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Abstract

:

Selenium is an essential trace element but is increasingly becoming a contaminant of concern in the electric power industry due to the challenges of removing solubilized selenate anions, particularly in the presence of sulfate. In this work, we evaluate granulated layered double hydroxide (LDH) materials as sorbents for selenium removal from wastewaters obtained from a natural gas power plant with the aim to elucidate the effect of competing ions on the sorption capacities for selenium removal. We first present jar test data, followed by small-scale column testing in 0.43 inch (1.1 cm) and 2 inch (5.08 cm) diameter testbed columns for the treatment of as-obtained cooling tower blowdown waters and plant wastewaters. Finally, we present field results from a pilot-scale study evaluating the LDH media for treatment of cooling tower blowdown water. We find that despite the high levels of total dissolved solids and competing sulfate ions, the selenium oxoanions and other regulated metals such as chromium and arsenic are successfully removed using LDH media without needing any pre-treatment or pH adjustment of the wastewater.
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1. Introduction


Selenium removal from electric power plant wastewaters has received much attention recently due to the revised effluent limitations guidelines (ELG) for steam electric power plants published by the U.S. Environmental Protection Agency in 2015 [1]. The purpose of these ELGs was to set new, more stringent federal limits on the levels of pollutants that can be discharged in wastewaters from power plants, notably toxic and bioaccumulative pollutants such as arsenic, mercury, selenium, chromium, and cadmium. For example, under these guidelines, the maximum average daily concentration limit for selenium in flue gas desulfurization (FGD) wastewaters from existing sources is 12 μg/L over 30 consecutive days; for new sources the limit is 5 μg/L [1,2]. In cases where wastewater is discharged to surface waters used by aquatic wildlife, the discharge limit can be lower due to ecological and health risks [3] (e.g., 2 μg/L in the state of Arizona [4]). The high rates of deformity and mortality in birds and fish in the Kesterson National Wildlife Refuge in California in the 1980s from agricultural drainage containing average selenium concentrations of 300 μg/L [5,6] is a stark example of the potential harmful effects of selenium in the aquatic environment.



The fundamental challenges and treatment technologies for selenium have been highlighted in several reviews [2,7,8,9,10] and include chemical, physical, and biological methods, with bioreactors containing selenium-reducing microorganisms being one of the most mature technologies that have been evaluated for pilot and full-scale wastewater treatment [11,12]. However, some of these bacteria are sensitive to other anions in the water (e.g., chloride, nitrate) [2], and waters containing high levels of sulfate may encourage growth of sulfate-reducing bacteria, which can compete with selenium-reducing bacteria for nutrients [12]. Moreover, biological treatment requires larger footprints with longer residence times (4–6 hours) compared to physicochemical processes to remove selenium [8]. For these reasons, alternative technologies such as sorption are receiving interest for further development [9]. Selenium is mostly found as the selenate oxoanion, SeO42−, in aerobic environments, which is difficult to remove via adsorption due to its tendency to bind via outer sphere mechanisms on common sorbents [13,14,15,16]. This, along with its chemical and physical similarities to sulfate, make selectivity of common sorbents to selenate a challenge.



Layered double hydroxides (LDHs) [17] are attractive as sorbents and ion-exchange media for a wide number of anions and oxoanions [18], as well as certain cations [19] and radionuclides [20]. LDHs, also known as hydrotalcite-like compounds, can be represented as [M1−xIIMxIII(OH)2]x+[Ax/nn−]x−·mH2O, where MII = divalent metals such as Mg2+, Zn2+, Co2+, Cu2+; MIII = trivalent metals such as Al3+, Fe3+, Ni3+, etc., that form brucite-like layers; An− is an exchangeable anion with a valence of n; and the x value is in the range of 0.20 ≤ x ≤ 0.33 [21,22]. The presence of trivalent metals in the structure makes LDHs positively charged with high point of zero charge (pHpzc around 8–12.5 depending on the composition) [18], and interlayer anions can be exchanged to preserve charge balance. Numerous reports have shown that LDH-based materials are promising sorbents for removing both selenate, Se(VI), and selenite, Se(IV), oxoanions [23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43], but these were largely fundamental studies performed in batch (jar) tests. The removal mechanism for selenite (as HSeO3−) on LDH is proposed as a combination of ion-exchange with interlayer carbonate anions and some chemisorption, while selenate is removed by ion-exchange with interlayer carbonate and surface hydroxide ions [25,29,31].



There have been only a few studies looking at the evaluation of LDH sorbents for selenium removal under dynamic conditions in column tests [29,36,44]. We recently investigated the removal of selenium from natural ground water using granulated LDH (MII = Mg2+, MIII = Al3+, A = CO32−) in small-scale column tests [44]. We found that the LDH was effective for removing trace levels of selenium from ground water containing much higher concentrations of sulfate, e.g., [Se] < 2 ppb vs. [S] ~40 parts-per-million (ppm), a difference of more than 20,000. Although the LDH did not display good selectivity for selenium over sulfate, the high anion adsorption capacities still enabled the simultaneous removal of both types of oxoanions.



In this work, we evaluate the LDH sorption capacities for selenium in wastewaters obtained from a natural gas power plant that utilized the aforementioned ground water as make-up waters for the cooling water. In general, a large amount of water is required to extract heat from the power plant condenser on the low pressure side of the steam turbine and dissipate it in the wet cooling towers through evaporation [45]. The ions in the water can then become concentrated in the cooling tower blowdown during the evaporation. This not only could potentially cause issues for meeting discharge limits for restricted contaminants, but also could increase the salinity of the waters and affect treatment.



Therefore, the aim of this study was to assess the ability of the LDH media to remove selenium from more complex wastewater streams containing higher levels of sulfate. Further, as LDHs are known to remove many types of organic and inorganic contaminants, the concurrent removal of other species was investigated. The practical application of LDH granulated sorbents in dynamic sorption tests using small-scale (1.1 cm), testbed (2 inch = 5.08 cm), and pilot-scale (3 inch = 7.62 cm) columns was investigated for the treatment of power plant wastewaters and to evaluate the scaling ability of this treatment approach. A post-mortem analysis of the LDH materials after the column tests was conducted to elucidate the removal mechanism of contaminants. Finally, the stability and recyclability of the LDH media were addressed.




2. Materials and Methods


2.1. Sorbent Materials


Granular mixed metal oxide (61.7% MgO, 38.3% Al2O3 by weight) media was obtained from Sasol Germany GmbH (PURALOX MG 63 HT–Granulate) for column tests. Prior to use, the granules were immersed in de-ionized water in order to rehydrate the media and form the layered double hydroxide (LDH) structure. The rehydrated media (from now on, referred to as “granular LDH”), was loaded into the column as a slurry in order to avoid heat generation upon initiation of water flow into the bed and prevent entrapment of air bubbles. Unless otherwise noted, jar tests were performed using a powdered surrogate material (from now on, referred to as “LDH-500C”) due to the tendency of the granulated media to undergo attrition under vigorous shaking or magnetic stirring. A scheme summarizing the sorbent structure (as-obtained and after processing) for both granular and powdered forms can be found in Scheme S1.




2.2. Water Samples


Synthetic water samples used in jar tests were prepared from sodium selenite and selenate salts dissolved in de-ionized (DI) water. Wastewater samples were obtained from Salt River Project’s Santan Generating Station, a combined cycle, natural-gas-powered plant in Gilbert, AZ. The boiler and cooling water for Santan Generation Station were sourced from ground water from onsite wells or from surface waters from canals containing naturally occurring levels of selenium. Samples from the make-up water (canal and well water), canal water after clarification and water treatment, cooling tower blowdown, and final plant discharge waste were chosen for this investigation. Inductively coupled plasma coupled with optical emission spectroscopy (ICP-OES) or mass spectrometry (ICP-MS) were used to quantify the Se and S in the water samples. More details regarding the preparation and analysis of water samples are in the Supplementary Materials.




2.3. Jar Testing


To assess the fundamental adsorption capacities for LDH removal of Se(VI), equilibrium adsorption isotherms were performed in jar tests containing DI water spiked with Na2SeO4 using the LDH-500C powder at a dosage of 1 g/L and contact time of 22 h. Experimental data were fit to the Langmuir model. Se(VI) removal from wastewater samples spiked with 0.2 ppm Se(VI) was studied using LDH-500C at dosages between 1–5 g/L with contact time of 22 h. The stability of the as-obtained granules was assessed by agitating the media in various solutions (e.g., DI water with and without Se(VI) and NaOH) and measuring the Mg2+ and Al3+ levels with ICP-MS. To investigate the regeneration of spent LDH media, LDH-500C (5 g/L) was saturated with selenate or sulfate through exposure to 50 ppm solutions prepared from Na2SeO4 or Na2SO4 dissolved in DI water. The saturated media was then regenerated by calcination at 550 °C for 2 h in a box oven in air. The regenerated LDH-500C was then exposed to subsequent cycles of Se(VI) adsorption (50 ppm, 3 h contact time) and regeneration. More details regarding the jar tests are in the Supplementary Materials.




2.4. Column Testing


The granular LDH was evaluated in a 1.1 cm diameter column using up-flow mode and an empty-bed contact time (EBCT) of 30 min for the treatment of cooling tower (CT) blowdown water. For the scaled-up evaluation of the media, a testbed comprising three identical columns 2” (5.08 cm) in diameter was used in a serial flow configuration (up-flow mode) for the treatment of the CT blowdown and power plant discharge waters. Each column test was run continuously to assess approximately 1000 bed volumes of operation. For pilot-scale testing, a skid consisting of 3” diameter (7.62 cm) and 60” (152.4 cm) high columns was used for online treatment of CT blowdown at the Salt River Project Santan Generating Station. The pilot test was limited to ~100 gal of water. More details regarding the column test conditions are in the Supplementary Materials.





3. Results


3.1. Physical Properties of LDH


The physical properties of the granular LDH used in the column tests of this study were already investigated in our prior work [44,46], which established that the as-obtained, mixed metal oxide material exhibited the cubic periclase structure of a magnesium/aluminum solid solution, which is typically obtained when LDH is calcined at high temperatures to remove interlayer water and anions [47,48,49]. Upon re-introduction of the granules to DI water, the layered double hydroxide structure was successfully recovered [44] in what is known as the “memory effect” of LDHs [38]. This memory effect can also be exploited to remove anions from water, as they are captured by the LDH when the layered structure is reconstructed. However, in our case, the granules were rehydrated in DI water prior to use in the column tests. Hence, the granular media exhibited the layered structure during use and removal of ions would proceed via surface adsorption and anion-exchange with carbonate and hydroxide species, without the extra removal capacity arising from the memory effect.



XRD and FTIR characterization showed that the as-obtained LDH powder had a layered structure but the powder was too hydrophobic to disperse into water for the jar tests. After calcination at 500 °C, the powder (referred to as LDH-500C) could be easily dispersed into water and displayed the mixed metal oxide structure (Figures S1 and S2). Hence, LDH-500C could be used to capture anions using the memory effect discussed above, in addition to surface adsorption and anion-exchange [44]. The reconstruction of the layered structure via the memory effect once LDH-500C was exposed to water solutions containing selenate was also confirmed (Figure S1). Despite the difference in structure for the granular LDH (i.e., layered) and LDH-500C powder (i.e., non-layered) (Scheme S1), the latter was used as a surrogate for most of the jar tests described in Section 2.3 due to the ease of precisely measuring the dosage of dry sorbents.




3.2. Jar Testing of LDH


The equilibrium adsorption isotherms showed a good fit to the Langmuir model (Figure 1, Supplementary Materials); the calculated maximum capacity (Qmax) and the equilibrium constant were 66 ± 0.65 mg/g and 0.14 L/mg, respectively. Given that LDH-500C was calcined, the actual adsorption capacity of the non-calcined layered media used in the column tests was likely around 30 mg/g, on the basis of previous reports showing selenium sorption on non-calcined LDH to be about half that of the calcined form [38,44] and assuming no decrease in adsorption capacity due to granulation (justified on account of the similar surface area, i.e., 188 m2/g for the granules vs. 179 m2/g for the calcined powder). Due to differences in sorbent dosages and pH conditions used in isotherm experiments, it is not straightforward to compare the Qmax values obtained here to others from the literature. Nonetheless, reported Se(VI) adsorption capacities for sorbents based on aluminum oxides [50], iron oxides [51,52,53], manganese oxides [54,55], chitosan/clay [56], and silica [57] have all been below 20 mg/g. A study on crystalline Mg-Al LDHs prepared using different synthetic methods reported adsorption capacities as high as 45 mg/g [27], which is consistent with our findings here that LDH media can display superior adsorption capacities for Se(VI) compared to other metal oxide sorbents.



The sorption kinetics of the granular LDH were already studied and reported in our previous study [46] and displayed a good fit to a pseudo-second order model, with equilibrium reached within 4 h for removal of both Se(VI) and Se(IV) oxoanions from DI water solutions. Hence, these results demonstrate the large adsorption ability and fast kinetics of the LDH materials for removing selenium in deionized water solutions free from competing ions.



LDH-500C was further studied for removal of selenate from various power plant wastewaters, which are schematically shown in Figure 2a. The pH values of the wastewaters were measured immediately after the sampling and ranged from 6.88 to 8.42, as shown in Table S1. Due to the low, parts-per-billion (ppb) natural levels of selenium in the as-obtained water samples (see Table S1), 0.2 ppm Se(VI) was spiked into the wastewaters. Figure 2b shows the amount of Se(VI) removed after 0.5 min, 2 h, and 22 h when using LDH-500C dosages of 1 g/L and 5 g/L.



The results showed that although LDH-500C displayed good Se(VI) sorption capacities and kinetics in the spiked DI water samples, the performance was worse in the various wastewater samples. Using a dosage of 1 g/L, no more than 30% of the Se(VI) could be removed from the spiked wastewaters, with the highest efficacy observed when LDH-500C was used to treat the upstream waters (e.g., raw and clarified canal water, raw well water). The differences in removal efficacy presumably originated from the different levels of background ions in the different waters, as the ions become concentrated in the cooling tower blowdown. From historical data obtained from the power plant [58], the sulfate concentrations in the cooling tower blowdown range from 500–700 ppm, while the sulfate concentrations in the ground and surface waters that supply the make-up water are typically below 100 ppm. Due to the similar chemical and physical properties of sulfate and selenate, the two oxoanions can compete with the same sites on the LDH [59], which means that higher dosages of sorbent are required to fully remove the Se(VI).



Using the well water (W1) as an example, the LDH-500C dosage was increased from 1 to 5 g/L and the Se(VI) removal efficacy after 22 h exposure was compared (Figure S3). The amount of Se(VI) removed after 22 h increased from only 22% to 89% when the dosage was increased from 1 to 2 g/L, but 100% of the Se(VI) was removed when using dosages of 4 and 5 g/L. However, at short exposure times, the 5 g/L dosage was more effective for removing higher amounts of selenate, with 83% removed after 30 min compared to < 14% for dosages < 4 g/L. When using 5 g/L LDH-500C in the other spiked power plant waters, the removal efficacy increased to 100% for almost of all of the waters (Figure 2b). These results show that LDH-based media is a good candidate to remove Se from power plant waters, even when there are much higher levels of sulfate (hundreds of ppm-level) compared to Se(VI).




3.3. Small-Scale Column Test (1.1 cm Diameter)


Small-scale column tests can be effective tools for assessing important characteristics of sorbent media, such as the empty-bed contact time (EBCT), loading capacity, and breakthrough curve characteristics using less media, water, and evaluation time than a large scale column test [60]. Figure S4 shows a photograph of the column loaded with the LDH media. The breakthrough curve for the column test conducted on the as-obtained CT blowdown water (initial total [Se] = 2.67 ppb and [S] = 187 ppm) and the results are shown in Figure 3 and Table 1, respectively. In Table S2, these results are further compared with those obtained from a small-scale column test performed using the same LDH granular media to remove Se from the makeup water (groundwater) used to supply the cooling tower in our previous study [44]. The adsorption capacity of the LDH in the CT blowdown was determined to be 0.55 μg Se/g LDH, which was lower than what was observed in groundwater (0.65 μg Se/g LDH). Both the [Se] and [S] levels were higher in the CT blowdown compared to the groundwater, but the [S]/[Se] ratio of the CT blowdown was also higher, at 70,000 compared to a ratio of only 21,000 for the groundwater. The exhaustion capacity (Qe) of the granular LDH in the CT blowdown for S was determined to be 42 mg/g from the breakthrough curve, which was much higher than that for the Se and also the Qe observed for S in the groundwater test (18 mg/g). The similar breakthrough volumes (Vb in Table 1) for S and Se suggested that the selenate binding sites were saturated by sulfate.



Consistent with the jar tests conducted on spiked power plant waters (Figure 2), these results showed that the LDH had better efficacy for selenium removal in waters with lower levels of competing sulfate anions. However, the Qe values were only slightly decreased when using the media to treat CT blowdown compared to groundwater (Table S2), despite the much higher [S]/[Se] in the latter case. Based on these promising results, further studies were conducted in the column testbed and pilot unit as described in the next sections.




3.4. Column Testbed (2”= 5.08 cm Diameter)


A photograph of the testbed used for the scaled-up evaluation of the LDH media is shown in Figure S5. CT blowdown and power plant discharge waters were obtained from Salt River Project for the column tests and detailed information about the composition of these test waters is shown in Table S3. Continuous monitoring of the influent and effluent streams did not show significant changes in the temperature during the ca. 1000 bed volumes of column testing, whereas there were some observed changes in conductivity after startup that stabilized after 100 bed volumes (Figure S6).



As shown by the results in Table 2 and Table 3, a higher volume of plant discharge water could be treated compared to the CT blowdown before bed exhaustion. Figure 4 shows the breakthrough curves for Se and S for both types of water. These results can be attributed to the slightly higher sulfate concentration in the CT blowdown, which resulted in a [S]/[Se] ratio of 144,000 compared to 86,000 in the plant discharge, while the initial Se levels in both waters was similar at ~1.2 ppb. In each case, the breakthrough for Se and S occurred at similar bed volumes. An analysis of the ratio of effluent concentration to initial influent concentration (C/C0) for each species (shown in the insets in Figure 4) revealed that concentration and desorption of the sorbed species could be observed in some cases. For example, this was seen for Se in the CT blowdown, where the concentration in the effluent was almost 2X that of the influent feed. The observation of the leaching spike for Se in the CT blowdown could be explained by the higher concentration of competing sulfate anions contributing to the desorption of the bound Se from the LDH media. It was not clear why the desorption of adsorbed sulfate was observed prominently in the plant discharge column test, and to a lesser extent in the CT blowdown water one.



The concentrations of other ions in the waters was also monitored. The influent and effluent levels of select ions are shown in Figure 5 for the CT blowdown and in Figure S7 for the plant discharge. In both waters, the effluent [Al] increased to many ppm levels from the initial level < 4 ppb (Table S3), and gradually decreased as the volume of treated water increased with the level stabilized at ~500 BVs. This implied that Al3+ leaching from the LDH occurred. On the other hand, the [Mg] decreased from ~40–50 ppm in the influent to very low levels until breakthrough occurred, indicating removal of Mg2+ from the feed solution. Plotting C/C0 showed that the magnesium concentration was nearly 2X that of the influent, suggesting that Mg2+ could be leaching from the LDH, similar to Al3+ (Figure S8), although this could also be from release of Mg that had been removed from the influent. The breakthrough volume for Mg in each case was the same as that observed in the S and Se breakthrough curves, which suggests that the processes would be related.



In the CT blowdown, the As, P, Zn, and Cu levels were significantly reduced and did not indicate that breakthrough occurred within the testing period. Similar observations were made in the plant discharge water. The Cr levels were also monitored in the plant discharge and breakthrough was observed at around 200 BVs, as was observed for Se, S, and Mg (Figure S7). The exhaustion capacity for Cr was determined to be 0.68 μg/g from the breakthrough curve. The UV-vis absorbance analysis of plant discharge water effluent showed a reduction in absorbance at 254 nm, which suggested removal of organic species from the water as well; breakthrough was observed starting at around 200 BVs but approximately 20% capacity still remained after 1000 BVs (Figure S9).



The pH of the influent and effluent waters was also monitored. As shown in Figure 6, there was a large increase of ca. 4 pH units in the effluent upon startup of the column test in both waters. The pH started to decrease when breakthrough began but was still higher than the influent pH after 1000 BVs. The initial increase in pH was consistent with the basic properties of LDH [61,62] and was confirmed by monitoring the pH increase after immersing the granules into a beaker of DI water (1 g/L dosage); the results showed that the pH of the water increased from 6.43 to above 9.5 within 10 min (Figure S10). The increase in pH also confirmed the ion-exchange mechanism of LDH, whereby the hydroxide and carbonate anions from the LDH interlayer space are replaced with anions from the water [18]. Analysis of the alkalinity (Supplementary Materials, Table S4) showed that both hydroxide and carbonate ions were present as major species in the CT water effluent at 140.5 bed volumes and decreased as the test progressed.




3.5. Pilot-Scale Testing


A pilot unit (Figure S11) was used for online treatment of CT blowdown at Santan Generation Station, which had composition as shown in Table S5. ICP-MS analysis of the initial influent sample showed that the [Se] = 2.74 ppb and [S] = 214 ppm, a [S]/[Se] ratio of approximately 78,000. Several effluent samples (each 250 mL) were pulled over an approximately 1 week period and analyzed with ICP-MS. The flow rates decreased as the test proceeded, and significant biological growth was observed on the top of the media bed (Figure S12). Analysis of the feed solution revealed that the residual chlorine level was only 0.083 mg/L, which is insufficient for prohibiting algae growth [63].



Despite this, as seen by the results in Figure 7, the LDH media was effective for removing Se from the CT blowdown water in actual field conditions. The results also showed that Cr, Mn, Fe, Ni, Cu, Zn, As, and U were also removed. Similar to the laboratory column tests, the Mg levels in the effluent drastically decreased while the Al increased, suggesting removal of Mg2+ from the feed solution and leaching of Al3+ from the LDH. The pH also increased during the test, from 6.99 in the influent to 11.83 in the first effluent sample pulled (after 1 BV).



The concentration of select anions from the influent and the final effluent sample (77 BVs or 98 gallons of treated water) were analyzed using anion chromatography; the levels of bicarbonate and total dissolved solids (TDS) were also determined (Supplementary Materials). Bromide and fluoride levels were also analyzed but were not detected in the waters. As shown in Table 4, the results showed that orthophosphate, sulfate, and bicarbonate were also successfully removed in the column. Nitrate and chloride were not affected, and TDS levels were only slightly decreased in the effluent.




3.6. LDH Post-Mortem Characterization


To understand the breakthrough curve characteristics and the mechanism of removal of contaminants in the aforementioned column tests, a post-mortem analysis was performed on the exhausted LDH media, using X-ray diffraction to assess the changes in LDH crystal structure and FTIR to understand the nature of the species sorbed on the LDH.



3.6.1. X-ray Characterization of LDH after Column Tests


As shown in Figure 8, the XRD pattern of the as-obtained granules showed only two broad peaks associated with the poorly crystalline magnesium/aluminum oxide with cubic periclase structure that is exhibited after LDH is calcined to remove the interlayer anions [47,48]. When immersed into DI water that was sparged with N2 to remove dissolved CO2 (from now on, referred to as purged DI water), the brucite-type layers can reform or reconstruct along with the insertion of hydroxide anions and water molecules into the interlayer space [64,65,66,67]. The recovery of the layered structure has been referred to as the “memory effect” and is a well-known feature of LDHs.



The (003) reflection for the granules after reconstruction in purged DI water was found at 2θ = 11.6° (d-spacing of 7.63 Å), which is consistent with the presence of interlayer hydroxide and carbonate anions for LDH materials with Mg2+:Al3+ of 2:1 (part of the quintinite group of minerals) [21,68,69]. Since the granules were immersed in DI water prior to use in the column tests, the media presumably had a similar layered structure once loaded into the columns. Hence, the removal of anions from the contaminated water would most likely occur through an anion-exchange process, whereby the carbonate and hydroxide anions in the interlayer space would be exchanged with anions from the water. Previous studies have demonstrated that ion-exchange usually occurs with a preference for anions with increasing charge and decreasing size, e.g., CO32− > SO42−, OH− > F− > Cl− > Br− > NO3− > I− [21,70].



As shown in Figure 8, the exhausted LDH media from the CT blowdown column tests were characterized by broader, less intense reflections overall and a (003) reflection that shifted to lower angles, corresponding to increased d-spacing. XRD analysis of the LDH media from the top and bottom of each of the three testbed columns showed that the patterns looked very similar, suggesting that the sorption was uniformly distributed throughout the entire combined bed (Figure S13a). The average (003) d-spacing for the testbed media samples was 7.69 ± 0.06 Å, consistent with the insertion of larger anions into the interlayer space. For the exhausted LDH granules from the small-scale (1.1 cm) column test, the (003) d-spacing was more notably enlarged to 8.52 Å, which is consistent with LDH containing sulfate in the interlayer space [21,71]. Since the CT blowdown in this particular test had higher concentrations of Se and S compared to the blowdown used for the larger diameter column tests, this feature was attributed to the higher sorption of these species in the LDH interlayers. Some evidence of peak splitting in the (003) and (006) reflections was also observed, which could indicate the presence of multiple anion species of different sizes inside the interlayer region [66,72]. Notably, no other crystalline phases were seen in any of the XRD patterns.




3.6.2. Infrared Analysis of LDH


FTIR spectroscopy was performed to obtain more information regarding changes to the LDH structure after the column tests as well as to identify molecular vibrations of adsorbed species. FTIR spectroscopy of the as-received granules showed characteristics consistent with calcined LDH [38], namely a strong, broad absorption peak centered at around 3440 cm−1 (Figure S14) from the stretching bands of hydroxyl groups in the brucite layers [73] and vibrational modes at 1364 cm−1 and 853 cm−1 which were due to the v3 and v2 vibrations, respectively, from interlayer carbonate anions [27,74,75,76] but no other strong vibrations, indicating the low crystallinity of the mixed metal oxide (Figure 9a, solid trace). The granules were immersed in purged DI water and then dried to use as a reference spectrum for a reconstructed layered structure with predominately interlayer hydroxide, carbonate, and water molecules. The FTIR spectrum of this granular LDH material (Figure 9a, dashed trace) revealed a stronger band associated with interlayer carbonate anions at 1364 cm−1, lattice vibrations of Mg, Al-oxide octahedral sheets at 449 cm−1, Mg/Al-OH translations at 552 cm−1, 669 cm−1, and 775 cm−1, and Al-OH deformation at 933 cm−1 [27,28,75]. Because the vibrational frequency of the carbonate fell within the range of 1360–1400 cm−1, this indicated the ions have monodentate coordination and can be readily exchanged with aqueous anions in solution [30].



The FTIR spectrum for the LDH that had been used in the small-scale (1.1 cm) column test for treating CT blowdown (Figure 9b, red trace) had some notable differences compared to the one for the LDH formed after reconstruction of the as-obtained granules in purged DI water. The appearance of the strong band at 1107 cm−1 was attributed to interlayer sulfate anions [74,77]. This feature was not as prominent in the spectra obtained from exhausted LDH from the larger column tests (Figure 9c for the testbed column, Figure 9d for the pilot column) likely due to the lower sulfate concentrations in those wastewaters. It should be noted that the FTIR spectra taken of LDH removed from the top and bottom of each of the testbed columns were very similar to each other, confirming (along with the XRD patterns), that the water treatment was uniform over the entire LDH bed (Figure S13b). There were also noticeable changes in the region of the FTIR spectra associated with the LDH lattice vibrations (i.e., for the Mg/Al-O(H) sheets, from 400–900 cm−1), which was also observed in previous studies and reflects the complex surface reactions that occur when selenium and sulfate anions interact with or replace hydroxyl surface groups upon adsorption onto LDH sorbents [28,29].



To identify selenium adsorption on LDH, FTIR spectra were obtained from LDH powder that was exposed to solutions of selenate in DI water (Figure S15). A new band was observed at 859 cm−1 and increased in intensity when the concentration of Se(VI) was increased from 50 to 100 ppm, which is consistent with the adsorption of more selenate on the LDH. This band was also consistent with the Se-O vibrational mode reported in the literature [28,29]. However, this mode was not easily discerned in the exhausted LDH media from the column tests, likely due to the low ppb-level of Se in the waters and the ppm levels of other ions. The weak band observed at 856 cm−1 in the used LDH from the pilot column (Figure 9d) could be from adsorbed selenate, but this cannot be conclusively stated as adsorption of arsenic [78,79] and chromium [48,77] oxoanions on LDH materials also give rise to vibrational features in the 830–890 cm−1 region (in addition to the aforementioned v2 mode for carbonate). Hence, making definitive identification of bands in this region is difficult when considering the complex water matrix. On the other hand, the characteristic sharp bands indicating adsorption of nitrate (around 1380–1385 cm−1) [74,77] and phosphate (around 1098 cm−1) [80,81] were not observed.




3.6.3. LDH Stability Tests


Jar tests were performed to assess the leaching characteristics of the LDH granules used in the column tests, and to better understand the observed Mg and Al levels in the column test effluent. The as-obtained granules were agitated in solutions consisting of DI water with and without 1 ppm Se(VI) and NaOH (to adjust to pH 12) and the water was analyzed for Al, Mg, and Se using ICP-MS after all solids were removed using filtration and centrifugation (Supporting Information).



The results showed that high concentrations of dissolved Mg (almost 2 ppm), and lower amounts of Al (200–300 ppb), were detected in the DI water, while > 4 ppm dissolved Al3+ was observed in the pH 12 solutions (Figure 10). However, the equivalent mass loss was very small and amounted to no more than 1 mg (0.5% of the total sorbent mass) that was leached. The slight acidity of the DI water solution could explain the dissolution of Mg2+ and Al3+ in these solutions, while the precipitation of Mg(OH)2 and solubility of Al(OH)3 at pH > 11 explained the high levels of only Al in the alkaline solutions [82,83]. The presence of Se(VI) in the water and the act of selenate sorption did not appear to affect the Mg and Al leaching, although the %Se removed was slightly lower in the pH 12 solution (Figure S16). These jar test experiments confirm that the increased Al levels observed in the column test effluent were from the LDH media. While Mg may have also been leached from the media (during the rehydration of the granules in DI water prior to loading in the column), the high pH levels of the effluent would have resulted in its precipitation, along with any Mg ions in the feed solutions. However, in both cases the actual mass leached from the LDH was very small, particularly considering the much higher amounts of media used in the column tests compared to the jar tests discussed here.





3.7. Regeneration of LDH Media


The memory effect of LDH materials enables the regeneration of the original layered crystal structure after calcined materials are re-exposed to water and other anions [18]. However, previous reports showed reduced sorption capacities for certain anions in the recycled LDH compared to the first use [70,84]. To investigate whether the memory effect phenomenon can be exploited to fully regenerate the exhausted LDH sorbents for selenate adsorption, LDH-500C (5 g/L) was exposed to a DI water solution containing 50 ppm Se(VI); in parallel, another sample of LDH-500C was exposed to 50 ppm sulfate (from Na2SO4) with the intent to prepare sorbents saturated with selenate or sulfate. Thermogravimetric analysis (TGA) of these samples showed the removal of interlayer anions between 325–525 °C (Figure S17). Therefore, 550 °C was chosen as the calcination temperature and regeneration was performed by heating the samples for 2 h in a box oven.



The aforementioned LDH-500C samples containing interlayer selenate or sulfate anions were exposed to fresh solutions containing 50 ppm Se(VI). Without using calcination to remove the species adsorbed in the first exposure, less than 40% of the oxoanions could be removed from the waters in the second exposure, as shown in Figure 11. Interestingly, the removal efficacy for Se(VI) after calcination was similar irrespective of which oxoanion the LDH-500C was previously exposed to. The samples were then exposed multiple times to solutions containing 50 ppm Se(VI), with calcination in between each exposure. Both samples showed 100% removal of Se(VI) even after the fifth cycle, indicating that the calcination was effective for regenerating the LDH. The FTIR spectrum of the sorbent after regeneration was very similar to that of the as-prepared LDH-500C (Figure S18), confirming the removal of the adsorbed selenate during the heat treatment. These results showed that after calcination to remove the interlayer anions, the LDH can be reused for subsequent exposures, with the layered structure regenerated each time after adsorbing more selenate anions from water.





4. Discussion


Our comprehensive investigation of the removal of selenium from power plant wastewaters with varying levels of background ions, coupled with detailed analyses of the water and materials properties, enabled the holistic assessment of LDH sorbents for selenium treatment. The main conclusions and their implications for application of LDH to treat wastewaters will be discussed in the following sections.



4.1. Removal of Selenium and Sulfate Anions


The primary conclusion is that LDH does display efficacy for removing selenium present in power plant wastewater, but the adsorption capacities obtained here are very low (< 1 μg/g exhaustion capacity, ~ 200 BVs treated) due to the following factors: (1) the presence of selenium in low (ppb) levels in the waters investigated here, (2) sulfate anions that are present at much higher concentrations, and (3) the lack of LDH selectivity between these two species. The trend in sorption capacities in the various waters showed more correlation to the [S]/[Se] ratios than to the initial Se concentration, as summarized in Table 5. Chubar et al. reported an LDH sorbent that could treat 4,200 BVs of solution containing 50 ppb of Se(VI) and 0.01 N NaCl as background electrolyte (exhaustion capacity 661 μg/g), but this subsequently dropped 2.6X to 1,600 BVs (179 μg/g) when a sulfate concentration 74X higher (4.28 ppm) was added [29]. While these sorption capacities are higher than what we found in our studies, the [S]/[Se] ratios were also much higher in our test waters. The lack of LDH selectivity for Se can be addressed by pre-treatment to remove the sulfate, which can lead to higher selenate sorption capacities on LDH as we showed previously [44]. However, the high LDH sorption capacity for sulfate (~50 mg/g observed here) and lack of selectivity with selenate may be useful for applications where simultaneous removal of both species is desired.




4.2. Effect of pH


Another important feature of the LDH sorbent is its inherent basicity and ability to increase the pH of the treated water > 10 through ion-exchange of hydroxide and carbonate anions with other oxoanions (e.g., selenate, sulfate). The high pH had little negative effect on the efficacy of LDH to remove selenate; moreover, it likely plays a positive role in the removal of other ions from the water (see Section 4.3) through formation of complexes or precipitants. However, the fairly alkaline pH may also lead to increased treatment costs due to the need for acid neutralization afterwards. The apparent exhaustion of the LDH media, as indicated in the breakthrough curve, was dictated by the ion-exchange capacity of the LDH and was correlated with the gradual decrease in pH of the treated water.




4.3. Removal of Other Species from the Water


The pH increase caused by the LDH was most likely responsible for the removal of some of the other ions from water, namely Mg, Cu, Zn, and P. While LDH has been studied as a sorbent for Cu2+, Mg2+, and Zn2+ removal, these processes were carried out below pH 6 [85,86,87,88]. Hence, the removal of Mg, Cu, and Zn from the wastewaters in our study was likely through precipitation, as Mg(OH)2, Cu(OH)2, and Zn(OH)2 will form above pH 9.5, 7.5, and pH 8.7, respectively [89,90]. The absence of new reflections in the post-mortem XRD patterns (Figure 8) indicated that precipitated compounds (e.g., of Mg, Cu, and Zn hydroxides) were amorphous or in quantities insufficient for detection. It is also possible that the dissolved Mg2+ (from the influent) and Al species (leached from the LDH) reacted to form more LDH via co-precipitation in this alkaline environment [91].



Although LDHs have attracted much attention as sorbents for phosphate, there are different removal mechanisms depending on the pH. Many studies have shown the highest P removal at low pH (< 4) where the LDH is partially dissolved; in these cases, the Mg2+ and Al3+ in solution along with hydroxides can act as coagulants to remove the phosphate [92,93]. Interlayer ion-exchange and surface adsorption is the predominant mechanism at intermediate pH, with phosphate removal usually decreasing > pH 8 due to repulsion by the negative surface charge of the LDH [94,95]. In our case, the high effluent pH and absence of breakthrough for P as was seen for Se and S suggested a different removal mechanism. This was also corroborated by the absence of the characteristic P-O asymmetric stretching at around 1098 cm−1 that is an indicator of phosphate adsorption on LDH [80,81] in the post-mortem FTIR data (Figure 9). It should be noted that the use of chemical precipitation (i.e., addition of calcium salts to an alkalinized solution of phosphate) is a developed technique for P recovery from wastewater, with a precipitation efficiency of 82.7% at pH 11 reported using a Ca/P ratio of 1.5 [96]. In our case, the P removal efficiency was more than 90% with the Ca/P molar ratio in the influent water greatly exceeding 100:1, making this a feasible explanation. The low crystallinity of precipitated calcium phosphates at high pH [97] may explain the absence of reflections from these phases in the XRD patterns as well. Therefore, P removal most likely occurred due to precipitation of other compounds due to the high pH and presence of other complexing ions (e.g., Ca, Al).



Similarly, LDHs can remove arsenic oxoanions via ion-exchange and adsorption with high capacities when the pH is lower than the sorbent’s point of zero charge [98], with reduced effectiveness above pH 8 [38,99]. This, along with the fact that phosphate is a known competing anion for arsenate [38] and is present at much higher concentrations in the wastewaters studied here, makes the removal of arsenic oxoanions via ion-exchange seem unlikely. The removal of arsenic through aluminum- or iron-, or calcium-arsenate precipitates could be possible based on the pH of the effluent and previous studies [100,101]. While chromium removal on LDHs was also reduced in high pH solutions [77], the similar breakthrough characteristics for Cr (Figure S7) as for Se and sulfate (Figure 4) indicated it may be removed through a similar ion-exchange mechanism rather than precipitation.




4.4. Stability of LDH


The leaching characteristics of the LDH are largely dependent on the pH of the water. When the as-obtained granules are exposed to slightly acidic DI water for rehydration, Mg and Al ions can dissolve into solution. The dissolution of LDH materials in acidic conditions is well known (total dissolution of LDH is possible < pH 4 [81,82,102]) and has been exploited as a means to deliver pharmaceuticals [103,104]. However, stability studies show that Mg and Al leaching from LDH is minimal at high pH due to the precipitation of Mg(OH)2 and Al(OH)3 [82,83]. In our case, the initial pH increase of the effluent to > 12 at low bed volumes from the ion-exchange process (Figure 6) could lead to dissolution of Al(OH)3 [82,83], resulting in increased Al in the effluent. As the pH decreases, the dissolved Al3+ ions could complex with phosphate or arsenic anions, and eventually re-precipitate as Al(OH)3 at pH < 11 [83,105]. The mass loss from leaching was small with respect to the total mass of the sorbent (< 0.5 wt% leached). Even with this observed leaching, the regeneration tests showed that calcination of the LDH media after use was an effective way to reconstruct the materials, with no change in the selenate removal ability observed after numerous regeneration cycles.





5. Conclusions


In this work, a comprehensive investigation of LDH as a sorbent material for removing selenium from real power plant wastewaters was performed.

	
LDH granulated media were successfully evaluated under dynamic sorption conditions in laboratory columns and in the field for the removal of selenium from power plant wastewater.



	
Continuous monitoring of influent and effluent pH showed the treated water increased to above pH 12 after startup, but gradually decreased after breakthrough of the bed.



	
The LDH displayed good adsorption ability for Se(VI) in DI water solutions (66 mg/g equilibrium sorption capacity for calcined powdered media) but this was decreased in the real wastewaters < 1 μg/g due to the presence of competing anion species.



	
Simultaneous removal of selenium, sulfate (~50 mg/g) and chromium (< 1 μg/g) was observed, likely occurring through anion-exchange with interlayer hydroxide and carbonate species in the LDH.



	
Other species (Mg, Cu, Zn, P, As, Mn, Fe, Ni, U) were also removed from the wastewater, but likely through precipitation.



	
Despite some Al3+ and Mg2+ leaching (< 0.5% of the original mass), the LDH materials retained their crystallinity after use. Calcination was demonstrated to be effective for regenerating the spent materials multiple times without losing selenate adsorption capacity.
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Figure 1. Adsorption isotherms of 1 g/L LDH-500C in spiked de-ionized (DI) water solutions containing Se(VI) using 22 h exposure time; inset shows the Langmuir plot. 






Figure 1. Adsorption isotherms of 1 g/L LDH-500C in spiked de-ionized (DI) water solutions containing Se(VI) using 22 h exposure time; inset shows the Langmuir plot.



[image: Chemengineering 03 00020 g001]







[image: Chemengineering 03 00020 g002 550]





Figure 2. (a) Schematic showing the water sampling sites at the power plant; (b) Jar test results from power plant waters spiked with 0.2 ppm selenate using LDH-500C at 1 g/L and 5 g/L dosage. 
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Figure 3. Se and S breakthrough curves of 1.1 cm diameter column test with granular layered double hydroxide (LDH) as bed material to treat cooling tower blowdown water. 
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Figure 4. Se and S breakthrough curves from 2” (5.08 cm) diameter column test (testbed) with granular LDH as bed material to treat (a) cooling tower blowdown and (b) plant discharge wastewater. Insets show the ratio of effluent to initial influent (C0) concentration vs. number of bed volumes. 






Figure 4. Se and S breakthrough curves from 2” (5.08 cm) diameter column test (testbed) with granular LDH as bed material to treat (a) cooling tower blowdown and (b) plant discharge wastewater. Insets show the ratio of effluent to initial influent (C0) concentration vs. number of bed volumes.



[image: Chemengineering 03 00020 g004]







[image: Chemengineering 03 00020 g005 550]





Figure 5. Concentration of select ions in CT blowdown water influent and effluent from testbed. 






Figure 5. Concentration of select ions in CT blowdown water influent and effluent from testbed.



[image: Chemengineering 03 00020 g005]







[image: Chemengineering 03 00020 g006 550]





Figure 6. Influent and effluent pH of (a) cooling tower blowdown and (b) plant discharge wastewater in the testbed column test. 
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Figure 7. Concentration of select ions in CT blowdown water effluent from pilot test. 






Figure 7. Concentration of select ions in CT blowdown water effluent from pilot test.



[image: Chemengineering 03 00020 g007]







[image: Chemengineering 03 00020 g008 550]





Figure 8. XRD patterns of as-obtained mixed metal oxide granules, granular LDH formed after immersion of as-obtained granules into DI water purged with N2, and exhausted media from small-scale (1.1 cm) and testbed (2” = 5.08 cm diameter, media taken from bottom of column 1) column tests used for treating CT blowdown. The pattern for (Mg0.667Al0.333)(OH)2(CO3)0.167(H2O)0.5 from PDF 01-089-0460 is shown as reference. 
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Figure 9. FTIR spectra of (a) as-obtained mixed metal oxide granules and used LDH granules from CT blowdown treatment in (b) small-scale column test, (c) testbed, and (d) pilot-scale unit. In each case, the spectrum for the granular LDH (obtained after immersion of the as-obtained granules in DI water purged with N2) is shown for comparison (dashed line). 
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Figure 10. Leaching characteristics of LDH granules. Amount of dissolved Mg and Al after immersing as-obtained granules (0.2 g) in 200 mL of DI water or DI water adjusted to pH 12 with NaOH, with and without 1 ppm Se(VI). 
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Figure 11. Removal of selenate using LDH-500C that was exposed to 50 ppm selenate or sulfate solution and then regenerated. For each regeneration cycle, the used LDH-500C was calcined at 550 °C for 2 h. 
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Table 1. Test results for LDH removal of Se and S from CT blowdown water in small-scale column.
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	Element
	Vb1
	BVb2
	Qb3
	Ve4
	BVe5
	Qe6
	AER7
	V1g8





	Se
	1.07
	226
	0.53 µg/g
	1.14
	239
	0.55 µg/g
	4.73
	0.21



	S
	1.14
	241
	39.79 mg/g
	1.26
	266
	41.87 mg/g
	4.26
	0.23







1 Volume (in L) and 2 bed volumes of water treated at breakthrough; 3 Capacity of loading Se or S at breakthrough; 4 Volume (in L) and 5 bed volumes of water treated at bed exhaustion; 6 Exhaustion capacity; 7 Adsorption exhaustion rate; 8 Volume (in L) of water that can be treated with 1 g of sorbent.
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