the scale of treatment and corresponded to <2% of the initial concentration of Cl− for both scales. Additionally, more than 99.9% of energy savings in electrochemical oxidation were estimated for the total volume of water treated with the IX, highlighting the benefits of combining tandem technologies.



Moreover, the addition of an anti-foaming agent (e.g., alcohol) may be necessary to avoid PFAS foam partitioning and consequently improve PFAAs degradation kinetics. Increasing the concentration of alcohol in the still bottoms could eliminate foaming while simultaneously reduce ClO4− generation. If the previous approach is effective, the increase in alcohol concentration could be achieved by reducing the distillation time of the regenerant solutions, which likely will reduce the distillation cost, providing two benefits: cost reduction of the tandem treatment and enhanced efficiency of the EO process.



Finally, although >99% and >90% of PFAAs removal was achieved in the laboratory and semi-pilot scale setups, the remaining concentration of PFAAs in solution exceeds the recommended limits established by the Environmental Protection Agency (EPA). An additional concentration post-treatment (e.g., reverse osmosis) could be incorporated at the end of the treatment to avoid low current efficiencies and high energy consumption in the EO of trace levels of PFAAs. This new solution could be recirculated for EO treatment.
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Table A1. Characterization of the synthetic still bottoms solution used for the electrochemical treatment of PFAAs in both the laboratory and semi-pilot scales.






Table A1. Characterization of the synthetic still bottoms solution used for the electrochemical treatment of PFAAs in both the laboratory and semi-pilot scales.





	Compound
	Value





	pH
	7.7



	Conductivity (mS/cm)
	110



	PFBA (mg/L)
	74



	PFOA (mg/L)
	86



	PFHxS (mg/L)
	87



	PFOS (mg/L)
	81



	Chemguard C301 MS AFFF (% )
	0.1



	Chloride (mg/L)
	41,670



	Methanol (mg/L)
	10,000



	TOC (mg/L)
	2400
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Table A2. Characterization of the real still bottoms solution used for the electrochemical treatment of PFAAs at the laboratory scale.






Table A2. Characterization of the real still bottoms solution used for the electrochemical treatment of PFAAs at the laboratory scale.





	Compound
	Value





	pH
	9.7



	Conductivity (mS/cm)
	81.3



	4:2 FTS (mg/L)
	1.4



	6:2 FTS (mg/L)
	35.0



	8:2 FTS (mg/L)
	0.4



	PFBA (mg/L)
	95.8



	PFPeS (mg/L)
	0.3



	PFHxS (mg/L)
	98.0



	PFHpA (mg/L)
	0.3



	PFHpS (mg/L)
	0.3



	PFOA (mg/L)
	88.4



	PFOS (mg/L)
	59.3



	Chloride (mg/L)
	41,000



	Methanol (mg/L)
	28,000



	TOC (mg/L )
	14,050
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Table A3. Specifications of the electrochemical setup at the laboratory and semi-pilot scales.
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	Parameter
	Laboratory Scale
	Semi-Pilot Scale





	Number of cathodes
	2
	5



	Number of anodes
	3
	6



	Inter-electrode gap (mm)
	3
	2



	Electrode width (mm)
	26
	82



	Anode area (cm2)
	 200
	 1400



	Solution volume (L)
	2
	14



	Flow rate (L/min)
	2
	6
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Figure A1. Experimental setup for the electrochemical oxidation of PFAAs from IX still bottoms at the (a) laboratory and (b) semi-pilot scales. 
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Appendix B. Analytical Procedure for PFAS Analysis Method


Water samples and quality control (QC) samples were spiked with internal standards. Solid phase extraction (SPE) was performed using Waters Oasis WAX cartridges. A mixture of ammonium hydroxide/methanol was used to elute PFAS from the sorbent into a collection vial. The extracts were concentrated to dryness using a nitrogen evaporator and then reconstituted in 1 mL of methanol. Samples were injected and ran on an Agilent LC-MS/MS system fixed with a C18 column to separate out various PFAS and a C18 delay column. The MS used an ion funnel in the negative ion mode to analyze the PFAS compounds of interest. Data analysis was performed using the Agilent QQQ Quantitative Analysis software to compare the retention time, mass spectra, ion ratio, etc., of the samples with the internal standards and calibration standards (shown in Table A3). The accepted recovery limits for quantification ranged between 50 and 150%.
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Table A4. Calibration standards used for PFAS detection.
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	Analyte Description
	MRL*
	Units





	4:2 fluorotelomer sulfonate (4:2 FTS)
	2.0
	ng/L



	6:2 fluorotelomer sulfonate (6:2 FTS)
	20.0
	ng/L



	8:2 fluorotelomer sulfonate (8:2 FTS)
	2.0
	ng/L



	N-ethylperfluorooctanesulfonamidoacetic acid (N-EtFOSAA)
	10.0
	ng/L



	N-methylperfluorooctanesulfonamidoacetic acid (N-MeFOSAA)
	10.0
	ng/L



	perfluorooctane sulfonamide (FOSA)
	10.0
	ng/L



	Perfluorobutanesulfonic acid (PFBS)
	2.0
	ng/L



	Perfluorobutanoic acid (PFBA)
	2.0
	ng/L



	Perfluorodecanesulfonic acid (PFDS)
	2.0
	ng/L



	Perfluorodecanoic acid (PFDA)
	2.0
	ng/L



	Perfluorododecanoic acid (PFDoA)
	2.0
	ng/L



	Perfluoroheptanesulfonic Acid (PFHpS)
	2.0
	ng/L



	Perfluoroheptanoic acid (PFHpA)
	2.0
	ng/L



	Perfluorohexanesulfonic acid (PFHxS)
	2.0
	ng/L



	Perfluorohexanoic acid (PFHxA)
	2.0
	ng/L



	Perfluorononanesulfonic acid (PFNS)
	2.0
	ng/L



	Perfluorononanoic acid (PFNA)
	2.0
	ng/L



	Perfluorooctanesulfonic acid (PFOS)
	2.0
	ng/L



	Perfluorooctanoic acid (PFOA)
	2.0
	ng/L



	Perfluoropentanesulfonic acid (PFPeS)
	2.0
	ng/L



	Perfluoropentanoic acid (PFPeA)
	2.0
	ng/L



	Perfluorotetradecanoic acid (PFTeDA)
	2.0
	ng/L



	Perfluorotridecanoic acid (PFTrDA)
	2.0
	ng/L



	Perfluoroundecanoic acid (PFUdA)
	2.0
	ng/L



	4,8-dioxa-3H-perfluorononanoate (ADONA)
	2.0
	ng/L



	Hexafluoropropylene oxide dimer acid (HFPO-DA)
	2.0
	ng/L







* MRL = minimum reporting limit.













[image: Table] 





Table A5. Values of surface area normalized pseudo-first-order degradation rate constants for the electrochemical treatment of PFAS in from a synthetic still bottoms solution.
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	Scale
	Current Density (mA cm−2)
	ksa (m s−1)
	r2





	lab
	10
	2.02 × 10    − 6   
	0.9944



	lab
	25
	4.41 × 10    − 6   
	0.9846



	lab
	50
	1.37 × 10    − 5   
	0.9554



	lab (real still bottoms)
	50
	4.25 × 10    − 6   
	0.5343



	semi-pilot
	50
	8.44 × 10    − 6   
	0.9317
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Figure A2. TOC removal over time during the electrochemical treatment of a synthetic still bottoms solution. The applied current densities were: 10 mA/cm2, 25 mA/cm2, and 50 mA/cm2. 
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Figure A3. Decrease in concentration of individual PFAAs over time during the electrochemical treatment of a synthetic still bottoms solution at the laboratory scale. The applied current densities were: (a) 10 mA/cm2, (b) 25 mA/cm2, and (c) 50 mA/cm2. 
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Table A6. Values of fluoride pseudo-first-order generation rate constants during the electrochemical treatment of PFAS in still bottoms.
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	Scale
	Current Density (mA cm−2)
	k (s     − 1    )
	r2





	lab
	10
	6.08 × 10    − 5   
	0.9999



	lab
	25
	5.83 × 10    − 5   
	0.9744



	lab
	50
	1.72 × 10    − 5   
	0.8861



	lab (real still bottom)
	50
	4.89 × 10    − 5   
	0.9919



	semi-pilot
	50
	8.15 × 10    − 6   
	0.8994
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Figure A4. Defluorination percentage during the electrochemical treatment of a synthetic still bottoms solution with 10, 25 and 50 mA/cm2. 
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Figure A5. Fraction of molar F relative to t= 0 in PFCAs and PFSAs during the electrochemical oxidation of a synthetic still bottoms solution with 50 mA/cm2. (a,b) correspond to experimentation at the laboratory scale. (c,d) correspond to experimentation at the semi-pilot scale. 
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Figure 1. (a) Decrease in total PFAAs concentration and (b) fluoride generation over time for the electrochemical oxidation of a synthetic spent regenerant solution with 10, 25, and 50 mA/cm2. Error bars represent the standard deviation of replicates. 
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Figure 2. (a) Concentration of individual PFAS during the electrochemical treatment of a real still bottoms sample. The applied current density was 50 mA/cm2. (b) Concentration of individual PFAS with concentrations lower than 30 mg/L. Inset depicts the evolution of PFAS with concentrations lower than 3 mg/L. 
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Figure 3. Decrease in total PFAAs concentration during the electrochemical treatment of a synthetic still bottoms solution with 50 mA/cm2 in laboratory and semi-pilot scale systems. Inset shows the pseudo-first-order removal rate for PFAAs for both system scales. 
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Figure 4. Perchlorate generation during the electrochemical treatment of (a) synthetic still bottoms solution with 10, 25 and 50 mA/cm2, (b) real still bottoms at the laboratory scale, synthetic still bottoms at the laboratory scale, and synthetic synthetic still bottoms in a semi-pilot scale with 50 mA/cm2. 
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Figure 5. Coulombic efficiency (CE) for fluoride generation during the electrochemical treatment of a synthetic still bottoms solution at the laboratory and semi-pilot scales. The applied current density was 50 mA/cm2. 
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