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Abstract Increasing production and use of carbonaceous
nanomaterials (NMs) will increase their release to the
sewer system and to municipal wastewater treatment
plants. There is little quantitative knowledge on the
removal of multi-walled carbon nanotubes (MWCNTSs),
graphene oxide (GO), or few-layer graphene (FLG) from
wastewater into the wastewater biomass. As such, we
investigated the quantification of GO and MWCNTs by
UV-Vis spectrophotometry, and FLG using programmable
thermal analysis (PTA), respectively. We further explored
the removal of pristine and oxidized MWCNTs (O-
MWCNTs), GO, and FLG in a biomass suspension. At
least 96% of pristine and O-MWCNTs were removed from
the water phase through aggregation and 30-min settling in
presence or absence of biomass with an initial MWCNT
concentration of 25mg-L™'. Only 65% of GO was
removed with biomass concentration at or above 1,000
mg- L™ as total suspended solids (TSS) with the initial GO
concentration of 25 mg-L'. As UV-Vis spectrophotometry
does not work well on quantification of FLG, we studied
the removal of FLG at a lower biomass concentration
(50mg TSS-L') using PTA, which showed a 16%
removal of FLG with an initial concentration of 1 mg
-L™". The removal data for GO and FLG were fitted using
the Freundlich equation (R* = 0.55, 0.94, respectively).
The data presented in this study for carbonaceous NM
removal from wastewater provides quantitative informa-
tion for environmental exposure modeling and life cycle
assessment.
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1 Introduction

Carbon nanotubes (CNTs) and graphene are increasingly
incorporated in consumer products and industrial pro-
cesses, including flame retardant materials [1], acrospace
materials [2], and other applications [3]. These carbonac-
eous nanomaterials (NMs) are mainly composed of
aromatic carbon structure with or without surface functio-
nalization [3]. Multi-walled CNTs (MWCNTs) are the
most dominant and representative class of these carbonac-
eous NMs [4], and their estimated production is 55—
1,101t-year' [5]. Although there are no substantiated
reports confirming the annual production of graphene on a
global scale, the graphene market is anticipated to reach
$149.9 million by 2020 [6]. This rapid growth in
carbonaceous NM production and markets will inevitably
increase their release into the environment.

Nanomaterial release to the environment occurs
throughout all life cycle stages, starting with synthesis
and purification, incorporation into products, recycling of
manufacturing waste, product usage, and ending with
disposal [3,7]. NMs released to wastewater eventually
enter wastewater treatment plants (WWTPs). As such, the
NM manufactures in the United States must consider
discharges of NMs to sewers and removal at WWTPs.
However, limited information exists about the removal of
MWCNTs and graphene in WWTPs [3]. Modeling results
estimate that MWCNTs are released to receiving waters at
low concentrations (i.e., less than 1 mg-L™") [8,9];
however the ability of WWTPs to remove carbonaceous
NMs needs to be verified. In the absence of data,
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manufacturers must assume zero NM removal from water
across WWTPs in the United States [10]. Exploring the
removal of carbonaceous NMs by municipal WWTPs is
necessary to close the knowledge gap.

The main challenge of determining NM removal stems
from barriers to quantifying NMs in wastewater or biomass
matrices. Until recently, measuring carbonaceous NMs
other than fullerene (Cg4) derivatives by mass spectroscopy
methods has not been reported [11]. Single-walled CNTs
were recently measured using single particle inductively
coupled plasma mass spectrometry (ICP-MS), where
catalysts in the single-walled CNTs (e.g., yttrium) were
surrogates for the CNTs, but this is not feasible with most
multi-wall CNTs because they use more earth abundant
metals in mass which can cause background interference.
MWCNTs with unique isotopic carbon ratios have been
quantified using combustion followed by mass spectro-
scopy [12], which cannot be applied in our study due to the
complicated background carbon in the biomass. We and
others have developed a programmable thermal analysis
(PTA) method for MWCNTs [13] and have applied this
method to quantify MWCNTs in rat lung tissue [14] and
graphene oxide (GO) in biomass [15]. When using PTA to
quantify carbonaceous NMs in complex organic matrices,
removal or digestion of background carbon is required to
reduce carbon interference or false positives. We have
demonstrated PTA to analyze graphene in matrix with low
biomass concentration (e.g., 50 mg-L™, total suspended
solids, TSS). However, challenges still existed when
analyzing MWCNTs and GO in the presence of high
biomass concentration (e.g.,=>1,000 mg TSS-L ). Alter-
natively, as will be discussed below, MWCNTs and GO are
easily dispersed in solution and yield UV-Vis absorption
spectra [15] that did not interfere with soluble organics,
allowing UV-Vis to be used for quantification of the
supernatant mass of MWCNTs and GO.

The aim of this study was to determine the removal of
carbonaceous NMs by the wastewater biomass, including
MWCNTs, GO, and graphene. Batch biosorption studies
were conducted in a range of biomass concentration (e.g.,
50 — 3,000 mg TSS-L™"). The mass of carbonaceous NMs
adsorbed to biomass or retained in the liquid was
quantified by UV-Vis or PTA method. Results obtained
from this study provide critical information in environ-
mental assessment and environmental exposure modeling
[8,9].

2 Experimental approach

2.1 Preparation and characterization of carbonaceous
nanomaterials dispersions

GO suspension was obtained from TW Nano Materials
(CA, USA) with the following characteristics provided by
the manufacturer: 0.2 wt.%, >90% single layer, 0.5 —

20 um in x—y, 1.1 nm of thickness when dispersed in water,
1:1.3 C:O ratio,>1,200m?-g™"). Because single-layer,
non-oxidized graphene is hard to achieve in aqueous
solution, few-layer graphene(FLG) nanoplatelet powder
(NO06-P, Angstron Materials, OH, USA) was chosen to
represent graphene and was used as received (character-
istics by manufacture: >97% carbon, < 1.5% oxygen,
< 1.5% ash, 10-20 nm thick, < 14 pm in x—y 122 direction,
21 m?*-g™") [15]. MWCNTs (length 5-20 um, outer dia-
meter 1545 nm) were obtained from Nanolab Technolo-
gies (Milpitas, CA, USA) and oxidized by researchers in
the laboratory of Dr. Howard Fairbrother at Johns Hopkins
University [16]. Brieflyy, MWCNTs were oxidized in a
concentrated acid mixture of sulfuric acid (98% H,SO,4 by
mass) and nitric acid (69% HNOj by mass) at 70°C for 8 h
and in a volume ratio of sulfuric acid to nitric acid of 3:1
[17]. After further washing (with deionized water) and
drying, four types of MWCNTs were characterized by X-
ray photoelectron spectroscopy (XPS) and showed surface
oxygen contents of 3.5%, 6.4%, 7.3%, 8.3% [18]. As the
surface oxygen content in pristine MWCNTs was 0.4%,
which was below 2% and considered as common pristine
MWCNTs [16]. The MWCNTs with higher oxygen
contents (i.e., 3.5%—8.3%) were considered to be oxidized
MWCNTs (O-MWCNTs) [16]. The dispersion of both
pristine and O-MWCNTs was sonicated in a water bath
sonicator for one hour, and the GO suspension was
sonicated for 5 min before using. The final concentrations
used for all experiments were 25 mg MWCNTs-L"and
25mg GO-L .

2.2 Carbonaceous nanomaterials removal experiments

The removal of carbonaceous NMs from wastewater liquid
by wastewater biomass was examined following experi-
mental protocols by Kiser et al. [19]. In brief, clean
activated sludge was collected from a laboratory-scale
sequencing batch reactor seeded by activated sludge from a
local WWTP. The continuous two year operation of the
reactor ensures that the biomass is not externally
contaminated by metals or carbonaceous NMs. Collected
biomass was refrigerated at 4°C and stored for less than
24 h before use. Prior to experiments, activated sludge was
rinsed three times with a carbonate buffer solution
(10 mmol-L™" NaCl and 4 mmol-L™" NaHCOj3) and then
centrifuged (F = 350 G) for 15 min. The supernatant was
discarded, and dewatered sludge was re-suspended in a
1 mmol-L ' of NaHCOj; buffer solution. The pH of mixed
sludge and buffer solution was adjusted to pH 7.0£0.2
with 0.1 mmol-L™ of HCI or 0.1 mmol-L™" of NaOH.
After pH adjustment, the TSS of the biomass stock solution
was determined using standard method [20].

Aliquots of biomass stock solution were spiked into a
series of plastic vials containing NMs and buffered with
Im mol-L! NaHCO; solution. The final biomass
concentration ranged from 50 mg TSS-L™' to 3,000 mg
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TSS-L !, where the maximum biomass concentration used
in this study is similar to the typical activated sludge
concentration in a WWTP [21]. Positive controls included
NMs and buffer solution without biomass, and the negative
control included only clean biomass and buffer solution.
The final volume of all aliquots was 30 mL. The initial
concentrations in the mixed liquor were 25 mg GO-L'and
25mg MWCNTs- L™,

After mixing NMs and biomass, the suspensions were
capped in tubes and agitated on a wrist-action shaker for
3 h, which is a typical duration for the aeration stage in a
WWTP. Following agitation, the mixed suspension was
settled by gravity for 30 min [19]. For GO and CNT
experiments, a supernatant aliquot of 6 mL was pipetted
out from each vessel for further analysis. The supernatant
was centrifuged for 5min at /= 1,000 G to remove any
remaining suspended particles and then analyzed by UV-
Vis method.

Experiments with FLG and clean biomass followed the
same protocols except that different NM concentrations
were used. To facilitate analysis, the initial concentrations
of FLG ranged from 0.3 to 8.3mg Carbon-L' (ie.,
C-L™). A single biomass concentration of 50 mg TSS
-L 'was applied for all the FLG experiments. The negative
control contained only biomass without any FLG. After 3 h
of mixing and 30 min of gravity settling, 26 mL of
supernatant was carefully removed with a pipette. The
remaining suspension of 4 mL was centrifuged at F'=
21,293 G for 10 min, and the supernatant was discarded.
The remaining biomass was used for PTA analysis.

2.3 Quantification of the carbonaceous nanomaterials

MWCNTs and GO in the supernatant were quantified
using a UV-Vis light scattering spectrophotometer
(MultiSpec-1501, Shimadzu, Japan) with minimum detec-
tion limit of 1 mg-L™'. For FLG studies, biomass was
digested in alkaline solution to eliminate excess biomass
and facilitate separation of FLG before it was quantified
using PTA [15]. The detailed PTA analysis is described by
Doudrick et al. [13,15]. Briefly, 1 mL of SOLVABLE™
(aqueous based solubilizer, PerkinElmer, MA, USA) was
added to the biomass remaining after centrifugation. The
mixture was then incubated for 24 h at 60°C, and then
2% (by weight) of sodium borohydride (99.99%, Sigma
Aldrich, MO, USA) was added to the mixture. To remove
any residual surfactant from SOLVABLE™, the rinsing
procedure consisted of centrifugation at /= 21,293 G for
10 min followed by decanting and addition of 1mL of
nanopure™ water (Barnstead, 18.2MQ-cm). The suspen-
sion was agitated for 1 min using a vortex agitator, and
then the centrifugation step was repeated. After
centrifugation and removal of the supernatant, the final
pellet that formed at the bottom of the centrifuge tube was
suspended in 0.1 mL of nanopure water and used for PTA
analysis.

2.4 Statistical analysis

Linear regression was conducted to calculate the coeffi-
cients of linear form of the Freundlich equation, using
Microsoft Excel 2007. The value of R* was presented as a
measure of goodness-of-fit of linear regression.

3 Results and discussion

3.1 Carbonaceous nanomaterial analysis in presence of
wastewater biomass

In the wastewater biomass experiments, it was possible to
measure NMs either in solution or in the biomass to
calculate the removal of NMs from the liquid phase.
However, both measurements face potential interferences
when analyzing elemental carbon (i.e., NMs) in the
presence of large amounts of dissolved and/or particulate
organic matter associated with soluble microbial products
(SMPs), cellular debris, and/or intact cells. Because NMs
in supernatant are representative of the discharge from a
full scale WWTP into receiving water, we preferred
analyzing NMs in the supernatant when possible.

To identify the specific wavelength for quantification,
UV-Vis spectra between 200 and 700 nm were obtained for
three suspensions of NMs and the supernatant of biomass
and are shown in Fig. 1(a). In the absence of NMs, soluble
organics in a supernatant sample collected from a test with
1,000 mg TSS-L'had minimal UV-Vis response at
wavelengths longer than 300 nm. Thus absorbance at
wavelengths equal to or above 300 nm can be used to
quantify the concentration of NMs without the interference
from biomass. GO exhibited peaks at both 230 and 300
nm, which were also observed in other studies [22,23]. To
avoid interference from biomass supernatant background,
300 nm was used for GO quantification. No obvious peak
was observed for the suspension of MWCNTs, and the
wavelength of 400 nm was applied for quantification as it
showed a large absorbance value.

Calibration curves were obtained by using UV-Vis for
both GO and MWCNTs with a minimum detection limit of
1 mg-L™" (Fig. 1 (a)). Pristine and O-MWCNTs with lower
oxygen content (i.e.,<7.3%) were not as stable as O-
MWCNTs with 8.3% of oxygen; the former quickly
aggregated and precipitated in nanopure water or 1 mmol
-L' NaHCO; even after a 1 h water bath sonication. Five
types of MWCNTs were tested in this study, while O-
MWCNTs with 8.3% of oxygen were quantifiable using a
UV-Vis calibration curve. In the removal experiments,
negative controls without NMs were conducted over a
wide range of biomass concentrations (50 to 3,000 mg TSS
-L™"). By subtracting the absorbance of the background
biomass supernatant, the concentrations of GO or O-
MWCNTs in supernatant could be quantified using UV-Vis
absorption at 300 nm for GO and 400 nm for O-MWCNTs.
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FLG at 20mg-L™" showed no specific absorption/
scattering peak, and the highest absorbance between 200
and 700 nm was approximately 0.12 at 400 nm. Also, the
concentration of FLG in the supernatant after biosorption
was expected to very low, and challenges existed to collect
and analyze FLG in supernatant. As such, instead of using
the UV-Vis method described previously, PTA was used to
quantify FLG because it has a lower detection limit. As a
result, we quantified FLG in settled biomass instead of the
supernatant. Figure 1(b) illustrates a typical PTA thermo-
gram on FLG in biomass. When the amount of biomass
was below 50 mg TSS-L™, the peaks on the left attributed
from biomass in Fig. 1(b) was negligible. Thus 50 mg TSS
-L™' biomass led to no observable interference on the
signal from FLG and was chosen for FLD distribution
study in our research.

25 mg-L 'CNTs with8.3% O
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3.2 Removal of carbon nanotubes by wastewater biomass

Figure 2 shows the UV-Vis spectra for the experiment with
the highest oxygen containing O-MWCNTs (i.e., the most
stable MWCNT) at time zero and after the test (3 h mixing
followed by 30 min gravity settling). The O-MWCNTs
were well dispersed after the water-bath sonication after a
water-bath sonication. In the positive control (i.e., without
biomass), the absorbance was near zero wavelengths above
250 nm, indicating complete removal of the O-MWCNTs
is simply due to homo-aggregation and sedimentation.
Visual observations showed a clear supernatant, thus
supporting the conclusions of the UV-Vis measurements.
The same process was repeated for the other three O-
MWCNTs and pristine MWCNTs. We visually observed
more rapid aggregation as the oxygen content of the
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Fig. 1 (a) UV-Vis characterization of graphene oxide (GO) suspension (20 rng~L71), carbon nanotubes with surface oxygen content of
8.3% (25 mg- Lfl), and biomass supernatant (after 30 minutes settling of 1,000 mg- L! biomass). (b) PTA thermogram for adsorption test
of FLG in biomass under He/O, atmosphere. Signal in shaded area ( > 775 °C) is counted for FLG quantification of 50 pg
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Fig. 2 UV-Vis scan of supernatant after biomass absorption on O-MWCNTs with 8.3% O. Initial O-MWCNT concentration is 25 mg
-L"'. O-MWCNT control did not include biomass but only 25 mg O-MWCNT-L!

MWCNTs decreased. Thus pristine and O- MWCNTs were
nearly completely removed even without biomass. None-
theless, the biomass experiments were performed to verify
that the presence of biomass would not unexpectedly
stabilize MWCNTs. For an initial O-MWCNT concentra-
tion of 25 mg- L™, biomass concentrations ranging from 50
to 3,000 mg TSS-L™' were added. Visual observations of
the biomass and O-MWCNT solutions indicated complete
removal of O-MWCNTs from the supernatant. UV-Vis
spectroscopy confirmed the observations, measuring < 1
mg-L™' MWCNTs in the supernatant at the end of the
experiment. Greater than 96% removal of the O-MWCNTs
with 8.3% oxygen was obtained even at the lower biomass
application (50 mg-L ™). Because O-MWCNT suspension
with 8.3% of oxygen is the most stable among five types of
MWCNTs, it was concluded that > 96% removal would be
achieved in the simulated wastewater treatment teats for all
the MWCNTs, including the pristine one, and that the
presence of biomass did not hinder MWCNT removal.
Previous research reports a critical aggregation concen-
tration values for MWCNTs as 25 mmol-L ! NaCl, 2.6
mmol-L™ CaCl,, and1.5 mmol-L™ MgCl, at pH 6.040.2,
in a time period ranging from 20 min to 3 h [24], whereas
we observed this to occur at less than 1 mmol-L™' NaHCO;
matrix (pH= 7.0, ionic strength= 1 mmol-L") in shorter
than 5 min. Nearly all wastewaters have ionic strengths
above 1 mmol-L™, thus higher ionic strength in waste-
water can lead to more rapid homo- or hetero-aggregation
of MWCNTs with other colloids because of the depen-
dence of electrostatic repulsion on the Debye layer
thickness [25]. In the prior study [24], the MWCNT
suspension used in previous research was sonicated for 30
min, settled solids were removed, and the supernatant was
used and re-sonicated — a process repeated five times [24].

This process may have significantly altered the size or
surface functionality of the MWCNTs compared to this
study where the pristine and O-MWCNTs were sonicated
in a water bath only to form a homogeneous dispersion.
Thus, different formulations of MWCNT suspensions may
experience different rates of homo-aggregation or hetero-
aggregation with biomass. Because homo-aggregation
rates depend upon the initial NM concentration, it is
possible the rate of aggregation at lower MWCNT
concentration could be much lower than the rate observed
in our experiments with 25 mg-L'. To work with lower
MWCNT concentrations in the presence of biomass would
necessitate improved analytical detection of MWCNTs
dispersed in solution.

The 1-h sonication can decrease the length of O-
MWCNTs. Our unpublished data and other literatures also
suggested the sonication could decrease the size of CNTs
and unalter the surface oxidation state in the absence of
strong oxidant [16,17,26]. However, even with decreased
lengths of pristine MWCNTs and O-MWCNTs, 96% of
them were removed from liquid phase after 3-h mixing and
0.5-h settling. Since sonication increased the stability of all
MWCNT suspensions (upon observation), it is reasonably
to conclude that more than 96% of pristine and O-
MWCNTs could be removed from liquid phase with or
without sonication.

3.3 Removal of graphene oxide by wastewater biomass

Unlike pristine or O-MWCNTs, GO did not undergo any
measurable homo-aggregation in control experiments (i.e.,
no biomass). Addition of biomass led to lower GO
concentrations in the supernatant (Fig. 3). Less than 10%
removal of GO occurs at 50 or 100 mg-L'. Biomass
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Fig. 3 UV-Vis scan of supernatant after biomass absorption on graphene oxide (GO). Initial GO concentration is 25 mg- L. GO control

did not include biomass but only 25 mg GO-L™"

dosages of 500 and 1,000 mg-L™" had 38% and 65%
removal respectively. For biomass dosages above 2,000
mg TSS-L', greater than 75% of GO was removed from
the supernatant (compared against controls of GO without
biomass). When the biomass concentration was below 100
mg TSS-L', we could still find the characteristic
absorption peak of GO at 230 nm. As biomass concentra-
tion increased, more GO was removed. At higher
concentrations of biomass, the absorption peak of GO at
230 nm disappeared and the high concentration of biomass
led to another peak at 215 nm (comparable to 3,000 mg
-L™! biomass control).

Data for GO removal as a function of biomass dosage
were fit using the Freundlich model (Fig. 4). By applying
the Freundlich model, we did not assume equilibrium or
any other thermodynamic state, but we simply applied the
model as a mathematical fit of the data. Similar work has
been applied elsewhere for NMs [26], oxo-anions, and
other pollutants [27]. The Freundlich model (g = 5.0 C%%)
fit the observed data (R*> = 0.55), where C; is the
supernatant concentration of GO and ¢ represents a
sorption density (mg GO-g TSS™).

To explore the dominant interaction between GO and
biomass, the total surface area of GO and bacteria in
biomass was calculated. Our previous results using QPCR
[28] show the total bacteria is approximately 1.0 x 10°
cells-mL™" and the total archaea is approximately 1.0 x
107 cells-mL™" in the biomass of 3,000mg TSS-L™.
Assuming the each cell has a similar size to a E.coli cell,
we can estimate the total surface area of microorganism for
biomass by multiplying the number of cells with the
surface area of a E.coli cell. As arod-shaped E.coli cell has
surface area of approximately 0.39 um? (0.5 um in width

by 2 um in length) [29], the total surface area of microbes
is approximately 3.94 cm?- mL™ for 3,000 mg TSS-L™.
Additionally, the low ionic strength of matrix (1 mmol-L™!
NaHCO3) would unlikely lead to fold or aggregation of
GO, since other literature reported 50 mmol-L™" of copper
ion (i.e., Cu**) and above would be able to cause folding
and aggregation of GO [30]. Thus the total surface area of
GO (surface area from information provided by manufac-
ture, 1200 m*-g ') can be proportionally calculated to be
about 300 cm?-mL™", which was much higher than that of
biomass at 3,000 mg TSS-L™'. Therefore, the interaction
among GO NMs likely dominated in the distribution
process, though the carboxyl and hydroxyl group on the
surface of GO might hinder the aggregation of GO [31].

3.4 Few layer graphene removal by biomass

The suspension of FLG was relatively stable after 30-min
water bath sonication, and there was virtually no settling of
FLG after one hour. At the end of the experiments, FLG
was measured in the settled biomass and compared with
the MWCNT or GO that was quantified in the supernatant.
Experiments with FLG were conducted with a constant
biomass concentration of 50 mg TSS-L™" (see above) and
variable FLG concentrations. In these experiments, the
percentage FLG removed was nearly constant across the
range of FLG concentrations tested. FLG removal
averaged 114+3% (range: 8% to 16%). Consequently,
when the data were plotted and fit by a Freundlich model (¢
=2.2 C!''; R*=0.94, Fig. 4), the model exponent is nearly
unity, which indicates a linear distribution of FLG between
the supernatant and biomass. This was somewhat unex-
pected unless the FLG completely covered the biomass
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Fig. 4 Analysis using a Freundlich model of the supernatant NM (i.e., GO and FLG) concentrations (Cs, mg~L7]) versus the amount of
NM in the biomass (¢, mg NM - mg TSSfl). The initial concentration of GO was 25 mg~L71 with varied biomass concentration (50 —
3,000 mg TSS-L"). The initial concentration of FLG was 0.3— 8.3 mg~L71 with a fixed biomass concentration of 50 mg~L71

surface — even at the lowest FLG concentration — in which
case the near unity exponent may represent interaction of
FLG with similar FLG NMs orientated on the biomass
surface. Fig.4 also clearly shows that more FLG can be
removed by biomass compared to GO (¢rLg > gGo), when
C, concentration was about 6-7 mg-L™.

A similar calculation was conducted on the total surface
area of FLG NMs and bacteria in biomass, to examine the
dominant interaction in the suspension. As shown above,
the total surface area of microbes in 3,000 mg TSS-L™
biomass is 3.94 cm*-mL™". Proportionally, 50 mg TSS-L™
biomass will have a surface area of approximately 6.56 x
102 cm?-mL™". The total surface area in 0.3 mg-L™"' FLG
(surface area, 21 m?-g™') is approximately 63 cm?-mL™,
which is at least 100 fold larger than the surface area of
microbes in 50 mg-L ' biomass. Therefore, interaction of
FLG with other FLG NMs likely occurred, and the
aggregates of FLGs covered the surface of microbes in the
biomass. These experiments raise a number of interesting
mechanistic questions that will be investigated in the
future. With the current data set, we can conclude
quantitatively that >84% of the FLG was removed by
50 mg TSS-L ' of biomass. It is reasonable to expect FLG
removal would increase at higher biomass concentrations,
but current analytical methods limit these quantitative
assessments.

3.5 Removal of carbonaceous nanomaterials by biomass

Table 1 summarizes the percentage removal by wastewater
biomass of common carbonaceous NMs, including
MWCNTs, FLGs, GO, fullerene, and functionalized
fullerene. Except GO and functionalized fullerene, all
other carbonaceous NMs could have more than 96%
removal in the presence of 1,000 mg-L™' biomass. GO
removal was 65% with an initial concentration of 25 mg

GO-L'and a biomass concentration of 1,000 mg-L™.
Functionalized fullerene (initial concentration as 3 mg C
L") has a 14% of removal in the presence of 400 mg-L™"
biomass. Previous results indicate the surface functionali-
zation/oxidation could affect the stability and removal rates
of carbon nanomaterials in biomass absorption process
[3,19].

The specific mechanism governing biosorption of
carbonaceous NMs on biomass is not clear yet, though
the interaction between NMs and extracellular polymeric
substances (EPS, one of most important sources of organic
matters) is considered a driving force [19,34]. The EPS in
the biomass contains a large portion of hydrophobic
materials, which can enhance the stability of fullerene in
the suspension [19]. EPS can increase the electrical or
steric repulsion [35] when interacting with carbonaceous
NMs containing organic functional group on the surface.
Thus GO with carboxyl group [31] showed a lower
removal rate from the bulk water phase. Further research is
needed to elucidate how the absorption forces change with
different functionalization on the surface of carbonaceous
NMs.

4 Conclusions

This study of pristine and O- MWCNTs, GO, and FLG in
presence of biomass showed different removal from the
water phase. Biomass at 1,000 mg-L™"' removed at least
65% of GO and 96% of pristine and O-MWCNTs with an
initial concentrations of 25 mg C-L™", while biomass at 50
mg-L ' remove 16% of FLG with an initial concentration
of 1 mg C-L™". Because activated sludge in WWTP ranges
from 1,000 mg-L™"' to 5,000 mg-L™", it can be concluded
that majority of carbonaceous NMs entering into WWTPs
would associate with biomass and be removed from the
water phase. Analytical challenges still exist for quantify-
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Table 1

Percentage removal of nanomaterials by the wastewater biomass
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diameter of NMs

initial concentration of biomass concentration

nanomaterials J(nm) NMs/(mg-L ) Jmg-L ) percentage removal references
multi-walled CNTs with 0.4% —8.3% oxygen 12 1,000 > 96% this study
graphene oxide (GO) 1.1% 1,000 65% this study
few Layer Graphene (FLG) 10 — 207 50 16% this study
fullerene (aq-nCgo) 88 400 90% [19]
functionalized fullerene (nCgo(OH),) 48 400 14% [19]
fullerene 88 0.07-2 500-2,000 95% [32]
CNTs 90% —-97% [8]
general nanomaterials 32% ~77% ® [33]

Note: a) Represents thickness of NMs; b)represents assumed value used in modeling

ing pristine and O-MWCNTs and GO in the presence of
high concentration of biomass. Further study is needed to
address the analytical challenges of quantifying GO and
MWCNTs in environmental matrices.
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