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Abstract

:

This research has used fluorescence spectroscopy and parallel factor analysis (PARAFAC) in order to characterize dissolved organic matter in septic tank effluent, as it passes through the biomat/biozone, infiltrating into the unsaturated zone beneath domestic wastewater treatment systems (DWWTSs). Septic tank effluent and soil moisture samples from the percolation areas of two DWWTSs have been analyzed using fluorescence excitation–emission spectroscopy. Using PARAFAC analysis, a six-component model was obtained whereby individual model components could be assigned to humified organic matter, fluorescent whitening compounds (FWCs), and protein-like compounds. This has shown that fluorescent dissolved organic matter (FDOM) in domestic wastewater was dominated by protein-like compounds and FWCs and that, with treatment in the percolation area, protein-like compounds and FWCs are removed and contributions from terrestrially derived (soil) organic decomposition compounds increase, leading to a higher degree of humification and aromaticity. The results also suggest that the biomat is the most important element determining FDOM removal and consequently affecting DOM composition. Furthermore, no significant difference was found in the FDOM composition of samples from the percolation area irrespective of whether they received primary or secondary effluent. Overall, the tested fluorometric methods were shown to provide information about structural and functional properties of organic matter which can be useful for further studies concerning bacterial and/or virus transport from DWWTSs.
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1. Introduction


In many countries (e.g., USA and Ireland), rural areas rely heavily on on-site domestic wastewater treatment systems (DWWTSs), which typically consist of a septic tank or packaged secondary treatment system followed by a percolation area [1,2]. The underlying soil/subsoil into which the wastewater effluent percolates provides a critical zone with respect to the protection of water resources from both a public health as well as broader environmental perspectives. The key to effective on-site treatment is to maintain an unsaturated subsoil through which the effluent can percolate freely and wherein chemical and microbiological contaminants will be attenuated to an acceptable level before they reach the groundwater [3].



The biomat/biozone which develops in the soil directly beneath the infiltrative surface of the percolation trenches acts to regulate the hydraulic and contaminant pollutant loading through the interface [4,5]. The nature and extent of the biomat formation has received some targeted research, with studies indicating that it is an integral component determining contaminant attenuation in the percolation areas of DWWTSs [6,7,8,9,10]. Most studies have focused on studying the mechanism of soil clogging which has provided some information about the types of organic matter (OM) found in DWWTSs. In the biomat, the enhanced biological processes involve the production of microbial cells and organic by-products (e.g., extracellular polymeric substances) from stimulated microbial growth and decay [11,12]. Research has also suggested that the cyclical aerobic–anaerobic conditions stimulated during subsurface infiltration may support microbial formation and accumulation of complex organic material within the biomat [8,13]. Non-humified (i.e., polysaccharides) and less-humified (i.e., fulvic acid) carbonaceous materials have generally been found in lower concentrations relative to the more humified carbonaceous materials (i.e., humic acid and humin) which traditionally have been considered to contain more complex molecular structures that are slower to biodegrade. As a result, less degradable materials can accumulate in soil pores and become a key agent responsible for long-term soil clogging [13]. It should be noted that there is an ongoing debate as to what terms such as humic substances actually refer to, with the more traditional view of it representing large-molecular-size and persistent compounds left from the decomposition process being challenged and that, in reality, soil organic matter should be viewed more as a continuum of decomposition products [14]. Others prefer to retain the use of such terms but recognize the need for them to be defined more accurately [15].



However, the exact nature of the dissolved organic matter (DOM) that either pass through or are released from the biomat has received little research, even though it is critical to other contaminant processes such as nitrogen cycling [7,16] and pathogen/viral transport [17,18,19,20,21,22,23]. Previous studies have assumed that OM facilitates microorganism transport by competing with bacteria (for example) for sediment sorption sites [23,24,25]. However, interactions are more complex, are dependent on the type and chemical characteristics of OM as well as on the type of bacterium or virus, and are further affected by other environmental conditions (e.g., pH) and inorganic constituents [20,21,23]. Moreover, DOM consists of a complex mixture of organic compounds with different chemical characteristics.



Fluorescence has become a popular tool for scientists and engineers to study and monitor the concentration and composition of fluorescent dissolved organic matter (FDOM) in wastewater and aquatic systems [26,27,28,29,30,31,32]. Distinctive peaks in excitation–emission Matrices (EEMs) can provide indications of sources, behavior, and biogeochemical cycling of FDOM and represent a potentially powerful tool to monitor compositional changes in DOM [30]. Because of the heterogeneous nature of DOM comprising compounds with a variety of complex chemical structures, spectral overlapping and peak shifting and broadening often occurs, making it difficult to identify and interpret spectral signatures. However, parallel factor (PARAFAC) analysis has evolved as a technique for resolving the spectral overlapping of FDOM.



In this study, fluorometric methods combined with PARAFAC analysis have been used to characterize FDOM in the percolation area of DWWTSs. This research demonstrates the type of information that can be obtained from these methods about the transformation of organics in the effluent as they pass through the biomat and infiltrate into the unsaturated zone beneath, which should allow further insights into linked contaminant attenuation and transformation processes.




2. Materials and Methods


2.1. Study Sites and Sampling


Samples were taken from two very similar DWWTSs with percolation areas in high to moderate permeability subsoils consisting of tills derived mainly from limestone. On-site falling head percolation tests, known nationally as the t-test [33], were used to determine the permeability of the subsoils at the level of the infiltrative surface in the percolation trenches. Site 1 was constructed in September 2015 and received effluent from a single household with four occupants. The subsoil was of relatively high permeability (t-value 13.0 min/25 mm, Ksat = 32.2 cm/d) and was classified as sandy LOAM according to British Standard BS 5930 [34]. Site 2 was constructed in April 2016 and also received effluent from a single four-person household. Effluent was discharged into a subsoil of moderate permeability (T-value 35.6 min/25 mm, Ksat = 11.4 cm/d), which had a higher silt and clay fraction (44% and 17.5%) than Site 1 (30% and 11.5%) and was classified as sandy silt LOAM. The sites had been set up such that half of the percolation area at each site (2 trenches) was receiving primary effluent (PE) from a septic tank while the other two trenches at each site were receiving secondary treated effluent (SE) from a small, packaged treatment plant (a coconut husk filter with intermittent pumped flow at Site 1 and a rotating biological contactor with continuous gravity flow at Site 2)—see schematic diagram in Figure S1. Primary and secondary effluent samples were taken and soil moisture samples were extracted from different depths across the percolation areas via suction lysimeters (Soilmoisture Equipment Corp., Goleta, CA, USA). A vacuum of approximately 0.5 bar was applied to the lysimeters using a hand pump in order to collect percolating effluent (and rainfall recharge) from a horizontal depth plane within the vadose zone over a 24-h time frame. A total of 16 effluent samples (8 PE and 8 SE) and 65 soil moisture samples (34 from PE trenches and 31 from SE trenches) were taken in August 2016 and in February, March, and July 2017. The sampling depths, in which lysimeters were installed, ranged from 10 to 55 cm below the infiltrative surface at the base of the trenches. Most samples were taken within 1 to 15 m along the 20 m long trenches, except for one control sample was taken at 17.5 m which was known to be outside of the zone receiving effluent.



Samples for fluorometric analysis were kept in amber glass bottles to protect them from UV light. Water samples were filtered using 0.45-µm syringe filters (Sartorius Minisart RC) and refrigerated until spectral analysis later that same day. The DOC for all samples was determined using the high temperature combustion method (TOC-L, Shimadzu). Carbonates were removed as CO2 by sparging the acidified (HCl) sample.



All analyses were also carried out on Suwannee River Natural Organic Matter (SR-NOM, International Humic Substances Society, IHSS, RO isolation, Catalog #2R101N), which is commonly used as a reference for natural organic matter. For these samples, a solution at a concentration of 14 mg/L was prepared in distilled water.




2.2. Spectral Analysis


A LS55 Fluorescence Spectrometer (Perkin Elmer, Waltham, MA, USA) and a 10 × 10 mm Suprasil quartz cuvette (Hellma Analytics, Müllheim, Germany) were used for the fluorescence measurement. A slit width of 10 nm was used for all scans. Raw excitation–emission matrices (EEMs) were recorded at excitation wavelengths of λex = 230–455 nm in 5-nm increments and emission wavelengths of λem = 290–700 nm in 0.5 nm increments. For later correction, blank EEMs (as above) and Raman peak scans (λex = 275 nm, λem = 285–450 nm) of distilled water were collected daily. For the determination of humification and fluorescence indices, single emission scans were taken at λex = 254 nm, λem = 280–500 nm, λex = 370 nm, and λem = 400–700 nm.



Absorption spectra (λ = 230–700 nm in 1 nm intervals) were recorded using a Lambda 35 UV-Vis spectrometer (Perkin Elmer) and were corrected using distilled water as a blank. For all samples, the same dilutions as for the EEM recordings were analyzed and the same cuvettes were used.



A subset of unfiltered samples were also analyzed for the presence of fluorescent whitening compounds (FWCs) using the photodecay method described in Dubber and Gill [33]. The photodecay of the samples was measured in triplicate (and occasional verification with further 2 replicates). The ratio of the fluorescence signal reduction observed after 1 min to the reduction after 10 min of UV exposure was determined and samples with a ratio (1/10 min) > 0.25 are considered to contain FWCs [35]. See Figure S2 in the Supplemental Information for a schematic of the analytical procedure.




2.3. Data Processing and Analysis


2.3.1. PARAFAC Analysis


Using MATLAB R2016b and the toolbox drEEM 0.2.0 [36], data of all recorded EEMs were imported and arranged into a trilinear multi-way data array. Before performing the PARAFAC analysis, the dataset was pre-processed, corrected, and normalized according to the methods described by Murphy et al. [36]. A spectral correction of the raw instrument data in order to correct systematic biases was not necessary as this is done automatically by the LS55 fluorometer using an instrument specific correction matrix. However, in order to correct the data for inner filtering effects, the sample’s absorbance spectrums were used. In another pre-processing step, the data from Raman bands and Rayleigh scatter peaks were excised from the EEMs. Using the smootheem function (drEEM 0.2.0 toolbox), the missing data from secondary Rayleigh scatter and Raman peaks were interpolated. Finally, the data were normalized using the respective tool supplied with the drEEM toolbox which divides the data by the sum of the squared value of all variables for the sample.



PARAFAC models with four to seven components were computed for the EEMs. The number of components in the final PARAFAC model was selected based on the residual analysis. A further increase in the number of components was not considered where the sum of squared residuals in the excitation and emission scans showed only little improvement. The model was then validated using the split-half analysis, as described by Murphy et al. [36].




2.3.2. Fluorescence Indices


From the single fluorescence emission scans, the humification index HI [37] and the fluorescence index FI [29] were determined using Equations (1) and (2), respectively.


  H I =    ∫  435   480    F  254 ,  λ  e m     d  λ  e m      ∫  300   345    F  254 ,  λ  e m     d  λ  e m      



(1)






  F I =    F  370 , 450      F  370 , 500      



(2)








2.3.3. Principal Component Analysis (PCA)


A principal component analysis (PCA) was performed for all effluent and trench samples using the proportions of the 6 contributing fluorophores described by the PARAFAC analysis. The analysis was carried out using SPSS 22 with a covariance matrix and varimax rotation. The extraction of factors was performed based on an Eigenvalue > 1. Factor loadings for the variables as well as objective scores for each sample were extracted to create component plots and biplots, respectively.






3. Results


3.1. PARAFAC Analysis


From the PARAFAC analysis, a validated six-component model was obtained (Figure 1).



The proportional contribution of the PARAFAC model components C1 and C3 are positively correlated with the HI (r (84) = 0.66 and 0.74, respectively, with p < 0.001, see also Figure S3) so that these components can be assigned to sources with a high degree of humification. The fluorescence peak of aquatic humic-like material, observed in both marine and terrestrial FDOM, has been previously described to be at Ex/Em = 260/380–460 nm and 350/420–480 nm [38] which compares well with the excitation–emission maxima of C1 (Figure 1). However, fluorescence spectra maxima of soil samples have been observed at longer wavelengths than those of the aquatic samples [39]. This red shift is attributed to the presence of high-molecular weight fractions, electron-withdrawing substituents, and a higher degree of conjugation in the organic material [39]. The EEM of PARAFAC component C3 (Em/Ex 255/484 nm & 390/484 nm) has characteristics very similar to EEMs recorded for soil-derived humic acids (Em/Ex < 300/500 nm & 420/500 nm) and fulvic acid (Em/Ex 305/423 nm & 360/457 nm) [39,40], so that it can be assigned to condensed, aromatic, and chemically stable humic substances with soil as their likely source. Suwannee River NOM is isolated from a river in the US where terrestrial plant and soil OM are the dominant precursor sources of DOM and, hence, is representative of a terrestrially derived humic substances [29]. However, according to the IHSS, decomposing vegetation is believed to provide most of the DOC to its waters. C1 and C3 of the PARAFAC model represent 55.5% and 26.6%, respectively, of the fluorescent OM in the Suwannee River NOM samples which supports the assignment of these compounds to aquatic/terrestrial plant and soil humic substances, respectively. Furthermore, these two components or a combination of these peaks correspond well to humic-like PARAFAC components reported in earlier studies that applied these methods in aquatic environments such as watersheds and estuaries [32,41].



The PARAFAC component C4 exhibits fluorescence maxima at shorter excitation and emission wavelengths than C1 and C3, indicative of compounds with lower MW and aromaticity compared to humic-like compounds, which have been attributed in past studies to fulvic-like compounds [31,40]. The Ex/Em maxima of C4 indicates a higher contribution of microbially derived organic compounds whose emission maxima have been observed at shorter wavelengths as compared to the terrestrially derived intermediate breakdown organic substances [28,29] and so are likely to be derived from organics in the effluent.



The Ex/Em spectra of C5 indicates that this component could be a protein-like compound. Free tyrosine (tyr) has an Ex/Em maximum at 275/310 nm but tryptophan (trp) is also excited at 275 nm and emits at 340 nm [38]. Previous studies found that intact proteins containing both tyr and trp residues are generally dominated by trp fluorescence due to the higher quantum yield [42]. It was also shown that, in denatured proteins, trp emission is blue-shifted relative to its regular emission signal which would then consequently overlap with the tyr signal [42]. It appears that the PARAFAC analysis was not powerful enough to clearly distinguish between these two protein-like fluorophores and, as a result, C5 would represent a mix of these two protein-like compounds. However, trp has a second absorption maximum at 290–295 nm at which tyr has a much lower extinction coefficient [43] so that, at this excitation wavelength and an emission wavelength of around 350 nm, the observed fluorescence signal would be attributed only to trp, which is represented by component C6 in the PARAFAC model.



The PARAFAC component C2 has its Ex/Em peak at the exact same position (350/425 nm) as the fluorescent whitening compound DSBP (Distyrylbiphenylsulfonate), which is frequently and predominantly used in liquid washing detergents [33]. In this study, a subset of effluent and percolation trench samples was also analyzed for the presence of FWCs. Due to interferences with other organic material in the same emission range, i.e., from the more humified compounds (C1, C3 and C4), the photodecay method was used. Figure S3 shows the photodecay ratio plotted against the proportion of component C2. A very similar relationship and curve had been established by using the FWC and Suwannee River NOM, as shown in Dubber and Gill [35], which supports the indication that PARAFAC component C2 includes signals from FWCs. Furthermore, the householders confirmed the use of liquid washing detergent brands that are known to contain DSBP, so that FWCs are the likely source for the fluorescence signal attributed to component C2 (Table 1).




3.2. DOM Characterisation in Effluent and Trench Samples


In order to characterize the DOM composition and describe the transformation within the DWWTS, including the percolation area, only the results from the sampling in February and March 2017 were used. These were selected as being the most reliable and representative in terms of system functioning.



The results from the individual samples separated by the level of pre-treatment demonstrate that contributions from proteins (47%) were significantly higher (p = 0.046) in primary effluent than in secondary effluent (22%) (Table 2). Aerated secondary treatment caused the contribution of compound C5 (mixed tyr and trp) to decrease significantly (p = 0.009) while the contribution from microbially derived low-MW organics (C4) increased (p = 0.03). However, a significant removal of FWC was only observed in the soil (see C2 in Figure 2). As the primary effluent percolates through the soil beneath the trenches, the overall DOC removal is largely attributed to the removal of proteins (C5) as well as FWCs (C2) for which a significant reduction in fluorescence was observed. As a result, even though the total fluorescence intensity loading from the higher-MW, more decomposed, organics did not increase significantly (see C1 in Figure 2), their contribution increased from 4.1% to 22% (p < 0.001). This is also reflected in an increase in the HI (Table 2, p = 0.003). The FI also indicates higher aromaticity of humic substances in samples from percolation trenches compared to effluent samples (Table 2). A value of around 1.4 indicates terrestrially derived organic compounds of higher aromaticity whereas microbially derived organic compounds are characterized by an FI of around 1.9 and more aliphatic compounds [29]. It should be noted that some studies have used SUVA (254) to characterize changes in aromaticity. While SUVA can be used to estimate the proportion of aromatic C vs aliphatic C in OM, it cannot estimate humified compounds vs. proteins. Given that one aim of this research is to demonstrate the type of information that can be obtained from fluorometric methods, this SUVA analysis was not carried out. However, the combined use of absorbance/SUVA and fluorescent composition would yield valuable additional insights as it would include all absorbing organics (not just those that are fluorescent). Overall, it appears that the DOM composition in all trench samples was very similar regardless of whether they received primary or secondary effluent (Table 2, Figure 2). A statistically significant difference was only observed for the contribution of the protein-like compound C5 (p = 0.015), which was higher in PE trench samples (17%) than in SE trench samples (14%). In terms of the fluorescence intensity loadings, however, there were four significantly different components (C1, C4, C5, and C6, p ≤ 0.032) due to the overall significantly lower DOC in SE trench samples (p < 0.001).



Figure 3 shows EEMs of samples collected from Site 2 in March 2017. The selected EEMs are characteristic and representative for typical fluorescence profiles for PE, SE, as well as PE and SE trench samples. Based on other monitoring parameters, the biomat development was estimated to extend out to a maximum of 10 m along the trench. While most samples were taken within this range, soil moisture samples collected over time from a lysimeter installed at the end of the SE trench (17.5 m along the trench) had clearly indicated that it was located outside the effluent plume and was representative of more natural soil moisture conditions at the site; hence, it can be considered as a control soil sampling point. The sample from this position was characterized by a high HI (11.6) and high contributions of humified compounds (86%), which compares well to the organic composition of Suwannee River NOM (90%) (Table 2). The similarity with the Suwannee River NOM can also be seen in the EEMs in Figure 3. In comparison to the other SE trench samples which lie within the effluent plume, this sample had a significantly higher proportion of high-MW compounds (C1, p = 0.047) while protein-like compounds contributed less (C5, p = 0.02). Consequently, the sample’s organic matter also had a higher degree of humification (HI, p < 0.001).



The PCA found that two factors can be extracted that together explain 83% of the variance in the dataset (Factor 1: 46.5% and Factor 2: 36.5%). The highest factor loadings were obtained for the components C1 (high MW, high aromaticity), C5 (tyr & trp), and C2 (FWC) which are consequently most important to characterize the organic matter in DWWTS samples (Figure 4). The biplot (Figure 5) obtained from the PCA again highlights the similarity in OM composition between the sample from outside the plume and the Suwannee River NOM which are plotted very near to each other. Furthermore, no distinct clustering within the group of trench samples, neither with respect to effluent type nor sampling depth, can be observed. Furthermore, with a correlation coefficient ranging from −0.189 to 0.211, no significant correlation between components and sampling depth was found. These findings strongly indicate, therefore, that the biomat which forms underneath the percolation trenches is the key factor in OM transformation and that, after effluent has passed, the percolation through soil has a rather insignificant additional effect with only minor changes observed with depth.





4. Discussion


To investigate the DOM of influent and effluents from constructed wetland beds, Yao et al. [44] carried out a PARAFAC analysis and identified six fluorescent components very similar to the ones in this study. The study found two protein-like components, three components linked to natural humified decomposition, and one non-humified, synthetic organic component. The protein-like trp component was the dominant component in the influent DOM, which agrees with findings from primary effluents in this study. Trp is probably present as part of larger protein molecules but only three of the amino acids which make up proteins are fluorescent: the aromatic amino acids phenylalanine, tyr, and trp [43]. The latter two were also part of the fluorescence components found in both studies. However, the non-humified component that was found by Yao et al. [44] does not correspond to the FWC component (C2) in this study. Equally, Riopel et al. [45] used PARAFAC analysis to characterize NOM in raw sewage and effluent of a large-scale wastewater treatment plant (WWTP) applying a three component model which picked up higher-MW humified and protein-like components, consistent with those found in this study, but failed to isolate FWCs as an important fluorescence component [44,45,46]. Our study not only identifies FWCs as one of the fluorophores (C2) but further highlights its major contribution in primary and secondary effluent as the second highest (33%) and highest contributor (52%) to the fluorescence signal respectively (Table 2). This is somewhat expected as FWCs are commonly used as optical brighteners in washing detergents and end up in domestic wastewater through the greywater waste stream [35,47,48]. The findings in this study showed no significant removal during secondary treatment which resulted in FWCs becoming the highest contributor in secondary effluent. This is consistent with earlier findings where no biodegradation was observed in either aerobic biological wastewater treatment systems or during anaerobic sludge treatment [47]. Moreover, the primary removal processes for FWCs are known to be adsorption/sedimentation [47,49] which explains the observed removal in water samples from the percolation trenches (see Figure 2). This also explains why FWCs were not found to be particularly useful as fingerprinting technique for DWWTS effluent contamination in private wells (i.e., groundwater) [50].



Riopel et al. [45] found that signals of the FDOM components in the raw sewage had protein-like characteristics, followed by more humified decomposition characteristics. Conversely, after treatment, the FDOM signals were dominated by lower-MW aromatic compounds components derived predominantly from microbial activities, followed by approximately equal signals of more humified, higher-MW and protein-like components. This generally agrees with the observation in this study where the contribution from protein-like components decreased with treatment, while that of organic decomposition products increased. This shift in contributions can be explained with observations made in constructed wetlands which suggest that labile protein-like material is degraded more easily and that removal rates of humic-like compounds with a high degree of aromatic poly-condensation and chemical stability were relatively low compared to the lower-MW substances [44]. Overall, they detected an increase in the degree of humification which is also concordant with the observation in this study. Here, the removal of protein-like compounds and FWC resulted in a relative shift in contributions and increase in the higher-MW fractions that could be measured by the HI which increased consistently with higher degrees of treatment (Table 2). An alternative explanation, however, can be found in other studies that directly link the consumption of protein-like material with the concurrent production of DOM with more decomposed, humified characteristics [45,51,52]. Parlanti et al. [52], for example, studied the change in fluorescence spectra (EEMs) for macro-algae degradation in water and observed a characteristic sequential appearance and disappearance of different peaks at longer wavelength which suggested that the protein-like compounds (possibly from macro-algae cells and/or exudates) may be used to produce the other fluorophores and/or are undergoing a transformation/humification process.



Fox et al. [51] were able to demonstrate that common environmental bacteria can produce FDOM. This production can be mainly attributed to structural biological compounds, specific functional proteins, and/or metabolic by-products. In particular, the trp fluorescence peak, which is mainly of intracellular origin (>75%), can be used as measure of microbial activity and has been suggested as a rapid and reagentless method to determine wastewater contamination in water bodies and the microbial quality of potable water [26,53,54]. However, previous studies suggested that bacteria do not produce significant fluorescence signal at excitation wavelengths higher than 300 nm [42], Fox et al. [51] further observed an increase in MW, i.e., humic-like material that may be derived from either cell lysis or attributed to microbial metabolic by-products or extracellular proteins. This is further supported by Nielsen et al. [11] who found that, under certain environmental conditions, activated sludge bacteria produce extracellular polymeric substances (EPS) which have been characterized as containing significant concentrations of humic substances. Hence, an increase in higher-MW components in the present study could also partially be a result of bacterial production and/or die-off during (or after) the biological wastewater treatment processes within the septic tank and the soil treatment unit.



Riopel et al. [45] as well as Parlanti et al. [52] performed their experiments in a closed system so they could draw conclusions regarding OM transformation processes. Here, however, there is a net removal of FDOM and, hence, an increase in the relative contribution of one component does not necessarily result from an increase in that compound’s concentration. In fact, results from the fluorescence intensity loadings have demonstrated that removal (reduction in concentration) of specific components led to increased contributions of others without increasing their actual concentration (e.g., for FWCs). It appears that the removal of protein-like compounds did not necessarily coincide with an increase in the concentrations of higher-MW decomposed organic compounds in the percolation trench samples of the DWWTS. These compounds, however, could have been produced by the microbial activities within the biomat below the percolation trenches but might have been contained in that area due to adsorption to soil particles and therefore not picked up in the soil moisture samples.



The results from this study also suggest that, as well as the largest FDOM removal being attributable to the biomat, it has the most significant impact on the transformation processes of FDOM and hence on the FDOM composition of percolating effluent. Other studies have also indicated that most of the contaminant attenuation occurs within these first few cm depths beneath where the effluent infiltrates into the soil [6,7,8,9,10,16,17]. Field research on soil samples taken at and below the infiltrative surface have shown high concentrations of OM which declined rapidly within 1 to 2 cm of soil depth [8] while water samples of percolating effluent in the present study were extracted from depth ranging from 10 to 55 cm. Less degradable materials, such as the humified products of the organic decomposition process especially, can accumulate in soil pores which was found when investigating key agents responsible for long-term soil clogging in DWWTS percolation areas [13]. On the contrary, research from soil in agricultural catchments has also suggested that these higher-MW products could leach from soil, thereby representing another source for the FDOM in percolating effluents [41], especially after periods of higher precipitation.



Previous research suggests that fluorescence spectroscopy can be useful in the qualitative differentiation of DOM compounds from varying origins and even subcomponents with varying composition and functional properties [29,40,55,56]. High fluorescence intensities relative to the total OM content can generally be associated with low molar mass components, low condensation and low aromatic degree [56]. The chemical characteristics of microbially derived breakdown products in surface water vary depending on the type of precursor OM and the type of geochemical processes acting. Organics derived from plant litter and soils generally contain a higher content of aromatic carbon (25–30% of total C) than microbially derived organics (12–17% of total C) [29,55]. McKnight et al. [29] found a reasonable correspondence between aromaticity (determined using 13C-NMR) and the FI which suggests that the ratio may serve as a surrogate for general structural features of the carbon skeleton which are related to the source of OM. An FI of 1.3–1.4 indicates predominantly terrestrially derived organic decomposition products while an FI around 1.7–2.0 indicates a microbial origin [29]. Comparing the PARAFAC results in this study with the FI obtained for the different sample types (Table 2) supports the idea that FI could be used as a good measure of aromaticity and as an estimation for contributions from different origins for the humified breakdown substances. Both types of effluent samples had an FI of around 2 and were dominated by microbially sourced organic materials (protein-like and non-humified precursor compounds) which typically have a lower content of aromatic carbon. For the trench samples, the FI decreased to around 1.6 due to the increase in contributions from terrestrially derived organic decomposition compounds as well as humic substances from soil which would be expected to be of higher aromaticity. In comparison, the sample collected outside of the effluent plume had an FI of 1.58, and an FI of 1.15 was obtained for the reference Suwannee River NOM which had an even higher contribution of higher MW and aromaticity from chemically stable organics of a terrestrial origin (i.e., the soil), but with fewer carboxyls or hydroxyls than aquatic organic decomposition compounds, thus making it less polar [40].



This type of information about the composition and structural/functional properties of OM within the DWWTS percolation area, as obtained from the applied fluorometric methods, could be of great interest for studies regarding bacterial/viral transport and the effect that OM can have on bacterial attachment to soil particles. For example, the polarity and hydrophobicity of OM is thought to have a significant impact on such microbial transport. The sorption of highly aromatic and less polar DOM for instance would increase grain surface hydrophobicity and, thus, increase the sorption in hydrophobic entities [57], thus affecting bacteria and virus attachment depending on their surface properties, which varies amongst different strains. In another study, it was found that negatively charged and hydrophilic OM blocked virus sorption sites in the soil and hence facilitated excessive transport [23]. Other research [21] found that OM affected bacterial transport mainly through modification of the substratum’s surface charge. The sorption of DOM can alter the surface charge of bacteria and/or sediment which consequently changes electrostatic interactions (repulsion or adhesion) within the soil matrix, thus affecting bacterial/virus attachment to soil particles and transport.



Overall, this study demonstrates the high potential and suitability of fluorometric methods to be used for the characterization of fluorescent DOM in the context of DWWTS studies. These methods have yielded insights into how the nature of dissolved organic material in wastewater effluent changes as it percolates down through the biomat and underlying soil towards the water table, mediated by organic decomposition processes. This information can then be used to assess how such dissolved organic decomposition products might facilitate or constrain other contaminant transport processes. The traditional isolation procedures for DOM characterization require large sample volumes and are labor-intensive which is especially impractical in studies with many samples. The low processing time, sensitivity, and non-destructive nature of fluorescence techniques have been highlighted in other studies as distinctive advantages [29,37,40]. In addition, only a small amount of sample is required for these analyses which supports their practical applicability for studies of contaminant transport through the unsaturated zone where only a limited sample volume can be extracted from the soil.




5. Conclusions


In this study, the use and applicability of fluorescence spectroscopy and PARAFAC analysis has been shown with respect to the characterization of fluorescent DOM in septic tank effluent and its subsequent transformations as it passes through the biomat/biozone, infiltrating into the unsaturated zone beneath DWWTSs. The PARAFAC analysis has determined that a six-component model is appropriate whereby individual model components have been assigned to organic decomposition products, fluorescent whitening compounds (FWCs), and protein-like compounds. The applied fluorometric methods have shown that FDOM in domestic wastewater was characterized by protein-like compounds and FWCs and that, with treatment in the percolation area, protein-like compounds and FWCs are removed and contributions from terrestrially derived soil organic compounds increase, leading to a higher degree of humification and aromaticity. The results also suggest that the biomat is the most important element determining FDOM removal and consequently affecting FDOM composition.
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Figure 1. EEMs for the 6 components identified by PARAFAC analysis. 
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Figure 2. Total fluorescence intensity loadings for effluent and percolation trench samples from February and March 2017. C1 is attributed to HA, C2 to FWCs, C3 to soil HA, C4 to FA, C5 to protein-like (tyr & trp) compounds and C6 to tryptophan. 
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Figure 3. EEMs for primary, secondary effluent, trench samples and Suwannee river NOM. The selected examples are from Site 2 in March 2017. The “PE trench” sample was collected from 10 m, the “SE trench” sample from 1 m and the “End of SE trench” control sample from 17.5 m along the trench. 
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Figure 4. Factor loading for the variable components C1 to C6 from the PCA performed for all effluent and trench samples. 
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Figure 5. Biplot for primary effluent (PE) and secondary effluent (SE) trench samples from February and March 2017 using the relative proportion of the PARAFAC components as variables for the statistical analysis. S, M, and D indicates the sampling depth within the trench (S: <15 cm, M: 15–34 cm, D: 35–55 cm). For comparison effluent samples and Suwannee River NOM (SR-NOM) are included. 
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Table 1. Summary of fluorescence excitation–emission maxima (λex/λem) and source assignment of fluorophores for each component obtained from the PARAFAC analysis.
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	Fluorescent Component
	λex
	λem
	Description and Source Assignment of Fluorophores





	C1
	(250 nm)

335–350 nm
	422 nm
	High MW a, high aromaticity, chemically stable; from both, microbial and terrestrially derived DOM



	C2
	350 nm
	425 nm
	Fluorescent whitening compounds; here specifically DSBP



	C3
	(255 nm)

390 nm
	484 nm
	Very high MW a, condensed, aromatic and chemically very stable; derived from soil



	C4
	(240 nm)

310 nm
	385 nm
	Lower MW a and aromaticity; predominantly from microbial activities



	C5
	275 nm
	343 nm
	Protein-like; presence of amino acids tyrosine and tryptophan; intact and denatured proteins



	C6
	295 nm
	343 nm
	Protein-like; attributed to tryptophan; intact proteins from bacterial activity







a Molecular weight.
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Table 2. Average contribution [%] of the PARAFAC model compounds C1–C6, fluorometric indices and dissolved organic carbon (DOC) for effluent (PE = primary effluent, SE = secondary effluent) and percolation trench samples taken from both study sites in February and March 2017.
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	C1
	C2
	C3
	C4
	C5
	C6
	HI a
	FI b
	DOC [mg/L]





	PE
	4.1 ± 3.1
	32.9 ± 19.0
	7.2 ± 0.5
	8.9 ± 2.8
	43.3 ± 15.2
	3.5 ± 3.5
	0.91 ± 0.4
	2.06 ± 0.4
	62.97 ± 35.7



	PE trench
	22.0 ± 8.1
	13.4 ± 4.4
	14.3 ± 2.6
	20.4 ± 2.2
	17.0 ± 3.5
	12.8 ± 3.8
	3.05 ± 1.2
	1.58 ± 0.06
	10.47 ± 3.6



	SE
	2.2 ± 1.9
	52.4 ± 1.9
	9.1 ± 1.9
	13.8 ± 2.1
	14.0 ± 1.6
	8.4 ± 2.7
	2.45 ± 0.6
	2.22 ± 0.03
	17.45 ± 2.5



	SE trench
	25.7 ± 9.9
	13.5 ± 10.1
	13.9 ± 4.3
	19.8 ± 1.8
	13.9 ± 3.4
	13.2 ± 7.5
	3.77 ± 1.2
	1.63 ± 0.1
	5.87 ± 3.1



	Outside plume c
	48.2
	7.5
	17.9
	20.1
	4.4
	1.8
	11.56
	1.58
	3.57



	SR-NOM d
	55.5
	6.2
	26.6
	7.7
	5.7
	−1.7
	22.32
	1.15
	6.99







a Humification Index, b Fluorescence Index, c Sample taken from outside the plume, d IHSS Suwannee River reference material at concentration of 14 mg/L.
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