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Abstract 10 

 11 

There is concern surrounding the addition of nanoparticles into consumer products due to 12 

toxicity potential and the increased risk of human and environmental exposures to these particles. 13 

Copper nanoparticles are found in many common consumer goods; therefore, the disposal and 14 

subsequent interactions between potentially toxic Cu-based nanoparticles and microbial 15 

communities may have detrimental impacts on wastewater treatment processes. This study 16 

investigates the effects of three copper particles (micron- and nano-scale Cu particles, and a 17 

nano-scale Cu(OH)2-based fungicide) on the function and operation of a model septic tank. 18 

Septic system analyses included water quality evaluations and microbial community 19 

characterizations to detect changes in and relationships between the septic tank function and 20 

microbial community phenotype/genotype. As would be expected for optimal wastewater 21 

treatment, biological oxygen demand (BOD5) was reduced by at least 63% during nano-scale Cu 22 

exposure, indicating normal function. pH was reduced to below the optimum anaerobic 23 
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fermentation range during the micro Cu exposure, suggesting incomplete degradation of organic 24 

waste may have occurred. The copper fungicide, Cu(OH)2, caused a 57% increase in total 25 

organic carbon (TOC), which is well above the typical range for septic systems and also 26 

corresponded to increased BOD5 during the majority of the Cu(OH)2 exposure. The changes in 27 

TOC and BOD5 demonstrate that the system was improperly treating waste. Overall, results 28 

imply individual exposures to the three Cu particles caused distinct disruptions in septic tank 29 

function. However, it was observed that the system was able to recover to typical operating 30 

conditions after three weeks post-exposure. These results imply that during periods of Cu 31 

introduction, there are likely pulses of improper removal of total organic carbon and significant 32 

changes in pH not in the optimal range for the system. 33 

 34 

1. Introduction 35 

 36 

The release of engineered nanomaterials is an emerging ecological concern since initial studies 37 

indicate significant toxicity to multiple species including bacteria, mice, fish, and humans (Kang 38 

et al., 2007, Nel et al., 2006, Wiesner et al., 2006 and Xia et al., 2008). These nanomaterials may 39 

be released from consumer products into the environment at any point of a product’s life, from 40 

manufacture to disposal. Nanoparticles are becoming more prevalent in common consumer 41 

goods such as foods and cosmetics. These particles are likely to enter household drains from the 42 

disposal and use of consumer products, and ultimately, may be released from wastewater 43 

treatment plants (WWTPs) into the environment (Keller et al., 2013, Keller and Lazareva, 2013 44 

and Keller et al., 2014). Therefore, understanding the interactions between nanomaterials and 45 

bacteria in engineered systems (e.g. laboratory-scale septic tank) can indicate the consequences 46 
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of nanomaterials on wastewater treatment processes and the potential for environmental release. 47 

Here, the effect of nanoparticles on the function and operation of a septic tank will be 48 

investigated.  49 

 A septic tank, which is an onsite, decentralized wastewater system (EPA, 2011), was 50 

chosen for the nanoparticle exposure experiments because it is estimated that 20-30% of 51 

American households have this type of onsite treatment method, and a projected 25% of 52 

predicted planned developments will also use septic tanks for waste disposal (EPA, 1999 and 53 

EPA, 2011). Additionally, 26% of households in Europe and 20% of Australian households also 54 

use septic systems (Beal et al., 2005 and Williams et al., 2013). It is critical that the function of 55 

these systems is maintained for sanitation and health. Improperly functioning septic systems can 56 

result in groundwater contamination and disease outbreaks (Beal et al., 2005 and Yates, 1985). 57 

Essentially, the septic tank provides a waste separation process between the sludge, the floating 58 

material, and the wastewater in an anaerobic environment in which digestion of the sludge and 59 

floating material occurs (Canter and Knox, 1985). To date, no such studies have been performed 60 

to assess the effect of nanoparticles on septic system function.  61 

 Nanoparticles have been detected in municipal wastewater treatment systems (Kiser et 62 

al., 2009 and Westerhoff et al., 2011), and therefore, nanoparticles are also likely being 63 

introduced into onsite septic systems. At one sampling site, the raw sewage from a wastewater 64 

treatment plant (WWTP) contained 100-3000 µg/L of nano and larger-sized titanium which 65 

absorbed into sludge biomass (Kiser et al., 2009). Additionally, many studies have looked at 66 

nanoparticle behavior in WWTPs (Kaegi et al., 2011) such as aggregation (Kiser et al., 2010), removal 67 

efficiency (Limbach et al., 2008), and fate (Benn and Westerhoff, 2008 and Jarvie et al., 2009), as well as 68 

the effects of NPs on wastewater biofilms (Choi et al., 2008, García et al., 2012, Mu et al., 2011 and 69 

Sheng and Liu, 2011), which in turn may affect the removal of nitrogen and phosphorus (Zheng et al., 70 
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2011). Recently, published work has highlighted the predicted fate of nanomaterials in the 71 

environment. Of the 22-200 metric tons/year of Cu and CuOx produced, approximately 37 metric 72 

tons/year are predicted to enter WWTPs (Keller et al., 2013 and Lazareva and Keller, 2014). 73 

Concentrations of 0.03 µg Cu/L may be present in WWTP effluent and up to 0.24 mg Cu/kg in 74 

biosolids (Keller et al., 2013 and Lazareva and Keller, 2014). In the San Francisco Bay region, it 75 

is predicted that 0.05 µg Cu/L is found in WWTP effluent and between 0.01 – 0.5 mg Cu/kg is in 76 

biosolids (Keller and Lazareva, 2013).  77 

Copper nanoparticles (Cu NPs) were chosen for introduction into the model septic tank in 78 

this work because Cu NPs are one of the most commonly used nanoparticles. Cu NPs are used in 79 

a wide range of applications including electronics, ceramics, inks, polymers, films, coatings, 80 

fungicides, cosmetics, personal care products, and other metal containing products (Maynard and 81 

Michelson, 2006, Nasibulin et al., 2001 and Yang et al., 2006). Cu NPs are also used as a 82 

bacteriocide (Grosell et al., 2006), which can be incorporated into coatings, plastics, paints, and 83 

textiles. Recent work has shown Cu to be found in personal care products, and the predicted fate 84 

of these particles at the end of the product lifecycle is disposal into WWTPs (Keller et al., 2014 85 

and Kressler, 2011). Another source of copper into septic tanks, besides from personal care 86 

products, may be through the leaching of copper from household pipes (Hong et al., 1998 and 87 

Subramanian et al., 1991). The potential impact of these commonly sourced nanoparticles on 88 

septic system operation is a concern since treated effluent from a decentralized treatment 89 

process, or septic system, is emitted directly into a soil leachfield and groundwater (EPA, 1977). 90 

As only 40% of all septic tanks are estimated to be properly functioning (Canter and Knox, 91 

1985) it can be inferred that management and regular monitoring of septic tanks are not 92 

practically enforced. 93 
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Due to the lack of consistent monitoring of septic tanks, it is hypothesized that 94 

nanoparticles entering septic systems from the disposal of common consumer products via 95 

household drains may cause unknown, deleterious effects on the function and operation of the 96 

septic tank, resulting in either the release of untreated waste or nanoparticles into the 97 

groundwater. Traditionally, laboratory nanoparticle toxicity and transport studies are conducted 98 

in idealized lab settings (Chowdhury et al., 2011, Maurer-Jones et al., 2010 and Samberg et al., 99 

2010), which does not account for the complex matrix found within a septic system. This work 100 

was developed to evaluate the impact of nanoparticle exposure on a septic tank, specifically, to 101 

determine if Cu exposure leads to deviation from baseline conditions and causes the septic 102 

system to insufficiently and unreliably treat wastewater. Tracking changes in septic tank influent 103 

and effluent using traditional wastewater quality tests, microbial community characterization, 104 

and microbial community sequencing allowed for the assessment of septic tank performance for 105 

each Cu exposure scenario. First, the baseline conditions of the septic system were defined, and 106 

subsequent impacts caused by the various Cu forms added in the system were measured. This 107 

work will have meaningful implications for improving wastewater treatment for decentralized 108 

septic systems. 109 

 110 

2. Materials and Methods 111 

 112 

2.1 Model Septic System  113 

 114 

The septic system used for these experiments was developed and reported on previously (Marcus 115 

et al., 2013). The model septic tank was designed to have a typical residence time of three weeks 116 
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in the primary compartment (Marcus et al., 2013 and EPA, 2002). The system used here mimics 117 

a full-scale septic system because it represents a scaled down two-chambered system with the 118 

correct 2:1 ratio for the chamber volumes, uses synthetic greywater representing household 119 

waste , and contains “toilet waste” which is simulated by adding fecal bacteria from a model 120 

human colon reactor. This system differs from previous laboratory septic systems in that it is not 121 

seeded with sludge from wastewater (Zaveri and Flora, 2002), but uses a fresh representative 122 

microbial community. The system was confirmed to be anoxic by using a dissolved oxygen (DO) 123 

probe (Thermo Electron corporation Model 033005D). Liquid in both the primary and secondary 124 

chambers and in the effluent had <1.0 mg/L of dissolved oxygen, well within the typical range of 125 

anaerobic systems (Bertanza, 1997). More details and a digital image of the septic system are 126 

found in the supporting information (SI, Fig. S1). Briefly, the influent added to the septic tank is 127 

composed of three components: deionized water (DI H2O), synthetic greywater, and colon waste 128 

(Marcus et al., 2013). The composition of the colon waste and synthetic greywater is listed in the 129 

SI.  130 

 131 

2.2 Nanoparticle Selection 132 

 133 

Cu particles were chosen for this study as a potential perturbance in a septic tank system. The 134 

purpose of this work was to characterize the responses within the septic system, rather than to 135 

characterize the Cu materials. A previous study conducted physicochemical characterizations of 136 

the three Cu particles used in this work (Lin et al., 2015). The characterization work has shown 137 

the following size in deionized water (DI H2O): nano Cu as 1164 ± 202 nm and Cu(OH)2 as 889 138 

± 156 nm using HT-DLS (high throughput dynamic light scattering instrument, Dynapro Plate 139 
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Reader, Wyatt Technology) (Lin et al., 2015). Micro Cu size was not collected due to fast 140 

particle sedimentation (Keller and Lazareva, 2013). The primary size of the particles are as 141 

follows: 10 nm Cu(OH)2, >1000 nm micro Cu, and 200-1000 nm nano Cu (Lin et al., 2015). 142 

Additional characterization details from this study are also listed in the SI (Lin et al., 2015). All 143 

Cu particles (nano Cu, micro Cu, and Cu(OH)2) have been obtained through collaboration with 144 

the University of California Center for Environmental Implications of Nanotechnology (UC-145 

CEIN). The three Cu particles were manufactured by US Research Nanomaterials, Inc. (nano 146 

Cu), Sigma Aldrich (micro Cu), and TreeGeek (Cu(OH)2). These three model particles were 147 

chosen to elicit effects between the nano-scale size (nano Cu), bulk-size (micro Cu), and a nano-148 

scale fungicide commercial product (Cu(OH)2). Previous work conducted with these particles 149 

has measured the degree of dissolution, with nano Cu and Cu(OH)2 being more soluble (>8 wt% 150 

dissolution) than micro Cu (<2 wt% dissolution) (Lin et al., 2015).  151 

For the three individual septic tank experiments, 100 mg of the chosen Cu particle was 152 

added once per day during five consecutive weekdays, for three weeks, for a total of 1500 mg of 153 

the Cu particle per experiment. This dosing design was chosen to represent low, uniform, daily 154 

doses of Cu found in WWTP effluents (Keller et al., 2013, Keller and Lazareva, 2013 and 155 

Lazareva and Keller, 2014). This equated to a final concentration of 10 ppm Cu within the septic 156 

tank over the course of three weeks with the assumption of equal distribution in the primary and 157 

secondary chambers. 10 ppm was chosen based upon predicted concentrations of Cu found in 158 

WWTP effluent and biosolids (Keller et al., 2013, Keller and Lazareva, 2013 and Lazareva and 159 

Keller, 2014). Three individual experiments (one experiment per Cu particle) were conducted in 160 

the system and consisted of: four weeks of baseline (no Cu) and three weeks of Cu addition (total 161 

of 1500 mg added and denoted as Cu weeks 1-3) which were followed by three weeks where Cu 162 
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was no longer added to the system (denoted as post-Cu weeks 1-3). The model septic tank was 163 

designed to have a typical residence time of three weeks in the primary compartment (Marcus et 164 

al., 2013 and EPA, 2002).  The purpose of the three weeks of analysis after the Cu addition 165 

(post-Cu weeks 1-3) was to determine if the effluent quality would return to values recorded 166 

during the baseline period. If the system returns to baseline values during the post-Cu exposure, 167 

this indicates that the system was able to re-establish its function. Because Cu and nano-scale Cu 168 

are known to have antibacterial effects, immediate changes, such as a loss of septic system 169 

function, are anticipated during the Cu exposure weeks (Cu weeks 1-3) (Grass et al., 2011 and 170 

Ruparelia et al., 2008). While Cu particles were no longer added during post-Cu exposure, the 171 

assumption was made that Cu added during the prior three weeks (Cu weeks 1-3) was likely still 172 

present in the system or effluent. The system was dismantled and cleaned between each 173 

experiment. More details on the Cu particle dosing procedure of the septic system are listed in 174 

the SI.  175 

 176 

2.3 Water Quality Tests 177 

 178 

For brevity, the water quality methodology and the water quality sampling schedule (Table S1) 179 

are presented in detail in the SI. Water quality tests include pH, total organic carbon (TOC), 180 

turbidity, total suspended solids (TSS), and the five-day biological oxygen demand test (BOD5). 181 

These specific water quality tests were selected because they are traditionally associated with 182 

monitoring both WWTPs and septic tank systems (Canter and Knowx, 1985, Crites and 183 

Tchnobanoglous, 1998 and Brandes, 1978). Also, these tests are used for the regulation and 184 

monitoring purposes of these systems (EPA, 1999 and Brandes, 1978). Therefore, using 185 
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literature values as a comparison, these water quality tests were used to relate observable 186 

changes to the accepted reported literature values. This also ensured the measured range in the 187 

system was within reason of the reported values.  188 

 To determine the system’s influent values, measurements were taken during baseline 189 

week 4, Cu week 3, and post Cu week 3 and were averaged. The baseline effluent average was 190 

determined by collecting measurements during the four weeks of pre-Cu measurements and 191 

averaging the data. 192 

Additional water quality tests (alkalinity, conductivity, and hardness) were also measured 193 

in the system but are reported in another study that determined the transformation of Cu particles 194 

and subsequent alterations on Cu toxicity (Lin et al., 2015).  195 

 196 

2.4 Bacteria Characterization 197 

 198 

Microbial community phenotype can be affected by perturbances in aquatic systems (Marcus et 199 

al., 2013). Therefore, because septic system function is linked directly to metabolic activity of 200 

the microbial community, changes occurring to the community phenotype were also measured.  201 

Microbial characterization techniques were selected based upon previous work with 202 

environmental microbial isolates and communities (Marcus et al., 2013 and Taylor et al., 2015). 203 

All microbial community testing for this study was conducted as reported in a prior study with 204 

the model septic system (Marcus et al., 2013). Electrophoretic mobility (EPM, a surrogate for 205 

relative cell surface charge), hydrophobicity, cell concentration, and cell size were measured 206 

from cells emitted in the effluent. The purpose of the bacteria characterization was to monitor 207 

changes in the microbial community as a function of the copper particle exposure. For 208 
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consistency, all microbial characterization experiments were conducted once a week on the same 209 

day in triplicate. More details on the bacteria characterization tests, further methods, and the 210 

sampling schedule (Table S1) are located in the SI. 211 

An additional microbial community analysis conducted was pyrosequencing; this 212 

analysis evaluated the microbial community structure using the 16S rRNA gene. The purpose of 213 

this analysis was to determine the changes in the structure experienced by the community as a 214 

function of Cu particle exposure when compared to the baseline community structure. 215 

Extraction, preparation, and pyrosequencing of all microbial samples collected from the septic 216 

system were followed exactly as in previous research with this model septic system (Marcus et 217 

al., 2013). Additional details on the methods used for sequencing are located in the SI. 218 

 219 

2.5 Copper Analysis 220 

 221 

The amount of free Cu2+ ions emitted in the effluent from the septic system was determined 222 

using an Orion cupric solid state half-cell ion specific electrode (Cu ISE, Thermo Scientific), 223 

an Orion double junction Sure-Flow reference electrode (Thermo Scientific), and an Orion 224 

Star A214 pH/ISE meter (Thermo Scientific). This measurement did not include any Cu2+ ions 225 

bound to organic matter and inorganic species (Sanders, 1982 and Temminghoff et al., 1997). 226 

Measurements were made in 10 mL samples from the effluent twice a week in triplicate. Further 227 

information is provided in the SI on the calibrations, concentrations, and sample preparation.  228 

 A mass balance of Cu within the septic system was reported previously in an additional 229 

study (Lin et al., 2015). 230 

 231 
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2.6 Statistical Analyses 232 

 233 

Statistical analyses were conducted individually for each test parameter mentioned in the 234 

material and methods (e.g., all water quality tests, bacteria characterizations, and community 235 

sequencing) to identify significant trends as a function of Cu exposure and type. A Student t test 236 

was used and if p values were <0.05, the difference between the average of grouped data was 237 

considered significant. Data were analyzed on a per week basis. All experimental conditions (Cu 238 

weeks 1-3, post-Cu weeks 1-3) were individually compared to the baseline conditions. Data were 239 

assessed for a normal distribution using a Shapiro-Wilk test and equal variance using a F-test. A 240 

student t test was also run on grouped data (e.g., all baseline weeks vs Cu weeks 1-3, and 241 

baseline weeks vs post-Cu weeks 1-3). The average and standard deviation of all data values 242 

collected and used in statistical analyses are presented in Table S2. Statistical analyses were 243 

conducted with Excel 2011 (v.14.3.9, Microsoft, Redmond, WA) and with StatPlus:mac 244 

LE.2009 (v.5.8.2.0, AnalystSoft Inc.).  245 

The septic system was considered to undergo a loss of function if the grouped data for the 246 

Cu exposure (Cu weeks 1-3) or post-copper exposure conditions (post-Cu weeks 1-3) were 247 

statistically different when compared to the baseline, and by comparisons to known septic system 248 

performance (Beal et al., 2005, Brandes, 1978, Crites and Tchnobanoglous, 1998, and 1966, 249 

Zaveri and Flora, 2002). But, because of the three-week residence time in septic systems 250 

(Marcus et al., 2013), only the final copper exposure week, (post-Cu week 3) was presented in 251 

the results (post-Cu weeks 1 and 2 values can be found in Table S2). This is because recovery of 252 

the microbial community was anticipated to be associated with the residence time of the system.  253 

 254 
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3. Results 255 

 256 

3.1 Water Quality Test Results 257 

 258 

Five water quality tests (pH, TOC, turbidity, TSS, and BOD5) commonly used to evaluate 259 

effluent quality from WWTPs and septic tanks were used in this study (Beal et al., 2005 and 260 

Zaveri and Flora, 2002). The baseline data determined if there were any statistically significant 261 

deviations in typical operating parameters when compared to a perturbance, here the Cu and 262 

post-Cu exposures. For all results (water quality tests and bacteria characterization tests), 263 

variation within data for the baseline weeks (no Cu present in the system) was not significantly 264 

different (p> 0.05). Therefore, all baseline data were averaged for the sake of comparison to 265 

other experimental conditions with the Cu particles. Water quality measurements, pH, TOC, 266 

turbidity, and TSS are found in Fig. 1A-1D. BOD5 data are found in Fig. 2B. The typical range 267 

of water quality values for septic tank effluent from previous literature studies can be found in 268 

Table 1. Throughout the results, data are report as average ± standard deviation. 269 

pH. For pH, the baseline effluent average was 7.0 ± 0.1 and the influent pH average was 270 

7.6 ± 0.2. Both of these values fall within the typical functioning range of a septic tank (Table 1). 271 

Due to consistency of the influent material, the influent pH average remained constant at pH 7.6 272 

± 0.2 during the course of the experiments. The septic tank pH averages during and following the 273 

nano Cu addition were between pH 6.8-7.2 and did not significantly change when compared to 274 

the data for the baseline (pH = 7.0 ± 0.1, Fig. 1A). Experimental values during and after the nano 275 

Cu exposure are also within the accepted range of septic tank pH values (Table 1). The final 276 

experimental week (post-Cu week 3) following exposure had an average pH of 6.7 ± 0.0.  277 
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Over the three weeks of micro Cu addition, pH data was significantly lower when 278 

compared to the baseline data (Fig. 1A). For example, after the initial week of the micro Cu 279 

introduction, data for the pH average (6.3 ± 0.1) significantly decreased when compared to the 280 

data comprising the average baseline value (p<0.001).  In the second and third weeks of the 281 

micro Cu exposure, the pH was also below typical pH range for septic tanks, albeit these values 282 

were not significantly different from the baseline (p>0.05). However, when evaluated together 283 

and analyzed, the pH data for the three weeks of micron-scale Cu injection (pH 6.5 ± 0.1) was 284 

also significantly lower compared to the baseline data (p<0.05). After three weeks without 285 

further micro Cu addition, the effluent pH had a value of 6.8 ± 0.2 for the final post micro Cu 286 

week 3.  287 

The final week in the Cu(OH)2 exposure had the highest pH average (7.5 ± 0.1) for all 288 

experimental conditions (Fig. 1A) and while this value is significantly higher when compared to 289 

the baseline data (p<0.001), it is still within the typical pH range for a septic system. All other 290 

experimental pH values were within the anticipated pH range for septic systems. The post-291 

Cu(OH)2 week 3 average is pH 7.1 ± 0.1.  292 

TOC. For TOC, the baseline effluent average value and standard deviation was 54.8 ± 293 

17.7 mg/L. The average influent TOC value was 89.1 ± 28.3 mg/L and was consistent for all 294 

experiments. Accepted effluent TOC values for a properly functioning septic tank are listed in 295 

Table 1. The only significant difference during the nano Cu experiment (Fig. 1B) was the 296 

comparison between nano Cu week 2 (16.7 ± 0.2 mg/L) and the post-nano Cu week 3 condition 297 

(91.1 ± 4.0 mg/L) (p<0.0001). TOC was considered to maintain the baseline condition for all 298 

other nano Cu experimental weeks. While the final week in the post-nano Cu exposure condition 299 

does have a significantly higher value when compared to the baseline data (91.1 mg/L vs. 54.8 300 
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mg/L), all TOC values for the nano Cu exposure were within anticipated levels for septic system 301 

function.  302 

TOC averages for the micro Cu exposure (weeks 1-3) were between 47.0-49.8 mg/L (Fig. 303 

1B) and the final post-micro Cu exposure value  was 47.0 ± 20.8 mg/L. The data for all of these 304 

weeks were considered statistically insignificant when compared to the baseline data (p=0.3). 305 

The typical range of TOC in septic tank effluent during the micro Cu experiment was well within 306 

the anticipated values based upon real world septic systems (Table 1).  307 

The TOC data for the Cu(OH)2 exposure ranged from 82.5-208.2 mg/L, and were 308 

significantly higher when compared to the baseline data (54.8 ± 17.7 mg/L) and to the post-309 

Cu(OH)2 data (75.8 ± 2.8 mg/L) (p=0.0009 and p=0.02, respectively). However, the post-310 

Cu(OH)2 exposure data were not significantly different when compared to the baseline. The 311 

Cu(OH)2 exposure resulted in the two highest TOC averages, 208.2 ± 136.4 and 94.2 ± 5.9 mg/L, 312 

for all experimental conditions with all Cu particles. Yet the TOC values measured under all 313 

Cu(OH)2 conditions were within the expected range for TOC in septic tank effluent (Table 1), 314 

which indicates the system is still operating within typical conditions. 315 

Turbidity. The baseline effluent turbidity average and standard deviation was 11.3 ± 1.1 316 

NTU. The turbidity influent average value for all experiments was 78.5 ± 3.7 NTU (Fig. 1C), 317 

and is in the range for expected influent values for household greywater, which is 22-72 NTU 318 

(Casanova et al., 2001). The effluent turbidity averages (Fig. 1C) for the nano Cu experiment 319 

show fluctuations during the nano Cu weeks 1-3 (2.5-4.6 ± 0.4 NTU). Turbidity data during the 320 

nano Cu exposure were significantly lower when compared to the baseline and post-nano Cu 321 

exposure data (p<0.0005). The final post-nano Cu exposure average value was 10.0 ± 0.1 NTU.  322 
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Effluent turbidity decreased during the micro Cu experiment when compared to the 323 

baseline average (Fig. 1C). When grouped and analyzed, the overall micro Cu exposure average 324 

(2.5 ± 0.3 NTU) was significantly lower when compared to the baseline turbidity data (11.3 ± 1.1 325 

NTU). The final post-micro Cu exposure week had an average of 1.5 ± 0.6 NTU. While not 326 

displayed in Fig. 1C, the post-micro Cu week 1 exposure has the highest turbidity value for all 327 

experiments with an average of 24.0 ± 0.2 NTU (SI, Table S2, p<0.001).  328 

Turbidity increased during the Cu(OH)2 experiment when compared to the baseline 329 

average. The second highest turbidity average for all experiments was during the third week of 330 

the Cu(OH)2 exposure (22.2 ± 1.4 NTU, Fig. 1C). Overall, when grouped and analyzed, the 331 

Cu(OH)2 exposure data (10.1-22.2 ± 0.7 NTU) was significantly higher when compared to the 332 

baseline data (11.3 ± 1.1 NTU, p<0.006). Cu(OH)2 experiments had higher turbidity averages 333 

overall when compared to the micro Cu and nano Cu experimental averages. The final week of 334 

the post-Cu(OH)2 condition average was 6.4 ± 0.2 NTU. All turbidity values for the Cu(OH)2 335 

exposure were above the recorded baseline average. However, these effluent values were well 336 

below the range for expected influent values for household greywater (Casanova et al., 2001).  337 

TSS. The TSS effluent baseline average value and standard deviation was 52.7 ± 7.6 338 

mg/L (Fig. 1D). The TSS influent average was 57.0 ± 2.9 mg/L. TSS typically ranges from 40-339 

140 mg/L in effluent, with a removal efficiency of 60-80% expected (Table 1). During baseline 340 

conditions, only an 8% reduction occurred from the influent to the effluent for TSS.  There were 341 

no significant trends in the TSS data for any of the Cu particles, but some changes in the data are 342 

worth noting.  343 

The nano Cu exposure TSS values decreased over time during the nano Cu exposure 344 

(38.1-41.6 ±10.4 mg/L) to the final post-nano Cu exposure (29.0 ± 10.6 mg/L). TSS averages 345 
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were well below the anticipated range for septic tank effluent and a 28-49% reduction occurred 346 

during this experiment. The post-nano Cu grouped data was overall significantly lower (31.6 347 

mg/L) when compared to the baseline weeks (p<0.01). The final post-nano Cu week 3 exposure 348 

weeks had the lowest recorded TSS value of 29 mg/L. 349 

The micro Cu particles had a decrease in TSS over time. There was a 78% reduction of 350 

TSS from the influent to the effluent during the micro Cu exposure weeks. The final post-micro 351 

Cu exposure week had an 87% reduction in TSS. These are in the expected range of TSS 352 

reduction in a functioning septic system (Table 1).  353 

Cu(OH)2 TSS averages increased during weeks 2-3 of the Cu(OH)2 exposure when 354 

compared to the baseline data. For Cu(OH)2 exposure week 1 and for the post-Cu(OH)2 final 355 

exposure week, a 19% and 26% reduction occurred in TSS from the influent to the effluent. The 356 

increase in TSS during Cu(OH)2 exposure weeks 2 and 3 correlates with an increase seen in 357 

TOC. Cu(OH)2 did not cause significant changes in TSS during the Cu(OH)2 exposure. The 358 

highest TSS value (60 mg/L, Figure 1D) was recorded for this form of Cu. 359 

BOD5. The five-day biological oxygen demand test (BOD5, Fig. 2B) baseline effluent 360 

average and standard deviation was 82.0 ± 5.6 mg/L and the influent BOD5 average value was 361 

127.0 ± 0.10 mg/L. BOD5 was reduced by ~35% in baseline conditions which is within the 362 

estimated range for septic tanks (Table 1).  363 

The lowest BOD5 average recorded for the nano Cu experiment was during week 1 of the 364 

nano Cu exposures (34.0 ± 6.4 mg/L, Fig. 2B). For all conditions (baseline, nano Cu exposure, 365 

and post-nano Cu exposure), the BOD5 experienced a reduction ranging from 35-73% when 366 

compared to the influent. During the micro Cu exposure, there were two significant increases in 367 

BOD5 effluent averages for the first (241.7 ± 7.6 mg/L) and third exposure weeks (223.3 ± 1.1 368 
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mg/L) when compared to the baseline data. The final week in the post-micro Cu exposure had a 369 

BOD5 average of 26.8 ± 8.3 mg/L, which was the lowest BOD5 value recorded for all of the 370 

experiments. During the micro Cu experiment, a 30-78% reduction in BOD5 from the influent to 371 

the effluent was experienced only for the baseline, micro Cu exposure week 2, and the final post-372 

micro Cu exposure week. All other weeks did not experience the anticipated percent reduction 373 

associated with a functioning septic system.  374 

Half of the Cu(OH)2 exposure had significantly higher BOD5 averages (267.0 ± 4.8 and 375 

208.5 ± 12.0 mg/L, p<0.05) when compared to the baseline data. The 267.0 mg/L average was 376 

the highest BOD5 value recorded for all Cu experiments conducted. These two weeks were 377 

above the expected BOD5 values for septic tank systems (Table 1) and did not have the 378 

anticipated precent reduction in BOD. Two weeks (Cu(OH)2 week 1 and post-Cu(OH)2 week 3) 379 

were significantly lower than the baseline effluent BOD5 average. BOD5 experienced a 76% 380 

reduction for these two weeks during the Cu(OH)2 exposure. 381 

 382 

3.2 Bacteria Characterization Results 383 

 384 

Results for the bacteria characterization tests (hydrophobicity, electrophoretic mobility, cell size, 385 

and cell concentration) are found entirely in the SI (Fig. S2). While the bacteria characterization 386 

tests did not overall have meaningful trends and did not correlate with changes in the water 387 

quality tests, significant changes did occur. For example, the cell hydrophobicity grouped data 388 

increased during the nano Cu exposure (64.4 ± 0.3%) when compared to the baseline grouped 389 

data (24.3-45.8 ± 0.6-5.0%) and had the highest hydrophobicity values for any Cu exposure. In 390 

the micro Cu experiment, cells experienced a change in electrophoretic mobility (EPM, a 391 
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surrogate for surface charge) and data became more negative during the micro Cu exposure (-1.5 392 

± 0.3 to -1.6 ± 0.3 [(µm/s)/(V/cm)]) when compared to the baseline data (-1.0 ± 0.2 to -1.4 ± 0.3 393 

[(µm/s)/(V/cm)]). During the Cu(OH)2 exposure, the most negative EPM average and standard 394 

deviation was recorded for the bacterial cells (-2.4 ± 0.4 [(µm/s)/(V/cm)]).  395 

Pyrosequencing. The microbial community structure was determined using 396 

pyrosequencing. The baseline averages for the microbial community structure at the phyla level 397 

for all Cu experiments was as follows: Proteobacteria 83.9%, Firmicutes 4.2%, and Bacteriodetes 398 

12.5% (Fig. 2A). For the sequencing data in this study, the following phyla: Acidobacteria, 399 

Actinobacteria, Chloroflexi, Synergistetes, and Cyanobacteria were not statistically analyzed in 400 

the community structure because when combined, these three phyla made up less than 1% of the 401 

community structure for all experimental conditions and weeks. The phyla that composed 99% 402 

of the community were Proteobacteria, Firmicutes, and Bacteriodetes. Proteobacteria remained 403 

the dominant phyla during all Cu experiments. Only one phylum, Firmicutes, had a significant 404 

change when compared to the baseline data during the course of the nano Cu experiment (Fig. 405 

2A). The amount of Firmicutes (4.2%) present in the baseline significantly increased during the 406 

nano Cu weeks (11.1-19.8%, p=0.003) and the Proteobacteria data decreased from 83% in the 407 

baseline to between 67.3-76.7% in during the majority of the nano Cu exposures and during the 408 

final week of the post exposure condition (nano Cu weeks 2 and 3, and post-nano Cu week 3). 409 

However, all other changes in the community during the nano Cu exposure and post-nano Cu 410 

weeks were not significant.  411 

The community structure maintained stable conditions during the micro Cu exposure 412 

(Fig. 2A). The micro Cu exposure showed Firmicutes average values maintained a constant level 413 

in the community between 1.7-3.4%. Proteobacteria was the dominant phyla in the community 414 
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for the duration of micro Cu addition (64.4-74.6% of population) and Bacteriodetes averages 415 

ranged between 23.6-32.2%. All post-micro Cu microbial community structure data were within 416 

the same range as the baseline and micro Cu exposure.  417 

The Cu(OH)2 particle affected both Proteobacteria and Firmicutes. Phyla results (Fig. 418 

2A) show that Proteobacteria data significantly decreased during the Cu(OH)2 addition (60.0-419 

68.6%) and for post-Cu(OH)2 exposure (60.8%) when compared to the baseline Proteobacteria 420 

data (83.9%). Firmicutes was significantly higher for the Cu(OH)2 exposure (8.5-10.7%) when 421 

compared to the Firmicutes baseline (4.2%). The post-Cu(OH)2 Firmicutes percentage was also 422 

significantly higher (25.3%) compared to the baseline. 423 

 424 

3.3 Copper Analysis  425 

 426 

The purpose of the copper analysis using the copper ion specific electrode (Cu ISE) was to 427 

determine the amount of free Cu2+ ions emitted in the effluent (Fig. 1E). Cu2+ ions were not 428 

present in the effluent under baseline conditions. The highest recorded Cu2+ ion concentration 429 

average and standard deviation in the effluent was during Cu(OH)2 week 3 at 4.9 ± 0.8 ppm. 430 

Micro Cu effluent was measured as having 1.0 ± 0.3 ppm during micro Cu week 3 and 1.8 ± 2.5 431 

ppm during post-micro Cu week 3. Post-nano Cu week 3 had an average value of 1.5 ± 1.1 ppm. 432 

All other averages were below 0.2 ppm. Both the micro Cu and nano Cu showed an increase in 433 

Cu2+ ion concentration over the course of the experiments. Data are not available for micro Cu 434 

week 1. These values are in agreement from previous published work determining the total 435 

amount of Cu emitted from a septic system (Lin et al., 2015). Using ICP-MS to perform a mass 436 

balance of Cu in the system, the previous work also demonstrated that less than 1% of all the 437 
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forms of Cu added to the septic tank per experiment was emitted in the effluent, with 99% of the 438 

Cu being found in the sludge in the primary chamber of the septic system (Lin et al., 2015).  439 

 440 

4. Discussion 441 

 442 

4.1 Water Quality Tests 443 

 444 

Of the five water quality tests performed (pH, TOC, turbidity, TSS, and BOD5), it should be 445 

noted that each of these parameters had a range of responses that also varied per Cu particle 446 

exposure. The septic tank was affected minimally for the pH parameter except for the micro Cu 447 

exposure weeks. Since pH is used as an indicator for septic system operation as a function of 448 

microbial activity, the data indicate that septic system performance was minimally impacted with 449 

the exception of the micro Cu exposure. Typical values associated with real world septic tanks 450 

shows the average effluent pH to be between 6.7-7.6 for optimal treatment of waste; this is in 451 

agreement with the current study and additional septic tank effluent characterization (Bitton, 452 

2005, Brandes, 1978 and Marcus et al., 2013). The addition of micro Cu resulted in the greatest 453 

pH disturbance (decrease) from baseline conditions (6.4-6.6 vs. 6.7-7.6). The micro Cu pH was 454 

not in the ideal range for methanogenesis (Bitton, 2005) for two weeks of the micro Cu exposure. 455 

Here, the data demonstrate that consumer products with different types of Cu materials (micro 456 

Cu vs. nano Cu vs. Cu(OH)2) can have a range of effects on an anaerobic treatment system.  457 

However, recent work has shown that regardless of the type of Cu material, organic waste 458 

and pH within the septic system mitigate toxicity effects due to transformation, speciation, and 459 

sedimentation of the Cu particles (Lin et al., 2015). In anaerobic treatment, decreases in pH can 460 
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be an indirect measurement of an accumulation of volatile fatty acids (VFAs) within the system, 461 

which are produced by bacteria through anaerobic degradation of waste (American Public Health 462 

Association, 1989). VFAs can lower the pH in the system. Methanogenesis, the last process in 463 

septic system fermentation and an important step in the degradation of waste (Zaveri and Flora, 464 

2002), occurs ideally between pH 6.7-7.4. Hence, methanogenesis is often the most sensitive 465 

phase and the rate-limiting step in the fermentation process (Bitton, 2005 and Murto et al., 2004), 466 

and will be affected by bacterial acid production (Grass et al., 2011). If the Cu particles affect the 467 

bacteria necessary for specific steps in fermentation (Chen et al., 2008 and Murto et al., 2004), 468 

the system may experience changes in acid production, causing a decrease in pH. Disrupting 469 

methanogenesis can lead to untreated effluent emitted into the leachfield. Because methanogenic 470 

and acidogenic microorganisms have an optimal pH range within septic systems (Bitton, 2005), 471 

failure to maintain this optimal range can lead to septic system failure, e.g., improper treatment 472 

of the wastewater. Therefore, pH is an important indicator of distress in the system, and the 473 

release of incompletely treated waste into groundwater has consequences regarding human and 474 

environmental health. While in this study methane production and methanogen population of the 475 

microbial community structure were not directly measured, previous research using activated 476 

sludge indicated that free Cu has a IC50 at a concentration of 0.02 mg of free Cu per L activated 477 

sludge to specific bacteria populations necessary for the breakdown of waste (Braam and 478 

Klapwijk, 1981). This toxic concentration of Cu is one order of magnitude lower than the free Cu 479 

concentrations found in the effluent of the septic tank. This indicates that microbial toxicity is 480 

likely within the septic system based upon the amount of free Cu found in the effluent. 481 

In engineered wastewater settings, TOC values are typically related to the amount of 482 

natural organic matter (NOM), such as humic and fulvic acids; the presence of acids can 483 
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influence the pH of the system. These acids are present in wastewater and impact turbidity 484 

readings. However, in this study effluent TOC is based upon the acid and sugar content of the 485 

degraded organic constituents from the model colon which may be less complex in structure. The 486 

TOC effluent value was anticipated to be between 50-350 mg/L (Brandes, 1978 and Crites and 487 

Tchnobanoglous, 1998). All conditions (baseline and all Cu experiments) maintained a TOC 488 

value below 350 mg/L, indicating that the system in this study stayed within the typical range for 489 

real world septic systems. One trend noted during the Cu(OH)2 exposure shows an increase in 490 

TOC that corresponds to an increase in BOD5. Overall, the TOC measurements indicate the lack 491 

of any system failure. Here, failure was defined as the system’s inability to treat waste; one 492 

attribute indicating failure is increased loads of organic material (TOC) present in the effluent.  493 

High TOC values are also associated with increased concentrations of acids from the 494 

degradation of organic waste. These acids can lower the pH within the septic system. Therefore, 495 

the presence of increased amounts of TOC can result in lower pH. This phenomena is noted for 496 

week 1 of the Cu(OH)2 exposure. During week 2 of the nano Cu exposure, a decrease in TOC 497 

may be related to the increase in pH, yet these values are still within the documented typical 498 

ranges for TOC and pH for septic tanks. There is no clear relationship between TOC and pH 499 

trends with the micro Cu exposure. Since each Cu particle causes distinct differences in the TOC 500 

data, this may indicate that changes in wastewater quality are likely caused by the particle 501 

properties such as size or chemical composition. 502 

Domestic wastewater influent for a WWTP can have a turbidity ranging from 186-328 503 

NTU (Chu and Li, 2006) and a reduction of turbidity from the influent to the secondary effluent 504 

is typically between 80-98% (Delgado et al., 2003). In the septic tank with the absence of Cu 505 

particles, the system reduced influent turbidity by ~90%. In fact, for the nano Cu experiments, 506 
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the system was capable of achieving a >90% reduction of turbidity, while the micro and 507 

Cu(OH)2 showed turbidity reduced between 70-90%. Here, turbidity was reduced to within the 508 

accepted ranges; this measurement indicated that the system was well conditioned to handle the 509 

perturbances experienced.  510 

Typical values from the literature demonstrate that the secondary effluent BOD5 from a 511 

septic tank should be between 35-200 mg/L (Brandes, 1978). In agreement with what is expected 512 

for functioning septic tanks, BOD5 in this study showed a 30-50% reduction between the influent 513 

and the baseline conditions (Bounds, 1997, Brandes, 1978, EPA, 2002, Rock and Boyer, 1997 514 

and Siegrist et al., 1984).  515 

Micro Cu and Cu(OH)2 caused the largest increase in average effluent BOD5 and did not 516 

result in a subsequent reduction in BOD5 for four weeks. These high BOD5 values indicate that 517 

there is an increased oxygen demand for the oxidation and degradation of organic waste in the 518 

effluent and verifies the presence of organic waste in the effluent. However, in this study the 519 

TOC remained relatively constant, indicating that BOD5 was affected by an increase in microbial 520 

enzyme activity related to Cu availability as a micronutrient rather than the presence of increased 521 

TOC. In contrast, low BOD5 values mean the presence of less organic material. At the end of the 522 

post-Cu week exposures, all BOD5 values were relatively low (between 26-46 mg/L) and showed 523 

a 64-80% reduction in BOD5. This indicates that the septic system was able to return to baseline 524 

conditions in terms of the amount of organic waste present in the secondary effluent. One 525 

limitation of the BOD5 test is the inability to differentiate between amount of organic material 526 

and microbial activity, since the test is effectively measuring oxygen consumed by bacteria over 527 

a five-day period. The amount of oxygen consumed is often a proxy for the amount of organic 528 

material present in the system.  529 
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 530 

4.2 Bacteria Characterization 531 

 532 

The microbial community was monitored throughout the course of the experiments to determine 533 

phenotypic changes associated with the Cu particle perturbances. These measurements were 534 

selected based upon previous work that used these methods to characterize bacteria in aqueous 535 

environments (Marcus et al., 2013 and Taylor et al., 2015), specifically assessments for 536 

environmental microbial community analyses such as hydrophobicity, surface charge 537 

(electrophoretic mobility, EPM, a surrogate of surface charge), and cell size were chosen 538 

(Bolster et al., 2010 and Tazehkand et al., 2008). While significant changes did occur in the 539 

characterization tests, there were no meaningful trends that correlated with the water quality 540 

data. Traditionally, these tests can give insight into changes occurring to the microbial 541 

community that are often associated with stress conditions, and these fluctuations could be used 542 

as additional indicators that the septic system is not operating optimally. A few of the bacteria 543 

characterization results are worth mentioning in more detail. 544 

For example, an increase in cell hydrophobicity is associated with biofilm formation 545 

(Marcus et al., 2013 and Schäfer et al., 1998). Previous work with the septic system showed a 546 

baseline hydrophobicity cell value of 40.1 ± 2.8% and an increase in hydrophobicity was noted 547 

with a pathogen perturbance (51.8 ± 8.4%) (Marcus et al., 2013). Here, the average baseline 548 

hydrophobicity fluctuated between 24-45%. Experimental Cu particle conditions hydrophobicity 549 

averages were between 20-64%. Here, no distinct pattern was observed when comparing the 550 

hydrophobicity responses to the three Cu particles.  551 
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Another characterization test, surface charge (EPM), is an indicator of the stability and 552 

attachment potential for the microbial community, with higher absolute values indicating greater 553 

stability (Elimelech et al., 1998). EPM values for bacteria in aqueous environments are typically 554 

negative (Wilson et al., 2001). A positive EPM value recorded during the nano Cu exposure 555 

suggests aggregate formation of the bacteria with the Cu particles, with Cu likely coating the 556 

bacteria, thus changing its surface charge (Jiang et al., 2009). Overall the septic system had 557 

greater fluctuations in EPM ranging from -2.38 to 0.90 (µm/s)/(V/cm)) in the presence of Cu 558 

particles when compared to previous work in the system (Marcus et al., 2013). Cu(OH)2 had the 559 

greatest change in surface charge since positive values were measured. Nano Cu had the greatest 560 

variation in bacterial surface charge. The fluctuations in the EPM data suggest greater potential 561 

for Cu and bacteria aggregation. Therefore, EPM may be a useful tool to determine changes 562 

within septic systems and to predict the fate or aggregation of nanomaterials and bacteria in the 563 

effluent (Bolster et al., 2010 and Haznedaroglu et al., 2009).  564 

Finally, changes in cell size, particularly a decrease in cell size, can be attributed to stress 565 

on the cell or changes in cell viability (Bakken and Olsen, 1987, Kjelleberg et al., 1987, Palumbo 566 

et al., 1984, Tate, 1986 and Torrella and Morita, 1981). The greatest decrease in cell size 567 

compared to the baseline was during post-Cu(OH)2  exposure. Of the three Cu experiments, the 568 

micro Cu resulted in the least amount of fluctuation in bacterial size over the course of the 569 

experiments. 570 

The microbial community was analyzed using pyrosequencing to determine the changes 571 

that the community experienced as a function of Cu particles when compared to the baseline 572 

community characteristics. This study is not the first to observe changes in the microbial 573 

community structure at the phyla level. In fact, many studies have reported changes at the phyla 574 
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level and have suggested analyses at this taxonomic group as a monitoring tool for various types 575 

of wastewater treatment (Hu et al., 2012, Nielsen et al., 2012, Wagner et al., 2002 and Yang et 576 

al., 2014). In this work, community structure changes were noted during the same experimental 577 

weeks that high pulses in BOD5 occurred (Cu(OH)2 weeks 1-3, Proteobacteria decreased and 578 

Firmicutes increased). At the phyla level, Proteobacteria made up the majority of the community 579 

in all conditions, even though Cu(OH)2 did cause a significant decrease in this phylum (15-23% 580 

decrease from baseline condition). Other studies have confirmed the dominance of 581 

Proteobacteria in wastewater conditions (Marcus et al., 2013, Hu et al., 2012 and Tomaras et al., 582 

2009). Firmicutes are also regularly found in wastewater and have been reported to have low 583 

resistance to the shear forces present in WWTPs, therefore occupying a select niche in 584 

wastewater microbial communities (Larsen et al., 2008 and Wilén et al., 2008). The phyla 585 

Firmicutes includes fermenting bacteria (Diaz et al., 2006), which is important for septic tank 586 

systems. Both nano Cu and Cu(OH)2 caused significant increases in the Firmicutes phylum.   587 

In the current work, the microbial community at the phyla level was significantly altered 588 

for the nano Cu exposure (Firmicutes increased) and during the Cu(OH)2 exposure 589 

(Proteobacteria decreased and Firmicutes increased). These fluctuations indicate that the 590 

community structure is not stable. In multiple studies it has been shown that community stability 591 

is not often associated with the functional stability of the system, possibly due to functional 592 

redundancy, and that microbial community structure in multiple types of WWTPs is highly and 593 

continuously variable despite stable function (Cytryn et al., 2005, Fernández et al., 1999, Gentile 594 

et al., 2006, Miura et al., 2007, Wittebolle et al., 2009 and Zumstein et al., 2000). In fact, one 595 

study suggests that the less stable a community’s structure, the more stable the waste degradation 596 

performance (Fernandez, 2000). This work indicates a strong functional redundancy in the 597 
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system. Additionally, since Cu is well documented to settle into sediment and sludge layers (Lin 598 

et al., 2015), it was anticipated that Cu was not bioavailable or causing disruption to the 599 

microbes within the liquid layer in the primary chamber. 600 

 601 

4.3 Copper Analysis 602 

 603 

The Cu2+ ion concentration emitted in the effluent was measured during all experimental 604 

conditions. These Cu2+ ion concentrations released in the effluent are in agreement from previous 605 

published work determining the overall mass balance and concentration of Cu emitted from a 606 

septic system, and are in the 1-5 ppm range (Lin et al., 2015). Cu2+ ions have demonstrated 607 

toxicity to organisms such as bacteria (Flemming and Trevors, 1989), and therefore, effects seen 608 

in the system that are related to microbial activity may be due to free ions released from the Cu 609 

particles rather than the Cu particles. Research has also shown that a decreasing pH will increase 610 

the solubility of copper and lead to greater dissolution and an increase in the presence of Cu2+ 611 

ions (Adeleye et al., 2014). Here, the Cu2+ ion concentration during the micro Cu experiment 612 

may have increased due to the drop in pH during this experimental condition. Another reason for 613 

the increase in Cu2+ ion concentration is due to the gradual increase in Cu particle concentration 614 

throughout the experiment.  It should be noted that results might have some inaccuracy due to 615 

interfering constituents such as Fe2+ (Fe2+ ions are a minimal component of the medium), 616 

divalent ions, and the complexity of the sewage matrix, which includes high concentrations of 617 

organics (Sterritt and Lester, 1984).  618 

 619 

5. Conclusion and Environmental Implications 620 
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 621 

Septic system failure is defined as the release of nutrients and pathogens in effluent 622 

discharge (Ahmed et al., 2005). Therefore, it is important to understand the effects of any 623 

contaminants that may enter and alter septic system function, such as various Cu particles 624 

present in common consumer items. Here, multiple testing strategies were used to thoroughly 625 

characterize a septic system with and without copper particles. The septic system experienced 626 

various transformations during the three Cu exposures such as fluctuations in the water quality 627 

(pH, BOD5, and turbidity), microbial community phenotypic changes (hydrophobicity, surface 628 

charge, and size), and variation in the microbial community composition.  629 

Overall, the septic system function was robust and managed the various Cu perturbances. 630 

Even with weekly fluctuations in the experiments, the data suggest that 100% of the time, the 631 

water quality parameters and microbial composition were recovering towards baseline conditions 632 

by the final week in the experiment (post-Cu week three) and most likely would return to, or 633 

maintain the baseline conditions after such a perturbance, regardless of the particle type. The 634 

release of untreated wastewater or Cu particles into the leachfield may occur on a week-by-week 635 

basis and may vary depending on specific conditions within the system (i.e., microbial 636 

community composition, pH, BOD5, TOC), and it likely to differ between septic systems.  637 

Based upon this work, the subsequent entry of the effluent into the leachfield and 638 

groundwater may have low concentrations of copper (~0.2 ppm) with occasional pulses of higher 639 

Cu concentrations, which may or may not meet current regulation discharge limits for Cu. The 640 

release of engineered nanomaterials into aqueous environments does have known (Hagedorn et 641 

al., 1981 and Yates, 1985) impacts and may have additional unknown effects on the environment 642 

and on human health. Additionally, in anaerobic aqueous environments the sulfidation of metals 643 
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has been reported to eliminate metal toxicity (Kim et al., 2010 and Sterritt, and Lester, 1984) and 644 

sulfidation readily occurs in anaerobic environments with organic matter present, such as a septic 645 

system. Finally, the approach of using a realistic engineered system in the laboratory that 646 

provides environmentally representative conditions should be considered in future experiments. 647 

 648 

Supporting Information 649 

Further information on methodologies and results are discussed within the SI.  650 

 651 

Author Information 652 

Corresponding Authors 653 

*E-mail: swalker@engr.ucr.edu 654 

 655 

Notes 656 

The authors declare no competing financial interest.  657 

 658 

Acknowledgements  659 

We would like to thank the following people for their help with this work: I.M. Marcus, R.L. 660 

Guysi, B.C. Cruz, T. Chow, A. Coyoca, W. Wellman, C. Rangel-Ottero, C.E. Gerges, and J. 661 

Valle de Leon. This work was funded through UC-CEIN and a National Research Service Award 662 

Institutional Training Grant (T32 ES018827) and through the UC-CEIN (University of 663 

California Center for Environmental Implications of Nanotechnology); this material is based 664 

upon work supported by the NSF and the EPA under Cooperative Agreement Number DBI 665 

0830117. Any opinions, findings, and conclusions or recommendations expressed in this material 666 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

30 
 

are those of the author(s) and do not necessarily reflect the views of the NSF or the EPA. This 667 

work has not been subjected to EPA review and no official endorsement should be inferred.  668 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

31 
 

References 669 

 670 

Adeleye, A. S.; Conway, J. R.; Perez, T.; Rutten, P.; Keller, A. A., Influence of Extracellular  671 

 Polymeric Substances on the Long-Term Fate, Dissolution, and Speciation of Copper- 672 

 Based Nanoparticles. Environmental Science & Technology 2014, 48 (21), 12561-12568. 673 

Ahmed, W.; Neller, R.; Katouli, M., Evidence of septic system failure determined by a bacterial  674 

 biochemical fingerprinting method. Journal of Applied Microbiology 2005, 98 (4), 910- 675 

 920. 676 

American Public Health Association; American Water Works Association; and Water  677 

 Environment Federation. Standard methods for the examination of water and wastewater.  678 

 17 ed.; American Public Health Association.: 1989. 679 

Bakken, L.; Olsen, R., The relationship between cell size and viability of soil bacteria. Microb  680 

 Ecol 1987, 13 (2), 103-114. 681 

Beal, C. D.; Gardner, E. A.; Menzies, N. W., Process, performance, and pollution potential: A  682 

 review of septic tank–soil absorption systems. Soil Research 2005, 43 (7), 781-802. 683 

Benn, T. M.; Westerhoff, P., Nanoparticle Silver Released into Water from Commercially  684 

 Available Sock Fabrics. Environmental Science & Technology 2008, 42 (11), 4133-4139. 685 

Bertanza, G., Simultaneous nitrification – denitrification process in extended aeration plants: 686 

Pilot and real scale experiences. Water Science and Technology 1997, 35 (6), 53-61. 687 

Bitton, G., Wastewater Microbiology. 3 ed.; John Wiley & Sons: Hobonken, New Jersey, 2005. 688 

Bolster, C. H.; Cook, K. L.; Marcus, I. M.; Haznedaroglu, B. Z.; Walker, S. L., Correlating  689 

 Transport Behavior with Cell Properties for Eight Porcine Escherichia coli Isolates.  690 

 Environmental Science & Technology 2010, 44 (13), 5008-5014. 691 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

32 
 

Bounds, T., Design and performance of septic tanks. ASTM Special Technical Publication 1997,  692 

 1324, 217-234. 693 

Braam, F.; Klapwijk, A., Effect of copper on nitrification in activated sludge. Water Research  694 

 1981, 15 (9), 1093-1098. 695 

Brandes, M., Characteristics of Effluents from Gray and Black Water Septic Tanks. Journal  696 

 (Water Pollution Control Federation) 1978, 50 (11), 2547-2559. 697 

Canter, L. W.; Knox, R. C., Septic tank system effects on ground water quality. Lewis Publishers,  698 

 Inc: 1985. 699 

Casanova, L. M.; Gerba, C. P.; Karpiscak, M., Chemical and microbial characterization of  700 

 household greywater. Journal of Environmental Science and Health, Part A 2001, 36 (4),  701 

 395-401. 702 

Chen, Y.; Cheng, J. J.; Creamer, K. S., Inhibition of anaerobic digestion process: A review.  703 

 Bioresource Technology 2008, 99 (10), 4044-4064. 704 

Choi, O.; Deng, K. K.; Kim, N.-J.; Ross Jr, L.; Surampalli, R. Y.; Hu, Z., The inhibitory effects  705 

 of silver nanoparticles, silver ions, and silver chloride colloids on microbial growth.  706 

 Water Research 2008, 42 (12), 3066-3074. 707 

Chowdhury, I.; Hong, Y.; Honda, R. J.; Walker, S. L., Mechanisms of TiO2 nanoparticle  708 

 transport in porous media: Role of solution chemistry, nanoparticle concentration, and  709 

 flowrate. Journal of Colloid and Interface Science 2011, 360 (2), 548-555. 710 

Chu, L.; Li, S., Filtration capability and operational characteristics of dynamic membrane  711 

 bioreactor for municipal wastewater treatment. Separation and Purification Technology  712 

 2006, 51 (2), 173-179. 713 

Crites, R.; Tchnobanoglous, G., Small and decentralized wastewater management systems.  714 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

33 
 

 McGraw-Hill: 1998. 715 

Cytryn, E.; Minz, D.; Gelfand, I.; Neori, A.; Gieseke, A.; de Beer, D.; van Rijn, J., Sulfide- 716 

 Oxidizing Activity and Bacterial Community Structure in a Fluidized Bed Reactor from a  717 

 Zero-Discharge Mariculture System. Environmental Science & Technology 2005, 39 (6),  718 

 1802-1810. 719 

D'Amato, V. A.; Bahe, A.; Bounds, T.; Comstock, B.; Konsler, T.; Liehr, S. K.; Long, S. C.;  720 

 Ratanaphruks, K.; Rock, C. A.; Sherman, K., Factors Affecting the Performance of  721 

 Primary Treatment in Decentralized Wastewater Systems. In Decentralized Systems:  722 

 Final Report, Water Environment Research Foundation, Ed. IWA Publishing: London,  723 

 2008. 724 

Delgado, S.; Diaz, F.; Garcia, D.; Otero, N., Behaviour of Inorganic Coagulants in Secondary  725 

 Effluents from a Conventional Wastewater Treatment Plant. Filtration & Separation  726 

 2003, 40 (7), 42-46. 727 

Diaz, E. E.; Stams, A. J. M.; Amils, R.; Sanz, J. L., Phenotypic properties and microbial diversity  728 

 of methanogenic granules from a full-scale UASB reactor treating brewery wastewater.  729 

 Applied and Environmental Microbiology 2006, 72 (7), 4942-4949. 730 

Elimelech, M.; Jia, X.; Gregory, J.; Williams, R., Particle deposition & aggregation:  731 

 measurement, modelling and simulation. Butterworth-Heinemann: 1998. 732 

EPA, National Interim Primary Drinking Water Regulations. Office of Water Supply, Ed.  733 

 Washington, D.C., 1976.  734 

EPA, The report to Congress: Waste Disposal Practices and their Effects on Ground Water EPA  735 

 570/9-77-001. Washington, D.C, June 1977. 736 

EPA, Decentralized Systems Technology Fact Sheet Septic Tank - Soil Absorption Systems.  737 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

34 
 

 Office of Water, Ed. Washington DC, 1999. 738 

EPA, Onsite Wastewater Treatment Systems Manual EPA625/R-00-008. Cincinnati, Ohio, 2002;  739 

 pp 4-38. 740 

EPA, Decentralized wastewater treatment systems: memorandum of understanding.  741 

 Environmental Protection Agency, Ed. Washington DC, 2011. 742 

Fernández, A.; Huang, S.; Seston, S.; Xing, J.; Hickey, R.; Criddle, C.; Tiedje, J., How Stable Is  743 

 Stable? Function versus Community Composition. Applied and Environmental  744 

 Microbiology 1999, 65 (8), 3697-3704. 745 

Fernandez, A. S.; Hashsham, S. A.; Dollhopf, S. L.; Raskin, L.; Glagoleva, O.; Dazzo, F. B.;  746 

 Hickey, R. F.; Criddle, C. S.; Tiedje, J. M., Flexible Community Structure Correlates  747 

 with Stable Community Function in Methanogenic Bioreactor Communities Perturbed by  748 

 Glucose. Applied and Environmental Microbiology 2000, 66 (9), 4058-4067. 749 

Flemming, C. A.; Trevors, J. T., Copper toxicity and chemistry in the environment: a review.  750 

 Water, Air, & Soil Pollution 1989, 44 (1-2), 143-158. 751 

García, A.; Delgado, L.; Torà, J. A.; Casals, E.; González, E.; Puntes, V.; Font, X.; Carrera, J.;  752 

 Sánchez, A., Effect of cerium dioxide, titanium dioxide, silver, and gold nanoparticles on  753 

 the activity of microbial communities intended in wastewater treatment. Journal of  754 

 Hazardous Materials 2012, 199–200 (0), 64-72. 755 

Gentile, M.; Yan, T.; Tiquia, S. M.; Fields, M. W.; Nyman, J.; Zhou, J.; Criddle, C. S., Stability  756 

 in a Denitrifying Fluidized Bed Reactor. Microb Ecol 2006, 52 (2), 311-321. 757 

Grass, G.; Rensing, C.; Solioz, M., Metallic Copper as an Antimicrobial Surface. Applied and  758 

 Environmental Microbiology 2011, 77 (5), 1541-1547. 759 

Grosell, M.; Blanchard, J.; Brix, K.; Gerdes, R., Physiology is pivotal for interactions between  760 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

35 
 

 salinity and acute copper toxicity to fish and invertebrates. Aquatic toxicology 2007, 84  761 

 (2), 162-172. 762 

Hagedorn, C.; Mc Coy, E. L.; Rahe, T. M., The Potential for Ground Water Contamination from  763 

 Septic Effluents. J. Environ. Qual. 1981, 10 (1), 1-8. 764 

Haznedaroglu, B. Z.; Kim, H. N.; Bradford, S. A.; Walker, S. L., Relative Transport Behavior of  765 

 Escherichia coli O157:H7 and Salmonella enterica Serovar Pullorum in Packed Bed  766 

 Column Systems: Influence of Solution Chemistry and Cell Concentration.  767 

 Environmental Science & Technology 2009, 43 (6), 1838-1844. 768 

Hong, P. K. A.; Macauley, Y. Y., Corrosion and Leaching of Copper Tubing Exposed to  769 

 Chlorinated Drinking Water. Water, Air, & Soil Pollution 1998, 108 (3-4), 457-471. 770 

Hu, M.; Wang, X.; Wen, X.; Xia, Y., Microbial community structures in different wastewater  771 

 treatment plants as revealed by 454-pyrosequencing analysis. Bioresource Technology  772 

 2012, 117 (0), 72-79. 773 

Jarvie, H. P.; Al-Obaidi, H.; King, S. M.; Bowes, M. J.; Lawrence, M. J.; Drake, A. F.; Green,  774 

 M. A.; Dobson, P. J., Fate of Silica Nanoparticles in Simulated Primary Wastewater  775 

 Treatment. Environmental Science & Technology 2009, 43 (22), 8622-8628. 776 

Jiang, W.; Mashayekhi, H.; Xing, B., Bacterial toxicity comparison between nano- and micro- 777 

 scaled oxide particles. Environmental Pollution 2009, 157 (5), 1619-1625. 778 

Kaegi, R.; Voegelin, A.; Sinnet, B.; Zuleeg, S.; Hagendorfer, H.; Burkhardt, M.; Siegrist, H.,  779 

 Behavior of Metallic Silver Nanoparticles in a Pilot Wastewater Treatment Plant.  780 

 Environmental Science & Technology 2011, 45 (9), 3902-3908. 781 

Kang, S.; Pinault, M.; Pfefferle, L. D.; Elimelech, M., Single-Walled Carbon Nanotubes Exhibit  782 

 Strong Antimicrobial Activity. Langmuir 2007, 23 (17), 8670-8673. 783 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

36 
 

Keller, A. A.; Lazareva, A., Predicted Releases of Engineered Nanomaterials: From Global to  784 

 Regional to Local. Environmental Science & Technology Letters 2013, 1 (1), 65-70. 785 

Keller, A.; McFerran, S.; Lazareva, A.; Suh, S., Global life cycle releases of engineered  786 

 nanomaterials. J Nanopart Res 2013, 15 (6), 1-17. 787 

Keller, A.; Vosti, W.; Wang, H.; Lazareva, A., Release of engineered nanomaterials from  788 

 personal care products throughout their life cycle. J Nanopart Res 2014, 16 (7), 1-10. 789 

Kessler, R., Engineered Nanoparticles in Consumer Products: Understanding a New Ingredient.  790 

 Environmental Health Perspectives 2011, 119 (3), A120-A125. 791 

Kim, B.; Park, C.-S.; Murayama, M.; Hochella, M. F., Discovery and Characterization of Silver  792 

 Sulfide Nanoparticles in Final Sewage Sludge Products. Environmental Science &  793 

 Technology 2010, 44 (19), 7509-7514. 794 

Kiser, M. A.; Westerhoff, P.; Benn, T.; Wang, Y.; Pérez-Rivera, J.; Hristovski, K., Titanium  795 

 Nanomaterial Removal and Release from Wastewater Treatment Plants. Environmental  796 

 Science & Technology 2009, 43 (17), 6757-6763. 797 

Kiser, M. A.; Ryu, H.; Jang, H.; Hristovski, K.; Westerhoff, P., Biosorption of nanoparticles to  798 

 heterotrophic wastewater biomass. Water Research 2010, 44 (14), 4105-4114. 799 

Kjelleberg, S.; Hermansson, M.; Marden, P.; Jones, G. W., The Transient Phase Between  800 

 Growth and Nongrowth of Heterotrophic Bacteria, with Emphasis on the Marine  801 

 Environment. Annual Review of Microbiology 1987, 41 (1), 25-49. 802 

Larsen, P.; Nielsen, J. L.; Svendsen, T. C.; Nielsen, P. H., Adhesion characteristics of nitrifying  803 

 bacteria in activated sludge. Water Research 2008, 42 (10–11), 2814-2826. 804 

Lazareva, A.; Keller, A. A., Estimating Potential Life Cycle Releases of Engineered  805 

 Nanomaterials from Wastewater Treatment Plants. ACS Sustainable Chemistry &  806 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

37 
 

 Engineering 2014, 2 (7), 1656-1665. 807 

Limbach, L. K.; Bereiter, R.; Müller, E.; Krebs, R.; Gälli, R.; Stark, W. J., Removal of Oxide  808 

 Nanoparticles in a Model Wastewater Treatment Plant: Influence of Agglomeration and  809 

 Surfactants on Clearing Efficiency. Environmental Science & Technology 2008, 42 (15),  810 

 5828-5833. 811 

Lin, S.; Taylor, A. A.; Ji, Z.; Chang, C. H.; Kinsinger, N. M.; Ueng, W.; Walker, S. L.; Nel, A.  812 

 E., Understanding the Transformation, Speciation, and Hazard Potential of Copper  813 

 Particles in a Model Septic Tank System using Zebrafish to Monitor the Effluent. ACS  814 

 Nano 2015. 815 

Marcus, I. M.; Wilder, H. A.; Quazi, S. J.; Walker, S. L., Linking Microbial Community  816 

 Structure to Function in Representative Simulated Systems. Applied and Environmental  817 

 Microbiology 2013, 79 (8), 2552-2559. 818 

Maurer-Jones, M. A.; Lin, Y.-S.; Haynes, C. L., Functional Assessment of Metal Oxide  819 

 Nanoparticle Toxicity in Immune Cells. ACS Nano 2010, 4 (6), 3363-3373. 820 

Maynard, A.; Michelson, E., The nanotechnology consumer products inventory. Woodrow  821 

 Wilson International Center for Scholars, Washington, DC, accessed March 2006, 23. 822 

Miura, Y.; Hiraiwa, M. N.; Ito, T.; Itonaga, T.; Watanabe, Y.; Okabe, S., Bacterial community  823 

 structures in MBRs treating municipal wastewater: Relationship between community  824 

 stability and reactor performance. Water Research 2007, 41 (3), 627-637. 825 

Mu, H.; Chen, Y.; Xiao, N., Effects of metal oxide nanoparticles (TiO2, Al2O3, SiO2 and ZnO)  826 

 on waste activated sludge anaerobic digestion. Bioresource Technology 2011, 102 (22),  827 

 10305-10311. 828 

Murto, M.; Björnsson, L.; Mattiasson, B., Impact of food industrial waste on anaerobic co- 829 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

38 
 

 digestion of sewage sludge and pig manure. Journal of Environmental Management  830 

 2004, 70 (2), 101-107. 831 

Nasibulin, A.; Ahonen, P. P.; Richard, O.; Kauppinen, E.; Altman, I., Copper and Copper Oxide  832 

 Nanoparticle Formation by Chemical Vapor Nucleation From Copper (II)  833 

 Acetylacetonate. J Nanopart Res 2001, 3 (5-6), 383-398. 834 

Nielsen, P. H.; Saunders, A. M.; Hansen, A. A.; Larsen, P.; Nielsen, J. L., Microbial  835 

 communities involved in enhanced biological phosphorus removal from wastewater - a  836 

 model system in environmental biotechnology. Current Opinion in Biotechnology 2012,  837 

 23 (3), 452-459. 838 

Nel, A.; Xia, T.; Mädler, L.; Li, N., Toxic Potential of Materials at the Nanolevel. Science 2006,  839 

 311 (5761), 622-627. 840 

Palumbo, A. V.; Ferguson, R. L.; Rublee, P. A., Size of Suspended Bacterial Cells and  841 

 Association of Heterotrophic Activity with Size Fractions of Particles in Estuarine and  842 

 Coastal Waters. Applied and Environmental Microbiology 1984, 48 (1), 157-164. 843 

Rock, C. A.; Boyer, J. A., Influence of design on septic tank effluent quality. Proceedings of 8th  844 

 northwest on-site wastewater treatment short course and equipment exhibition 1995. 845 

Ruparelia, J. P.; Chatterjee, A. K.; Duttagupta, S. P.; Mukherji, S., Strain specificity in  846 

 antimicrobial activity of silver and copper nanoparticles. Acta Biomaterialia 2008, 4 (3),  847 

 707-716. 848 

Samberg, M. E.; Oldenburg, S. J.; Monteiro-Riviere, N. A., Evaluation of silver nanoparticle  849 

 toxicity in skin in vivo and keratinocytes in vitro. Environmental health perspectives  850 

 (Online) 2010, 118 (3), 407. 851 

Sanders, J. R., The effect of pH upon the copper and cupric ion concentrations in soil solutions.  852 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

39 
 

 Journal of Soil Science 1982, 33 (4), 679-689. 853 

Schäfer, A.; Ustohal, P.; Harms, H.; Stauffer, F.; Dracos, T.; Zehnder, A. J. B., Transport of  854 

 bacteria in unsaturated porous media. Journal of Contaminant Hydrology 1998, 33 (1–2),  855 

 149-169. 856 

Sheng, Z.; Liu, Y., Effects of silver nanoparticles on wastewater biofilms. Water Research 2011,  857 

 45 (18), 6039-6050. 858 

Siedlecka, E.; Kumirska, J.; Ossowski, T.; Glamowski, P.; Gołębiowski, M.; Gajdus, J.;  859 

 Kaczyński, Z.; Stepnowski, P., Determination of volatile fatty acids in environmental  860 

 aqueous samples. Pol. J. Environ. Stud 2008, 17 (3), 351-356. 861 

Siegrist, R. L.; Anderson, D. L.; Converse, J. C., Onsite treatment and disposal of restaurant  862 

 wastewater. University of Wisconsin--Extension, Division of Economic and  863 

 Environmental Development: 1984. 864 

Sterritt, R. M.; Lester, J. N., Significance and behaviour of heavy metals in waste water  865 

 treatment processes III. Speciation in waste waters and related complex matrices. Science  866 

 of The Total Environment 1984, 34 (1–2), 117-141. 867 

Subramanian, K. S.; Connor, J. W.; Meranger, J. C., Leaching of antimony, cadmium, copper,  868 

 lead, silver, tin and zinc prom copper piping with non‐lead‐based soldered joints. Journal  869 

 of Environmental Science and Health . Part A: Environmental Science and Engineering  870 

 and Toxicology 1991, 26 (6), 911-929. 871 

Tate, R. L., Microbial autecology: a method for environmental studies. Wiley: 1986. 872 

Taylor, A. A.; Marcus, I. M.; Guysi, R. L.; Walker, S. L., Metal oxide nanoparticles induce  873 

 phenotypic changes in a model colon gut microbiota. Environmental Engineering Science  874 

 2015, 32 (7): 602-612.  875 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

40 
 

Tazehkand, S. S.; Torkzaban, S.; Bradford, S. A.; Walker, S. L., Cell Preparation Methods  876 

 Influence Escherichia coli D21g Surface Chemistry and Transport in Saturated Sand. J.  877 

 Environ. Qual. 2008, 37 (6), 2108-2115. 878 

Temminghoff, E. J. M.; Van der Zee, S. E. A. T. M.; de Haan, F. A. M., Copper Mobility in a  879 

 Copper-Contaminated Sandy Soil as Affected by pH and Solid and Dissolved Organic  880 

 Matter. Environmental Science & Technology 1997, 31 (4), 1109-1115. 881 

Tomaras, J.; Sahl, J. W.; Siegrist, R. L.; Spear, J. R., Microbial Diversity of Septic Tank Effluent  882 

 and a Soil Biomat. Applied and Environmental Microbiology 2009, 75 (10), 3348-3351. 883 

Torrella, F.; Morita, R. Y., Microcultural Study of Bacterial Size Changes and Microcolony and  884 

 Ultramicrocolony Formation by Heterotrophic Bacteria in Seawater. Applied and  885 

 Environmental Microbiology 1981, 41 (2), 518-527. 886 

Wagner, M.; Loy, A.; Nogueira, R.; Purkhold, U.; Lee, N.; Daims, H., Microbial community  887 

 composition and function in wastewater treatment plants. Antonie Van Leeuwenhoek  888 

 2002, 81 (1-4), 665-680. 889 

Westerhoff, P.; Song, G.; Hristovski, K.; Kiser, M. A., Occurrence and removal of titanium at  890 

 full scale wastewater treatment plants: implications for TiO2 nanomaterials. Journal of  891 

 Environmental Monitoring 2011, 13 (5), 1195-1203. 892 

Wiesner, M. R.; Lowry, G. V.; Alvarez, P.; Dionysiou, D.; Biswas, P., Assessing the risks of  893 

 manufactured nanomaterials. Environmental Science & Technology 2006, 40 (14), 4336- 894 

 4345. 895 

Wilén, B.-M.; Onuki, M.; Hermansson, M.; Lumley, D.; Mino, T., Microbial community  896 

 structure in activated sludge floc analysed by fluorescence in situ hybridization and its  897 

 relation to floc stability. Water Research 2008, 42 (8–9), 2300-2308. 898 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

41 
 

Williams, R.; Keller, V.; Voß, A.; Bärlund, I.; Malve, O.; Riihimäki, J.; Tattari, S.; Alcamo, J.,  899 

 Assessment of current water pollution loads in Europe: estimation of gridded loads for  900 

 use in global water quality models. Hydrological Processes 2012, 26 (16), 2395-2410. 901 

Wilson, W. W.; Wade, M. M.; Holman, S. C.; Champlin, F. R., Status of methods for assessing  902 

 bacterial cell surface charge properties based on zeta potential measurements. Journal of  903 

 Microbiological Methods 2001, 43 (3), 153-164. 904 

Wittebolle, L.; Van Vooren, N.; Verstraete, W.; Boon, N., High reproducibility of ammonia- 905 

 oxidizing bacterial communities in parallel sequential batch reactors. Journal of Applied  906 

 Microbiology 2009, 107 (2), 385-394. 907 

Xia, T.; Kovochich, M.; Liong, M.; Mädler, L.; Gilbert, B.; Shi, H.; Yeh, J. I.; Zink, J. I.; Nel, A.  908 

 E., Comparison of the Mechanism of Toxicity of Zinc Oxide and Cerium Oxide  909 

 Nanoparticles Based on Dissolution and Oxidative Stress Properties. ACS Nano 2008, 2  910 

 (10), 2121-2134. 911 

Yang, J.-g.; Okamoto, T.; Ichino, R.; Bessho, T.; Satake, S.; Okido, M., A Simple Way for  912 

 Preparing Antioxidation Nano-copper Powders. Chemistry Letters 2006, 35 (6), 648-649. 913 

Yang, Y.; Quensen, J.; Mathieu, J.; Wang, Q.; Wang, J.; Li, M.; Tiedje, J. M.; Alvarez, P. J. J.,  914 

 Pyrosequencing reveals higher impact of silver nanoparticles than Ag+ on the microbial  915 

 community structure of activated sludge. Water Research 2014, 48 (0), 317-325. 916 

Yates, M. V., Septic Tank Density and Ground-Water Contamination. Ground Water 1985, 23  917 

 (5), 586-591. 918 

Zaveri, R. M.; Flora, J. R. V., Laboratory septic tank performance response to electrolytic  919 

 stimulation. Water Research 2002, 36 (18), 4513-4524. 920 

Zumstein, E.; Moletta, R.; Godon, J.-J., Examination of two years of community dynamics in an  921 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

42 
 

 anaerobic bioreactor using fluorescence polymerase chain reaction (PCR) single-strand  922 

 conformation polymorphism analysis. Environmental Microbiology 2000, 2 (1), 69-78. 923 

Zheng, X.; Wu, R.; Chen, Y., Effects of ZnO Nanoparticles on Wastewater Biological Nitrogen  924 

 and Phosphorus Removal. Environmental Science & Technology 2011, 45 (7), 2826- 925 

 2832. 926 

 927 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Table 1.  Range of typical water quality values for a functioning septic system. 
 
 
 

N/A indicates data not available for septic systems. Baseline values listed for this study are an average and standard deviation of the 
data collected over four weeks. 

  Septic Tank Secondary Effluent Values 
Water Quality Literature Values % Reduction  Source Baseline Values 
Tests   Expected    from this Study 
pH 6.7-7.6  NA Brandes, 1978 7.0 ± 0.1  

Crites and Tchnobanoglous, 1998 
TOC 50-350 mg/L  N/A Brandes, 1978 54.8 ± 17.7 mg/L 

Crites and Tchnobanoglous, 1998 
Turbidity N.A N/A 11.3 ± 1.1 NTU 
TSS 40-140 mg/L 60-80%  Crites and Tchnobanoglous, 1998 52.7 ± 7.6 mg/L 

Bounds, 1997 
Rock and Boyer, 1995 

BOD5 35-200 mg/L  30-50%  Brandes, 1978 82.0 ± 5.6 mg/L  
      Crites and Tchnobanoglous, 1998   
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Fig. 1. Changes in water quality parameters pH (A), total organic carbon, or TOC (B), and turbidity (C), Cu2+ free ion concentration (D), and TSS (E) were 

measured over the course of three independent ten-week experiments for micro Cu (solid line), Cu(OH)2 (dashed line), and nano Cu (dotted line). A shaded box 

indicates the typical septic system range for each test to give better clarification on when the septic system is out of range. Influent pH was maintained at 7.6 during 

all experimental conditions due to consistency of influent material (colon waste, DI H2O, and greywater). The points plotted are the recorded average and bars are 

the standard deviation. The * symbol denotes statistically different data when compared to the baseline. Statistical analyses were not conducted for the Cu ion data. 

The average and standard deviation values are listed in full within the SI.  
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Fig. 2. Changes in microbial community phyla (A) and biological oxygen demand, or BOD5 (B) over the course of 

three independent ten-week experiments for micro Cu (solid line), Cu(OH)2 (dashed line), and nano Cu (dotted line). 

A shaded box indicates the typical septic system range for each test to give better clarification on when the septic 

system is out of range. The * symbol denotes statistically different data when compared to the baseline data, or the 

influent for the BOD data. The average and standard deviation values are listed in full within the SI.  
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Highlights 
 

• 20-30% of US households have decentralized wastewater treatment systems.  
• A laboratory model septic system was used to study three Cu-based particles. 
• Cu particles affected the pH, BOD, and TOC measurements. 
• Overall, septic systems can manage new emerging perturbances. 
• Pulses of untreated waste effluent may be released into the leachfield.   

 
 
 
  
 
 


