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Abstract

:

Sales of low-calorie sweeteners are increasing in the Unites States, with sucralose representing the second largest of the U.S. market share. Since >99% of ingested sucralose is excreted as the parent compound, it represents a contaminant of emerging concern and has been proposed as an indicator of pollution of natural waters by anthropogenic waste. Many report that it is increasingly omnipresent in surface, coastal, and drinking water. Given the increasing consumption of low-calorie sweeteners, changes in influent and effluent sucralose concentrations presage their concentrations in natural waters. The aim of this research was to quantify sucralose at a constructed treatment wetland that was designed to remove nutrients (nitrogen and phosphorus) from secondary treated wastewater. We report the concentrations of sucralose in the surface water, sediment, and porewater throughout the flow train of the wetlands over a period of three years and include surface water sampling following an extreme weather event. The average influent surface water concentration of sucralose was 24 ± 2 ppb, and the average outfall concentration was 20 ± 6 ppb, indicating the sucralose is not subjected to chemical or physical adsorption in the sediment within the wetland.
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1. Introduction


Sucralose (1,6-dichloro-1,6-dideoxy-β-d-fructofuranosyl 4-chloro-4-deoxy-α-d-galactopyranoside) is an artificial sweetener made by selective chlorination of three hydroxyl sites in sucrose. As a non-caloric sweetener sold under the brand name Splenda®, it has been used since 2000 in the Unites States and Canada, and since 2003 in the European Union. A common sweetener in diet soda beverages, cereals, and sugar-free desserts, it was the best-selling artificial sweetener in the Unites States for several years [1] and has only recently has fallen to second behind aspartame [2]. The reported trend for the consumption of non/low-caloric sweeteners has been increasing since the early 2000s [2,3,4].



Average daily intake (ADI) of sucralose has not been thoroughly investigated in the United States [5]. However, usage has been estimated by consumer studies and Dunford et al. reported a significant increase in the volume of products containing sucralose that were purchased from 2002 to 2018 [2]. Based on their findings, they estimated an average of 49.4 g per capita per day was purchased in 2018 [2]. Once ingested, sucralose is not hydrolyzed in the human intestine and is excreted (>99%) in urine, feces [6], and breastmilk [7], therefore accounting for its presence in wastewater. Previous studies have shown between 4.5–40.1 µg/L sucralose entering wastewater treatment plants (WWTP) [8]. Processes in municipal WWTPs, including prolonged exposure to ultraviolet radiation and chlorine, do not significantly degrade sucralose [9,10]. Advanced oxidation techniques like ozonation have shown promise, but are very sensitive to the presence of radical scavenging concomitants and are not normally utilized in WWTPs [10]. While degradation in aerobic and anaerobic processes in WWTPs have historically shown limited or no ability to remove sucralose [9,10,11,12,13,14,15], recent studies have shown increased rates of removal linked to new aerobic bacteria [8,16]. Sucralose and other artificial sweeteners have been proposed as indicators of wastewater loading in natural waters [17]. The presence of artificial sweeteners in surface, waste, and drinking water has been increasing [18,19,20], while the slow degradation of sucralose (months or years) ensures its persistence in the environment [10,21,22].



While it has been shown not to affect plant indicator species at reported environmental concentrations [10], another study by Amy-Sagers et al. showed that Lemna minor (a common aquatic freshwater plant) had increased growth over a 21-day period with exposure to sucralose [23]. Sucralose has been predicted to have a low bioaccumulation potential [24] and this has been confirmed in several experimental studies [25,26]. However, a recent study of lettuce and leek crops irrigated with treated and reclaimed wastewater were shown to have sucralose accumulating in the leaves [27].



The human health risks of sucralose are still being debated [28], but evidence has shown that artificial sweeteners can modify the gut microbiota in mice, which may result in glucose intolerance [29]. Environmental risks have long been thought to be negligible, but recent studies on Daphnia magna (a small freshwater planktonic organism) have shown sucralose to have physiological and behavioral effects [30]. Furthermore, in Cyprinus carpio (a freshwater fish) there was a significant increase in oxidative damage to lipids and proteins [25].



The focus of this research was to determine the concentration of sucralose present throughout the flow path of a constructed wetland in the southeastern United States that receives daily loads of wastewater influent from a nearby WWTP. Treatment of wastewater by biotic and abiotic processes at constructed wetlands is a common water polishing process [31]. The presence of heterotrophic microbes [32], submerged and emergent aquatic vegetation [33], organic matter accumulation [34], reduction and oxidation [35], and precipitation and sorption [36] processes that occur in the wetland cause the removal of nutrients such as nitrogen and phosphorus. The Orlando Easterly Wetlands (OEW) was created as a tertiary treatment for water from a nearby Iron Bridge municipal wastewater treatment plant (WWTP) that serves approximately 400,000 residents of east Orange County, Florida, USA. It was connected by a 27 km pipeline to the Iron Bridge WWTP and began receiving approximately 53 million liters per day (MLD) of the outflow in July of 1987 [37]. Intended at its inception to remove nitrogen and phosphorus from the wastewater, the site has been successful, showing a decrease in the total nitrogen from 1.79 mg/L (inflow) to 0.88 mg/L (outfall), and phosphorous from 0.244 mg/L (inflow) to 0.061 mg/L (outfall). The OEW has been a rich source of water treatment research including hydraulic analysis [38], uric acid analysis [39], effects of prescribed burns [35], and service-learning educational research [40].



The purpose of this work was to conduct a longitudinal study of the concentration of sucralose in the constructed wetland treatment system that would provide an indication of two metrics: first, determination of the entry of sucralose into the wastewater varies over time due to changes in human consumption and second, if the concentration profile of sucralose within the wetlands flow train is changing over time. The time frame reported herein extends from October 2015 to October 2018, and includes a sampling after an extreme weather event (i.e., Hurricane Irma in September 2017).




2. Materials and Methods


2.1. Site Description


The water at OEW gravity-flows through approximately 4.9 km2 area partitioned into eighteen cells with three main vegetative regions: a 1.6 km2 deep marsh (where most nutrient removal takes place), a 1.5 km2 mixed-marsh, and a 1.6 km2 hardwood swamp with a lake (created to further increase wildlife habitat), before flowing into the St. John’s River. Water entering the wetlands from the WWTP is divided into three main paths (referred to as North, Central, and South) from the influent control structure to flow across different areas of the wetlands. The water’s movement is restricted by berms and water control structures to maintain an approximately 30-day residence in the wetland (Figure 1), as determined by fluorescent tracing. Along with the inflow from Iron Bridge, the wetland receives an average of 16.75 MLD of rain. Much of the rain occurs in the wet season from June to September, which coincides with hurricane season in Florida. Rainfall data were collected by the wetland management and made available in an annual report, along with influent and outflow estimates.




2.2. Sample Collection


For this research, the North flow train was selected as the focus of the study for consistent analysis, although the other flow paths were occasionally sampled for comparison as well. Since the concentration of the nutrients nitrogen and phosphorus decrease from the influent to the outfall [33], a stratified heterogeneous sampling procedure was employed. For each collection date, 500 mL samples were collected at the inflow control structures, at a water control structure past the deep marsh, and 1.2 km from the influent (site 8X in Figure 1), in the mixed marsh (site 13X in Figure 1, 2.5 km from the influent) and in the outfall canal (3.4 km from the influent). The dates of collection were 9 October 2015, 17 September 2017, 1 December 2017, 1 March 2018, and 18 October 2018. Surface water samples were collected in triplicate on the October 9, 2015, sampling date. The September 2017 sampling date occurred 7 days following Hurricane Irma, which passed over central Florida as a Category 1 hurricane on 11 September 2017. Sediment cores were taken in duplicate at Cell 1 (28°34′12.5″ N 81°00′45.2″ W) near the influent, and Cell 17 (28°34′53.2″ N 80°59′24.1″ W) on 18 October 2018. These sites were selected as they were along the northern flow train and represented two different soil types (high and low organic content) from previously studied areas [41]. Although a thorough analysis of the entire site was beyond the scope of this work, on three collection dates, at least one sample was collected from both the Central and South flow train at the rookery and cypress dome.




2.3. Sediment Cores


Cores were collected by hand and processed as described previously [41]. Briefly, acid cleaned polypropylene core liners (7.5 cm dia.) were used to collect sediment samples. They were then stored on ice after collection for transport to the lab. Sediment core depths were in the range of 10 to 14 cm. The cores were extruded (on the day of collection) in 1 cm sections for the first 6 cm and in 2 cm increments after. Subsequently, the sections were centrifuged at 3270 rcf to collect the porewater for analysis. After centrifuging, each section was homogenized and approximately 1 g of the wet centrifuged sediment was suspended in 10 mL of water to obtain the water extractable fraction. The samples were agitated for 24 h and then centrifuged at 3270 rcf for 15 min and the supernatant removed for analysis. The remaining portion of sediment was resuspended in methanol and processed in the same manner 3 additional times to obtain the methanol extractable fraction. The extracted samples were evaporated to dryness in a vacuum oven (Across International, AccuTemp-09s) at −35 psi and 80 °C, then reconstituted in 0.25 mL of methanol with 0.1% formic acid and filtered through a 0.45 µm low volume syringe filter. A volume of 5 µL of these concentrates was injected into the LC-MS for analysis.




2.4. Solid Phase Extraction


The extraction procedure employed was developed by Loos et al., with some modifications described here [18]. Water samples were first vacuum filtered using Whatman grade 1 filter paper to remove macroscopic debris, then filtered again using a 0.22 μm filter to prevent blockage of the solid phase extraction (SPE) cartridges, which pre-concentrated the sucralose. Filtered water samples were extracted using the Oasis HLB SPE cartridges (Waters Corporation; Milford, MA, USA) columns (6 mL volume with 200 mg sorbent material). The SPE cartridges were conditioned with 5 mL of methanol (HPLC-grade), followed by 5 mL of water (Ultrapure, 18.2 MΩ, Thermo Fisher Scientific; Waltham, MA, USA). The flow rate for the conditioning and rinsing was 5 mL·min−1. The pre-concentration occurred when 500 mL sample volume was passed (under vacuum) through the SPE columns, rinsed with 5 mL of deionized water, and then eluted with 5 mL of methanol. The dark brown eluent was evaporated to dryness under nitrogen, the solid reconstituted in 1 mL of methanol, and filtered through a 0.22 μm syringe filter in preparation for analysis.




2.5. Sucralose Quantification


2.5.1. Water Column Samples


Sucralose concentrations in SPE extracted water samples were quantified using reversed-phase liquid chromatography with time-of-flight mass spectrometry (LC-MS TOF). An Agilent 1260 Infinity LC system was employed with quaternary pump, vacuum degasser, and autosampler connected to an Agilent G6230B TOF mass spectrometer (Agilent; Santa Clara, CA, USA). A volume of 5 μL sample was injected onto a Zorbax 15 cm reverse phase C-18 column with 3.5 μm particle size. A binary gradient of 1% formic acid in water (A) and 1% formic acid in acetonitrile (B) at 0.250 mL·min−1 was employed with a gradient elution program: 0–15 min 10–90% B, 15–20 min 90% B, 20–25 min 90–10% B, 25–30 min 10% B. The TOF utilized electrospray ionization (ESI) in negative mode with a capillary voltage −2900 V and 175 V scan fragment voltage. Due to the complex nature of the sample composition, blank samples were injected in between extracted samples to minimize cross-contamination. Sucralose was identified by its retention time (13.8 min) and its m/z peak (395 parent, 441 formate adduct). The limit of detection for extracted samples was 0.005 ppm, with calibration curve correlation coefficient R2 = 0.9978.




2.5.2. Sediment Core Samples


Sediment extracts were analyzed on an Agilent 1290 Infinity II LC system coupled to an Agilent 6545 Q-TOF with a Dual Agilent Jet Stream (AJS) ESI running in single MS mode. The instrument was run with a binary gradient of 1% formic acid in water (A) and 1% formic acid in acetonitrile (B) at 0.500 mL·min−1. The elution program consisted of 0–4 min 10–50% B, 4–6 min 50–10% B. The retention time of sucralose in this method was reduced to 3.6 min, while mass peaks remained consistent with the previous method.




2.5.3. Statistical Analysis


The limit of detection (LOD) for the sucralose calibration curve was determined using Equation (1)


  LOD =   3  s y   m   



(1)




where (sy) is the error in y, and m is the slope of the calibration line, as determined by linear regression. Since the limit of detection arises from the statistical calculation, it was possible that samples could generate a chromatographic response, yet the concentration determined from the calibration curve fell below the limit of detection for the calibration method.



To determine the sampling error, surface water samples were collected in triplicate for all sites of the 9 October 2015 sampling date. The standard deviation between samples was found to 4.5 ppb; that is, less than the error in the calibration method (5 ppb). An F-test was performed to determine if the sampling error was distinct from the calibration error, where the F-ratio was determined to be 1.1; that is, less than the critical F-value of 6.6 (p = 0.05).



Hence, individual surface water samples were collected for subsequent sampling dates. Sediment core samples were collected in duplicate.





2.6. Total Organic Carbon Analysis


TOC analysis of solid samples was conducted using a Lotix Combustion TOC Analyzer with LSS Boat (Teledyne Tekmar; Mason, OH, USA), operating on Lotix revision 3.0.6333.26559. The samples were measured in triplicate using 2–50 mg dry sediment. The samples of sediment were homogenized with a mortar and pestle and acidified with phosphoric acid (22%). The processed samples were combusted at a furnace and catalyst temperature of 800 °C. Organic carbon standards (Ricca Chemical; Arlington, TX, USA) were prepared at concentrations ranging from 100 to 2500 μg organic carbon and additionally verified with a 1200 μg check standard.





3. Results


3.1. Sucralose Water Concentration


The concentrations of sucralose for the North flow train are shown in Figure 2. Concentrations were measured at the influent, deep marsh water control structure (labeled 8X in Figure 1, ~1.2 km from the influent), in the mixed marsh water control structure (site 13X in Figure 1, 2.5 km from the influent), and in the outfall canal (3.4 km from the influent). Under most conditions (excluding September 2017, discussed below) the concentration at each site (influent to effluent) and over the period 2015–2018, is constant within the error of the measurement.



For the three occasions when additional samples were collected from the Central and South flow paths, the sucralose concentrations were also measured and are shown in Table 1.



In addition to sucralose, other water quality parameters were measured, including pH and electrical conductivity. The pH measured at the time of water sampling varied throughout the wetland between 6.69 and 8.98 and the average pH was 7.4 ± 0.6. The electrical conductivity of the water that was measured at the time of sampling ranged from 414–536 µS/cm. Using the relationship between conductivity and ionic strength reported by Griffin and Jurinak [42], the ionic strength of the sampled water ranged from 0.06–0.08 M.




3.2. Mass Balance


The mass balance of sucralose through the wetland was estimated from the concentrations measured in the water column, the reported inflow/outflow data from the wetland’s annual report, and rainfall data from The National Weather Service deployed Next Generation Radar (NEXRAD). The mass balance data are shown in the Table 2. The comparison of means t-value was calculated to determine if any of the influent sucralose masses were different from the outfall masses. Using a critical t-value of 6.965 (p = 0.01), none of the influent masses were statistically different from the outfall masses.




3.3. Sucralose Sediment Concentration


Sucralose was measured in the sediment and porewater of two sites in the North flow train. The results are shown in Figure 3a,b. The first site near the inflow had nominal organic matter or porewater. The site near the outflow was primarily organic matter and had a larger volume of porewater.





4. Discussion


An analysis of the sucralose surface water concentration (Figure 2) shows that average influent concentration (excluding the September 2017 data, discussed below) is 24 ± 2 ppb. This concentration is consistent with literature values of sucralose concentration in septic tanks [17] (0.012–0.069 ppm) and wastewater treatment plants (0.119 ppm) [43]. Curiously, the influent concentration does not show a significant increase over time. This is surprising due to the increased consumption of artificial sweeteners in the United States. Sylvetsky and Rother’s analysis of the National Health and Nutrition Examination Survey (NHANES) showed increases in adult consumption of low calorie sweeteners (LCS), from 8.7% of adults (1999–2000), to 21.1% (2003–2004) to 24.9% (2009–2010), [44] for which sucralose accounts for the majority of the market share in those years. Their prediction of 5.1% annual growth is not reflected in the influent concentration, but may not be detected within the error of the measurement. The concentration of sucralose was found to be invariant from inflow to outfall on the North flow train, within the error of the measurement. Due to limited resources, the Central and South flow paths were only modestly sampled, yet their sucralose concentrations are also consistent with those found throughout the North flow path (Table 1). The mass balance determination also shows that inflow sucralose masses were statistically indistinguishable (99% confidence interval) from outflow masses (Table 2).



In the case of the September 2017 measurements, which occurred within a week of Hurricane Irma, the concentrations are considerably suppressed. This is likely due to the large volume of rain that was flushed through the park as a result of the storm event, simultaneously diluting the amount present in the cells and increasing the rate of effluent discharge (typically 51 million liters per day are discharged, but the average for September 2017 was 76 million liters per day). This flush event temporarily decreased the concentration of sucralose, which was restored to its previously recorded (2015) concentration within three months.



Since the objective of this work was the characterization of the sucralose profile throughout the wetland, consideration of the solubility of sucralose in water and methanol (a solvent used to extract sucralose from sediment) is warranted. The research of Li and coworkers [45] reports the solubility of sucralose at a range of temperatures (10.0–35.0 °C) in water, methanol and isopropyl alcohol. Their results show increasing solubility as a function of temperature in all three solvents, with the solubility in methanol three times greater than the solubility in water. Their measured mole fraction solubility was modeled with an empirically derived, modified Apelblat equation:


  x = A +  B T  + C l n  T   



(2)




where x is the mole fraction of sucralose, and A, B and C are empirically derived constants. In the case of water, A = −7.8705, B = 326.43, C = 1.1917. The coldest temperature measured in the OEW water was 12.0 °C (December 2017) and the warmest occurred in September 2017 at a temperature of 29.7 °C, both within the temperature range of that reported by Li et al. Based on their equation and reported parameters, the solubility of sucralose at coldest measured temperature (12.0 °C) would have a mole fraction of 0.0107, or 234 g sucralose per kilogram water. This solubility is well above that measured in the surface waters of the OEW, and it is therefore assumed that precipitation of sucralose can be excluded when considering the possible mechanisms whereby sucralose may by deposited within the wetland.



To determine if chemi- or physisorption of sucralose was occurring, sucralose was also quantified in sediment cores and porewater. Figure 3 shows the sucralose concentrations in the porewater near the inflow are close to the concentration measured in the water column. However, at the site close to the outflow the concentration is lower and decreases with depth. The sediment shows more consistent concentrations with both cores falling around the detection limit of the method. The water extractions from sediment had only two points that exceeded the limit of quantification for the method. This indicated that the sucralose present in the sample was primarily in the porewater and not adsorbed to the mineral or organic matter present. This was further examined by plotting the sucralose (mg·kg−1) against the TOC (mg·kg−1) from the sediment samples. The sucralose and TOC were uncorrelated with a Pearson’s correlation coefficient of 0.155, which is not statistically significant correlation (p = 0.36, 36 degrees of freedom). This result indicates that there is no observed association between sucralose and the organic fraction, which agrees with previously published studies [10,24,46] and suggests that any entrainment in the sediment would be a result of diffusion at the sediment water interface.




5. Conclusions


This research reports a longitudinal study of the concentration of sucralose in a tertiary water-treatment wetland, with the two-fold aim of determining if the entry of sucralose into the wastewater is varying over time due to changes in human consumption and second, if the concentration profile of sucralose within the wetlands flow train is changing over time. The novelty of this work is the finding that, within the years 2015–2018, the inflow sucralose did not increase, despite reported increases in consumption of the sweetener during that time period. Although aspartame remains the dominant non-nutritive sweetener, consumed by greater than 50% of U.S. households in 2018, purchases of products containing sucralose increased by more than 30% from 2010–2018 [2]. It is remarkable that influent sucralose concentrations from 2015–2018 did not mirror the reported increase in consumption, and warrants further study. Further, the influent and effluent concentrations were indistinguishable during the sample dates. Given the literature reports of low potential for sucralose bioaccumulation [25], yet the conflicting evidence of sucralose bioaccumulation in lettuce and leek crops [27], we believe the invariant sucralose concentration in the wetland ecosystem to be a relevant finding. Sediment and porewater analysis indicate that sucralose is not physically or chemically adsorbed and are consistent with mass balance data.
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Figure 1. Water at the Orlando Easterly Wetlands (OEW) flows through three paths: the North flow path (shaded light blue), Central flow path (shaded red), and the South flow path (shaded yellow). Arrows indicate the direction of the flow of water. The north flow train is labeled with cell numbers. Asterisks indicate sampling sites. 
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Figure 2. Concentration of sucralose measured at four sites over three years. The error for each point is 5 ppb, when rounded to one significant digit, and is determined by propagating the standard deviation from a linear least-squares best fit of the calibration curve. Site designations can be found on the map in Figure 1. 
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Figure 3. (a) Sucralose concentration in the porewater and (b) concentration of extracted sucralose in the sediment. Error bars represent the standard deviation of replicate cores. Limit of detection (LOD) and limit of quantification (LOQ) were calculated from the linear regression of the calibration curve. 
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Table 1. Sucralose concentrations at sites collected in the Central and South flow train.
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	Sampling Year
	Cypress Dome (ppb)
	Rookery (ppb)





	September 2017
	<5
	<5



	December 2017
	24 ± 5
	26 ± 5



	March 2018
	27 ± 5
	31 ± 5
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Table 2. Mass balance of sucralose (mg·day−1) calculated from the influent and outfall sucralose concentrations and estimating the volume including rainfall data.
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	Sampling Year
	Influent *

mg·day−1
	Outfall

mg·day−1
	Comparison of Means t *





	October 2015
	34 ± 9
	41 ± 12
	0.98



	September 2017
	14 ± 9
	2 ± 14
	1.52



	December 2017
	41 ± 14
	79 ± 22
	2.93



	March 2018
	48 ± 13
	46 ± 17
	0.23



	October 2018
	42 ± 9
	48 ± 15
	0.64







* Critical t-value is 6.965 (p = 0.01).
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