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ABSTRACT 

 

Effect of Soil Filtration and Ozonation in the Change of Baseline Toxicity in Wastewater 

Spiked with Organic Micro-pollutants 

 
 

Alexander Christopher Gan 

 
 
Bioassays for baseline toxicity, which measure toxicants’ non-specific effects, have been 

shown in previous studies to effectively correlate with the increased presence of 

pharmaceuticals, personal care products, endocrine-disrupting compounds, and other 

synthetic organics in treated sewage effluent. This study investigated how the baseline 

toxicity of anthropogenic compounds-spiked wastewater changed during the treatment of 

biofiltration and ozone oxidation, as measured by the bioluminescence inhibition of the 

Vibrio fischeri bacterium. The water quality parameters of dissolved organic carbon, 

seven common anions, and fluorescence spectroscopy were used to corroborate and 

collate with the toxicity results. Water quality was evaluated on two bench-scale soil 

filtration columns, which were configured for pre-ozonation and post-ozonation. Both 

systems’ soil aerobically removed similar amounts of dissolved organic carbon, and the 

reduction ranged between 57.7% and 62.1% for the post-ozonation and pre-ozonation 

systems, respectively. Biological removal of DOC, protein-like, humic-like, and soluble 

microbial product-like material was highest in the first 28.5 cm of each 114 cm-long 

system.  While bioluminescence inhibition showed that ozonation was effective at 

lowering baseline toxicity, this study’s bioassay procedure was a very poor indicator of 

soil filtration treatment; both system’s effluents were significantly more toxic than their 

non-ozonated influents.  
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1. INTRODUCTION 

The recent discovery of trace amounts of pharmaceuticals, personal care products, 

endocrine-disrupting compounds, and other synthetic organics in drinking water and 

treated sewage effluent (TSE), has raised great attention to understanding their potential 

impact to both human health, and our ecosystem [1, 2]. For convenience, all of these 

compounds are collectively referred to as organic micro-pollutants (OMPs) in this 

manuscript. Parallel with the advance in analytical and quantification technology, which 

allowed that historic detection, were discoveries of the impacts that some OMPs showed 

as chronic toxicants in harming aquatic wildlife [3, 4]. Others have warned about the 

hazardous potential that increasing use of OMPs could play, in subtly changing the 

Earth’s ecology, and have recommended further research into exploring the synergistic 

effects of complex OMP mixtures [5]. Curiosity about these effects impelled the present 

study’s research. 

These events have urged environmental science to observe the precautionary 

principle, and improve the various technologies used in sewage treatment plants (STPs) 

for reducing or removing OMPs [6]. Conventional coagulation, flocculation, filtration, 

disinfection, and activated sludge processes are reported with mixed and limited results 

for reducing OMP concentrations [7, 8]. Successful removal in drinking water treatment 

and STPs is reported to depend on the extent to which secondary and tertiary treatment 

technologies are used [9-12]. The tertiary technologies can be grouped into the 

categories of activated carbon adsorption, membrane filtration, ozonation, advanced 

oxidation, and biofiltration.  

The efficacy of these technologies for reducing OMPs is most frequently 

determined by quantifying the change in targeted contaminant concentrations using 

chromatographic methods [7, 13, 14]. Another method of determining the possible 

efficacy is by use of biological assays (bioassays), which measure the reactivity of 
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bioactive OMPs in their toxic effect to the target organism. Bioassays miniaturize the 

tests normally performed in ecotoxicological testing to efficiently utilize resources. Whole 

water testing with aquatic organisms (such as fish, water snails, plants) is a well-

validated method for determining the chronic toxicity of a sample, but is usually time 

consuming and requires large volumes of water samples [15]. As OMPs can be easily 

extracted from water samples by solid phase extraction (SPE), extracts can be tested at 

enriched concentrations in bioassays that measure acute toxicity over much shorter time 

periods [16].   

There are three main reasons why bioassays are useful in addition to 

chromatographic quantification of OMPs; (1) Metabolites of intentionally bioactive OMPs 

(e.g. analgesics, antidepressants, anti-inflammatory drugs), which may be formed during 

the tertiary treatment, are usually not quantified and have unknown toxic potentials [17, 

18]. (2) Mixtures of OMPs, with dissimilar modes of action, can produce a toxic effect 

greater than what could be predicted by concentration addition [15]. (3) The numbers of 

new OMPs being introduced to the environment increases yearly, such that the task of 

analytically quantifying every significant compound has become a massive problem of 

increasing complexity [19-21]. Used with this purpose, bioassays show the effect of the 

collective total OMPs, without identifying which specific pollutants cause the effect; 

chromatographic methods quantify only target components of the mixture, which might 

be composed of thousands of different compounds [22]. 

In 2008, Escher et. al. proposed and validated a mode-of-action based test 

battery, comprised of five bioassays, as an alternative method for measuring the 

performance of OMP reduction in STPs [16]. The bioassays measured different modes 

of toxic action using different tests; non-specific baseline toxicity with the 

bioluminescence inhibition test of the marine bacterium Vibrio fischeri; herbicides with 

the growth rate inhibition test of the green algae Pseudokirchneriella subcapitata; 
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insecticides with the inhibition of acetylcholine esterase activity; estrogenic effects with 

the yeast estrogen screen; and gentoxicity with the umuC test.  

The proposal was not novel in the usage of test batteries in screening for OMP-

like compounds. The approach of bioassay- or effect-directed analysis (EDA) began in 

the early 1980s, when bioassay test batteries were used in combination with 

physiochemical fractionation [20]. EDA was used to split aqueous samples into mode-of-

toxicity fractions. They were extracted on resin columns, and then sequentially eluted 

with solvents of increasing hydrophobicity. Each eluate would then be processed using 

analytical quantification, and was also applied to various bioassays. Further re-

fractionation and chemical/biological analysis would progress until specific contaminants 

were associated with their corresponding toxic effect [23]. This sequential process was 

one of the toxic identification evaluations (TIE) used by the U.S. Environmental 

Protection Agency (EPA) in their Effluent Testing Program [24].  

What was unique about the five-bioassay test battery, previously mentioned, was 

that its focus was not on EDA. The application of bioassays for EDA has been shown to 

be powerful in select cases at identifying previously-unknown and strong environmental 

toxicants. But EDA had high monetary and time costs, and frequently resulted in tests 

ending in “disappointment” [20]. Instead, this new test battery study focused only on 

monitoring the change in sewage treatment efficiency, as it removed trace organic 

contaminants. Historically, EDA was not used in monitoring OMPs, but focused only on 

stronger toxicants. This important distinction requires using the bioassay test battery not 

as an alternative technique to chromatographic quantification in itself, but as half of the 

analysis required to yield complementary information. This toxicity test battery was 

recently applied to other similar OMP detection applications: screening pharmaceuticals 

in urine and wastewater, monitoring the effect of ozonation and activated carbon 

filtration, the changing effect of antibiotics during application of the electro-Fenton 
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treatment, and upon all seven treatment barriers of the largest indirect potable water 

recycling scheme in Australia [18, 21, 25, 26].  

In 2011, Reungoat et. al. compared the performance of soil and granular 

activated carbon as bio-filtering media and assessed the influence of pre-ozonation and 

empty-bed contact time on the removal of OMPs [27]. They investigated the OMP 

removal efficacy by using both a chromatography method and the bioassay utilizing 

bioluminescence inhibition in V. fischeri. They chose to use that specific bioassay 

because it was found to obtain a measure of the sum of all OMPs in the aforementioned 

related studies, and it reacted non-specifically to all their chemicals. They found that 

direct filtration (without pre-ozonation) of TSE, through their biological activated carbon 

system, significantly reduced dissolved organic carbon (DOC) by 35-60%. A wide range 

of quantified OMPs were reduced by more than 90%, and baseline toxicity dropped by 

28-85%. They reasoned that toxicity reduction was lower than OMP reduction, due to 

transformation products formed during the biodegradation process, and other unknown 

natural organic toxicants.  

The Vibrio fischeri species was reclassified in 2007, following rRNA comparison, 

from the genus Vibrio to Aliivibrio [28]. However because related studies refer to the 

bacterium using its basonym, it is referred to in this manuscript as V. fischeri. Toxicants 

to V. fischeri include any compound that disrupts its cellular membranes, membrane 

enzymes, cytoplasm composition, and/or its electron transport chain. All these effects 

are all classified as contributing to “non-specific” baseline toxicity [29]. The V. fischeri 

bacterium is naturally bioluminescent, a trait that is directly linked to its normal cellular 

respiration and indirectly with its quorum sensing [30]. Any toxicant to these bacteria has 

therefore, the effect of lowering its luminescence intensity. The change in its light output 

correlates to the toxicity of the medium the bacteria are in. When  
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V. fischeri is tested in a series of varying sample concentrations, and plotted on a 

concentration-effect curve, its EC50 value can be calculated and directly contrasted to 

other samples. EC50 is the effective concentration of a toxic sample causing the 

bioluminescence light to be reduced by 50%. A key advantage of the V. fischeri test, 

compared to other bioassays, is that it requires less than an hour per sample analysis.  

The tertiary treatment category of biofiltration covers the specific technologies of 

soil filtration, biological activated carbon filtration, soil aquifer treatment (SAT), and 

managed aquifer recharge (MAR). Both soil filtration and ozonation are technologies that 

have been shown to effectively reduce many OMPs below their chromatographic 

detection limits [9, 14, 31, 32]. The present study was conducted at the Water 

Desalination and Reuse Center (WDRC), at the King Abdullah University of Science and 

Technology (KAUST) in Saudi Arabia. Special interest is paid at the WDRC to exploring 

the efficacy of soil filtration for OMP removal, due to this sewage treatment’s potential to 

be easily scaled-up into the larger applications of SAT and MAR within the country [33, 

34]. The present study was conducted as a branching investigation of a project directed 

by Min Yoon, a post-doctoral research scientist at KAUST.  

The parent study’s objective was to compare two similar bench-scale soil 

filtration systems in the context of OMP removal, and evaluate the added effect of pre-

ozonation and post-ozonation. Influents for both systems were spiked with 36 types of 

OMPs at equal concentrations, and the systems were maintained at similar operating 

conditions. Influent for one of the systems was then treated with ozonation, and the 

effluent water qualities of both systems were compared. Occasional effluent samples 

from the other system were ozonated, to contrast the pre- and post-ozonation treatment 

methods, in combination with soil filtration. 

In the present study, the author investigated the changing of non-specific toxicity 

in the parent study’s soil filtration and ozonation systems. While OMPs for the systems 
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were quantified as part of the parent study, such quantification was not in this study’s 

scope and is not reported here. Toxicity was quantified with the Microtox assay, which is 

based on the bioluminescence inhibition of V. fischeri. Various water quality parameters 

of the systems were also monitored, compared, and evaluated with the baseline toxicity 

results. The objective of this study was to evaluate and compare the performance of soil 

filtration systems in conjunction with ozonation, using the bioluminescence inhibition of 

V. fischeri as its main indicator. 

 

  



14 
 

2. MATERIALS AND METHODS 

2.1 Bench-scale soil columns 

Two bench-scale soil column systems (named ‘A’ and ‘B’) were focused on in this study, 

and were intended to simulate the first meter of depth as used in SAT systems. Each 

system was a linear series of four vertically-mounted borosilicate glass XK 50/30 

columns (GE Healthcare, Little Chalfont, United Kingdom). Only the inner space of the 

double-walled columns was used, which had an inner diameter of 5.0 cm and length of 

28.5 cm. Thin Teflon tubing was used to connect the columns together, via the provided 

flanges which attached to the end caps (Figure 1). Three sampling ports were located 

between each column in the setup series (labeled SP1, SP2, and SP3). These ports 

were installed such that their sampling diverted all of the flow out of the system, thus 

stopping liquid movement in the remainder of the system’s fluid path.  

Figure 1. Soil Column Systems (left: A, right: B) 
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 The columns were each packed with approximately 1000 g of fine (0.5 - 1 mm) 

silica sand (Filcom, Papendrecth, The Netherlands), and were wrapped in aluminum foil 

to impede algal growth. Bottom-up saturated flow through the columns was maintained 

at a loading rate of 0.62 ±0.02 m d-1. This flow configuration negated the blocking effect 

of air, which could be introduced when system tubing was changed or repaired. The 

hydraulic retention times of Systems A and B were determined as 16.5 and 19 hours 

respectively, by use of a potassium bromide tracer. Electrical conductivity in the 

systems’ effluents was measured and timed starting with the introduction of the tracer. 

The point at which the signal’s breakthrough curve started, and not its peak, was 

associated with tracer exiting the systems, due to the relatively large volume of water 

used to encase the conductivity probe for the test. 

 The systems were kept in a controlled temperature room at 22.5 °C for the entire 

duration of their operation. Systems A and B were initiated on 17 September 2011 and 

15 October 2011, respectively. Both sand-filled systems were washed with deionized 

water at a rate of 0.5 mL min-1 for one week, prior to changing the feed to TSE from the 

sewage treatment plant in Jeddah, Saudi Arabia (referred as JWW). This source was 

chosen to encourage growth in the systems’ sand with the typical microbial community 

of the region. Both systems’ intake feed containers were kept in a refrigerator chilled at  

6 °C. System influents were switched to a synthetic blend of TSE on 30 October 2011, 

as detailed later. Then, starting on 5 February 2012, the feed water for System A was 

changed to ozone-treated stock. System B continued to be fed with its original influent. 

System A influent refers here and in the rest of the manuscript to influent that was 

treated with ozone prior to introduction to the soil column, unless otherwise mentioned. 

 
 
 
 
 



16 
 

2.2 Sample collection 

There were four types of sample collection from the soil filtration systems. Three similar 

methods were used for the systems’ influent, effluent, and inter-system sampling ports. 

The fourth sampling method differed in that it collected significantly more sample for the 

Microtox bioassay, and was collected into a refrigerator. A sample of JWW was also 

collected for the bioassay, to provide for comparison of the systems’ samples to “normal” 

TSE. 

System influent and effluent samples of 150 mL were vacuum-filtered through 

0.45 µm cellulose nitrate membrane filters (Whatman, Dassel, Germany), transferred 

into acid-washed glass jars and stored at 4 °C until analysis. Effluent samples were 

collected at room temperature, during a duration of three hours. Influent samples were 

taken directly from their tanks in the refrigerator. As all further analysis (with exception of 

ion chromatography for anions) was conducted within one week, no preservative 

addition was considered necessary [35].  

 While the samples collected for the parent study began in October 2011, the data 

reported in the present study were selected for their relevance to the bioassay testing, 

which occurred in June and early July of 2012. A reported period of three months prior to 

bioassay sampling was chosen, such that the water quality samples span the beginning 

of March to the end of June, 2012. Prior to this period, system influent parameters were 

intentionally varied, and their effects are not in the scope of the present study. During the 

reported period, samples were taken three times weekly, on Saturday, Monday, and 

Wednesday. Additionally, every Monday samples from SP1, SP2, and SP3 were 

collected, to assess water quality at different stages in the column depths. 

During June, 2012, system effluent samples intended for Microtox analysis were 

collected on days between normal water quality sampling. They were collected at 6 °C in 

1000 mL quantities into acid-washed glass jars, during a duration of 20 hours. These 



17 
 

samples were filtered through 1.5 µm 934-AH glass microfiber filters (Whatman, Dassel, 

Germany) and processed by SPE within 12 hours of collection. Similarly, 1000 mL 

quantities of System B influent were created and used in SPE immediately after creation. 

Occasional effluent samples from System B were ozonated prior to SPE. 

 

2.3 Ozone 

Aqueous ozone stock was produced by mixing ozone gas into ultrapure deionized water 

(Milli-Q) that had been previously chilled to 2 °C. The Milli-Q was chilled in a Buchner 

flask immersed in an ice-water bath. Once sufficiently chilled, the ozone gas generator’s 

output nozzle was capped over the top of the flask, with a stainless steel diffusor 

attached to disperse the gas into the water. The ozone gas was generated by a LAB2B 

generator, fed with 99.99% oxygen, set at a flow rate of 1 L min-1, and variable output 

control level of 10 (Degrémont Technologies Ltd, Duebendorf, Switzerland). Ozone stock 

was prepared every two to three days, and the targeted aqueous ozone concentration 

was 32 ±3 mg L-1.  

Aqueous ozone concentration was determined by the indigo colorimetric method 

(Standard Method 4500-O3), and utilized multiple dilutions of the aqueous ozone for 

confirmation [36]. Once the ozone concentration was determined by this method once, 

its absorbance was contrasted spectrophotometrically at 258 nm (DR 5000 UV-Vis 

Spectrophotometer, HACH). This UV-258 nm absorbance value was then used to 

quickly confirm equal aqueous ozone concentrations in all subsequent stock creations. 

 

2.4 Test chemicals 

2.4.1 Organic micro-pollutants 
Thirty-six OMPs, listed in Table 1, were used to spike the influent for both systems. They 

were prepared en masse in Milli-Q every six to eight weeks, at a concentration of  
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10 mg L-1 per chemical. This stock was diluted into each system’s feed to result in an 

influent concentration of 500 ng L.1 per chemical. 

Table 1. Spiked Organic Micro-pollutants. 

  Name Type   Name Type 

1 

Acesulfame 
potassium Sweetener 19 Iopromide 

Contrast 
medium 

2 Acetaminophen 

Pain/fever 
reliever 20 Ketoprofen NSAID 

3 Amitriptyline Antidepressant 21 Methylparaben Preservative 

4 Atenolol Beta blocker 22 Musk ketone Artificial musk 

5 Atrazine Herbicide 23 Naproxen NSAID 

6 Benzophenone Sunscreen 24 Norfluoxetine Antidepressant 

7 Bezafibrate Fibrate drug 25 Oxybenzone Sunscreen 

8 BPA 

Plastics 
ingredient 26 Phenytoin Antiepileptic 

9 Caffeine Stimulant 27 Primidone Anticonvulsant 

10 Carbamazepine Anticonvulsant 28 Propylparaben  Preservative 

11 Clofibric acid Herbicide 29 Sucralose Sweetener 

12 DEET 

Insect 
repellent 30 Sulfamethoxazole Antibiotic 

13 Diclofenac NSAID 31 TCEP 

Reducing 
agent 

14 Diphenhydramine Antihistamine 32 TCPP 

Flame 
retardant 

15 Fluoxetine Antidepressant 33 TDCPP 

Flame 
retardant 

16 Gemfibrozil Fibrate drug 34 Triclocarban Antibacterial 

17 Ibuprofen NSAID 35 Triclosan Antibacterial 

18 Iohexol Radiocontrast 36 Trimethoprim Antibiotic 
 
 

2.4.2 Wastewater 
After the phase in which TSE from Jeddah was used to initiate bacterial growth in the 

systems, the influent stock was switched to a combination of another source of TSE and 

a synthetic wastewater (SWW) recipe, so that the chemical constituents could be held 

constant. Forty liters of this other TSE (referred to as KWW) was collected from the King 

Abdullah University of Science and Technology’s (KAUST) membrane bioreactor every 

two weeks.  
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 The SWW used in this study, shown in Table 2, was a modified version of the 

Syntho recipe, which was originally designed to mimic pre-settled domestic wastewater 

[37]. Production of the SWW was split into two parts; the first comprised chemical 

compounds and food ingredients (F&C), and the second with trace metals. F&C were 

first prepared every two weeks. After the DOC in this stock was discovered to degrade 

significantly in the last few days of the stock’s lifespan, the creation period was reduced 

to 10 days. For the first four months systems, Systems A and B were fed with influent 

made with F&C created in ultrapure water. Then, coinciding with the beginning of the 

ozonation phase, F&C created for System A was mixed into KWW (referred as F&C-

KWW) that had been 1.5 µm filtered. SWW for System B continued to be mixed in Milli-Q 

(then referred as F&C-MQ). The trace metals stock was prepared in Milli-Q once at the 

beginning of the study and was used throughout the entire experiment.  

 
Table 2. Synthetic Wastewater Recipe 

Chemical compounds mg L-1 

Urea 91.7 

NH4Cl 12.8 

Na-acetate 79.4 

Peptone 17.4 

MgHPO4.3H2O 29.0 

KH2PO4 23.4 

FeSO4.7H2O 5.8 

CaCl2.2H2O 121.5 

MgSO4 72.0 

Food ingredients  

Starch 122.0 

Milk powder (skim) 116.2 

Yeast 52.2 

Soy Oil 29.0 

Trace metals  

Cr(NO3)3.9H2O 77 

CuCl2.2H2O 53.6 

MnSO4.H2O 10.8 

NiSO4.6H2O 33.6 

PbCl2 10 

ZnCl2 20.8 
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2.5 System influent  

The main reason for using two systems in this study was to compare and contrast the 

effect of pre-ozonation versus post-ozonation on the final water quality, such that 

System B would be the experimental control for System A. In order to focus the results 

on only this difference, the goal was for both systems to have the same influent DOC 

(prior to ozonation for System A). Nine percent of System’s A influent was constituted 

with the ozone stock, such that the TSE was treated with 0.55 ±0.05 mg L-1 O3 per mg L-

1 DOC every time it was created. Occasional samples of System A’s influent were 

collected for assessing the water quality effects of ozonation prior to soil filtration. The 

solutions of F&C, KWW, trace metals, and the OMPs were mixed according to the 

amounts in Table 3. They were created anew and fed to the systems every three days. 

 
Table 3. System Influent Recipes (Total volume of 4000.0 mL) 

Constituent System A System B 

OMP stock 200.0 µL 200.0 µL 

F&C-KWW 200.0 mL N/A 

F&C-MQ N/A 200.0 mL 

KWW 3437.8 mL 3797.8 mL 

Ozonated Milli-Q 360.0 mL N/A 

Trace metals stock 2.0 mL 2.0 mL 

 
 

2.6 Analytical methods 

2.6.1 Dissolved organic carbon 
A TOC-V CPH Total Organic Carbon Analyzer (Shimadzu, Kyoto, Japan) was used for 

DOC quantification as non-purgeable organic carbon. Samples were previously 0.45 µm 

filtered immediately after sampling to minimize bacterial degradation, and were injected 

from an auto-sampler. DOC sampling was calibrated to a seven-point range between 0.5 

and 12.5 mg L-1, which was created anew weekly using a 1000 mg L-1 stock (Ultra 

Scientific, North Kingstown, USA). Ultrapure water (18.2 MΩ·cm, 3 ppb TOC) was 

generated by a Milli-Q Advantage A10 purification system (Millipore, Billerica, USA), and 
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was used for stock dilutions. A new DOC calibration curve (R2 ≥ 0.997) was created 

every one to two weeks. At least three selected standards were analyzed with each 

DOC batch as quality controls, and were used to generate a secondary calibration curve 

when the results deviated over 10% from expected values. Samples’ final values were 

calculated from the average of 3-4 automatic injections. 

2.6.2 Anions 
A ICS-1600 ion chromatography Dionex system with AS-DV Auto-sampler (Thermo 

Scientific, Riyadh, Saudi Arabia) was used to quantify samples’ concentrations of 

fluoride, chloride, nitrite, nitrate, sulfate, bromide, and phosphate. Samples were injected 

through a 250 mm IonPac AS15/AG15 column (Thermo Scientific) at 0.4 mL min-1 with a 

pressure of approximately 2000 psi and ion retardation was measured over a duration of 

27 minutes. The attached RFC-30 Reagent-Free Controller (Thermo Scientific) was 

used to automatically generate a potassium hydroxide buffer gradient that increased 

from 30.00 mM to 40.00 mM over 12 minutes during that duration. A DS6 conductivity 

cell measured the electrical conductance of the ions as they passed through the cell, 

and was set at 30 °C. 

Two fresh PolyVials and Filter Caps (Thermo Scientific) were used per sample. 

The first vial contained pure sample and the second was prepared as a 1:3 dilution to 

account for anion concentrations outside of the method’s calibration range (Table 4). 

The seven anions were calibrated to a six-point range (R2 ≥ 0.999) using the Seven 

Anion Standard II (Thermo Scientific). One known dilution of this standard was analyzed 

with each ion chromatography batch to validate the anions’ retention times. The 

calibration was adjusted monthly to correct for changes in the column’s ion retentions. 
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Table 4. Ion Chromatography Calibration Range 

Anion 
Calibration 

Range (mg L-1) 

Fluoride 0.002 – 10.0 

Chloride 0.01 – 50.0 

Nitrite 0.01 – 50.0  

Nitrate 0.01 – 50.0 

Sulfate 0.01 – 50.0 

Bromide 0.01 – 50.0 

Phosphate 0.02 – 100.0 

 

2.6.3 Ultraviolet Absorption 
A DR 5000 UV-Vis spectrophotometer (HACH Lange, Düsseldorf, Germany) was used 

to quantify ultraviolet-absorbing (UV) organic constituents at the 254 nm wavelength. 

Samples were measured relative to Milli-Q, and at 20 °C. A quartz cell with path length 

of 1 cm was used for all samples. Interferences were assumed to be minimal because 

the samples were previously 0.45 µm filtered at collection. 

 

2.6.4 Fluorescence  
A FluoroMax-4 spectrofluorometer (Horiba, Kyoto, Japan) was used to generate three-

dimensional fluorescence excitation-emission matrices (FEEMs). They were created by 

measuring the fluorescence emission spectra of a water sample at an offset of the 

emission wavelength minus the excitation wavelength [38]. The excitation range was 

240 nm to 500 nm, with an increment and slit width of 5 nm. The emission range was 

290 nm to 600 nm, with the same increment and slit width. Water samples were 

previously filtered at 0.45 µm and measured at 20 °C. FEEMs were generated once per 

week, and represented systems’ influent, effluent, and three inter-column sampling 

ports. 

2.6.5 Solid phase extraction 
In order to isolate and concentrate the OMPs from their wastewater matrix and attempt 

to focus the toxicity assay on only those compounds, water samples were processed 

through solid-phase extraction (SPE). An AutoTrace 280 SPE Dionex system (Thermo 
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Scientific, Riyadh, Saudi Arabia) was used to automatically process the loading and 

eluting of multiple samples at once. Oasis HLB 6 cc/500 mg extraction cartridges 

(Waters Corporation, Milford, USA) were used as the solid phase for all samples. Water 

samples, of 1000 mL in volume, were initially 1.5 µm glass-fiber membrane filtered.  

 Before each sample was extracted, the SPE system was washed with Milli-Q and 

analytical-grade methanol, and 30.0 mL of each was directed through each of the six 

parallel loading ports. At the beginning of each extraction, each cartridge was 

conditioned with 6.0 mL each of methyl tert-butyl ether (MTBE), methanol, and Milli-Q. 

Sample was loaded through each cartridge at a flow rate of 15.0 mL per minute. The 

loaded cartridge was then rinsed with 5.0 mL of Milli-Q and dried with nitrogen gas for 

60.0 minutes. Cartridges stored at -20 °C until elution. Labeling error was avoided by 

transferring each original label through the entire process, from the sampling container, 

to the extraction cartridge, and finally to its elution container. Extraction cartridges were 

also labeled numerically and cross-confirmed from their loading date’s journal entry. 

 Before each sample elution, the SPE system was washed following the previous 

wash method. Each cartridge was then dried with nitrogen gas for 20.0 minutes. 

Cartridges were eluted in two fractions; 6.0 mL each of methanol and a solution of 10% 

methanol in MTBE were sent through each cartridge. System syringes were washed with 

5.0 mL of each solvent type prior to their respective elutions. Conical 15 mL glass tubes, 

with Teflon-lined caps, were used to collect every sample’s eluate. Eluted samples were 

stored at 6 °C until preparation for the bioassay. 

 

2.7 Bioassay 

Related studies adapted the ISO standard method 11348-3, the V. fischeri bioassay, 

from the standard cuvette method to a 96-well microtiter plate test [22, 39].  The 

Microtox Model 500 Analyzer instrument (Strategic Diagnostics, Newark, USA), using 
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the standard cuvette method, was chosen as this study’s bioassay because of its simple 

all-inclusive configuration, self-calibrating photometer, and availability in the present 

study’s laboratory. The 500 Analyzer is a dual-purpose instrument which served as both 

the incubator for the samples and V. fischeri reagent, and as the photometer.  

The test solutions (Diluent, Osmotic Adjusting Solution, Reconstitution Solution), 

disposable glass cuvettes, and lyophilized V. fischeri reagents were also obtained from 

Strategic Diagnostics. Luminosity readings were sent via serial cable from the 

photometer to a computer running the Microtox Omni software, version 4.1, release 1. 

The software maintained the test database files, recorded luminosity readings from the 

Model 500 Analyzer, calculated concentration-dose curves, and reported EC50 

percentages for each sample when possible. The instrument’s incubator consists of 30 

cuvette-sized wells maintained at 15 °C for test samples, and one extra 5 °C well for the 

reagent (reconstituted V. fischeri stock).  

The 15 °C wells (Figure 2) were used to ensure that the samples, the samples’ 

dilutions, and bacterial luminescence were tested under identical conditions, and were 

used in all of the test protocols of this study. 

 
 

Figure 2. Microtox Model 500 Analyzer Incubator Wells 
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2.7.1 Bioassay test protocol 
The Organic Solvent Solubilization of Sample (OSSS) test protocol, an older Microtox 

method which utilized samples’ SPE extracts evaporated and reconstituted in methanol, 

was attempted at an early stage in this study, due to interest in sharing samples from the 

parent study. Adjustments to this protocol were attempted that raised the concentration 

of methanol in the tested sample from the prescribed 1% to 2%, 3%, and 4%, in order to 

determine if the toxic effect of the methanol was affecting or masking the toxic effect of 

the sample extract. The OSSS protocol was ultimately abandoned for a method that 

blended the standard cuvette protocol with the studies that utilized microtiter plates.  

To prepare eluted SPE samples for the Microtox test, each sample tube was gently 

evaporated to dryness (~ 2 hours) using nitrogen in a 33 °C water bath. Dry sample 

tubes were then reconstituted to a final volume of 5.00 mL with the Diluent solution, 

capped, and vortex mixed. The target SPE enrichment factor for the system influent and 

effluent samples was 200, and was calculated by eqn (1). 

                     
                          

                              
  (1) 

The procedure of the testing protocol finally chosen is detailed below, and it utilized a 

slight modification of the published Microtox 81.9% Basic Test. Micropipettes with new 

tips were used for all Diluent, Reconstitution Solution, sample, and reagent transfers and 

dilution mixing.  

1. Disposable glass cuvettes were placed in incubator wells and reagent well as 

shown in Figure 3. Two cuvettes were required per dilution, including blanks, 

such that the analysis with one blank and nine dilutions required 20 cuvettes 

placed in the 15 °C incubator wells A1 through A5, B1 through B5, C1 through 

C5 and D1 through D5. An additional cuvette was placed in F3 for later reagent 

dilution. 
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Figure 3. Cuvette Placement 

 
2. 1000 µL of Reconstitution Solution was added to the cuvette in the reagent well 

and was undisturbed for at least five minutes to allow it to reach the desired 5 °C. 

3. 1500 µL of Diluent was added to the cuvette in F3. 

4. 1000 µL of Diluent was added to the 19 cuvettes of A1 through A5 and C1 

through C4, as shown in Figure 4. 

Figure 4. Diluent-filled Cells 

 
 

5. 2000 µL of sample extract was added to the cuvette in C5. 

6. Eight 1:2 serial dilutions were created by transferring and mixing 1000 µL of 

liquid from: C5 to C4, C4 to C3, C3 to C2, C2 to C1, C1 to A5, A5 to A4, A4 to 

A3, A3 to A2. 1000 µL of liquid was then discarded from A2, as shown in Figure 

5. A1 was unmodified and was the negative control (blank) for each sample.  

 
 
 
 
 



27 
 

 
Figure 5.Serial 1:2 Sample Dilutions 

 
 

7. The V. fischeri source used for every sample was the Microtox Acute Toxicity 

Reagent, and each reagent vial was removed from its -20 °C freezer immediately 

before reconstitution. Each vial was shaken and tapped to seat the pellet of 

bacteria on the bottom of the vial prior to opening. The precooled cuvette of 

Reconstitution Solution was then poured into the reagent vial, the vial was 

swirled three or four times, and the mixture was poured back into the cuvette and 

returned to the reagent well. Each Acute reagent vial was used for a maximum of 

three hours of testing, as recommended by the manufacturer.  

8. Prior to its use for every sample, the bacteria in the reagent well were mixed by 

aspirating and dispensing half of its solution at least 10 times within its cuvette. 

This ensured an even suspension of bacteria utilized in all the tests. 

9. 150 µL of the bacteria solution was transferred from the cuvette in the reagent 

well to the cuvette in F3 and mixed. 

10. 100 µL of the diluted reagent from the cuvette in F3 was transferred to the 

cuvettes in B1 through B5 and D1 through D5, as shown in Figure 6. 
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Figure 6. Diluted Reagent to Cuvettes 

 
 

11. A resting period of 15 minutes (as recommended) was given to allow all the 

samples and bacteria in the incubator wells to reach the same temperature of  

15 °C.  

12. The cuvette from B1 was transferred to the Read well, and the Set button was 

pressed, to set the base line luminosity reading. 

13. The following values were used as settings in the Microtox Omni software: 

a. Test Setup tab: “1” used for all fields. 

b. Dilution tab: Nine dilutions of a dilution factor of two, with an initial 

concentration of 90 %. 

c. Times tab: 5, 15, and 30 minutes. 

d. Advanced tab: One incubator. 

14. The “START” button in the Microtox Omni software was pressed, and cuvettes 

were transferred from rows B and D and read using the analyzer as prompted. 

Pressing the “READ” button on the analyzer sent a luminosity signal (to the 

hundredths decimal place) to the software for processing. Luminosity signals 

(displayed to the ones decimal place) were also read from the Analyzer’s screen 

and recorded separately to provide back-up in case of software or computer 

malfunction during the testing period. 
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15. After reading all 10 wells, 900 µL of samples were immediately transferred in 

succession from: A1 to B1, A2 to B2, A3 to B3, A4 to B4, A5 to B5, C1 to D1, C2 

to D2, C3 to D3, C4 to D4, and C5 to D5 (Figure 7). 

Figure 7. Sample Transfer to Reagent 

 
 

16. The “START” button in the Microtox Omni software was pressed after the C5 to 

D5 transfer, to start the software’s timer. A separate 30-minute timer was started 

simultaneously for back-up. 

17. Cuvettes from rows B and D were transferred to the read well and their 

luminosities were measured at the time intervals of 5, 15, and 30 minutes. All 

readings from the Analyzer’s screen were recorded separately as well.  

 
The 1:2 serial dilutions tested each sample across nine SPE enrichment factors, as 

shown in Table 5. The first sample tested with each Acute reagent vial was a phenol 

stock solution previously created in Diluent. Phenol served as each reagent’s positive 

control and its toxicity results were monitored throughout the study for QA/QC, as 

suggested by the Microtox manufacturer. While similar studies reported using 30 

minutes as their toxicity endpoint, data in this study was collected and processed for all 

three time intervals. Duplicates were analyzed on samples selected as either 

categorically significant or with 95 % confidence interval (CI) factors greater than a value 

of 1.3. For samples that were duplicated, the replicate with the lower 95% CI factor was 



30 
 

reported. Not all samples were duplicated because of the time limitation imposed with 

receiving additional Acute Toxicity Reagent late in the study. 

Table 5. Enrichment Factors of Bioassay Dilutions 

Analyzer 
Well 

D5 D4 D3 D2 D1 A5 A4 A3 A2 

Enrichment 
Factor 

180 90 45 22.5 11.25 5.625 2.813 1.406 0.7031 

 
 

To speed overall testing, immediately after step 16 in this study’s procedure, the 

used cuvettes from A1 through A5 and C1 through C5 were discarded and cuvettes from 

rows B and D were transferred to rows E and F, respectively. Also during the time before 

the 5-minute interval, steps 1, 4, and 5 were carried out for the next sample. Between 

the 5 and 15-minute interval, step 3 was performed in the Read well, which is also 

maintained at 15 °C. Then, steps 6 and 8-10 were finished for the next sample. This 

allowed the duration between the 15 and 30-minute interval for the first sample to also 

serve as the temperature-equalizing period (step 11) for the next sample. Using this 

method, up to five samples (including the phenol QA/QC) were measured per vial of 

bacterial reagent. 

2.7.2 Toxicity interpretation 
The key limitation with reporting effect-based bioassay results found in experiments like 

the present study is interpreting and communicating the results. The initial result 

obtained from the Microtox concentration-effect curve is its ECp value, which is a 

percentage relating the concentration of the sample required to reduce bioluminescence 

by p%. Studies which used SPE, like this one, then multiply that percentage to the SPE 

enrichment factor, to determine the enrichment of the original sample necessary for p% 

inhibition. The half maximal effective concentration (EC50) used here was the most 

frequently used ECp in related studies [23, 27, 40, 41].  

For example, an EC50 of 10%, using the present study’s SPE enrichment factor 

of 200, means that the original water sample’s toxicants would have to be amplified 20 
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times to yield 50% of the maximum bioluminescence inhibition. Its concentration factor 

(CF) would be reported as 20. With the same SPE enrichment factor, another sample 

resulting in an EC50 of 50% would require an amplification of 100 times (CF = 100) to 

yield the same effect. As such, result interpretation may be initially counter-intuitive, as 

higher EC50 values actually correspond to samples with lower toxicity. Also, EC50 values 

close to and higher than 100% will also result in a very large 95% CI factor. A sample’s 

dilution series must have had at least one concentration on either side of the final EC50 

in order for the model’s 95% CI to be in the range of statistical significance [29].  

Other studies have applied the toxic equivalency factor (TEF) concept to this 

bioassay in order to convert the EC50 value and report results in toxic equivalent 

concentrations (TEQ) [16, 21, 22, 25, 27]. The TEF factor was previously only used in 

reporting toxicants that acted via receptor-mediated mechanisms. Escher et. al. (2008) 

adapted the concept to non-receptor-mediated baseline toxicity, by referencing samples 

to a “virtual” OMP with a molecular weight of 300 g mol-1 and an octanol-water partition 

coefficient logKow of 3 [22]. Its EC50 was derived from quantitative structure-activity 

relationships (QSAR) with a series of real baseline toxicants. The major assumption in 

using the TEF concept with this bioassay was that concentration-effect curves of the 

virtual reference and samples were assumed to be parallel. Baseline toxicity was 

expressed using calculated TEQ in these studies to easily compare with their OMP 

quantification results.  

As OMP quantification was not in the scope of the present study, the CF value 

was chosen to report sample toxicity. CF represents how richly the pre-SPE sample’s 

toxicants would have to be concentrated to yield the 50% toxic endpoint [15]. Samples 

with higher CF correspond to lower relative toxicity; lower CF corresponds with higher 

relative toxicity. Samples’ CF values are reported in the present study with their 95% CI 

factor. A sample’s CF divided by its 95% CI factor yields the lower value of the 
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confidence interval; multiplication yields the upper value. The closer a reported 95% CI 

factor was to 1.000, the more statistically reliable the CF was. Additionally, CF values 

greater than 180 were less reliable, as their EC50 values were extrapolated from 

inhibition values less than 50%, which were within the dilution range. 

2.8 Cleaning methods 

When made necessary by clogging, the tubing connecting the individual columns of the 

systems were cleaned with deionized water and compressed air, or replaced entirely. 

Volumetric glassware, sampling bottles, and stock containers were rinsed with Milli-Q 

prior to use. All volumetric glassware, sampling bottles and caps, stock containers, SPE 

tubes, and DOC vials were detergent and acid-washed, and dried using an 815 LX 

underbench glassware washer (Lancer, Cambridge, United Kingdom). Only new and 

unused volumetric pipettes, microliter pipette tips, glass microfiber filters, cellulose 

nitrate membrane filters, and Microtox cuvettes were used for their respective liquid 

types. Containers used to collect KWW were rinsed between collection times with 

deionized water in the lab, and then rinsed with effluent on-site just prior to collection.  

 After machine washing and drying, the DOC vials were heated in a muffle 

furnace at 450 °C for two hours, and then stored inverted at room temperature [42]. Vials 

were labeled and arranged empty in the auto-sampler cartridge, and then filled 

according to a pre-determined order, to avoid cross-labeling error. They were also 

capped with aluminum foil to prevent contamination, as samples remained at 20 °C in 

the auto-sampler for up to 15 hours prior to analysis.  

  After machine washing and drying, the SPE tubes were rinsed two to three times 

with methanol and heated in a muffle furnace at 120 °C. The caps for the SPE tubes 

were soaked in methanol for between three to six hours, rubbed with a delicate task 

wiper, and heated in a muffle furnace at 100 °C for two hours. The SPE tubes and caps 

were stored in an incubator at 69 °C until use.   
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3. RESULTS AND DISCUSSION 

3.1 Non-specific toxicity 

3.1.1 Influence of soil filtration and ozonation on toxicity 
Toxicity results for the systems’ influent, effluent, and related samples are shown for all 

three time-endpoints in Table 6, and are displayed as the CF required for EC50. Milli-Q 

was processed through the same SPE loading, eluting, and extract-reconstitution 

procedure as the system samples, to measure the extent to which the process itself 

contributes baseline toxicants. A batch of System B influent without OMP stock addition 

was analyzed to assess the effect of the water matrix on overall toxicity. JWW was also 

analyzed, for comparison to “typical” TSE. 

 As noted earlier, CF values reported to be higher than 180 were statistically 

unreliable because of the upper limit of the dilution range used in the bioassay 

procedure; when the samples’ SPE enrichment of 200 was added to reagent in step 15, 

it was diluted to an enrichment of 180. Higher bioassay enrichment values would have 

been possible if either the original sample volumes were increased, or the final extract 

volumes were decreased. The volumes used in this study were chosen to fit the 

systems’ flow rates and to allow for duplicates in the bioassay. 

Some CF values were interpolated above 180 because their highest observed 

inhibition effect in the sample’s dilution range was less than 50%. Those interpolated 

values are not displayed due to their very large 95% CI. The highest percentage effect of 

these samples are displayed for each of the endpoints instead. It was possible to 

calculate statistically confident EC20 values for these samples, but they were not able to 

be compared with the other samples; EC20 values for the systems’ effluent samples 

could not be confidently calculated because their lowest effects were greater than 35%. 
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Table 6. Systems’ A & B and other Toxicity Results 

System or 
Sample 

Type 
Specific 
Sample 

5  
minute  
CF for  
EC50 

95% 
CI 

Factor 

15 
minute 
CF for 
EC50 

95% CI 
Factor 

30 
minute 
CF for 
EC50 

95% 
CI 

Factor 

Milli-Q 

 

CF > 180  
Highest % effect for 5, 15, 30 minutes: 26.07, 31.45, 34.56 

A 
Influent 

20-June 
CF > 180  

Highest % effect for 5, 15, 30 minutes: 24.11, 32.09, 39.26 

1-July 
CF > 180  

Highest % effect for 5, 15, 30 minutes: 8.28, 16.73, 29.93 

B 
Influent 

20-June 131 2.067 109 1.655 96.2 1.849 

1-July 122 1.179 102 1.178 88.6 1.207 

1-July  
No OMP 131 1.514 105 1.153 87.8 1.158 

A 
Effluent 

3-June 5.76 1.407 4.96 1.848 5.488 1.977 

10-June 13.1 1.275 8.85 1.481 8.102 1.663 

15-June 4.59 1.213 3.81 1.472 4.24 1.642 

B 
Effluent 

3-June 6.50 1.393 5.72 1.885 6.22 2.000 

10-June 16.0 1.101 12.3 1.335 11.0 1.477 

15-June 7.55 1.227 5.86 1.452 5.65 1.609 

B Effluent 
Ozonated 

4-July 
Highest effect: 

35.96% 159 1.505 116 1.352 

5-July 
Highest effect: 

39.54% 132 1.405 97.3 1.340 

JWW 6-June 34.5 1.090 29.0 1.117 27.1 1.157 

 
 
 As a reminder, samples with a lower CF were relatively more toxic than ones with 

higher CF. It was expected that the Milli-Q sample would not exhibit toxicity, and that 

System A influent, and ozonated System B effluent samples could potentially have 

relatively low toxicity; the possible presence of disinfection byproducts resulting from 

ozonation were expected to contribute some toxic effect. This proved to be partially true, 

as the Milli-Q and System A influents had their highest bioluminescence inhibition effect 

below the 50% cutoff. Milli-Q appeared to have a similar toxic effect as System A’s 

influent for 20 June 2012; This means that toxicants resulting from the ozonation of the 

system’s influent are indistinguishable from toxicants introduced during the SPE and 
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enrichment procedure. Toxicants in the non-ozonated System B influent however, 

surpassed the toxic effect seen in the processed Milli-Q samples. While ozonated 

System B effluent was less toxic than its non-ozonated counterpart by a CF range of 

86.3 to 110.6, it was still more toxic than (ozonated) System A influent. This indicates 

that biofiltration through the system’s columns may have contributed toxicants that could 

not be completely nullified by ozonation. 

It was also expected for the effluent extracts from both Systems A and B to be 

lower in toxicity than their influent at the 30-minute endpoint, as was observed in another 

biofiltration study [27]. Peculiarly, this expectation was nowhere close to what was 

observed. Non-ozonated effluent extracts from both systems were found to be 

consistently, and with good statistical confidence, to be significantly more toxic than their 

influent extracts for all endpoints.  

The effluents from both systems resulted in similar toxic concentration factors, 

and were not statistically different from each other. Effluent from System B was more 

toxic than its influent by a CF of 118 ±10.4, 97.4 ±6.91, and 83.2 ±6.24 for the 5-, 15-, 

and 30-minute endpoints, respectively. Effluent from System A could not be accurately 

compared to its influent, due to the statistical unreliability of its influent toxicity. With only 

a few outliers, it was observed that samples generally increased in toxicity with time 

during each sample analysis. 

3.1.2 Bioassay and method sensitivity 
As shown in Table 6, the System B influent created without OMP stock appeared to 

prove less toxic at the five and 15 minute endpoint, than its normal influent. The 95% 

confidence intervals for this data however, cover a range larger than the reported 

toxicities. Therefore statistically, that appearance is unreliable, and cannot evaluate 

whether the test was sensitive enough to detect the OMPs in the original sample. 



36 
 

Further duplicates of these two sample types may clarify the sensitivity of the bioassay 

to this study’s OMP spiking method. 

Surprisingly, many of the toxicity observations were converse to what was 

expected, so extra sample types were analyzed to test the limit of the procedure. The 

OMP stock was analyzed directly (without SPE) using the Microtox 81.9% Basic Test 

protocol, and its results are shown in Table 7. The present study’s normal influent was 

designed with a target OMP concentration of 500 ng L-1, or 0.0005 mg L-1 (section 2.4.1). 

As a “stress” test, samples were processed via normal SPE with the OMP spike 

increased by a factor of 20, to 10 000 ng L-1, or 0.01 mg L-1. With the assumption of 

complete SPE recovery, theoretical OMP concentration in the SPE extract would be 2.0 

mg L-1. These concentrated-OMP samples’ results are shown in Table 8. 

 
Table 7. OMP Stock EC50 Concentration 

5 minute 
(mg L-1) 

95% CI 
Factor 

15 minute 
(mg L-1) 

95% CI 
Factor 

30 minute 
(mg L-1) 

95% CI 
Factor 

0.99 1.269 1.26 4.093 1.34 1.356 
 
 
 

Table 8. Toxicity Results for Samples with Concentrated OMP Stock 

Sample 
5 minute 

CF 
95% CI 
Factor 

15 minute 
CF 

95% CI 
Factor 

30 minute 
CF 

95% CI 
Factor 

Milli-Q without OMP 422 1.201 294 1.085 253 2.767 

Milli-Q with extra OMP 185 1.304 224 1.422 255 3.827 

KWW without OMP 172 1.22 152 1.22 142 1.256 

KWW with extra OMP 77.4 1.155 85.3 1.052 87.1 1.122 

 
 

The key conclusions from the results shown above are that the OMPs were most 

toxic at earlier endpoints in the bioassay, which contradicts the trend seen in Table 6. 

This differences indicates either that the present study’s bioassay sensitivity to OMPs 

were substantially lower than expected, or that the specific mixture of OMPs used in this 

study are not sufficiently toxic. As OMP recovery following SPE was not able to be 
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tested in this study, these extra results cannot be contrasted to the OMP stock data of 

Table 7. Despite this shortcoming, these results show that the present study’s 

procedure, which was based upon the standard cuvette protocol, was able to show the 

effect of OMPs in TSE; the sensitivity of the bioassay however, was lacking the strength 

that was expected.  

The key differences between previous related studies and the present study were 

the instruments used for bioluminescence detection and the source of the V. fischeri 

bacteria. The study that first proposed the mode-of-action, five-test bioassay battery 

validated their adaption, of the ISO 11348-3 cuvette test, to use of 96-well microtiter 

plates by theoretical QSAR models in comparison with phenol [16]. The study that 

assessed the performance of soil filtration versus granular activated carbon for toxicity 

removal used phenol as their reference, and they found its EC50 to be 130 mg L-1 [27]. 

The present study found its bioassay QA/QC sample (phenol) to have an EC50 of 28.7 

±2.1 mg L-1 at the five minute endpoint, which is within Strategic Diagnostic’s 

recommended optimal range. This could mean that the mitrotiter plate method had a 

substantially different sensitivity than the method used in the present study. 

 All of these previous studies obtained their lyophilized V. fischeri from Dr Lange 

in Germany, which sells the bacteria as part of their company’s LUMIStox test. 

Lyophilized bacteria used in the present study were obtained from Strategic Diagnostics 

in the US. Assuming that the miniaturization of the test to the microtiter plate did not 

affect the bacteria’s overall sensitivity, another possible reason for the surprising toxicity 

results is the different sources from which V. fischeri was obtained. The necessary 

equipment and reagents were not available at the present study’s laboratory to test 

these theories. 
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3.2 Dissolved organic carbon 

3.2.1 System variations 
Despite efforts to maintain both systems with equal DOC in their (pre-ozonated) 

influents, experimental and degradation errors prevented this design criteria. Instead, as 

shown in Figure 8, and further explained in the first three rows of Table 9, the DOC 

concentrations of the two systems’ influents just prior to introduction (and after ozonation 

for System A) to the soil columns were more similar. Occasional analysis on the F&C 

stock solutions found that degradation during the last few days of refrigerated storage 

could have contributed up to a 30% decrease in system influent DOC. Yeast, which was 

a constituent in both F&C stocks, was likely the main contributor to the degradation 

error. Further experimental error may have been introduced by a fluctuation in the water 

quality of the KWW. As previously mentioned, KWW was sourced from a membrane 

bioreactor every two weeks. The KWW collected on the 12 and 26 of May 2012, 

measured as 53% and 35% higher in DOC concentration respectively, as compared to 

the usual 1.74 ±0.12 mg L-1. This could also have changed the types of organic matter 

fed to the systems between 12 May and 9 June, 2012, as DOC removal was impaired in 

both systems during that time period.  

 
Table 9. Average and Standard Deviation of DOC Concentrations (March to June, 2012) 

 
Sample 

Number 
of samples 

Average DOC  
(mg L-1) 

System A Influent (before ozonation) 11 5.27 (±1.13) 

System A Influent 47 4.81 (±1.03) 

System B Influent 47 *4.02 (±1.03) 

System A Effluent 47 1.65 (±0.4) 

System B Effluent 47 1.97 (±0.5) 

System B Effluent after ozonation 9 1.7 (±0.37) 

*Note the 23.7% reduction as compared to pre-ozonated System A 
influent, as influenced by unwanted degradation. 

 



Figure 8. DOC between March & June, 2012 

 

0 

1 

2 

3 

4 

5 

6 

7 

3/3 3/10 3/17 3/24 3/31 4/7 4/14 4/21 4/28 5/5 5/12 5/19 5/26 6/2 6/9 6/16 

D
O

C
 (

m
g 

L-1
) 

System A 
Influent 
(ozonated) 

System A 
Effluent 

System B 
Influent 

System B 
Effluent 



3.2.2 DOC reduction by filtration depth and ozonation 
Using the pre-ozonation values shown in Table 9, DOC was removed by 57.7% and 

62.1% by the complete post-ozonation and pre-ozonation processes, respectively. 

DOC in System A’s influent was reduced by 8.7% after ozonation. DOC in System B’s 

effluent was reduced by 13.5% after ozonation. Effluent and system port removals of 

DOC are shown in Figure 9 and Table 10, respectively.   

Despite that System A influent was often higher than System B influent, pre-

ozonation appeared to modify the resulting organic carbon, allowing it to be more readily 

biodegradable, as shown by its higher removal in Figure 9. This transformation was 

observed previously in a similar study that used dosed ozone in the range of the present 

study [11]. They found that 100-500 µg L-1 assimilable organic carbon was produced by 

ozonation, and was subsequently eliminated by 10-50% in soil filtration. 

 
Figure 9. Entire System DOC Removal 
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Table 10. System Sampling Port Average DOC Removal over 16 Weeks (%) 

 System A System B 

SP1 57.0 ±9.7 50.6 ±14.7 
SP2 58.9 ±9.8 49.6 ±14.0 
SP3 60.0 ±9.1 49.8 ±15.2 
System Effluent 62.1 ±9.8 52.9 ±12.3 

 

3.3 Fluorescence emission and ultraviolet absorption 

System FEEMs were generated once weekly during the testing period, to visually 

represent the changing water quality at five points in the column depth; Influent, SP1, 

SP2, SP3, and effluent samples for each system are displayed in Figure 12 and Figure 

13. The samples for 11 June 2012 were chosen to be reported here because they both 

epitomized the normal FEEM results, and because that date was within the bioassay 

sampling test range. Ozonated System B effluent from 9 June 2012 was displayed in 

Figure 13 because System B effluent was ozonated only once each week, and that 

sample most represents what 11 June 2010 effluent would have been like. Additional 

FEEMs are found in Appendix A. 

 Unfortunately, it was only after all samples had been processed that the author 

learned that fluorescence response becomes nonlinear as DOC concentrations increase 

to a few mg L-1 [43]. Samples should have been diluted to 1 mg L-1 DOC prior to testing 

[44]. Because of this procedural error, influent samples between Systems A and B 

cannot be confidently contrasted, as their DOC was usually close to 4 mg L-1. System 

effluents for the FEEMs reported here however, were very close to 1.4 mg L-1, so 

comparison is possible (Table 11). It was additionally assumed that metal complexation 

would be low enough that samples did not need to be previously acidified. 
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Table 11. DOC Concentrations for 11 June 2012 FEEMs 

System A 
DOC 

(mg L-1) System B 
DOC 

(mg L-1) 

Influent 3.987 Influent 4.142 

SP1 1.477 SP1 1.529 

SP2 1.369 SP2 1.504 

SP3 1.335 SP3 1.443 

Effluent 1.420 Effluent 1.445 

Influent before 
ozonation 

4.688 Effluent after 
ozonation 

1.537 

 
 According to an interpretation of FEEM for sewage treated by SAT, each matrix 

is visually divided into three zones that represent protein-like, humic-like, and soluble 

microbial product-like material [43].  System A’s most drastic effect was the complete 

reduction of fluorescence emission for all three types of material, following the ozonation 

of its influent; there was no significant change in the fluorescence of System A from its 

post-ozonation influent through to its effluent. 

There was a clear difference between System B’s effluent and ozonated effluent. 

Ozone treatment appeared to have the same effect on fluorescence emission, 

regardless of whether it was before or after soil filtration. Another notable change in 

System B was the reduction of its protein-like material at its first sampling port; 

fluorescence did not appear to change significantly for its other ports. This corroborates 

well with System B’s DOC profile for in Table 11, as there was a 63% reduction in its 

DOC after the first port alone; DOC was reduced only 2% more by the rest of the 

system.  

UV absorption at 254 nm was also measured for each of the sample ports. UV 

absorbance at this wavelength has been used as a surrogate for lignin, tannin, humic 

substances, and various aromatic compounds, which all strongly absorb UV [45]. As 

shown in both Figure 10 and Figure 11, the majority of these UV-absorbing compounds 

were removed after the first sampling port. There was some variation between SP1 and 

SP3, but the trend was not consistent. Both the sampling ports’ FEEMs and UV 
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absorbance agree that the majority of the soil’s microbial activity appeared to occur 

within the first column of both systems. 

Figure 10. UV Absorbance at 254 nm for System A 

 
 

Figure 11. UV Absorbance at 254 nm for System B 
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Figure 12. System A FEEM Results for 11 June 2012 
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Figure 13. System B FEEM Results for 11 June 2012 
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3.4 Seven anions 

Due to the change in KWW quality on 12 May 2012, as mentioned in section 3.2.1, all 

seven anions concentrations shifted significantly in the systems’ influent and effluent 

after that point. Consequently, results shown in Table 12 only cover the period between 

3 March and 9 May, 2012. Charts tracking each anion during the entire March through 

June period can be found in Appendix B. There were no statistically significant changes 

for either of the systems between influent and effluent. Microbial denitrification did not 

appear to occur in either system; even though dissolved oxygen was not measured, its 

concentration must have been high enough to only promote aerobic bacteria in the 

systems. 

 
Table 12. Anion Concentrations for 3 March through 9 May, 2012 (mg L

-1
). 

Anion 
System A 
Influent 

System A 
Effluent 

System B 
Influent 

System B 
Effluent 

Fluoride 0.014 ±0.006 0.017 ±0.005 0.014 ±0.005 0.020 ±0.012 

Chloride 121.075 ±14.01 120.628 ±13.43 127.41 ±14.79 131.67 ±38.04 

Nitrite 3.436 ±0.738 3.777 ±0.527 3.509 ±0.713 3.579 ±0.660 

Nitrate 59.459 ±5.101 60.531 ±5.533 62.617 ±5.423 66.267 ±15.06 

Sulfate 47.827 ±2.064 48.117 ±1.924 49.664 ±1.956 50.778 ±4.818 

Bromide 0.170 ±0.069 0.262 ±0.348 0.298 ±0.483 0.237 ±0.183 

Phosphate 5.566 ±0.319 5.868 ±0.401 5.600 ±0.435 5.867 ±1.441 
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4. CONCLUSIONS 

The initial objective in using two soil filtration systems was to provide a control  

(System B) for which pre-ozonation (System A) could be compared. Unfortunately this 

was not able to be perfectly realized in the lab due to degradation errors; DOC reduction 

in System A was 26% greater than System B, before even accounting for ozonation.  

Evaluating whether pre-ozonation significantly helps to lower DOC, as compared to sand 

filtration alone, could not be determined. Despite that problem, normal ozonation of 

System A’s influent and the post-ozonation of System B’s effluent resulted in a 

difference in total DOC removal of 57.7% and 62.1%, respectively. The majority of this 

removal, and other biological activity, occurred in the first quarter of both systems 

according to fluorescence emission and UV absorbance. The biological activity 

appeared to be predominately aerobic, but it was not possible to characterize any 

significant removal or addition of fluoride, chloride, nitrite, nitrate, sulfate, bromide or 

phosphate in the microbial community. 

Soil filtration itself significantly raised baseline toxicity, which was a phenomena 

that could not be explained by the current study. This study’s bioassay procedure was 

shown to be a very poor indicator of possible OMP removal in its soil filtration systems; 

alternatively, the targeted OMPs may simply contribute little to baseline toxicity when at 

their spiked concentrations. On the other hand, ozonation was shown to significantly 

reduce baseline toxicity from TSE both before and after soil filtration. Further 

investigations are necessary to fully quantify the differences between the standard 

cuvette and microtiter plate bioassays, to contrast the sensitivities of V. fischeri bacteria 

obtained from different sources, and to assess the toxicity of different combinations of 

OMP mixtures. The author strongly believes that further use of this bioassay for the 

assessment of baseline toxicity during biofiltration depends on the resolution of these 

questions.   
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APPENDICES 
Appendix A – Fluorescence Excitation-Emission Matrices (FEEM) 

A.1 System A – influent for 19 March to influent for 30 April 
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A.2 System A – influent for 7 March to influent for 18 June 
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A.3 System A – SP1 for 12 March to SP1 for 16 April 
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A.4 System A – SP1 for 23 April to SP1 for 29 May 
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A.5 System A – SP1 for 11 June to SP2 for 2 April 
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A.6 System A – SP2 for 9 April to SP2 for 14 May 
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A.7 System A – SP2 for 21 May to SP3 for 12 March 
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A.8 System A – SP3 for 19 March to SP3 for 30 April 
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A.9 System A – SP3 for 7 May to SP3 for 11 June 
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A.10 System A – SP3 for 18 June to Effluent for 9 April 
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A.11 System A – effluent for 16 April to effluent for 21 May 
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A.12 System A – effluent for 29 May to effluent for 18 June 
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A.13 System B – influent for 26 March to Influent for 7 May 
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A.14 System B – influent for 21 May to SP1 for 19 March 
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A.15 System B – SP1 for 26 March to SP1 for 7 May 
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A.16 System B – SP1 for 14 May to SP1 for 18 June 
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A.17 System B – SP2 for 12 March to SP2 for 16 April 
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A.18 System B – SP2 for 23 April to SP2 for 4 June 
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A.19 System B – SP3 for 12 March to SP3 for 16 April 
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A.20 System B – SP3 for 23 April to SP3 for 29 May 
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A.21 System B – SP3 for 4 June to effluent for 26 March 
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A.22 System B – effluent for 2 April to effluent for 7 May 
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A.23 System B – effluent for 14 May to effluent for 18 June 
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A.24 System B – ozonated effluent for 24 March to 17 June 

 



Appendix B – Seven anion trends for 3 March to 15 June 2012 
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B.2 Chloride 
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B.3 Nitrite 
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B.4 Nitrate 
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B.5 Sulfate 
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B.6 Bromide 
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B.7 Phosphate 
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