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Abstract

Engineered nanomaterials (ENMs) are commonly incorporated into food and consumer applications to enhance a specific
product aspect (i.e., optical properties). Life cycle analyses revealed ENMs can be released from products during usage and
reach wastewater treatment plants (WWTPs), with titanium dioxide (TiO,) accounting for a large fraction. As such, food grade
(FG) TiO,, a more common form of TiO, in wastewater, was used in this study. Nanomaterials in WWTPs have been well
characterized, although the problematic septic system has been neglected. Elution and bioaccumulation of TiO, ENMs from
WTTPs in downriver sediments and microorganisms has been observed; however, little is known about mechanisms governing
the elution of FG TiO, from the septic drainage system. This study characterized the transport behavior and mechanisms of FG
TiO, particles in porous media conditions after septic waste treatment. FG and industrial grade (IG) TiO, (more commonly
studied) were introduced to septic tank effluent and low-ionic strength electrolyte solutions prior to column transport experi-
ments. Results indicate that FG TiO, aggregate size (200400 nm) remained consistent across solutions. Additionally, elution of
FG and IG TiO, was greatest in septic effluent at the higher nanoparticle concentration (100 ppm). FG TiO, was well retained at
the low (2 ppm) concentration in septic effluent, suggesting that particles that escape the septic system may still be retained in
drainage field before reaching the groundwater system, although eluted particles are highly stabilized. Findings provide valuable
insight into the significance of the solution environment at mediating differences observed between uniquely engineered
nanomaterials.
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Introduction

Engineered nanomaterials (ENMs) represent an expanding
class of nanosized materials that are used in numerous appli-
cations for matrix stabilization and enhancement of optical
properties [1], including consumer products such as foods
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[2—4] and cosmetics, coatings, pharmaceuticals, pigments,
paints, and personal care products [4, 5]. Interestingly, multi-
ple studies of the life cycle of consumer product-based ENMs
have reported that nanomaterials can be released from prod-
ucts during the lifespan of their usage with many reaching full-
scale wastewater treatment plants (WWTPs) [5, 6]. Titanium
dioxide (TiO,) ENMs, for example, are estimated to account
for a large fraction [40-50%] [5] of engineered nanomaterials
reaching WWTPs, due to frequent usage and release from
foods and consumer products [2, 3, 5, 7-9].

Full-scale WWTPs reduce the loading of organics, nutri-
ents, and other potential environmental contaminants before
wastewater is released into the environment [10]. Two to four
primary treatment stages are typically incorporated at central-
ized facilities: preliminary treatment to remove large objects
damaging to the plant, primary treatment using physical re-
moval processes (i.e., sedimentation), secondary treatment
using biological or chemical processes for nutrient removal,
and tertiary treatment to further remove organics, pathogens,
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and parasites [11]. Nanomaterials tend to aggregate and asso-
ciate with biosolids within full-scale WWTPs prior to sedi-
mentation from treated effluent [12, 13]. However, in certain
cases, though colloidal-sized TiO, particles are well removed,
up to 70% of nano-TiO, was eluted from the full-scale WWTP
[14]. Additionally, TiO, nanoparticles released from WWTPs
can remain bioavailable, which is evidenced by accumulation
of small quantities (<5 pg/L) in fish just downriver of the
treatment facility [15]. Notably, TiO, ENMs detected in re-
ceiving waters were determined to be engineered and non-
naturally occurring [15]. These studies indicate that
nanosized, engineered TiO, can remain an environmental con-
cern after leaving full-scale WWTPs.

Septic wastewater treatment systems, alternatively, are a
simpler microbially driven, anaerobic digester utilizing only
the sedimentation and filtration aspects of larger treatment
operations [16]. Sedimentation of suspended solids and micro-
bial degradation of organics occurs in the septic tank, and
effluent slow trickle filtration occurs in the drainage field.
Although septic systems are EPA regulated and effective when
installed and maintained properly, they are often less rigorous
than full-scale WWTPs [11] and shortcomings in design and
maintenance lead to system failure [17]. Notably, TiO, and
other ENMs well studied and characterized in full-scale
WWTPs have largely been neglected in the onsite, septic sys-
tems [18]. TiO, ENMs in poorly maintained septic systems, as
opposed to WWTPs, suggest the possibility of greater elution
from the onsite system [19] and shifts the focus to nanoparticle
behavior in the drainage field after septic treatment.

Nanoparticle fate and transport in porous media is depen-
dent on both solution chemistry and inherent particle charac-
teristics [20, 21]. TiO, nanoparticles characterized under ide-
alized conditions indicated that food grade (FG) TiO,, which
is more commonly used in foods and consumer products [4],
possessed a different isoelectric point (IEP) than a more com-
monly studied form of TiO, (FG: pH 3.5; industrial grade:
pH 6) [22]. Wastewater systems typically remain between
pH 6 and 7, indicating that while industrial grade TiO, parti-
cles should be destabilized, FG TiO, should be stable with a
negative charge based on IEP. Further, FG TiO, nanoparticles
exhibit interesting stability across multiple ideal and complex
solution conditions [23], potentially increasing its chances of
remaining suspended in effluent eluted from the drainage field
into the groundwater system. Essentially, transport mecha-
nisms governing FG TiO, nanoparticle behavior in porous
media after septic treatment are largely unknown and repre-
sent an important consideration regarding the environmental
fate and transport of FG TiO,.

This study aimed to characterize the transport behavior and
mechanisms of FG TiO, particles in porous media indicative
of conditions in post septic waste treatment. Two forms of
TiO, nanoparticles were utilized to assess the correlation be-
tween FG and a more commonly studied form of industrial
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grade (IG) TiO,. Characterization of nanoparticles included
particle size and mobility within each solution condition.
Nanoparticle transport experiments were conducted using a
cylindrical glass column wet packed with quartz sand grains.
Breakthrough curves were then created to elucidate the influ-
ence of solution chemistry and particle concentration in FG
TiO, porous media transport.

Experimental protocols
Nanoparticle selection and characterization

FG and IG TiO, were used, independently, for all experimental
conditions of this study. Nanomaterial selection was largely
determined by FG being a commonly found particle in domes-
tic sewage [4, 5], while the IG was used in this study as a
control, as a most commonly studied TiO, particle [22].
Interestingly, both grades have pathways to reach wastewater
treatment facilities [4]. Food grade TiO, are commercially
available particles provided via Arizona State University and
have a primary particle size of 122 +48 nm and mostly anatase
crystal structure (>95%); additionally, the particle carries an
inorganic phosphate coating [22]. Industrial grade TiO, are
nanoparticles sourced from Sigma-Aldrich (Aeroxide TiO,
P25; Evonik Degussa Corporation, Essen, DE) and possess a
primary particle size of 21 nm and a compound crystal structure
of 75% anatase and 25% rutile [22, 23]. The isoelectric point of
FG TiO, is within the range of pH 3.5 to 4, while IG TiO, is
pH 6 in 10 mM monovalent electrolyte solutions [22, 23].
Nanoparticles were prepared following previously de-
scribed methods [24]. Briefly, a 200 ppm stock solution of
TiO, nanoparticles was prepared and sonicated for 30 min
prior to beginning experiments, then another 30 s just before
each characterization experiment. Nanoparticle concentra-
tions of 2 and 100 ppm were selected to approximate environ-
mentally relevant levels and nanoparticle concentrations used
in prior studies [21]. Although 0.2 ppm represents the high
level of TiO, in this environment [15, 25], 2 ppm was selected
due to optical resolution limitations of the spectrophotometer.
Nanoparticle characterization included both hydrodynamic
diameter and zeta-potential (ZP) measurements across each
solution condition and TiO, concentration. Hydrodynamic di-
ameter was determined using dynamic light scattering
(ZetaPALS, Holtsville, NY, USA) at a wavelength of 661 nm
and a scattering angle of 90°. ZP was calculated using the
Smoluchowski equation [20] converted using electrophoretic
mobility measurements (ZetaPALS, Holtsville, NY, USA).

Solution chemistry and characterization

Treated wastewater released from septic treatment systems
must first trickle through a drainage field of porous medium
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before entering the groundwater system [16]. Therefore, sep-
tic system wastewater effluent was the primary solution uti-
lized in this study to replicate conditions present within the
drainage field. Septic effluent was produced using a bench-
scale model septic tank and human colon that provided hu-
man fecal matter [18, 23, 26]. The water quality of the septic
effluent was evaluated via conductivity (570 uS/cm), pH
(7.6), microbial concentration (5.01 x 108+6 x 107 cells/
mL), turbidity (9.9+£0.8 NTU), and chemical oxygen de-
mand (315.9+12.4 mg/L). Additionally, 4 mM KCI with
pH adjusted to 7.6 and 10 mM KCI (no adjustment, pH 6)
were two, separately tested, monovalent electrolyte suspen-
sions used to indicate the significance of organic matter and
increased ionic strength, respectively. Conductivity is the
measure of charge transferring capacity of a solution and an
estimate of IS. Calibration curves were created to determine
the molar concentration of KCI equaling septic effluent con-
ductivity with the result being 4 mM. The transport proper-
ties of six nanoparticle suspensions were tested independent-
ly in triplicate using sand columns. The six suspensions com-
prised two grades (food and industrial) of TiO, nanoparticles
independently suspended in three solutions (septic effluent,
4 mM KCI (pH 7.6), and 10 mM KCI (pH 6)). Solution
chemistries provided a comparison of the role played by
organic material remaining in the septic system (4 mM
KCI, pH 7.6) and for the consideration of FG TiO, filtration
behavior in relation to commonly studied literature condi-
tions (10 mM KCl).

Column transport experiments

Column transport experiments were conducted to elucidate the
porous media behavior of FG TiO,. A borosilicate glass cyl-
inder of dimensions 1.5 c¢cm inner diameter and 5 cm length
was wet packed with 275 um ultrapure quartz sand, resulting
in 0.46 porosity to simulate filtration through a septic drain
field [16]. Column operation and setup are presented in greater
detail elsewhere [21]. Flow rate was maintained at 2 mL/min
which is commonly found in trickle flows and slow sand grain
filtration [10]. Greater than 10 pore volumes (PV) of Millipore
deionized water (18.2 M(2 at 25 °C) were flushed through the
column after sand was wet packed. This initial flush was
followed by greater than 10 PV of the electrolyte solution
(4 mM KCI, 10 mM KCI, or septic effluent; without nanopar-
ticles) to fully saturate the porous media in the respective
background solution. Six PV of TiO, nanoparticle suspensions
(background electrolyte solutions spiked with TiO,) was then
introduced followed by another 6 PV of the nanoparticle-free
background electrolyte solution. Septic effluent was obtained
from the column using 15-mL centrifuge tubes and fraction
collector (CF 1 Fraction Collector, Spectrum Chromatography,
Houston, TX, USA). The nanoparticle suspensions were con-
stantly sonicated and stirred during TiO, introduction.

DLVO calculations

Derwin-Landau-Verwey-Overbeek (DLVO) theory was ap-
plied to provide insight on deposition mechanisms of both
FG and IG TiO, in this porous media system. DLVO theory
allowed for the determination of the significance of electro-
static repulsion and van der Waals interactions on the TiO,
nanoparticles and quartz sand collector comprising the trans-
port column. Sphere plate geometry was assumed for this
TiO, quartz system due to the comparatively smaller diame-
ters of nanoparticles compared with a quartz sand collector
grain size of ~250-300 pm. DLVO theory was applied using
the following equations for electrostatic repulsion (V.q;)
(Eq. 1) and van der Waals forces (Vypw) (Eq. 2):

o 1+ exp (—kh ) )
Vea = ﬂeoeap{h/)py‘)cln {W((*kh))] + (wcz + @sz)ln[lfexl’ (72kh)]}
(1)
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where the following assumed parameters were utilized from
previously published and measurements from this study: per-
mittivity constant of free space (&,) was 8.854 x 10712 C/V/m,
the dielectric constant of water (£) was 78.5, and surface po-
tentials (¢)) determined by EPM measurements were trans-
formed to zeta-potentials using the Smoluchowski equation
for the particle (p) and collector (¢) [27]. Inverse Debye length
and separation distance are denoted by x and 4, respectively
[20]. The Hamaker constant (A,,) selected for a quartz TiO,
system was 1072 [28], and the particle radius (ap) was popu-
lated by hydrodynamic diameter values (Fig. 1). Lastly, char-
acteristic wavelength (\) was assumed to be 100 nm [27].
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Fig. 1 Hydrodynamic diameters for food grade (FG) and industrial grade
(IG) titanium dioxide particles in 4 mM KCI at pH 7.6, 10 mM KCI at
pH 6, and septic effluent at pH 7.6. Errors bars represent standard devi-
ation of triplicate measurements
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Statistical analysis

Student’s ¢ test was used to determine the statistical signifi-
cance for nanoparticle characterization and breakthrough
curves. An alpha value of 0.05 (p value <0.05) indicated
statistically significant differences resulted in the FG or IG
TiO, nanoparticle suspensions.

Results
Nanoparticle characterization

The hydrodynamic diameter of each type of TiO, particle is
presented in Fig. 1. Notably, IG and FG TiO, vary little in their
respective mean diameters between both KClI suspensions.
Industrial grade TiO, developed a significantly larger (p <
0.05) hydrodynamic diameter than FG TiO, in both 4 and
10 mM KClI, which is similar to previous research that found
IG to form larger aggregates than FG [23]. Contrary size rela-
tionships by particle concentration were observed in KCI be-
tween FG and IG TiO, hydrodynamic diameters with 100 ppm
IG TiO,, developing significantly larger aggregates than 2 ppm
(> 1200 to <600 nm, respectively), while 100 ppm FG TiO,
formed significantly smaller aggregates than 2 ppm (<282.5 +
7.5 to >358.3 3.2 nm). Suspending the particles in septic ef-
fluent resulted in the development of very similar sizes between
IG and FG TiO,. Septic effluent appears to stabilize IG TiO,
particle sizes compared to both KCl solutions, while the size FG
TiO, was determined to be independent of solution chemistry.

The electrophoretic mobility for both grades of TiO,
particles suspended in the three solution chemistries is
presented in Fig. 2. The EPM of FG TiO, was negative
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Fig. 2 Electrophoretic mobility (EPM) for food grade (FG) and industrial
grade (IG) titanium dioxide particles in 4 mM KCl at pH 7.6, 10 mM KC1
at pH 6, and septic effluent at pH 7.6. Errors bars represent standard
deviation of triplicate measurements

@ Springer

in all three solution conditions, and the value was inde-
pendent of particle concentration. The greatest magnitude
of EPM for FG was the 4 mM KCI solution, followed by
the 10 mM suspension, while the FG suspended in the
septic effluent had the lowest EPM. The IG particle
EPM trends were similar across the two KCl suspensions.
The low-concentration IG particles had negative EPM
values, while those with higher concentrations had posi-
tive EPM values, yet irrespective of concentration, the IG
particles developed equal, negative, and lower-magnitude
EPM values when suspended in septic effluent (Fig. 2).
Indeed, both grades of TiO, at both concentrations exhib-
ited no differences in EPM when suspended in septic ef-
fluent. Septic effluent may exhibit a capacity for EDL
compression even at low IS (570 uS/cm, ~4 mM) as both
TiO, types and concentrations exhibit reduced EPM from
either KCl solution [29].

Column transport experiments

Breakthrough curves for food and industrial grade TiO, in
each solution condition are provided in Fig. 3. Results
indicate that FG TiO, was eluted more than IG in 4 mM
KCl although in 10 mM KCl, both nanoparticle types were
well retained (Fig. 3a, b). Nanoparticle concentration had
little effect on IG retention in 10 mM KCI except in the
case of 100 ppm IG TiO, where a small increase in parti-
cles eluted was observed (0.1 +0.0). Conversely, FG TiO,
was far more impacted by particle concentration where FG
100 ppm (max 0.4 +0.0) was much greater than FG 2 ppm
(max 0.0+ 0.0) when suspended in 4 mM KCI. In septic
effluent, differences in nanoparticle behavior were ob-
served for both FG and IG TiO, when compared to the
monovalent solutions (Fig. 3¢). Septic effluent resulted in
high elution values for all nanoparticles and concentra-
tions except for FG 2 ppm. Notably, IG TiO, displayed
an increased tendency for elution than those observed in 4
and 10 mM KCI. TiO, particle concentration played a
major role under septic effluent conditions as both IG
and FG TiO, exhibited similar behavior at the 100 ppm
TiO, concentrations, and poor retention was observed at
100 ppm (max 0.8 +0.1) compared to 2 ppm (max 0.1 =
0.0). Results indicate that septic effluent conditions facil-
itate increased elution of FG and IG TiO, nanoparticles
compared to the monovalent electrolyte suspensions,
though high retention is observed at environmentally rel-
evant concentrations (<2 ppm).

DLVO calculations

Total interaction energy profiles for food and industrial grade
TiO, developed for 4 and 10 mM KCl are presented in Fig. 4
as a function of nanoparticle concentration and separation
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Fig.3 Breakthrough curves for food grade (FG) and industrial grade (IG)
TiO, nanoparticles introduced to a 4 mM KCl at pH 7.6, b 10 mM KCl at
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distance. Unfavorable conditions (>435 kT) for deposition
were observed for both FG and IG TiO, nanoparticles in
4 mM KCl apart from IG 100 ppm, where the deep primary
minimum demonstrates those very favorable conditions

600 e FG-100 ppm
- - -1G-100 ppm
/: —— FG-2 ppm
— 400 [N Iy
E i 1G-2 ppm
5 200
[}
{=
w o
c
L
§ -200
2
= 400 /
1
1
600 '
!
0 10 20 30 40 50

Separation Distance (nm)

Fig. 4 Total interaction energy profiles generated by the Derwin-Landau-
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grade (IG) TiO, nanoparticles and the quartz sand collector surface in
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much closer to favorable deposition (Fig. 4b). Additionally,
nanoparticle concentration affected total interaction energy
with IG TiO, more than FG TiO,. FG TiO, remained unfa-
vorable in 4 mM KClI at both particle concentrations and pos-
sessed similar interaction energy (FG 2 ppm, 225 kT; FG
100 ppm, 195 kT). Conversely, nanoparticle concentration
was the difference between favorable and unfavorable depo-
sition conditions for IG TiO, in 4 and 10 mM KCI, with
unfavorable conditions for IG 2 ppm, while IG 100 ppm
was favorable. Results of interaction profiles suggest that
more favorable conditions for FG and IG TiO, nanoparticle
deposition, at both 2 and 100 ppm concentrations, would exist
in 10 mM KCl than 4 mM KCI.

Discussion
Nanoparticle characterization

Engineered nanomaterial interactions, and environmental be-
havior as a result, are very much dependent on nanoparticle
stability and aggregation [30, 31]. High electrophoretic mo-
bility (—4.5+0.2 % 10® m*/V/s) of FG TiO, nanoparticles
introduced to weak, monovalent electrolyte conditions is sug-
gestive of a very stabilized nanoparticle (Fig. 2). Similar mo-
bility displayed by FG TiO, was also observed in concentrated
colon medium comprising proteins, carbohydrates, and mono-
and divalent salts, at even at high IS (~200 mM) [23].
Between 4 and 10 mM KCl, the hydrodynamic diameter of
FG TiO, remains in the range of 270 to 360 nm while IG TiO,
increases to well over 1000 nm in both solutions at IG
100 ppm, which also aligns with findings from previous work
conducted in high-IS, multivalent electrolyte solutions [23].
FG TiO, hydrodynamic diameters in 4 and 10 mM KCI sup-
port EPM observations of a stabilized aggregate showing that
FG TiO, maintains smaller aggregate sizes than IG TiO,
(Fig. 1). Di- and multivalent electrolyte suspensions are well
understood to compress the electrical double layer surround-
ing a nanoparticle [32] and while this was observed previously
with IG TiO,, FG TiO, continues to respond differently in
idealized and complex solutions highlighting the significance
of inherent differences [23].

Suspension pH is an additional factor capable of influenc-
ing nanoparticle stability, where particles near the IEPs are
destabilized and more readily aggregate [20, 21]. The IEPs
of FG and IG TiO, have been reported as pH 3.5 and 6,
respectively [22]. Based on IEPs and nanoparticle concentra-
tion, the largest TiO, aggregates would be expected to form in
IG 100 ppm, although this was not the case (Fig. 1). Slightly
larger IG 100 ppm aggregates observed in 4 mM KCI at
pH 7.6 may potentially result from a positive and reduced
stability compared to 10 mM, resulting in conditions that fa-
cilitate nanoparticle aggregation (Fig. 2) [29, 33].
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In wastewater treatment, organic coatings are expected to
develop on nanoparticle surfaces and can impart a stabilizing
effect that minimizes further aggregation [29, 30, 34, 35].
Contrary to the monovalent solutions, septic effluent repre-
sented an environment that reduced the mobility of both
TiO, types; however, whereas the hydrodynamic diameter of
IG TiO, nanoparticles decreased, FG TiO, aggregates became
slightly larger at both 2 and 100 ppm nanoparticle concentra-
tions (Figs. 1 and 2, respectively). Reductions in EPM and
hydrodynamic diameter have been attributed to steric hin-
drance occurring from organic matter bound to the nanoparti-
cle surface [31, 36] which can explain the observations for IG
TiO,. These findings suggest that FG TiO, would have low
retention in porous media filtration increasing the possibility
of reaching groundwater.

Column transport experiments

Findings from column breakthrough curves reveal an expect-
edly high rate of elution of FG TiO, nanoparticles in septic
system effluent at high concentrations (Fig. 3c) [12, 14, 37].
However, environmentally relevant concentrations of nano-
particles released from septic tank may not pose an immedi-
ate risk to groundwater as FG 2 ppm was well retained inside
the column. IG TiO, conversely exhibited a high degree of
elution at both 2 and 100 ppm concentrations compared to
the monovalent electrolyte solutions. Poor retention of I1G
TiO; in septic effluent compared to 4 and 10 mM KCI may
potentially result from steric hindrance minimizing aggrega-
tion and deposition, allowing particles to remain in suspen-
sion [29, 30, 35, 36]. Nanomaterials have the tendency to
develop organic coatings in a number of environmental set-
tings including wastewater treatment systems [13]. Steric hin-
drance represents a key colloidal phenomenon that occurs
with particles in aquatic solutions containing natural organic
matter as the organic coatings minimize further aggregation
after a certain amount of surface coverage [20]. The nanopar-
ticle aggregate becomes stabilized by the surface attached
organic polymers hindering further aggregation and deposi-
tion. As such, steric hindrance caused by the nanoparticles
interacting with the biomolecules contained in the septic ef-
fluent matrix may account for the increased elution compared
to the simpler salt solutions. Interestingly, findings of the
current study suggest that high stability of TiO, ENMs may
be a major factor in the frequency of their detection in
WWTPs compared to other nanomaterials [13].

DLVO experiments

DLVO theory was used to provide insight on the influence of
van der Waals and electrostatic repulsive forces on TiO, nano-
particle interactions with quartz sand collectors during porous
media transport (Fig. 4) [21, 38]. Total interaction energy
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profiles determine whether favorable conditions exist for TiO,
nanomaterials to deposit onto collector grains. Septic effluent
exceeds the idealized solution assumption used for DLVO
theory [27], so 4 mM KCI (pH 7.6) was used instead to con-
sider effects of IS and nanoparticle concentration on interac-
tion energy between FG TiO, and the quartz collector as a
function of distance.

FG TiO, has unfavorable conditions for deposition at 2 and
100 ppm in both solutions with higher interaction energy in
4 mM KCI (max 537 kT, FG 2 ppm) (Fig. 4). Considering FG
TiO, has an IEP of 3.5, exposure to pH 7.6 would result in
both negatively charged nanoparticles and the collector sur-
face ultimately inhibiting deposition [20, 27]. Similarly, FG
2 ppm TiO, also possesses the highest interaction energy (max
225 kT) although reduced from 4 mM KCI. Although FG
2 ppm developed the most unfavorable conditions for deposi-
tion in both solutions based on DLVO theory, it was observed
to be the most retained nanoparticle filtration column when
suspended in the septic effluent (Fig. 4). Additionally, IG
100 ppm would be expected to have highly favorable deposi-
tion in 10 and 4 mM KCl as shown in Fig. 4, yet high elution
was recorded in septic effluent (Fig. 3). This suggests that
organic material in water sources can potentially impart envi-
ronmentally specific characteristics [30, 35] that may take
precedent over inherent nanoparticle characteristics in
governing nanoparticle behavior.

Engineered nanomaterials are an expanding class of emerg-
ing contaminants to environmental systems including water
bodies and water treatment facilities. TiO, nanoparticles com-
monly incorporated into food and consumer products and
subsequently released during usage have been detected at
wastewater treatment facilities. As such, the impact of TiO,
nanomaterials in wastewater treatment facilities was assessed
using the environmentally relevant form of TiO, (food grade)
and concentration (< 2 ppm) to elucidate filtration behavior of
food grade TiO, nanoparticles after exiting the septic treat-
ment system. Notably, septic effluent resulted in increased
elution of both industrial and food grade TiO, at higher nano-
particle concentrations. FG TiO, was well retained at 2 ppm
concentration in septic effluent, indicating that particles that
escape the septic system may still be removed from the waste
stream before reaching groundwater. However, particles that
are eluted from the drainage field into the groundwater system
are likely to be very stabilized in suspension likely resulting in
greater transport. Findings of the current study provide essen-
tial insight into the significance of the solution conditions that
nanoparticles are introduced to in that the potential exists for
the environment to mediate differences observed between
uniquely engineered nanomaterials. Future research into fil-
tration of FG TiO, will elucidate governing mechanisms that
facilitate and suppress differing behaviors between
nanomaterials to better understand mechanisms governing
transport of nanoparticles in porous media.
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