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ABSTRACT: Carbon nanotubes (CNTs) are promising
nanomaterials that have the potential to revolutionize water
treatment practices in the future. The direct use of unbounded
CNTs, however, poses health risks to humans and ecosystems
because they are difficult to separate from treated water. Here,
we report the design and synthesis of carbon nanotube
ponytails (CNPs) by integrating CNTs into micrometer-sized
colloidal particles, which greatly improves the effectiveness of
post-treatment separation using gravitational sedimentation,
magnetic attraction, and membrane filtration. We further
demonstrate that CNPs can effectively perform major

treatment tasks including adsorption, disinfection, and catalysis. Using model pollutants such as methylene blue, Escherichia
coli, and p-nitrophenol, we show that all the surfaces of individual CNTs in CNPs are accessible during water treatment. Our
results suggest that the rational design of hierarchical structures represents a feasible approach to develop nanomaterials for

engineering applications such as water and wastewater treatment.
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B INTRODUCTION

Carbon-based materials are widely used in water and gas
purification as well as food processing and drug production.'
The most common carbon-based material is activated carbon
produced by pyrolysis of precursors such as nutshell, coconut
husk, and peat. Activated carbon often takes the form of porous
colloidal particles, which consist of tortuous channels aligned
with nanometer-sized graphitic nanocrystals. In 2011, the
worldwide consumption of activated carbon has reached 1.2
million metric tons with sales worth $2 billion U.S. dollars
(comparable to the gross domestic product of a country like
Maldives).” The global market of activated carbon is predicted
to grow at a compound annual rate of 10% in the next five
years.” Among all applications, the application in municipal and
industrial water treatment dominates the use of activated
carbon.”

Carbon nanotubes (CNTs) have attracted increasing
attention as potential substitutes for activated carbon. Many
believe that applications of nanomaterials such as CNTs may
lead to game-changing transformation of water treatment
technologies in the future,*~® which will particularly benefit
people in impoverished countries that do not currently have
water treatment infrastructures.”® CNTs are made of rolls of
carbon sheets that have diameters in the nanometer range but
lengths varging from tens of nanometers up to a few
centimeters.” Depending on the number of carbon rolls,
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carbon nanotubes are categorized as single-walled, few-walled,
and multiwalled CNTs. CNTs can provide a wide range of
functions in water treatment including adsorbing chemical
pollutants,'®~** disinfecting pathogenic microorganisms," and
supporting catalysts for contaminant degradation.lé Compared
to activated carbon whose microscopic pores are often blocked
during adsorption, CNTs’ open structure offers easy,
undisrupted access to reactive sites located on nanotubes’
outer surface. Although activated carbon often has a much
higher specific surface area (500—1000 m* g~') than CNTs
(433 m*> g or less for CNTs with more than one wall), CNTs
frequently exhibit higher capacity and faster kinetics in sorption
than activated carbon, which have been attributed to the rapid
transfer of contaminants from water to CNT surfaces due to
CNTs’ open structure.'’ ' Furthermore, CNTs open
structure also provides convenience for modifying surface
chemistry. The sp*-hybridized C atoms in CNTs can be readily
converted to sp>-hybridized C atoms, which can host surface
functionalities such as hydroxyl (—OH) and carboxyl
(—COOH) groups to improve adsorption selectivity.

In spite of CNTSs’ exciting properties, the direct use of CNT's
in water treatment faces the challenge of recollecting them after
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treatment. Conventionally, powdered activated carbon (PAC)
particles are collected by %ravitational sedimentation, filtration,
or coagulation after use.” Different from PAC, none of the
conventional techniques is expected to work well for CNTs.
CNTs do not settle well under gravity due to their small sizes.
With their small sizes, CNTs can easily cause clogging of
filtration membranes and packed beds. Although coagulation
can separate CNTs, mixing them with coagulants makes it
difficult to recycle, regenerate, and reuse the expensive material
(ca. $100 per kg for CNTs vs $1.5 per kg for activated carbon).
CNTs left in treated water not only incur costs for
replenishment but also cause concerns for potential adverse
effects on human health and the health of ecosystems.*' >

A potential solution to CNTSs’ recollection challenge is to
attach CNTs on colloidal particles made of supportlng
materials such as aluminum oxide**™>® and silicon carbide.”
Although attaching CNTs on large, heavy particles improves
collectability, the final composite product only has CNTs as a
minor component in terms of both mass and volume.
Transporting nonreactive supports with a large mass over
distance and dispersing them in water waste energy. Placing the
supports with a large volume in packed beds wastes space. To
develop colloidal CNT composites for water treatment, an
imperative challenge is to design a hierarchical structure that
has not only an increased overall size but also high CNT mass
and volume fractions. To our knowledge, there is no report in
the literature that has described any design strategy to achieve
these seemingly contradictory goals.

Here, we report a strategy to produce CNT colloidal particles
that are hundreds of micrometers in size and have CNT mass
and volume fractions of nearly 100%. We designate these
particles as carbon nanotube ponytails (CNPs). CNPs are
synthesized by growing CNT arrays of hundreds of micro-
meters in length on nanometer-thin mineral discs. Like
individual CNTs, CNPs can be synthesized using thermal
chemical vapor deposition (CVD). Different from unbounded
CNTs, however, CNPs can be separated more effectively using
common techniques such as gravitational sedimentation,
magnetic attraction, and membrane filtration. We further
show that CNPs can perform all major water treatment tasks
effectively as sorbent, disinfectant, and catalyst support.
Laboratory evaluations of treatment performance have provided
evidence that the structural integration of CNTs into CNPs
does not sacrifice the accessibility of CNTSs’ surface; therefore,
one of the most important advantages of CNTs over
conventional materials such as activated carbon and clay

1 1
particles is preserved.*”?

B RESULTS AND DISCUSSION

Synthesis and Characterization of Carbon Nanotube
Ponytails. We synthe51zed carbon nanotube ponytails using a
three-step procedure,”*~>* as outlined in Figure 1. First, layered
double hydroxide (LDH; Figure Sla, Supporting Information)
discs of a few micrometers in size and approximately 50 nm in
thickness are prepared by coprecipitating aluminum, magne-
sium, and cobalt cations with hydroxide and carbonate anions
(produced by the decomposition of urea).>* Second, LDH discs
are transformed to layered double oxide (LDO; Figure S1b,
Supporting Information) by dehydration and decarbonation at
800 °C in argon. The treatment produces cobalt oxide (CoO)
nanoparticles through phase separation. Third, CoO is reduced
to Co by H, and then entangled CNT arrays are grown using
CVD on both sides of LDO discs at 800 °C using ethanol as
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Figure 1. Synthesis of carbon nanotube ponytails: (1) formation of
layered double hydroxide (LDH) discs, (2) transformation of LDH to
layered double oxide (LDO) discs, and (3) growth of carbon nanotube
arrays on LDO.

CNP

the carbon source. This procedure typically yields ca. 70 g of
CNTs for each gram of Co catalyst (cf. Figure S2, Supporting
Information).

The physical properties of a typical CNP sample are shown
in Figure 2. As revealed by scanning electron microscopy
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Figure 2. Carbon nanotube ponytails. (a, b) Scanning electron
micrographs (layered double oxide discs marked by arrows). (¢, f)
Transmission electron micrographs of CNTs in CNPs. (d) Raman
spectrum. (e) X-ray photoelectron spectrum. (g) Magnetic loop of
CNPs. Scale bars: a, 3 um; b, 1 ym; ¢, 100 nm; f, 5 nm.

(SEM), a dry CNP particle has a flexible cylindrical structure
with a diameter of a few micrometers and a length of tens of
micrometers (Figure 2a). Each CNP particle consists of two
arrays of entangled CNTs anchored on a thin LDO disc
(marked by arrows), which has a negligible contribution to the
overall mass and volume. A close view shows that the CNT
arrays are porous and consist of curvy nanotubes (Figure 2b).
Transmission electron microscopy (TEM) shows that individ-
ual CNTs have a relatively narrow distribution of diameters
(Figure 2c). Raman spectroscopy shows that CNTs contain
defects giving a D/G ratio of 0.8 (Flgure 2d). Using the
empirical relationship L, = 8.28/(Ip/I),"**” we estimate the
size of in-plane graphene crystallites at L, = 10.4 nm, suggesting
the presence of one defect site every 10.4 nm on average.
Although oxidation can form defects on CNT surfaces,®® the
defects seen here are likely not formed by oxidation because
little oxygen is found by X-ray photoelectron spectroscopy
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(Figure 2e). The lack of surface oxygen indicates that CNPs are
hydrophobic. High-resolution TEM further reveals that the
outer diameter and wall number of individual CN'Ts, which can
be controlled during synthesis, vary from 4 to 9 nm and from 2
to 10, respectively (Figure 2f). Another important property of
CNPs is that they are magnetic with a saturation magnetization
of 1.8 emu g~' because of the presence of cobalt oxide
nanoparticles in LDO (Figure 2g). CNPs’ saturation magnet-
ization is 50 times smaller than the value for magnetite.39 It is
sufficiently weak to prevent CNPs from aggregating under self-
attraction but strong enough to be utilized for separation (see
below).

Our synthesis procedure allows the control of CNPs’
morphology such as LDH size, CNT length, CNT diameter,
and CNT wall number by varying synthesis conditions (Figure
S2, Supporting Information, and the accompanying text). The
changes of these parameters lead to the variation of the specific
surface area (SSA) of CNPs, which is characterized by nitrogen
physisorption. As shown in Figure 3a, a typical sorption
isotherm reveals that the amount of adsorbed N, by each gram
of CNPs, S, increases slowly at low N, pressures for P/P; < 0.6,
suggesting a weak N,—CNT interaction. As P/P, becomes
greater than 0.8, S increases rapidly with increasing P/P,,
suggesting an improved adsorption due to a strong N,—N,
interaction. Moreover, the lack of hysteresis between the
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Figure 3. Specific surface area of carbon nanotube ponytails (CNPs).
(a) Representative adsorption (squares) and desorption (circles) of N,
at 77 K expressed in the total surface area of N,/g of carbon nanotube
ponytails (CNPs) vs the normalized N, pressure. The solid curve is a
least-squares fit to the BET equation (see text for details). (b) Pore
size distribution calculated by the non-local density functional theory.
(c) Correlation of the specific surface area obtained by fitting N,
adsorption to the BET equation with that computed from the
morphological dimensions of CNPs (see text for details). The solid
line is a least-squares linear regression (Sgpr = 1.01(£0.03)S.y, R* =
0.99). Dashed lines are the confidence intervals corresponding to one
standard deviation. The red circle marks the sample used for further
evaluation of separation and water treatment.
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desorption and adsorption isotherms indicates little resistance
for mass transfer. These characteristics are consistent with a
type III behavior for a highly porous material.** Indeed, the
pore size distribution calculated by the non-local density
functional theory reveals a broad range of pores with diameters
spanning from 2 to 100 nm, as shown in Figure 3b. We assign
the peak at 2.9(£1.3) nm to the adsorption of N, by the N,—
CNT interaction around individual CNTs, which is consistent
with the CNT diameter of 4—7 nm calculated from nanotube
dimensions. We assign the broad band between 4.5 and 100 nm
to the adsorption of N, by the N,—N, interaction and
accommodated by CNPs’ porous structure.

We estimate the SSA of CNPs, Sygr, using the Brunauer—
Emmett—Teller (BET) equation:*' [S(Py/P — 1)]™' = (1 — 1/
¢)Ssir(P/P,) + Sgirc”, where c is the BET constant. Using the
monolayer portions of the adsorption and desorption curves
(P/Py < 0.5), we obtain 365(+10) m* g~ through least-squares
regression. Similarly, the SSAs are obtained for three other
CNP samples prepared under different synthesis conditions.
The values of Sgpr range from 200 to S00 m* g~', comparable
to the typical surface areas of activated carbon.”® As shown in
Figure 3c, these values are compared to the SSAs computed
from the physical dimensions of CNTs in each sample: S_; =
4d7'p™!, where d is the CNT diameter and p is the CNT
density.** Values of Sypp and S, agree well with each other, as
evident from the linear correlation with a slope of unity,
suggesting that CNPs have an open structure when they are
dry.

Separation of Carbon Nanotube Ponytails. To evaluate
CNPs’ performance in separation, we selected the CNP sample
with a LDH size of 2.0(+0.2) ym, a CNT length of 60(+25)
um, a CNT diameter of 6.0(+1.4) nm, a CNT wall number of
4(+1), and Sggr = 365(£10) m*> g~' (marked by the red circle
in Figure 3). This sample has a CNT density of p = 3.04[n/d —
(0342154 i) /] = 1.9(+0.5) g cm™.* Quantitative assess-
ments of CNPs’ behavior in the common separation processes,
including (a) gravitational sedimentation, (b) magnetic
separation, and (c) membrane filtration, are discussed as
follows.

Gravitational sedimentation is widely used in both large-scale
facilities and personal devices for water purification.** As shown
in Figure 4a, CNPs (colored in green) continuously settle from
an aqueous suspension with an initial concentration of X, = 35
mg L™, which is comparable to the use of activated carbon in
water treatment.”® After 60 min, the originally opaque CNP
suspension has become clear. In comparison, unbounded
CNTs (colored in red) with similar surface hydrophobicity do
not settle well within the same period of time, as evident from
the CNT suspension’s opacity. Two settling regimes are
revealed by quantitative analyses of changes of carbon
concentration X with time t. In regime I where X > 15 mg
L™!, CNPs and CNTs behave similarly because both of them
settle as aggregates.45 In regime II where aggregates reduce to
individual particles as X decreases, CNPs settle faster than
CNTs because CNPs are bigger. The settling processes in both
regimes conform to the sedimentation model: X = Xe™ (/"%
where v is the settling velocity and & = 1.2(£0.1) cm is the
height of the suspension. Least-squares regressions give v; =
10.6(£0.6) cm h™! for both CNTs and CNPs but v;,(CNPs) =
2.2(+0.3) cm h™! and v;(CNTs) = 0.14(+0.03) cm h™". For a
personal water purification device (e.g,, a water bottle) with a
settling height of 2 cm (bottle placed horizontally), 95% of
CNPs can be settled out in 2.3 h. For sedimentation tanks used
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Figure 4. Separation of CNPs (green), compared to unbounded
CNTs (red), from clean water by (a) gravitational sedimentation
(circles), (b) magnetic attraction (squares), and (c) membrane
filtration (diamonds). Curves are least-squares regressions of different
separation models (see text for details).

for industrial or municipal water treatment that have depths of
meters but residence times of merely a couple of hours,*
gravitational sedimentation is no longer practical for CNP
separation (of course, also impractical for CNT separation).

Magnetic nanomaterials such as CNPs can be separated
using an external magnetic field*® Magnetic separation of
CNPs can be designed to be much faster than gravitational
separation by using a magnetic field that induces an attractive
force much stronger than gravity. As shown in Figure 4b, a
magnetic field with an average strength of 4 kOe can separate
more than 95% CNPs within less than S min (squares), which
is much faster than separation under gravitational sedimenta-
tion (circles). Using X = Xge ~(/D)46 where D = 2.8 cm is the
diameter of the vial containing the CNP suspension (magnet
placed on the side), the separation velocity is estimated at v, =
5.8(x1.3) m h™". In a typical sedimentation tank with a depth
of 2 m and a residence time of 2 h,** 99.7% removal of CNPs
can be accomplished under v,. In addition to the rapid
separation, the use of magnetic force can also avoid the
trapping of CNPs at the water—air interface by surface tension
under gravity (black dots on top of the water table in the lower
right inset in Figure 4a).

Membrane filtration is another option for CNT separation
that is often used in laboratory experiments.*’ Figure 4c shows
the time required to pass S0 mL of an aqueous suspension of
CNPs or CNTs through a 0.8 ym membrane under the pulling
of a vacuum. As the initial carbon concentration X|, increases,
the filtration time # increases with decreasing flow rate (Q 1/
t;) for both CNPs (green) and CNTs (red). The decrease of
flow rate is attributable to the formation of a porous film of
CNTs or CNPs on top of the filtration membrane. The main
determinant of flow reduction is the porosity of the film. The
relationship between f; and X can be modeled with ¢, — ¢ =
a(X, + X,,)”", where t, is the time for the porosity of carbon
film to reach a steady-state value, X is the equivalent carbon
concentration of the filtration rnembrane, and a represents the
hydraulic resistance of the porous film.** According to
experimental data, @cnre/Qcnps = 12.5, suggesting that CNPs
form more loosely packed films than CNTs and thus can save
energy and reduce clogging in filtration.
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Carbon Nanotube Ponytails in Water Treatment. The
effectiveness of CNPs as sorbent, disinfectant, and catalyst
support used in water treatment processes is demonstrated in
this section. The demonstration was performed using the same
CNP sample that had been used for the evaluation of CNP
separation.

CNPs’ adsorption capabili
(MB) as a model pollutant.*”®

was tested using methylene blue
0 As shown in Figure Sa and b,
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Figure 5. Adsorption of methylene blue by carbon nanotube ponytails.
(a) Kinetics of methylene blue (MB) adsorption. Symbols: triangles,
C, = 30 mg L™'; squares, C, = 60 mg L™'; diamonds, C, = 200 mg L™".
(b) Adsorption isotherm of methylene blue measured after 4 h of
incubation. Solid lines are linear regressions. Dashed lines are 95%
confidence intervals. Symbols: cyan, pH 4; crimson, pH 6; green, pH
8; purple, pH 10. (c) Desorption of 10 mg of CNPs using three
consecutive cycles of 15 mL ethanol wash. Symbols: circles, first cycle;
squares, second cycle; triangles, third cycle. (d) Recovery of CNPs’
occupied sites in five adsorption—desorption cycles. (e) Recovery of
CNPs’ occupied sites using microwave heating. Symbols: circles, first
cycle; squares, second cycle; triangles, third cycle. (f) Transmission
electron micrograph of microwave-irradiated used CNPs. Arrows:
graphitic sheets formed by adsorbed MB. Scale bar: 50 nm.

both kinetics and equilibrium of MB adsorption by CNPs
conform to the classical Langmuir model. The kinetic study was
performed at two different pH conditions and three different
initial concentrations. Results can all be fitted to the linearized
model:>! t/q = t/q, + 1/(k,g.>), where g = (C, — C)/X is the
amount of MB adsorbed by CNPs at time ¢, C, = 30, 60, or 200
mg L' is the initial MB concentration, C is the residual MB
concentration at t, X = 0.67 g L™" is the dose of CNPs, g, is the
equilibrium value of g (t = o), and k, is the adsorption rate
constant. Adsorption is insensitive to pH because MB is always
a monovalent cation in the normal pH range.'>>* As shown in
Figure Sa, least-squares regressions reveal that, for Cy < 30 mg
L™, adsorption approaches equilibrium in less than an hour
(Table S1, Supporting Information). As shown in Figure Sb,
results obtained from adsorption experiments performed for 4
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h at different pH, C,y, and X values conform to the Langmuir
isotherm:> C,/q. = C./qmax + 1/(Kqma), where C, is the
residual MB concentration at equilibrium and g, is the
adsorption capacity. Regression gives g, = 150(+9) mg g'
(Table S2, Supporting Information). Using g.., the specific
surface area of CNPs is computed from Sy = Nj7qy./M =
367(+22) m* g~', where 7 = 1.30 nm” is the surface area that a
MB molecule occupies,”* " M = 320 g mol™ is MB’s
molecular weight, and N, = 6.02 X 10 mol™" is Avogadro’s
number. This equation is valid because MB forms a monolayer
on the CNT surface via 7—7 interaction.'”*> Sy agrees well
with the values of S, and Sggr, indicating that all the surfaces of
individual CNTs in CNPs are still accessible for adsorbing
pollutants in water.

To assess the possibility of removing MB from CNPs by
solvent wash, a multicycle process using ethanol is first
evaluated.**® As shown in Figure Sc, used CNPs with 65%
surface covered (i.e., . = 65%qm.,) are washed in three cycles
with each using 15 mL of ethanol. In each cycle, the MB
concentration in ethanol, C, increases from 0 and then reaches
a plateau after a period of time, suggesting that the removal has
reached equilibrium and fresh ethanol is necessary at the end of
each cycle. After the washed CNPs are collected from ethanol
by magnetic separation, they are mixed with another 15 mL of
fresh ethanol and the removal process is repeated. For all of the
cycles, the removal kinetics is found to conform to the
Langmuir model (Table S3, Supporting Information): (¢t —
ton)/C = (t — ty,)/Cep + 1/(ky,Ce,’), where t is time, ,,, is the
starting time for the nth wash, C is the MB concentration in
ethanol, C,, is the equilibrium MB concentration, and kg, is the
desorption rate constant. The percentage of freed sites by
washing is computed as 6 = C,,X/q,,, where g, is the initial
concentration of MB on CNPs. For the first wash, g, is equal
to g = 98 mg g~ (65% qney obtained from the adsorption
experiment); for subsequent washes, gy, ; = qo, — C,.X. As
shown in Figure Sc, 6 diminishes as n increases, indicating a
typical behavior of desorption equilibrium as the mechanism of
MB removal in ethanol wash. After CNPs are regenerated by 10
wash cycles, 6 = 75% is confirmed by readsorbing MB, as
shown in Figure Sd (N = 1). When the CNPs are used
repeatedly after being administered to the adsorption—
desorption (n = 10) reuse cycle, 6 decreases slightly after
each cycle (ca. 2% reduction; Table S4, Supporting
Information), suggesting that a small fraction of CNTs are
bundled together under the attraction of MB. Obviously, a
common solvent such as ethanol is unsuitable for regenerating
MB-laden CNPs because of the strong MB—CNT affinity and
the large quantity of ethanol needed as a result.

An alternative approach of regeneration is thermal treatment,
which is regularly performed for used activated carbon. Because
CNTs are good adsorbents of microwaves, thermal treatment
may be performed using microwave irradiation.>” As shown in
Figure Se, 92% of the adsorption capacity is restored after used
CNPs (65% covered with MB) are irradiated in a kitchen
microwave oven for 8 min under maximum power. As the
number of regeneration-and-reuse cycles increases, the restored
capacity starts to decrease. The decrease can be attributed to
the formation of graphitic sheets by adsorbed MB, as shown in
Figure Sf (marked by arrows), which destruct the organized
porous structure of CNPs. The microwave-assisted thermal
treatment may be further optimized to evaporate adsorbed MB
without graphitizing MB, which is beyond the scope of the
present study.
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Through sorption, CNPs can be used to remove pathogenic
microorganisms from water and thus achieve disinfection
without using potentially harmful chemicals.”> CNPs’ potential
as a disinfectant was evaluated using bacterium Escherichia coli
DHSa (E. coli) as a model pathogen. The removal of E. coli
from water was measured by the reduction in colony forming
units (CFUs) after 1 h of contact with CNPs. As shown in
Figure 6a, the removal of E. coli increases with the increase of
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Figure 6. Removal of E. coli by carbon nanotube ponytails. (a)
Decrease of the number of survived E. coli. in the log unit with
increasing CNP dosage X. (b) Adsorption isotherm of E. coli. The
solid line is a least-squares linear regression. Dashed lines are 95%
confidence intervals. (c, d) Scanning electron micrographs of CNPs
after the adsorption of E. coli. Arrows: 1, dehydrated loose cell; 2,
wrapped whole cell; 3, wrapped cell fragment. Scale bars: 2 um.

CNP dosage. As shown in Figure 6b, the removal efficiency
conforms to the Langmuir model, suggesting the removal
mechanism is sorption. Regression gives a sorption capacity of
Gmax = 2.3(£0.2) X 10° CFUs g~' (Table S6, Supporting
Information). For each gram of CNPs, there are approximately
4.5(+3.7) X 10’ CNP particles; therefore, each particle
captures approximately 50 bacterial cells. If each E. coli cell is
considered as a sphere with 1 ym diameter, it is plausible for a
CNP particle of 120 pm in length to catch more than 50 cells.
On the basis of the Langmuir model, for a typical water source
containing 10° CFUs L™ (of which E. coli is often a minute
fraction),’" only 46(+4) mg L™! CNPs is required to achieve 3-
log rleglzuction to the commonly acceptable level of 100 CFUs
mL™.

The capturing of bacterial cells by CNPs is further visualized
using SEM. As shown in Figure 6c, cells are wrapped tightly by
CNP particles as linked aggregates. A careful search over many
SEM images reveals three types of cells, as marked in Figure 6d,
including (1) dehydrated loose cells (only one found), (2)
wrapped whole cell, and (3) wrapped cell fragment. The
presence of cell fragments suggests that CNPs are capable of
inactivating microorganisms by damaging the cell membrane as
other CNTs.5%*

In addition to sorption, CNPs also exhibited the ability of
catalyzing the reduction of model pollutant p-nitrophenol
(PNP)® in the presence of reducing agent sodium borohydride
(NaBH,) (cf. Figure SS, Supporting Information). As shown in
Figure 7a, CNP-catalyzed PNP reduction (cyan) follows the
pseudo-first-order rate law when NaBH, is in excess:*® In(C/
C,) = —kt, where C and C, are residual and initial PNP
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Figure 7. Catalytic reduction of p-nitrophenol (PNP) by carbon
nanotube ponytails and enhancement of catalytic performance with
decoration of palladium (Pd) nanoparticles: Pd-CNPs and PNP with
excess sodium borohydride (SB; red), CNPs and PNP with excess SB
(cyan), and PNP and SB only (pink). (a) Decrease of PNP
concentration C with respect to the initial concentration C, with
time. (b, c) Transmission electron micrographs of Pd-decorated
carbon nanotubes removed from Pd-CNPs by sonication. (d) Fast
Fourier transform of part b. (e) A molecular model matching part b.
Scale bars: b, 20 nm; ¢, 1 nm; d, 4 nm™".

concentrations and k is the reduction rate constant. Linear
regression gives k = 0.26(+£0.01) min~"' (R? = 0.99). Adsorption
makes a negligible contribution to the PNP reduction, as
evident from the flat line observed in the absence of
borohydride (pink). CNPs’ catalytic ability can be attributed
to the Co nanoparticles in the supporting LDO disc.”’

To further improve CNPs’ catalytic capability, 3 nm
palladium (Pd) nanoparticles were decorated on CNPs at a
density of 0.25(+0.01) g-Pd/g-CNP. The 1:4 Pd-to-C mass
ratio was confirmed by measurements made with inductively
coupled plasma optical emission spectroscopy after acid
digestion. As shown in Figure 7b, Pd nanoparticles are
uniformly distributed on individual CNTs in CNPs. Figure 7c
shows a Pd nanoparticle oriented along the [110] zone axis
under TEM. The fast Fourier transform of the TEM image
reveals distinctive electron diffractions from (002) and (111)
planes, as shown in Figure 7d, suggesting that Pd nanoparticles
are single crystalline, which is represented by a truncated
octahedral model, as shown in Figure 7e. The presence of Pd
nanoparticles has greatly enhanced the reduction of PNP, as
shown in Figure 7a (red), with a value of k = 1.88(+0.08)
min~" (R* = 0.99). After being normalized to the Pd mass, the
value of k gives a rate constant of 608(+26) L min~" g™', which
is comparable with literature values for Pd-catalyzed PNP
reduction.%*~7°

B CONCLUSION

In summary, we have demonstrated that individual CNTs can
be integrated into micrometer-sized colloidal particles without
using a heavy or bulky particulate support. The resulting carbon
nanotube ponytails consist of CNTs grown on a nanometer-
thin material disc with a negligible mass and volume. Compared
to individual CNTs, CNPs can be more effectively separated
from water using gravitational sedimentation, magnetic
attraction, and membrane filtration while having the ability to
perform adsorption, disinfection, and catalytic degradation of
contaminants in water. Organizing CNTs into hierarchical
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CNPs represents a new strategy to scale up nanomaterials for
macroscopic engineering applications. With further develop-
ment, CNPs can not only be used in treatment processes for
water purification but also be deployed to combat accidental
spills of chemical and biological contaminants.

B METHODS

The materials and methods used to synthesize, characterize, and
evaluate materials in this study are described in this section. All
chemicals were purchased from Sigma-Aldrich and gases from Airgas
unless stated otherwise. More information on the control of CNPs’
morphology by varying synthesis parameters can be found in the
Supporting Information.

Synthesis of Carbon Nanotube Ponytails. Nitrate salts of
aluminum, magnesium, and cobalt were mixed with urea in 100 mL of
deionized (DI) water (Millipore). The final concentrations of the
precursor ingredients were 100 mmol L™ for urea and 50 mmol L™
for all metals: a% for Co, (67 — @)% for Mg, and 33% for Al with a
being varied from 5 to 33%. The solution was placed in a sealed
autoclave reactor and heated to 100 °C. After a period of time
(typically 12 h), layered double hydroxide (LDH) discs were
produced. LDH discs were collected by centrifugation, washed with
DI water, and calcined at 800 °C in air for 20 min. LDH discs were
then placed inside a sealed quartz tubing and heated by a tube furnace
to 800 °C under argon protection. Hydrogen was passed through the
tubing at 50 sccm for S min to reduce LDH to LDO. Ethanol was then
supplied by bubbling argon through a reservoir at 100 sccm for 15 min
to grow CNT arrays on LDO discs.

Synthesis of Unbounded Carbon Nanotubes. Unbounded
CNTs used to compare with CNPs in gravitational settling were
prepared using a powder catalyst consisting of cobalt, molybdenum,
and magnesium.* The growth of CNTs using CVD followed the same
procedure as described above except that the powder catalyst was used
instead of LDO discs. After 1S min of CVD growth, the powder
catalyst was dissolved away by soaking CNTs in concentrated
hydrochloric acid at 80 °C for 8 h. The remaining CNTs were
cleaned with DI water and freeze-dried (Labconco). The unbounded
CNTs have similar morphologies and surface properties as the
individual CNTs in CNPs, as described in the Supporting Information.

Preparation and Evaluation of Pd-Decorated CNPs. Nano-
particle decoration was achieved using a one-step protocol”* by mixing
Pd(NO,), solution with CNPs. Briefly, 10 mg of CNPs was mixed
with 20 mL of DI water in a 50 mL flask under sonication. A 20 mL
portion of Pd(NO,), solution (S mM) was added to the flask drop by
drop under magnetic stirring. The mixture was permitted to react for
30 min to form PdO nanoparticles on CNPs. PdO-CNPs were
collected using an external magnetic field and washed repeatedly with
DI water. The washed PdO-CNPs were redispersed in 40 mL of water
under sonication. PdO-CNPs were reduced to Pd-CNPs by mixing
with sodium borohydride solution. The composition of PdO-CNPs
was determined by dissolving the composite in concentrated nitric acid
and measuring the Pd content using inductively coupled plasma
optical emission spectroscopy (PerkinElmer).

Material Characterization. CNPs and other nanomaterials used
in this study were also characterized using a transmission electron
microscope (FEI Titan), scanning electron microscope (FEI Magellan
400), powder X-ray diffractometer (Bruker D8 Advance Davinci), X-
ray photoelectron spectrometer (PHI S000 VersaProbe), super-
conducting quantum interference device (Quantum Design MPMS
SQUID), and surface area analyzer (Micromeritics ASAP2020).
Sample preparation and analyses were performed following standard
procedures.

Gravitational and Magnetic Separation. Gravitational sed-
imentation was performed in a 1 cm X 1 cm quartz cuvette with a
height of 2.5 cm of aqueous suspension. Light passed through a
portion of the suspension from the top to 1.3 cm from the bottom.
The carbon concentration in suspension was directly quantified by the
absorbance of light at S00 nm (Figure S3, Supporting Information).
Magnetic separation was performed in a scintillation vial with a
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diameter of 2.8 cm using 15 mL of CNP suspension. The block
magnet (K&J Magnetics BX0X0C) was placed to the side of the vial.
The magnetic field inside the vial has an average strength of 4.2 kOe.
To quantify the decrease of CNP concentration with time, 0.1 mL of
suspension was taken periodically from the top of the suspension,
diluted into 1 mL in a 2 mL quartz cuvette, and measured for light
absorbance at 500 nm.

Adsorption of Methylene Blue. Adsorption was quantified by
measuring the initial and residual MB concentrations, Cy and C, using
light absorption at 664 nm after an incubation period t under shaking
at room temperature.”” In kinetic studies, 10 mg of CNPs was added
in 10 mL of DI water in a glass vial. Solution pH was adjusted with
concentrated HCl and NaOH solutions. MB stock solution (1000
ppm) was added to reach a total volume of 15 mL and mixed on a
shaking table (300 rmp). Periodically, 0.1 mL of solution was pipetted
from the vial, filtered, and measured. After the adsorption experiment,
the pH was measured again, which was found to be within 0.3 pH
units from the initial pH. In equilibrium studies, S—10 mg of CNPs
was added in 1S mL of aqueous solution containing MB at a
predetermined concentration. CNPs and MB were mixed under
shaking for 4 h. Solution pH was maintained at a preset value
throughout the entire experimental duration using concentrated HCI
and NaOH solutions. At the end of the experiment, CNPs were
separated from treated water by a magnet and the MB concentrations
were measured.

Regeneration of Methylene Blue-Laden Carbon Nanotube
Ponytails. A 10 mg portion of CNPs was loaded with an equilibrium
amount of MB in a 15 mL aqueous solution with a MB concentration
of 120 mg L™" under vigorous shaking for 4 h. CNPs were collected by
magnetic separation. To evaluate the effectiveness of ethanol wash,
CNPs were added to 1S mL of ethanol under vigorous shaking. To
examine the desorption kinetics, 0.1—0.2 mL of solution was taken by
pipet periodically to measure the MB concentration in ethanol. The
solution was dried in a scintillation vial by evaporating ethanol in a
fume hood. The residual MB was redissolved in water for
concentration measurement. To examine the efficiency after CNPs
were regenerated by 10-cycle ethanol wash, 6 mg of regenerated CNPs
was mixed with 15 mL of MB aqueous solution (80 mg L™") for 4 h.
For thermal regeneration by microwave irradiation, CNPs were placed
in a scintillation vial inside a kitchen microwave oven (R-209 KX,
Sharp Electronics Corp., Mahwan, NJ; 800 W, 2.45 GHz) and the
oven was turned on under full power for 3, 5, or 8 min.

Removal of Escherichia coli. CNPs’ ability to remove pathogenic
bacteria was examined using E. coli DHSa. The bacterium was first
cultivated in the LB liquid medium overnight. The culture was then
washed in the phosphate buffered saline (PBS, Invitrogen). The wash
was performed by adding 30 yL of the overnight culture into 30 mL of
PBS. The washed bacteria were then recollected using a centrifuge as
cell pellets. The pellets were resuspended in 30 mL of PBS to simulate
contaminated water. CNPs were then added to the simulated water in
4 mL vials. The mixture was first homogenized using a tissue grinder
for 20 s and shaken for 1 h. The mixture was then allowed to settle on
the bench for 2 h. Water was taken from the top layer for colony
forming unit (CFU) counting.

Catalytic Reduction of p-Nitrophenol. The reduction of PNP
by sodium borohydride (SB) occurs rapidly in the presence of catalysts
and can be readily followed using UV/vis spectrometry (Figure S4,
Supporting Information).”® A 0.1 mL portion of well dispersed 0.25 g
L™' CNP solution or 0.31 g L™" Pd-decorated CNP solution (same
amount of CNPs in both solutions), 1.9 mL of NaBH, solution, and
0.02 mL of 0.2 mM PNP were mixed in a standard quartz cuvette with
a 1 cm path length. The concentration of PNP was monitored every 30
s for 5 min using light absorption at 400 nm. The solution was gently
stirred with a glass rod in the catalytic process to avoid catalyst
precipitation. An adsorption control experiment was done by replacing
NaBH, solution with 0.0625 mol L™ NaOH solution while keeping
the other procedures identical.
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