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Abstract

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

toxicity potential and the increased risk of hunaad environmental exposures to these particles.
Copper nanopatrticles are found in many common cuesigoods; therefore, the disposal and
subsequent interactions between potentially toxido@sed nanoparticles and microbial
communities may have detrimental impacts on wadtvweatment processes. This study
investigates the effects of three copper partigi@sron- and nano-scale Cu patrticles, and a
nano-scale Cu(Okhbased fungicide) on the function and operatioa nfodel septic tank.

Septic system analyses included water quality e¥mns and microbial community
characterizations to detect changes in and rektips between the septic tank function and
microbial community phenotype/genotype. As woulcekpected for optimal wastewater
treatment, biological oxygen demand (B§)vas reduced by at least 63% during nano-scale Cu

exposure, indicating normal function. pH was reduttebelow the optimum anaerobic
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fermentation range during the micro Cu exposurggssting incomplete degradation of organic
waste may have occurred. The copper fungicide, B){@aused a 57% increase in total
organic carbon (TOC), which is well above the tgbiange for septic systems and also
corresponded to increased BOduring the majority of the Cu(Oklgxposure. The changes in
TOC and BODR demonstrate that the system was improperly trgataste. Overall, results
imply individual exposures to the three Cu par8aaused distinct disruptions in septic tank
function. However, it was observed that the systexs able to recover to typical operating
conditions after three weeks post-exposure. Thesdts imply that during periods of Cu
introduction, there are likely pulses of impropemoval of total organic carbon and significant

changes in pH not in the optimal range for theesyst

1. Introduction

The release of engineered nanomaterials is an @mgyezgological concern since initial studies
indicate significant toxicity to multiple speciexluding bacteria, mice, fish, and humans (Kang
et al., 2007, Nel et al., 2006, Wiesner et al.,&280d Xia et al., 2008). These nanomaterials may
be released from consumer products into the enwieon at any point of a product’s life, from
manufacture to disposal. Nanoparticles are becomioig prevalent in common consumer
goods such as foods and cosmetics. These pawiadikely to enter household drains from the
disposal and use of consumer products, and ultljyat®y be released from wastewater
treatment plants (WWTPs) into the environment (&edit al., 2013, Keller and Lazareva, 2013
and Keller et al., 2014). Therefore, understandgginteractions between nanomaterials and

bacteria in engineered systems (e.g. laborator-segtic tank) can indicate the consequences
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of nanomaterials on wastewater treatment processkthe potential for environmental release.
Here, the effect of nanoparticles on the functind aperation of a septic tank will be
investigated.

A septic tank, which is an onsite, decentralizesst@water system (EPA, 2011), was
chosen for the nanoparticle exposure experimentause it is estimated that 20-30% of
American households have this type of onsite treatnmethod, and a projected 25% of
predicted planned developments will also use sdptiks for waste disposal (EPA, 1999 and
EPA, 2011). Additionally, 26% of households in Eaecand 20% of Australian households also
use septic systems (Beal et al., 2005 and Williatred., 2013). It is critical that the function of
these systems is maintained for sanitation andthdatproperly functioning septic systems can
result in groundwater contamination and diseasbreaks (Beal et al., 2005 and Yates, 1985).
Essentially, the septic tank provides a waste sdjpar process between the sludge, the floating
material, and the wastewater in an anaerobic emwviemt in which digestion of the sludge and
floating material occurs (Canter and Knox, 198%).dkte, no such studies have been performed
to assess the effect of nanoparticles on septtesyRinction.

Nanoparticles have been detected in municipal avasder treatment systems (Kiser et
al., 2009 and Westerhoff et al., 2011), and theegfmanoparticles are also likely being
introduced into onsite septic systems. At one saig@ite, the raw sewage from a wastewater
treatment plant (WWTP) contained 100-3000 pg/L aham and larger-sized titanium which
absorbed into sludge biomass (Kiser et al., 20@@yitionally, many studies have looked at
nanoparticle behavior in WWTPs (Kaegi et al., 204d¢h as aggregation (Kiser et al., 2010), removal
efficiency (Limbach et al., 2008), and fate (Bemal &Vesterhoff, 2008 and Jarvie et al., 2009), dsase
the effects of NPs on wastewater biofilms (Choalket 2008, Garcia et al., 2012, Mu et al., 2011 and

Sheng and Liu, 2011), which in turn may affect temoval of nitrogen and phosphorus (Zheng et al.,

3
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2011). Recently, published work has highlighted the presdicfate of nanomaterials in the
environment. Of the 22-200 metric tons/year of @d €uQ produced, approximately 37 metric
tons/year are predicted to enter WWTPs (Kellerlgt2913 and Lazareva and Keller, 2014).
Concentrations of 0.0@g Cu/L may be present in WWTP effluent and up &40ng Cu/kg in
biosolids (Keller et al., 2013 and Lazareva anddfeP014). In the San Francisco Bay region, it
is predicted that 0.0ag Cu/L is found in WWTP effluent and between 0.00.5- mg Cu/kg is in
biosolids (Keller and Lazareva, 2013).

Copper nanopatrticles (Cu NPs) were chosen fordattion into the model septic tank in
this work because Cu NPs are one of the most cotynged nanoparticles. Cu NPs are used in
a wide range of applications including electron@aramics, inks, polymers, films, coatings,
fungicides, cosmetics, personal care productspéimel metal containing products (Maynard and
Michelson, 2006, Nasibulin et al., 2001 and Yanglgt2006). Cu NPs are also used as a
bacteriocide (Grosell et al., 2006), which canrm®rporated into coatings, plastics, paints, and
textiles. Recent work has shown Cu to be founcens@nal care products, and the predicted fate
of these particles at the end of the product liééeys disposal into WWTPs (Keller et al., 2014
and Kressler, 2011). Another source of copper setatic tanks, besides from personal care
products, may be through the leaching of coppenfnousehold pipes (Hong et al., 1998 and
Subramanian et al., 1991). The potential impathe$e commonly sourced nanoparticles on
septic system operation is a concern since tresfleent from a decentralized treatment
process, or septic system, is emitted directly &nswil leachfield and groundwater (EPA, 1977).
As only 40% of all septic tanks are estimated t@tmperly functioning (Canter and Knox,

1985) it can be inferred that management and regubaitoring of septic tanks are not

practically enforced.
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Due to the lack of consistent monitoring of sefritks, it is hypothesized that
nanoparticles entering septic systems from theogespof common consumer products via
household drains may cause unknown, deleterioestsfbn the function and operation of the
septic tank, resulting in either the release ofeated waste or nanoparticles into the
groundwater. Traditionally, laboratory nanopartimgicity and transport studies are conducted
in idealized lab settings (Chowdhury et al., 20¥aurer-Jones et al., 2010 and Samberg et al.,
2010), which does not account for the complex mdtrind within a septic system. This work
was developed to evaluate the impact of nanoparixposure on a septic tank, specifically, to
determine if Cu exposure leads to deviation froseline conditions and causes the septic
system to insufficiently and unreliably treat wastéer. Tracking changes in septic tank influent
and effluent using traditional wastewater qualégts, microbial community characterization,
and microbial community sequencing allowed forassessment of septic tank performance for
each Cu exposure scenario. First, the baselinetgamslof the septic system were defined, and
subsequent impacts caused by the various Cu faddedan the system were measured. This
work will have meaningful implications for improgrwastewater treatment for decentralized

septic systems.

2. Materials and M ethods

2.1 Model Septic System

The septic system used for these experiments wasaped and reported on previously (Marcus

et al., 2013). The model septic tank was desigadtave a typical residence time of three weeks
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in the primary compartment (Marcus et al., 2013 BR&, 2002). The system used here mimics
a full-scale septic system because it represestalad down two-chambered system with the
correct 2:1 ratio for the chamber volumes, usesh&jit greywater representing household
waste , and contains “toilet waste” which is sinbetbby adding fecal bacteria from a model
human colon reactor. This system differs from prasilaboratory septic systems in that it is not
seeded with sludge from wastewater (Zaveri andal-2002), but uses a fresh representative
microbial community. The system was confirmed t@bexic by using a dissolved oxygen (DO)
probe (Thermo Electron corporation Model 0330030quid in both the primary and secondary
chambers and in the effluent had <1.0 mg/L of diemboxygen, well within the typical range of
anaerobic systems (Bertanza, 1997). More detadlsaatigital image of the septic system are
found in the supporting information (SI, Fig. SB)iefly, the influent added to the septic tank is
composed of three components: deionized water @) Hsynthetic greywater, and colon waste
(Marcus et al., 2013). The composition of the col@ste and synthetic greywater is listed in the

Sl

2.2 Nanopatrticle Selection

Cu patrticles were chosen for this study as a piaigreerturbance in a septic tank system. The
purpose of this work was to characterize the resgowithin the septic system, rather than to
characterize the Cu materials. A previous studylooted physicochemical characterizations of
the three Cu particles used in this work (Lin et2015). The characterization work has shown
the following size in deionized water (DLE): nano Cu as 1164 + 202 nm and Cu(@&$) 889

+ 156 nm using HT-DLS (high throughput dynamic tighattering instrument, Dynapro Plate
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Reader, Wyatt Technology) (Lin et al., 2015). Mi€o size was not collected due to fast
particle sedimentation (Keller and Lazareva, 20T8g primary size of the particles are as
follows: 10 nm Cu(OHy) >1000 nm micro Cu, and 200-1000 nm nano Cu (Led.e2015).
Additional characterization details from this stuahg also listed in the Sl (Lin et al., 2015). All
Cu patrticles (nano Cu, micro Cu, and Cu(gHhave been obtained through collaboration with
the University of California Center for Environmeahtmplications of Nanotechnology (UC-
CEIN). The three Cu particles were manufacturet8yResearch Nanomaterials, Inc. (nano
Cu), Sigma Aldrich (micro Cu), and TreeGeek (Cu(¢@HJhese three model particles were
chosen to elicit effects between the nano-scaie(siano Cu), bulk-size (micro Cu), and a nano-
scale fungicide commercial product (Cu(@HJPrevious work conducted with these particles
has measured the degree of dissolution, with nanar@d Cu(OH)being more soluble (>8 wt%
dissolution) than micro Cu (<2 wt% dissolution)r{let al., 2015).

For the three individual septic tank experimen@) fing of the chosen Cu particle was
added once per day during five consecutive weekdaythree weeks, for a total of 1500 mg of
the Cu particle per experiment. This dosing desiga chosen to represent low, uniform, daily
doses of Cu found in WWTP effluents (Keller et 2013, Keller and Lazareva, 2013 and
Lazareva and Keller, 2014). This equated to a fioalcentration of 10 ppm Cu within the septic
tank over the course of three weeks with the assompf equal distribution in the primary and
secondary chambers. 10 ppm was chosen based wgtiotpd concentrations of Cu found in
WWTP effluent and biosolids (Keller et al., 2013%lkr and Lazareva, 2013 and Lazareva and
Keller, 2014). Three individual experiments (on@exment per Cu particle) were conducted in
the system and consisted of: four weeks of basé@lio€Cu) and three weeks of Cu addition (total

of 1500 mg added and denoted as Cu weeks 1-3) wieoh followed by three weeks where Cu
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was no longer added to the system (denoted ashosteeks 1-3). The model septic tank was
designed to have a typical residence time of tiueeks in the primary compartment (Marcus et
al., 2013 and EPA, 2002). The purpose of the thweeks of analysis after the Cu addition
(post-Cu weeks 1-3) was to determine if the efftugrality would return to values recorded
during the baseline period. If the system retuonisaseline values during the post-Cu exposure,
this indicates that the system was able to re-kshaibs function. Because Cu and nano-scale Cu
are known to have antibacterial effects, immediai@nges, such as a loss of septic system
function, are anticipated during the Cu exposureks€Cu weeks 1-3) (Grass et al., 2011 and
Ruparelia et al., 2008). While Cu particles werdarger added during post-Cu exposure, the
assumption was made that Cu added during the thiriee weeks (Cu weeks 1-3) was likely still
present in the system or effluent. The system wasahtled and cleaned between each
experiment. More details on the Cu particle dogiragedure of the septic system are listed in

the SlI.

2.3 Water Quality Tests

For brevity, the water quality methodology and weger quality sampling schedule (Table S1)
are presented in detail in the SI. Water qualisygénclude pH, total organic carbon (TOC),
turbidity, total suspended solids (TSS), and tkie-flay biological oxygen demand test (B£D
These specific water quality tests were selectedumse they are traditionally associated with
monitoring both WWTPs and septic tank systems (€asmid Knowx, 1985, Crites and
Tchnobanoglous, 1998 and Brandes, 1978). Alsogttests are used for the regulation and

monitoring purposes of these systems (EPA, 199%Baaddes, 1978). Therefore, using



186 literature values as a comparison, these watertgtests were used to relate observable

187 changes to the accepted reported literature valles.also ensured the measured range in the
188 system was within reason of the reported values.

189 To determine the system’s influent values, measargs were taken during baseline
190 week 4, Cu week 3, and post Cu week 3 and weregedr The baseline effluent average was
191 determined by collecting measurements during thevieeeks of pre-Cu measurements and
192 averaging the data.

193 Additional water quality tests (alkalinity, condivity, and hardness) were also measured
194 in the system but are reported in another studydétermined the transformation of Cu particles
195 and subsequent alterations on Cu toxicity (Linlet2®15).

196

197 2.4 Bacteria Characterization

198

199 Microbial community phenotype can be affected bgtyreances in aquatic systems (Marcus et
200 al., 2013). Therefore, because septic system famcsilinked directly to metabolic activity of
201 the microbial community, changes occurring to tommunity phenotype were also measured.
202 Microbial characterization techniques were seleb&sbd upon previous work with

203 environmental microbial isolates and communitiesu@dis et al., 2013 and Taylor et al., 2015).
204  All microbial community testing for this study wasnducted as reported in a prior study with
205 the model septic system (Marcus et al., 2013).tElphoretic mobility (EPM, a surrogate for
206 relative cell surface charge), hydrophobicity, celhcentration, and cell size were measured
207 from cells emitted in the effluent. The purposetaf bacteria characterization was to monitor

208 changes in the microbial community as a functiothefcopper particle exposure. For
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consistency, all microbial characterization expemts were conducted once a week on the same
day in triplicate. More details on the bacteriareleterization tests, further methods, and the
sampling schedule (Table S1) are located in the SI.

An additional microbial community analysis conducteas pyrosequencing; this
analysis evaluated the microbial community struetsing the 16S rRNA gene. The purpose of
this analysis was to determine the changes intthetare experienced by the community as a
function of Cu particle exposure when comparedh&laseline community structure.
Extraction, preparation, and pyrosequencing ofrédrobial samples collected from the septic
system were followed exactly as in previous reseaiith this model septic system (Marcus et

al., 2013). Additional details on the methods usedequencing are located in the Sl.

2.5 Copper Analysis

The amount of free Gliions emitted in the effluent from the septic systeas determined
using an Orionl cupric solid state half-cell ion specific electeo@u ISE, Thermo Scientific),
an Oriori] double junction Sure-Flow reference electrode (Thermo Scientific), and aio©Or
Staf] A214 pH/ISE meter (Thermo Scientific). This mea&suent did not include any €lions
bound to organic matter and inorganic species (&and982 and Temminghoff et al., 1997).
Measurements were made in 10 mL samples from thepf twice a week in triplicate. Further
information is provided in the Sl on the calibraiso concentrations, and sample preparation.
A mass balance of Cu within the septic systemnepsrted previously in an additional

study (Lin et al., 2015).
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2.6 Statistical Analyses

Statistical analyses were conducted individuallydfach test parameter mentioned in the
material and methods (e.g., all water quality tdsasteria characterizations, and community
sequencing) to identify significant trends as acfion of Cu exposure and type. A Student t test
was used and if p values were <0.05, the differéreteeen the average of grouped data was
considered significant. Data were analyzed on ayeek basis. All experimental conditions (Cu
weeks 1-3, post-Cu weeks 1-3) were individually paned to the baseline conditions. Data were
assessed for a normal distribution using a Shapifitetest and equal variance using a F-test. A
student t test was also run on grouped data @ldpaseline weeks vs Cu weeks 1-3, and
baseline weeks vs post-Cu weeks 1-3). The averadjstandard deviation of all data values
collected and used in statistical analyses areepted in Table S2. Statistical analyses were
conducted with Excel 2011 (v.14.3.9, Microsoft, Rehd, WA) and with StatPI®&mac
LE.2009 (v.5.8.2.0, AnalystSoft Inc.).

The septic system was considered to undergo afdssction if the grouped data for the
Cu exposure (Cu weeks 1-3) or post-copper expasnditions (post-Cu weeks 1-3) were
statistically different when compared to the baseland by comparisons to known septic system
performance (Beal et al., 2005, Brandes, 1978e€and Tchnobanoglous, 1998, and 1966,
Zaveri and Flora, 2002). But, because of the thweek residence time in septic systems
(Marcus et al., 2013), only the final copper expesueek, (post-Cu week 3) was presented in
the results (post-Cu weeks 1 and 2 values canuelfm Table S2). This is because recovery of

the microbial community was anticipated to be asded with the residence time of the system.
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3. Results

3.1 Water Quality Test Results

Five water quality tests (pH, TOC, turbidity, TSBd BODR) commonly used to evaluate
effluent quality from WWTPs and septic tanks wesedlin this study (Beal et al., 2005 and
Zaveri and Flora, 2002). The baseline data detesthifthere were any statistically significant
deviations in typical operating parameters whenmamed to a perturbance, here the Cu and
post-Cu exposures. For all results (water quatisgst and bacteria characterization tests),
variation within data for the baseline weeks (nopZesent in the system) was not significantly
different (p> 0.05). Therefore, all baseline datxevaveraged for the sake of comparison to
other experimental conditions with the Cu partic\&&ter quality measurements, pH, TOC,
turbidity, and TSS are found in Fig. 1A-1D. B@@ata are found in Fig. 2B. The typical range
of water quality values for septic tank effluerdrfr previous literature studies can be found in
Table 1. Throughout the results, data are repcavvasage + standard deviation.

pH. For pH, the baseline effluent average was 7.0.4a0d the influent pH average was
7.6 £ 0.2. Both of these values fall within theitgd functioning range of a septic tank (Table 1).
Due to consistency of the influent material, thiéuent pH average remained constant at pH 7.6
+ 0.2 during the course of the experiments. Théicé&émk pH averages during and following the
nano Cu addition were between pH 6.8-7.2 and digignificantly change when compared to
the data for the baseline (pH = 7.0 £ 0.1, Fig..J®perimental values during and after the nano
Cu exposure are also within the accepted rangepiicstank pH values (Table 1). The final

experimental week (post-Cu week 3) following expesuad an average pH of 6.7 = 0.0.

12
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Over the three weeks of micro Cu addition, pH deda significantly lower when
compared to the baseline data (Fig. 1A). For exangiter the initial week of the micro Cu
introduction, data for the pH average (6.3 £ Oighidicantly decreased when compared to the
data comprising the average baseline value (p<Q.0@lthe second and third weeks of the
micro Cu exposure, the pH was also below typicarahte for septic tanks, albeit these values
were not significantly different from the baselifpe>0.05). However, when evaluated together
and analyzed, the pH data for the three weeks afomiscale Cu injection (pH 6.5 £ 0.1) was
also significantly lower compared to the baseliatadp<0.05). After three weeks without
further micro Cu addition, the effluent pH had &eeof 6.8 + 0.2 for the final post micro Cu
week 3.

The final week in the Cu(OHExposure had the highest pH average (7.5 + OrBlfo
experimental conditions (Fig. 1A) and while thiduaais significantly higher when compared to
the baseline data (p<0.001), it is still within typical pH range for a septic system. All other
experimental pH values were within the anticipgiedrange for septic systems. The post-
Cu(OH), week 3 average is pH 7.1 £ 0.1.

TOC. For TOC, the baseline effluent average valuestaddard deviation was 54.8 +
17.7 mg/L. The average influent TOC value was 828.3 mg/L and was consistent for all
experiments. Accepted effluent TOC values for gprty functioning septic tank are listed in
Table 1. The only significant difference during theno Cu experiment (Fig. 1B) was the
comparison between nano Cu week 2 (16.7 + 0.2 nggitl)the post-nano Cu week 3 condition
(91.1 + 4.0 mg/L) (p<0.0001). TOC was considerethtontain the baseline condition for all
other nano Cu experimental weeks. While the finegkvin the post-nano Cu exposure condition

does have a significantly higher value when congé&rehe baseline data (91.1 mg/L vs. 54.8

13
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mg/L), all TOC values for the nano Cu exposure wethin anticipated levels for septic system
function.

TOC averages for the micro Cu exposure (weeksved® between 47.0-49.8 mg/L (Fig.
1B) and the final post-micro Cu exposure value wWa® + 20.8 mg/L. The data for all of these
weeks were considered statistically insignificahew compared to the baseline data (p=0.3).
The typical range of TOC in septic tank effluentidg the micro Cu experiment was well within
the anticipated values based upon real world segstems (Table 1).

The TOC data for the Cu(OKégxposure ranged from 82.5-208.2 mg/L, and were
significantly higher when compared to the basetiata (54.8 + 17.7 mg/L) and to the post-
Cu(OH), data (75.8 + 2.8 mg/L) (p=0.0009 and p=0.02, retspely). However, the post-
Cu(OH), exposure data were not significantly different witempared to the baseline. The
Cu(OH), exposureesulted in the two highest TOC averages, 208.26t4land 94.2 + 5.9 mg/L,
for all experimental conditions with all Cu parésl Yet the TOC values measured under all
Cu(OH), conditions were within the expected range for Ti@&eptic tank effluent (Table 1),
which indicates the system is still operating wittypical conditions.

Turbidity. The baseline effluent turbidity average and stashdeviation was 11.3 +1.1
NTU. The turbidity influent average value for alperiments was 78.5 £ 3.7 NTU (Fig. 1C),
and is in the range for expected influent valueshfsehold greywater, which is 22-72 NTU
(Casanova et al., 2001). The effluent turbidityrages (Fig. 1C) for the nano Cu experiment
show fluctuations during the nano Cu weeks 1-3-@6+ 0.4 NTU). Turbidity data during the
nano Cu exposure were significantly lower when careg to the baseline and post-nano Cu

exposure data (p<0.0005). The final post-nano Qusxre average value was 10.0 + 0.1 NTU.

14
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Effluent turbidity decreased during the micro Cpertment when compared to the
baseline average (Fig. 1C). When grouped and aeglykae overall micro Cu exposure average
(2.5 £ 0.3 NTU) was significantly lower when comgarto the baseline turbidity data (11.3 £1.1
NTU). The final post-micro Cu exposure week hageerage of 1.5 + 0.6 NTU. While not
displayed in Fig. 1C, the post-micro Cu week 1 expe has the highest turbidity value for all
experiments with an average of 24.0 + 0.2 NTU T@ble S2, p<0.001).

Turbidity increased during the Cu(OHxperiment when compared to the baseline
average. The second highest turbidity averagelfexperiments was during the third week of
the Cu(OH) exposure (22.2 + 1.4 NTU, Fig. 1C). Overall, wirgauped and analyzed, the
Cu(OH), exposure data (10.1-22.2 £ 0.7 NTU) was signifigamgher when compared to the
baseline data (11.3 + 1.1 NTU, p<0.006). Cu(@&Rperiments had higher turbidity averages
overall when compared to the micro Cu and nanoxper@mental averages. The final week of
the post-Cu(OH)condition average was 6.4 = 0.2 NTU. All turbidvglues for the Cu(OH)
exposure were above the recorded baseline avdtiagever, these effluent values were well
below the range for expected influent values fardetold greywater (Casanova et al., 2001).

TSS The TSS effluent baseline average value and atdrdeviation was 52.7 + 7.6
mg/L (Fig. 1D). The TSS influent average was 572%mg/L. TSS typically ranges from 40-
140 mg/L in effluent, with a removal efficiency -80% expected (Table 1). During baseline
conditions, only an 8% reduction occurred fromitifeient to the effluent for TSS. There were
no significant trends in the TSS data for any ef @u particles, but some changes in the data are
worth noting.

The nano Cu exposure TSS values decreased ovedtirimg the nano Cu exposure

(38.1-41.6 £10.4 mg/L) to the final post-nano Cpasure (29.0 £ 10.6 mg/L). TSS averages
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were well below the anticipated range for septikteffluent and a 28-49% reduction occurred
during this experiment. The post-nano Cu grouped das overall significantly lower (31.6
mg/L) when compared to the baseline weeks (p<0THg.final post-nano Cu week 3 exposure
weeks had the lowest recorded TSS value of 29 mg/L.

The micro Cu particles had a decrease in TSS awer There was a 78% reduction of
TSS from the influent to the effluent during thecri Cu exposure weeks. The final post-micro
Cu exposure week had an 87% reduction in TSS. Téresm the expected range of TSS
reduction in a functioning septic system (Table 1).

Cu(OH), TSS averages increased during weeks 2-3 of th@Eexposure when
compared to the baseline data. For Cu(O#tposure week 1 and for the post-Cu(&Xthal
exposure week, a 19% and 26% reduction occurrég@ from the influent to the effluent. The
increase in TSS during Cu(Of€xposure weeks 2 and 3 correlates with an incresesein
TOC. Cu(OH)did not cause significant changes in TSS duringdt@H), exposure. The
highest TSS value (60 mg/L, Figure 1D) was recofdedthis form of Cu.

BOD:s. The five-day biological oxygen demand test (BOE)g. 2B) baseline effluent
average and standard deviation was 82.0 + 5.6 maugdLthe influent BOPaverage value was
127.0 £ 0.10 mg/L. BOPwas reduced by ~35% in baseline conditions wrgahithin the
estimated range for septic tanks (Table 1).

The lowest BOD average recorded for the nano Cu experiment wasglweek 1 of the
nano Cu exposures (34.0 £ 6.4 mg/L, Fig. 2B). Horanditions (baseline, nano Cu exposure,
and post-nano Cu exposure), the B@Rperienced a reduction ranging from 35-73% when
compared to the influent. During the micro Cu expesthere were two significant increases in

BOD:s effluent averages for the first (241.7 + 7.6 mgdhy third exposure weeks (223.3 £ 1.1
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mg/L) when compared to the baseline data. The fugak in the post-micro Cu exposure had a
BODs average of 26.8 + 8.3 mg/L, which was the lowe®0B value recorded for all of the
experiments. During the micro Cu experiment, a 8% feduction in BOBDfrom the influent to
the effluent was experienced only for the baselimiero Cu exposure week 2, and the final post-
micro Cu exposure week. All other weeks did notezignce the anticipated percent reduction
associated with a functioning septic system.

Half of the Cu(OH) exposure had significantly higher B@Bverages (267.0 + 4.8 and
208.5 £ 12.0 mg/L, p<0.05) when compared to thel@s data. The 267.0 mg/L average was
the highest BOBvalue recorded for all Cu experiments conductdus€ two weeks were
above the expected B@WDalues for septic tank systems (Table 1) and dichave the
anticipated precent reduction in BODwo weeks (Cu(OH)week 1 and post-Cu(Okhveek 3)
were significantly lower than the baseline effluB@Ds average. BOBexperienced a 76%

reduction for these two weeks during the Cu(@#xkposure.

3.2 Bacteria Characterization Results

Results for the bacteria characterization testdr@iphobicity, electrophoretic mobility, cell size,
and cell concentration) are found entirely in th¢Fsg. S2). While the bacteria characterization
tests did not overall have meaningful trends adddit correlate with changes in the water
quality tests, significant changes did occur. Bameple, the cell hydrophobicity grouped data
increased during the nano Cu exposure (64.4 + Ov@%)H compared to the baseline grouped
data (24.3-45.8 + 0.6-5.0%) and had the highestdpftbbicity values for any Cu exposure. In

the micro Cu experiment, cells experienced a changkectrophoretic mobility (EPM, a
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surrogate for surface charge) and data became megagive during the micro Cu exposure (-1.5
+0.310-1.6 = 0.3 [(um/s)/(V/cm)]) when compatedhe baseline data (-1.0 + 0.2to -1.4 £ 0.3
[(um/s)/(VIcm)]). During the Cu(OH)exposure, the most negative EPM average and sthnda
deviation was recorded for the bacterial cells420.4 [(um/s)/(V/cm)]).

PyrosequencingThe microbial community structure was determinsithg
pyrosequencing. The baseline averages for the marocommunity structure at the phyla level
for all Cu experiments was as follows: Proteoba&t®8.9%, Firmicutes 4.2%, and Bacteriodetes
12.5% (Fig. 2A). For the sequencing data in thislgt the following phyla: Acidobacteria,
Actinobacteria, Chloroflexi, Synergistetes, and @jzacteria were not statistically analyzed in
the community structure because when combinede ttese phyla made up less than 1% of the
community structure for all experimental conditi@ml weeks. The phyla that composed 99%
of the community were Proteobacteria, Firmicutes| Bacteriodetes. Proteobacteria remained
the dominant phyla during all Cu experiments. Gog phylum, Firmicutes, had a significant
change when compared to the baseline data durengatlrse of the nano Cu experiment (Fig.
2A). The amount of Firmicutes (4.2%) present inlthseline significantly increased during the
nano Cu weeks (11.1-19.8%, p=0.003) and the Pratteba data decreased from 83% in the
baseline to between 67.3-76.7% in during the migjofithe nano Cu exposures and during the
final week of the post exposure condition (nanoN@eks 2 and 3, and post-nano Cu week 3).
However, all other changes in the community dutirgnano Cu exposure and post-nano Cu
weeks were not significant.

The community structure maintained stable cond#tidaring the micro Cu exposure
(Fig. 2A). The micro Cu exposure showed Firmicutesrage values maintained a constant level

in the community between 1.7-3.4%. Proteobactedsa the dominant phyla in the community
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for the duration of micro Cu addition (64.4-74.6%population) and Bacteriodetes averages
ranged between 23.6-32.2%. All post-micro Cu mi@btommunity structure data were within
the same range as the baseline and micro Cu exposur

The Cu(OH) particle affected both Proteobacteria and FirngisuPhyla results (Fig.
2A) show that Proteobacteria data significantlyrdased during the Cu(Ofddition (60.0-
68.6%) and for post-Cu(OHRgxposure (60.8%) when compared to the baselinedtracteria
data (83.9%). Firmicutes was significantly higharthe Cu(OH) exposure (8.5-10.7%) when
compared to the Firmicutes baseline (4.2%). Thé-@agOH), Firmicutes percentage was also

significantly higher (25.3%) compared to the baseli

3.3 Copper Analysis

The purpose of the copper analysis using the cappespecific electrode (Cu ISE) was to
determine the amount of free €ions emitted in the effluent (Fig. 1E). €tons were not
present in the effluent under baseline conditiding highest recorded €uion concentration
average and standard deviation in the effluentduasg Cu(OH) week 3 at 4.9 + 0.8 ppm.
Micro Cu effluent was measured as having 1.0 @3 during micro Cu week 3and 1.8 + 2.5
ppm during post-micro Cu week 3. Post-nano Cu vk#&d an average value of 1.5 £ 1.1 ppm.
All other averages were below 0.2 ppm. Both theron€u and nano Cu showed an increase in
CU?* ion concentration over the course of the expertmdbata are not available for micro Cu
week 1. These values are in agreement from preyiobkshed work determining the total
amount of Cu emitted from a septic system (Linlet2®15). Using ICP-MS to perform a mass

balance of Cu in the system, the previous work désoonstrated that less than 1% of all the
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forms of Cu added to the septic tank per experimeast emitted in the effluent, with 99% of the

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

4. Discussion

4.1 Water Quality Tests

Of the five water quality tests performed (pH, T@@bidity, TSS, and BO¥), it should be
noted that each of these parameters had a ramgspinses that also varied per Cu patrticle
exposure. The septic tank was affected minimalhttie pH parameter except for the micro Cu
exposure weeks. Since pH is used as an indicatgefatic system operation as a function of
microbial activity, the data indicate that septistem performance was minimally impacted with
the exception of the micro Cu exposure. Typicaligalassociated with real world septic tanks
shows the average effluent pH to be between 6.7er @ptimal treatment of waste; this is in
agreement with the current study and additiondaiségnk effluent characterization (Bitton,
2005, Brandes, 1978 and Marcus et al., 2013). @hdéian of micro Cu resulted in the greatest
pH disturbance (decrease) from baseline condi{i6s6.6 vs. 6.7-7.6). The micro Cu pH was
not in the ideal range for methanogenesis (BitB@95) for two weeks of the micro Cu exposure.
Here, the data demonstrate that consumer produittglifferent types of Cu materials (micro
Cu vs. nano Cu vs. Cu(OH)an have a range of effects on an anaerobiaesdtsystem.
However, recent work has shown that regardleskeofyipe of Cu material, organic waste
and pH within the septic system mitigate toxicitigets due to transformation, speciation, and

sedimentation of the Cu particles (Lin et al., 2015 anaerobic treatment, decreases in pH can
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be an indirect measurement of an accumulation laftl@ fatty acids (VFAS) within the system,
which are produced by bacteria through anaerolgcadiation of waste (American Public Health
Association, 1989). VFAs can lower the pH in theteyn. Methanogenesis, the last process in
septic system fermentation and an important stepdrdegradation of waste (Zaveri and Flora,
2002), occurs ideally between pH 6.7-7.4. Hencehamogenesis is often the most sensitive
phase and the rate-limiting step in the fermentapimcess (Bitton, 2005 and Murto et al., 2004),
and will be affected by bacterial acid producti@rdss et al., 2011). If the Cu particles affect the
bacteria necessary for specific steps in fermemtdChen et al., 2008 and Murto et al., 2004),
the system may experience changes in acid procaiusing a decrease in pH. Disrupting
methanogenesis can lead to untreated effluenteshiitto the leachfield. Because methanogenic
and acidogenic microorganisms have an optimal pigeavithin septic systems (Bitton, 2005),
failure to maintain this optimal range can leadéptic system failure, e.g., improper treatment
of the wastewater. Therefore, pH is an importadicator of distress in the system, and the
release of incompletely treated waste into grounewaas consequences regarding human and
environmental health. While in this study metharedpction and methanogen population of the
microbial community structure were not directly e@ed, previous research using activated
sludge indicated that free Cu has gol& a concentration of 0.02 mg of free Cu per livated
sludge to specific bacteria populations necessarthe breakdown of waste (Braam and
Klapwijk, 1981). This toxic concentration of Cudae order of magnitude lower than the free Cu
concentrations found in the effluent of the sefatitk. This indicates that microbial toxicity is
likely within the septic system based upon the amofi free Cu found in the effluent.

In engineered wastewater settings, TOC valuesyaredlly related to the amount of

natural organic matter (NOM), such as humic andid¢udcids; the presence of acids can
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influence the pH of the system. These acids argepten wastewater and impact turbidity
readings. However, in this study effluent TOC isdmhupon the acid and sugar content of the
degraded organic constituents from the model caloich may be less complex in structure. The
TOC effluent value was anticipated to be betwee83Dmg/L (Brandes, 1978 and Crites and
Tchnobanoglous, 1998). All conditions (baseline alh€Cu experiments) maintained a TOC
value below 350 mg/L, indicating that the systenthis study stayed within the typical range for
real world septic systems. One trend noted dutiegdu(OH) exposure shows an increase in
TOC that corresponds to an increase in BADverall, the TOC measurements indicate the lack
of any system failure. Here, failure was definedha&ssystem’s inability to treat waste; one
attribute indicating failure is increased load®ajanic material (TOC) present in the effluent.

High TOC values are also associated with increasadentrations of acids from the
degradation of organic waste. These acids can ltdvegpH within the septic system. Therefore,
the presence of increased amounts of TOC can liedoliver pH. This phenomena is noted for
week 1 of the Cu(OH)exposure. During week 2 of the nano Cu exposudeceease in TOC
may be related to the increase in pH, yet theasgegadre still within the documented typical
ranges for TOC and pH for septic tanks. There islaar relationship between TOC and pH
trends with the micro Cu exposure. Since each Clicfgcauses distinct differences in the TOC
data, this may indicate that changes in wastevepitglity are likely caused by the particle
properties such as size or chemical composition.

Domestic wastewater influent for a WWTP can hawerhidity ranging from 186-328
NTU (Chu and Li, 2006) and a reduction of turbiditym the influent to the secondary effluent
is typically between 80-98% (Delgado et al., 2003}he septic tank with the absence of Cu

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

Cu(OH), showed turbidity reduced between 70-90%. Herdjdity was reduced to within the
accepted ranges; this measurement indicated thatdiem was well conditioned to handle the
perturbances experienced.

Typical values from the literature demonstrate thatsecondary effluent BQBrom a
septic tank should be between 35-200 mg/L (Branti#s3). In agreement with what is expected
for functioning septic tanks, BQDn this study showed a 30-50% reduction betweenrtfiuent
and the baseline conditions (Bounds, 1997, Brarid&3, EPA, 2002, Rock and Boyer, 1997
and Siegrist et al., 1984).

Micro Cu and Cu(OH)caused the largest increase in average effluelisBd did not
result in a subsequent reduction in BZ0r four weeks. These high B@WDalues indicate that
there is an increased oxygen demand for the owridaind degradation of organic waste in the
effluent and verifies the presence of organic wasthe effluent. However, in this study the
TOC remained relatively constant, indicating th&® was affected by an increase in microbial
enzyme activity related to Cu availability as a mrwtrient rather than the presence of increased
TOC. In contrast, low BOPvalues mean the presence of less organic matatitiie end of the
post-Cu week exposures, all B@ialues were relatively low (between 26-46 mg/LJ showed
a 64-80% reduction in BOPThis indicates that the septic system was abtetton to baseline
conditions in terms of the amount of organic wastsent in the secondary effluent. One
limitation of the BOD test is the inability to differentiate between ambof organic material
and microbial activity, since the test is effecljvmeasuring oxygen consumed by bacteria over
a five-day period. The amount of oxygen consumexdten a proxy for the amount of organic

material present in the system.
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4.2 Bacteria Characterization

The microbial community was monitored throughowt tourse of the experiments to determine
phenotypic changes associated with the Cu papmigirbances. These measurements were
selected based upon previous work that used the®ds to characterize bacteria in aqueous
environments (Marcus et al., 2013 and Taylor e28l15), specifically assessments for
environmental microbial community analyses suchyasophobicity, surface charge
(electrophoretic mobility, EPM, a surrogate of sgd charge), and cell size were chosen
(Bolster et al., 2010 and Tazehkand et al., 2088)le significant changes did occur in the
characterization tests, there were no meaningfalds that correlated with the water quality
data. Traditionally, these tests can give insigta changes occurring to the microbial
community that are often associated with stressliions, and these fluctuations could be used
as additional indicators that the septic systenotsoperating optimally. A few of the bacteria
characterization results are worth mentioning imeraetail.

For example, an increase in cell hydrophobicitggsociated with biofilm formation
(Marcus et al., 2013 and Schafer et al., 1998)\viBus work with the septic system showed a
baseline hydrophobicity cell value of 40.1 £ 2.8A6l@n increase in hydrophobicity was noted
with a pathogen perturbance (51.8 * 8.4%) (Marc¢ws.£2013). Here, the average baseline
hydrophobicity fluctuated between 24-45%. Experitab@u particle conditions hydrophobicity
averages were between 20-64%. Here, no distintdrpat/as observed when comparing the

hydrophobicity responses to the three Cu patrticles.
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Another characterization test, surface charge (ERVan indicator of the stability and
attachment potential for the microbial communitythvhigher absolute values indicating greater
stability (Elimelech et al., 1998). EPM values barcteria in agueous environments are typically
negative (Wilson et al., 2001). A positive EPM v@ahecorded during the nano Cu exposure
suggests aggregate formation of the bacteria W&l particles, with Cu likely coating the
bacteria, thus changing its surface charge (Jiaa,e2009). Overall the septic system had
greater fluctuations in EPM ranging from -2.38 t8@M@m/s)/(V/cm)) in the presence of Cu
particles when compared to previous work in theesygMarcus et al., 2013). Cu(OH)ad the
greatest change in surface charge since positivevavere measured. Nano Cu had the greatest
variation in bacterial surface charge. The fludhrat in the EPM data suggest greater potential
for Cu and bacteria aggregation. Therefore, EPM beag useful tool to determine changes
within septic systems and to predict the fate gragation of nanomaterials and bacteria in the
effluent (Bolster et al., 2010 and Haznedaroglal £2009).

Finally, changes in cell size, particularly a dese=in cell size, can be attributed to stress
on the cell or changes in cell viability (Bakkerdadlsen, 1987, Kjelleberg et al., 1987, Palumbo
et al., 1984, Tate, 1986 and Torrella and Mori&81). The greatest decrease in cell size
compared to the baseline was during post-Cu{G#tposure. Of the three Cu experiments, the
micro Cu resulted in the least amount of fluctuatio bacterial size over the course of the
experiments.

The microbial community was analyzed using pyroseging to determine the changes
that the community experienced as a function op&ticles when compared to the baseline
community characteristics. This study is not thstfio observe changes in the microbial

community structure at the phyla level. In factymatudies have reported changes at the phyla
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575 level and have suggested analyses at this taxorgnmip as a monitoring tool for various types
576 of wastewater treatment (Hu et al., 2012, Nieldeal.2012, Wagner et al., 2002 and Yang et
577 al., 2014). In this work, community structure chesgvere noted during the same experimental
578 weeks that high pulses in B@Dccurred (Cu(OH)weeks 1-3, Proteobacteria decreased and
579 Firmicutes increased). At the phyla level, Protedda@a made up the majority of the community
580 in all conditions, even though Cu(OH)id cause a significant decrease in this phylusaZ3%
581 decrease from baseline condition). Other studigs banfirmed the dominance of

582 Proteobacteria in wastewater conditions (Marcus.e2013, Hu et al., 2012 and Tomaras et al.,
583 2009). Firmicutes are also regularly found in wastier and have been reported to have low
584 resistance to the shear forces present in WWTEBgftire occupying a select niche in

585 wastewater microbial communities (Larsen et alQ88nd Wilén et al., 2008). The phyla

586 Firmicutes includes fermenting bacteria (Diaz et2006), which is important for septic tank
587 systems. Both nano Cu and Cu(Qkaused significant increases in the Firmicutesyrhy

588 In the current work, the microbial community at fite/la level was significantly altered
589 for the nano Cu exposure (Firmicutes increased)damiahg the Cu(OH)exposure

590 (Proteobacteria decreased and Firmicutes increaBke3e fluctuations indicate that the

591 community structure is not stable. In multiple $ésdt has been shown that community stability
592 is not often associated with the functional stapif the system, possibly due to functional

593 redundancy, and that microbial community structamultiple types of WWTPs is highly and
594  continuously variable despite stable function (@ytet al., 2005, Fernandez et al., 1999, Gentile
595 etal., 2006, Miura et al., 2007, Wittebolle et aD09 and Zumstein et al., 2000). In fact, one
596 study suggests that the less stable a communttyistare, the more stable the waste degradation

597 performance (Fernandez, 2000). This work indicatesong functional redundancy in the
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system. Additionally, since Cu is well documentedettle into sediment and sludge layers (Lin
et al., 2015), it was anticipated that Cu was naé\milable or causing disruption to the

microbes within the liquid layer in the primary chiaer.

4.3 Copper Analysis

The Cd#* ion concentration emitted in the effluent was miead during all experimental
conditions. These Gliion concentrations released in the effluent amgireement from previous
published work determining the overall mass balarwconcentration of Cu emitted from a
septic system, and are in the 1-5 ppm range (Lii.e2015). Ct ions have demonstrated
toxicity to organisms such as bacteria (Flemming) &revors, 1989), and therefore, effects seen
in the system that are related to microbial agtiwiy be due to free ions released from the Cu
particles rather than the Cu particles. Researstalsm shown that a decreasing pH will increase
the solubility of copper and lead to greater dissoh and an increase in the presence &f Cu
ions (Adeleye et al., 2014). Here, the’Cion concentration during the micro Cu experiment
may have increased due to the drop in pH durirgekperimental condition. Another reason for
the increase in Cilion concentration is due to the gradual increas@ui particle concentration
throughout the experiment. It should be noted thstilts might have some inaccuracy due to
interfering constituents such as’Hg€** ions are a minimal component of the medium),
divalent ions, and the complexity of the sewagerimathich includes high concentrations of

organics (Sterritt and Lester, 1984).

5. Conclusion and Environmental I mplications
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Septic system failure is defined as the releasritsfents and pathogens in effluent
discharge (Ahmed et al., 2005). Therefore, it ipamant to understand the effects of any
contaminants that may enter and alter septic sy&taation, such as various Cu particles
present in common consumer items. Here, multigtreg strategies were used to thoroughly
characterize a septic system with and without copp#dicles. The septic system experienced
various transformations during the three Cu expsauch as fluctuations in the water quality
(pH, BODs, and turbidity), microbial community phenotypicactges (hydrophobicity, surface
charge, and size), and variation in the microbamhmunity composition.

Overall, the septic system function was robustmadaged the various Cu perturbances.
Even with weekly fluctuations in the experimenks tlata suggest that 100% of the time, the
water quality parameters and microbial compositi@ne recovering towards baseline conditions
by the final week in the experiment (post-Cu wdekee¢) and most likely would return to, or
maintain the baseline conditions after such a peance, regardless of the particle type. The
release of untreated wastewater or Cu particlestiie leachfield may occur on a week-by-week
basis and may vary depending on specific conditaitisin the system (i.e., microbial
community composition, pH, BOQPTOC), and it likely to differ between septic sysis.

Based upon this work, the subsequent entry offfhesat into the leachfield and
groundwater may have low concentrations of copp@r ppm) with occasional pulses of higher
Cu concentrations, which may or may not meet ctimesgulation discharge limits for Cu. The
release of engineered nanomaterials into aqueadrements does have known (Hagedorn et
al., 1981 and Yates, 1985) impacts and may haviéi@aua unknown effects on the environment

and on human health. Additionally, in anaerobiceamys environments the sulfidation of metals
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has been reported to eliminate metal toxicity (Ktal., 2010 and Sterritt, and Lester, 1984
sulfidation readily occurs in anaerobic environnsemith organic matter present, such as a septic
system. Finally, the approach of using a realistigineered system in the laboratory that

provides environmentally representative conditisimsuld be considered in future experiments.
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Tablel. Range of typical water quality values for a fumeing septic system.

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 7.0x0.1
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 Tchnobanog|b838 52.7 + 7.6 mg/L

Bounds, 1997
Rock and Boyer, 1995
BODs 35-200 mg/L 30-50% Brandes, 1978
Crites and Tchnobanoglous, 1998

82.0 £ 5.6 mg/L

N/A indicates data not available for septic systelBaseline values listed for this study are anayerand standard deviation of the

data collected over four weeks.
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Fig. 1. Changes in water quality parameters pH (A), total organic carbon, or TOC (B), and turbidity (C), Cu?* 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), (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 H,0, 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 BODs (B) over the course of
three independent ten-week experiments for micro Cu (solid line), Cu(OH). (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.



