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Abstract:  Carbon nanotube yarn (CNTY ) is a promising material for the removal of organic contaminants from aqueous waste
streams owing to its extraordinary mechanical strength, chemical stability, thermal stability and high surface area. CNTY was used
to treat water contaminated with a model nitroaromatic compound, 2 ,4-dinitrotoluene (DNT). The isotherms and kinetics of DNT
adsorption onto CNTY were investigated. The adsorption capacities of DNT were compared with the literature values of alternative
sorbents. SEM-EDX, HR-TEM, Raman spectroscopy and XPS were used to characterize the size, surface morphology and surface
chemistry of the CNTY before and after DNT adsorption. Results indicate that adsorption isotherm of DNT onto CNTY could be fit-
ted by the Freundlich isotherm with a Freundlich constant, K, of 55.0 mg/g (L/mg)"" and a Freundlich exponent, 1/n, of
0.737. Adsorption kinetics can be formulated by the pseudo-second order kinetic model. This study demonstrates the ability of
CNTY to remove organic contaminants from water.
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1 Introduction

Activated carbon ( AC) is a common adsorbent
that is used to remove contaminants from water "’ .
Though AC is an excellent adsorbent, it is not ideally
suited for removal of polar molecules. In addition,
the application of AC in water treatment has several
challenges, due to its slow adsorption kinetics and re-
source requirements for regeneration and reactiva-
tion'*!. Modified carbon nanotubes (CNTs) have the
ability to remove polar molecules'**’ | adjustable struc-
tures and surface chemistries, and unique properties
such as chemical stability, mechanical and thermal
stability as well as high surface area. Given these
characteristics, CNTs have great potential application
as a third generation carbonaceous adsorbent’’. In
addition to water treatment, CNTs have found a num-
ber of other uses in hydrogen storage, protein purifi-
cation, and biomedical applications'’"".

In addition to their use as sorbents*>*'*)  CNT-
based nanotechnologies have been applied as cata-
lysts'*""*) membrane filters'>”’ | and electrodes """’
as well as in water treatment. As sorbents, multi-wall
CNTs (MWCNTs) and single-wall CNTs ( SWC-
NTs) have been used to remove organic and inorganic
pollutants from aqueous solutions as well as gaseous
mixtures' '’ Although CNTs have several advanta-
ges over conventional sorbents like ACs (e. g. , faster
kinetics and the ability to add functional groups to en-
hance adsorption and/or degradation of target contam-
inants'>'*") | their use in practical applications pres-
ents challenges'”’. Due to their small size, CNTs
cannot be filtered or settled, making recovery prob-
lematic>®’. Therefore, recent research into water
treatment applications of CNTs as sorbents has fo-
cused on using CNT incorporated into sponge-like
structures'"'>'7) Tt has been demonstrated that such
three-dimensional structures can adsorb about 3. 5
times more mass of a dissolved organic compound
(e. g., o-dichlorobenzene ) than CNTs used a-
lone"™. In addition, because of their sponge-like
structure , the CNTs can be easily collected, regenera-
ted, and reused’®). A new spinning method has re-
cently been developed to prepare CNT yarn
(CNTY) "', CNTY consist of assemblies of individ-
ual CNT bonded together by van der Waals forces and
mechanical interlocking'”’. The yarns were found to
be mechanically robust with exceptionally high specif-
ic surface area. Although CNTY have been applied in
a variety of ways (e. g. , medical scaffolding, intelli-
gent clothing, electrical sensors)''>'*! | they have not
been used in environmental applications to our knowl-
edge. Based on the advantages that have been ob-

served when CNTs are made into sponge-like struc-
ture!''*?" | investigation of CNTY as a sorbent to
remove organic contaminants from water is warran-
ted.

The main goal of this study is to investigate the
application of CNTY to remove organic contaminants
from water. A nitroaromatic compound such as 2,4-
dinitrotoluene ( DNT), frequently detected in surface
and ground water' ! | will be used as a model organic
contaminant. The main objectives of this study are
(i) to characterize CNTY using microscopy and spec-
troscopy, (ii) to determine the rate and extent of
DNT adsorption onto CNTY, and ( iii) to compare
these results with the rates and extent of adsorption of
DNT onto alternative sorbents (e. g., AC and CNT
powder) reported in literatures.

2 Experimental

2.1 Materials and chemicals

Sodium hydroxide ( NaOH ), hydrochloric acid
(HCL), nitric acid (HNO,) and DNT were pur-
chased from Sigma-Aldrich ( St. Louis, MO). All
reagents were used as received. All experiments were
conducted in ultra-pure water (18 M{-cm) produced
by a Millipore water purification system ( Millipore,
Billerica, MA).

The CNTY (60-yarn ) were procured from
Nanocomp Technologies, Inc. , which were produced
by a direct spinning method. The process is proprieta-
ry, but in general CNTY are made by injecting grain
alcohols and iron-based catalysts into a horizontal re-
actor furnace with hydrogen as the carrier gas. Free
CNT and CNT bundles are produced and exit the re-
actor as an aerogel-like material. In a post processing
operation the CNTY is drawn through an acetone bath
and twisted prior to collection on a spool[23 L
2.2 Methods

Batch kinetic and equilibrium adsorption experi-
ments were conducted in triplicate with CNTY. The
adsorption experiments were performed in 100 mL
amber serum bottles having aluminum-coated septum
caps. The pH values for all the samples before and af-
ter the experiments were measured ( Mettler Toledo
Instruments). The ionic strength of the solution was
maintained at 1 mM using NaCl, the pH was main-
tained at 6.5, and the experiments were conducted at
room temperature.

For the kinetic experiments, 50 mL of
10 mg-L™" of DNT solution was added to 100 mL
amber serum bottles containing ~1 mg CNTY. Ionic
strength was maintained at 1mM with NaCl. The pH
of the solution was adjusted to pH 6.5 using NaOH.
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Bottles were prepared in triplicate and mixed using a
magnetic stir bar. Aliquot samples of 0.2 mL were
removed from the bottles at different time intervals
(0-72 h) to determine the rate of adsorption. Samples
were diluted with 0.8 mL of deionized water and fil-
tered using a 0.2 pm filter and analyzed by a UV-Vis
absorption spectrophotometer ( UV-Cary 60, Agilent
Technologies ). Control samples ( triplicate) were run
in parallel to confirm that significant DNT losses were
not occurring without the adsorbent.

For the adsorption isotherm studies, a known
mass of CNTY ( ~1 mg) was transferred to 100 mL
bottles that contained 50 mL of solution at various
DNT concentrations (0, 1, 2, 4, 8, 16, and
24 mg-L™"). The isotherms were conducted using a
similar method as reported by Randtke'*. The con-
tents of the bottles were mixed with a magnetic stir-
rer. After 72 h the bottles were centrifuged and a 4
mL aliquot sample was withdrawn to determine the
dissolved DNT concentration at equilibrium using gas
chromatography/mass spectrometry ( GC/MS) ( GC
7890A; Agilent Technologies). The solid phase con-
centration of DNT was determined by mass balance.
Preliminary work showed no further reduction in DNT
concentration after 24 h and therefore 72 h was con-
servatively chosen as the experimental equilibrium
time.

Details about the surface morphology of CNTY
were obtained using a high resolution scanning elec-
tron microscope ( Quanta SEM 450 (2 kV using
EDAZ (20 kV), FEI). For SEM, CNTY was
mounted as received onto an aluminum stub using car-
bon tape. Images were taken at multiple magnifica-
tions. Additional internal morphology of CNTY was
determined using high resolution transmission electron
microscopy ( HR-TEM ) at 200 kV using a Philips
TEM (CM200 LaB6, Philips Corporation).

Raman spectroscopy is an extensively used ana-
lytical tool for the characterization of structure and
transformations of materials including CNTs. Thus,
to analyze the possible interactions between CNTY
and DNT, Raman spectra were measured on the
CNTY samples and controls using a LabRamHR 800
(Horiba Scientific Inc) equipped with a high resolu-
tion BX41 confocal microscope. The excitation
source was a He-Ne laser (632.8 nm) set to an out-
put of 17 mW. The laser beam ( ~1 pm in diame-
ter) was directed onto the solid samples placed on mi-
croscope glass slides through an Olympus 100x objec-
tive. Acquisition parameters were holographic grating
of 600 grooves mm™', confocal hole of 300 wm, and
accumulation time of 5 s. Under these conditions, the

spectral resolution was about 1 cm™'. Each micro-Ra-
man spectrum was averaged over 5 cycles, and was
collected with the help of a thermo-electric cooled
charge coupled device (CCD) detector (1 024 x 526
pixels). Spectral data was processed and plotted in
Origin 8 software.

Using molecular orbital theory and the binding
energy of electrons, X-ray photoelectron spectroscopy
(XPS) provides information about the chemical struc-
ture of materials. In this work, XPS was used to de-
termine differences in the CNTY pre- and post-ad-
sorption. An XPS ( M-Probe, Surface Sciences In-
struments) was operated at a base pressure of 3 x
1077 Pa using an operating voltage of 10 kV and a
spot size of 800 wm’. The samples were attached
with indium foil. Binding energies were calibrated
relative to the Cls peak at 284.6 eV. The raw XPS
spectra were deconvoluted by curve fitting peak com-
ponents using the software CASAXPS with no prelim-
inary smoothing. Symmetric Gaussian-Lorentzian
product functions were used to approximate the line
shapes of the fitting components after a Shirley-type
background subtraction. Atomic ratios were calculated
from experimental intensity ratios and normalized by
atomic sensitivity factors.

3 Results and discussion

3.1 SEM-EDX and HR-TEM

Adsorbent characterization was first performed
using a standard digital camera, SEM-EDX, and HR-
TEM. Images can be seen in Fig. 1. The two images
(Fig. la) were taken with a standard digital camera
to demonstrate the physical size of the CNTYs, an
operational advantage compared to conventional un-
wound nanomaterials such as CNTs. The Fig. la in-
set shows that the CNTY did not unravel after its sub-
mersion in DNT aqueous solution. Fig. 1b illustrates
an individual CNTY segment consisting of different
cylinder-shaped structures wound together. The fine
details provided by HR-TEM analysis showed that
CNTYs incorporated fine particles ( black specs in
Fig. 1c). Previous characterization work has revealed
the presence of iron in CNTs'?; thus the small specs
are believed to be of iron nature. The CNTY structure
did not appear to change after adsorption of DNT.
HR-TEM images taken post-adsorption of DNT are
indistinguishable from pre-adsorption ( Fig. 2 ).
Using SEM-EDX, the elemental composition of the
sample was determined. Fig. 1d shows that CNTY is
comprised of 94.3% carbon, 5.6% oxygen, and
0.1% of iron.
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Fig. 1 (a) Digital picture of CNTY. The inset shows a vial containing CNTY in a DNT aqueous solution;
(b) SEM image showing heavily bundled CNT as a mat when a single fiber is zoomed in;
(¢) High resolution TEM image; the cylindrical-like structures are CNT, which incorporate spherical Fe particles;
the lighter images are amorphous carbon and the dark specs are iron, which is confirmed by; (d) EDX spectra.

Fig. 2 HR-TEM of CNTY post-adsorption to DNT.

3.2 Adsorption Kkinetics

Results for the kinetic experiments of DNT ad-
sorption onto CNTY are shown in Fig. 3a. DNT con-
centrations decrease dramatically initially then equili-
brate after 24 h. Since no further adsorption of DNT
was observed after 24 h, 72 h was selected as a con-
servatively sufficient time to achieve equilibrium for
the isotherm study. Shen et al (2009) studied the ad-
sorption of nitroaromatic compounds onto multi-
walled CNTs with 4 different kinetic models™' . A

pseudo second-order kinetic model was the only mod-
el that consistently fit results accurately and was there-
fore used in this effort. The pseudo-second order
model considers both the external mass transfer and
the intraparticle diffusion mechanisms responsible for
adsorption and uses the difference between the equi-
librium solid phase concentration and the solid phase
concentration at any time as shown in equation 1'%,

“(g.-q,)’ (1)

Where ¢, is the solid phase concentration in
Mg,y 8enry At any time ¢ (min) , k is the pseudo-sec-
ond order rate constant (g-mg~' -min~') and g, is the
equilibrium solid phase concentration in mgp.; Eonry
Fig. 3b shows the application of this pseudo-second
order kinetic model and the resulting rate constant, k,
of 1.66 x 107 g-g™' -min™". This relatively fast ad-
sorption kinetics can be explained by the nano-scale
mean diameters of the CNTY adsorbent. The CNTs
and the CNTY have dimensional length scales that are
orders of magnitude less than conventional AC sor-
bents'>'. These very short diffusion pathways result in
fast adsorption kinetics.



5 4 39

Sushil R. Kanel et al: The use of carbon nanotube yarn as a filter medium to treat ... ... - 419 -

14
€]
12
: A A A
05 %A‘ 54 &
Q
O
0.6
A Control
0.4
0.2 O ontY
0
0 12 24 36 48 60 72

Time t(s)

(b)

tq, (mim-g/mg)
w
o
T

y=0.011x+0.728

10 R?=0.99
0
! !
0 2000 4000 6000
Time ¢ (min)
3
(©

25 |
T o2
5 L
o>
&
015 L
o
£
& 1L
8 y=0.74x+174

05 L R*=0.99

0 1 1 1

-0.5 0 0.5 1 15

log C¢ (mg/L)

Fig. 3 (a) Adsorption kinetics of DNT on CNTY;

(b) Pseudo-second order kinetic rate model based on solid phase
concentration of DNT on CNTY ; Reaction conditions for (a) and
(b) DNT 10 mg-L™", CNTY: 0.02 g-L', Ionic strength; 1 mM,
pH 6.5, and room temperature, and (c) Log plot of adsorption
isotherm of DNT on CNTY, Reaction conditions :

DNT: 0-24 mg-L™', CNTY: 0.02 g-L™',

Ionic strength: 1 mM, pH 6.5, and room temperature.

3.3 Adsorption isotherm

Results from the DNT isotherm experiments are
presented in Fig. 3¢ where ¢,(mg-g™") and C,(mg-
L") are the equilibrium solid-phase DNT concentra-
tion on the CNTY and the equilibrium DNT concen-
tration in the aqueous phase, respectively. The ad-
sorption data were fitted with a Freundlich iso-
therm[24,28,29] .

1
qe = K F Ce " ( 2 )
Where K,.(mg/g * (L/mg)"") is the Freundlich
affinity coefficient and ¢, represents the equilibrium

adsorption capacity and 1/n (unitless) is the Freundl-
ich exponent representing the heterogeneity of adsorp-
tion site energies. For the DNT sorption isotherm in
this study, eq. 2 appears to hold true, with a linear
relation between log ¢, and log C,(Fig. 3b). Deter-
mination of the Freundlich parameters from the iso-
therm data provided a K, = 55.0 mg/g * (L/mg)""
and a 1/n value of 0. 737. Adsorption is believed to
be the sole mechanism responsible for the removal of
DNT from solution. Although previous research has
shown metal impurities in CNTs, which react with
contaminants™’ | and the CNTY in this work con-
tained iron, this phenomenon was not observed since
GC/MS results showed no DNT degradation prod-
ucts. Table 1 compares these Freundlich isotherm val-
ues with the parameter values obtained for DNT ad-
sorption onto various other sorbents found in the liter-
atures. Not surprisingly, the value of the Freundlich
affinity coefficient, K., for CNTY was found to be
most similar to the value of K obtained for single-
wall CNTs (SWCNTs). K, values for adsorption on-
to powder activated carbon (PAC) and granular acti-
vated carbon ( GAC) were higher, indicating that for
C.= 1 mg/L, adsorption of DNT onto GAC and
PAC is greater than adsorption onto CNTs and
CNTY.
3.4 Raman analysis

Raman spectroscopy measurements were per-
formed in triplicate on the CNTY samples
( ~0.02 g-L™") exposed for 3 days to various con-
centrations of DNT (0, 1, 2, 4, and 8 mg-L™") to
confirm the interaction between DNT and CNTY and
to examine the concentration dependence of the DNT
adsorption behavior (Fig. 4). The identity and purity
of the CNTY was confirmed by the presence of char-
acteristic Raman bands at 196 ( radial breathing
mode) , 1 328 ( D-disordered mode) , 1 588 ( G-tan-
gential mode) , and 2 640 cm™' (D~ or second order
G’), which closely matched the literature values for
CNTs*'**(Fig. 4). The bands at 213 and 257 cm™
(Fig. 4a inset) are probably the result of two contri-
butions: 1) the presence of iron oxide particles as al-
so revealed by SEM-EDX and HR-TEM'**  and
2) the radial breathing modes of CNTs"*'*") | The ap-
pearance of the CNT Raman bands post-adsorption to
DNT indicates that the identity of CNTY remained in-
tact, which is in agreement with the HR-TEM obser-
vations. Post-adsorption, no vibrational modes char-
acteristic to DNT were detected in the Raman spectra
(Fig. 4b) probably due to the limited sensitivity of
the micro-Raman technique at these DNT concentra-
tions. However, CNTY exhibited changes in their
Raman spectral profile ( Fig. 4b), which became
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more significant with increasing DNT concentration
(Fig. 4c-e). For example, the D and G bands expe-
rienced Raman shifts to lower wavenumbers after ad-
sorption of DNT. The largest shifts were observed
post-adsorption to 8 mg-L™' of DNT, namely 8 and
15 cm™ for the D- and G-band, respectively. Addi-
tionally, the D-band decreased more than 20% in full
width at half maximum (FWHM) and increased more
than 100% in the I}, ,,.4/ Igyama Tatio with the increase
in DNT concentration from 0 to 8 mg-L™". Molecules
containing electron-acceptor groups like DNT are
known to modify the electronic structure of electron-

Table 1 Freundlich model coefficients (K, and 1/n)

donor CNTs, leading to important changes in their
Raman spectra, in particular for the disorder-induced
D-band **'. In a recent study, Hung et al. have
showed that the melectrons on the sidewall of SWC-
NTs may interact with nitroaromatic compounds like
DNT via 7r-7 stacking"®®'. Thus, the spectral changes
observed for the Raman characteristic peaks of CNTY
are indicative of non-covalent interaction with DNT in
a dose dependent manner and the possible formation
of an electron donor-acceptor complex between CNTY
and DNT.

obtained from DNT adsorption onto various adsorbents.

Ce Range, Sample Freundlich Constants
Adsorbent e - . . Un - References
mg-L equilibration time K mg/g * (L/mg) 1/n (unitless)
GAC (F400) 0.01-2.01 3w 284.0 0.157 [39]
5d
GAC (FS300) ~0.1-100.0 ( Equilibrium 210.0 0.171 [40]
reached in 1 day)
GAC (FS400) 0.1-100.0 5d 300.0 0.223 [40]
PAC (FS300) 0.1-100.0 5d 250.0 0.333 [40]
GAC (F300) NA 2 h 146.0 0.310 [41]
SWCNT 0.001-1.090 30d 41.2 0.350 [42]
CNTY 0.37-13.20 3d 55.0 0.737 This study

Note: 2,4 DNT: 2,4 dinitrotoluene, G/PAC( - ) . granular/powdered activated carbon (type), NA. Not available, SWCNT . single wall car-

bon nanotube, CNTY- carbon nanotube yarn.
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Fig. 4 Raman spectra of CNTY (a) pre-adsorption (inset shows the 150-350 cm™! spectral range) and
(b) post-adsorption to DNT at different concentrations (0, 1, 2, 4, and 8 mg-L~"). Post-adsorption changes in the D and
G bands of CNTY as a function of DNT concentration; (c¢) Raman shift; (d) full-width at half maximum (FWHM) , and
(e) intensity ratios. Error bars represent standard error from triplicate experimental measurements.
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Fig. 5 XPS study of CNTY pre and post-adsorption to DNT .
(a) Post adsorption survey scan showing C 1s (284.6 eV),

O 1s (532.35eV), N 1s (405.47 eV) and Fe 2p (706.78 eV) ,
the inset table shows each element peak position and the respective
atomic percentage, (b) N 1s spectrum after curve fitting which
shows two distinct peaks NO, (406 eV) and NH,(400 eV ),
(c) pre-adsorption of CNTY to DNT shows NH, peak
and absence of NO, peak.

3.5 XPS analysis

XPS study of CNTY post adsorption with DNT
revealed a N 1s peak (405.47 eV) with 1.17% of its
atomic percentage confirming molecular adsorption of
DNT. In addition to the N 1s peak, the survey scan
(Fig. 5a) showed C 1Is (284.6eV), O Is
(532.35 eV) and Fe 2p (706.78 eV ) peaks. As ex-

pected C 1s is the most predominant with atomic per-
centage 84.27% confirming it as the major backbone
of the CNTY. Oxygen species present on the CNTY
are also confirmed with the observation of defects by
D-band shift from Raman analysis. Trace amount
(0.07% ) of Fe 2p also corroborates with SEM-
EDAX results discussed earlier. N 1s spectrum shows
two distinct peaks. The first peak at the highest bind-
ing energy (406 eV) can be attributed to NO, ( Fig.
5b). This peak is absent on all the pre-adsorption
CNTY surface spectra. This confirms that CNTY sub-
strates reacted with DNT having the NO, functional
group on their surfaces. The second peak (Fig. 5b
and 5d) around 400 eV can be assigned, either, to
the atmospheric nitrogen ( this peak is always evi-
denced when the sample is prepared apart from the
preparation chamber of the XPS spectrometer) and/
or, as reduced nitrogen (amines) 3] The same peak
(400 eV) , although weaker, is also observed in pre-
adsorption CNTY (Fig. 5c; atomic percentage of N
Is is < 0.06% ) whereas the NO, peak (406 eV) is
completely absent.

4  Conclusions

Advantages of using CNTY to treat contaminated
waters include its ease of recovery, the ability to add
functional groups to it to allow both degradation and
adsorption of specific contaminants, and potentially,
due to its structure, higher hydraulic conductivities
than competing sorbents like PAC and CNTs. In this
study, we have shown that CNTY has an adsorption
capacity toward a model organic compound that is
comparable with, if not slightly better than, that of
CNTs. In essence, CNTY has many of the advanta-
ges of CNTs as a sorbent (e. g. , rapid kinetics, abili-
ty to functionalize) , while not having the disadvanta-
ges (e. g., post-treatment separation problems, low
conductivity, release to the environment). Potential-
ly, CNTY can be used in both batch and flow-through
modes as an adsorbent with high capacity and rapid
kinetics. It may also be possible to apply CNTY in si-
tu to treat contaminated ground water, perhaps as an
adsorbent in a permeable reactive barrier. To explore
these potential applications, future research is needed
to investigate CNTY functionalization, CNTY hy-
draulic conductivity, rate and extent of adsorption of
other organic ( polar and non-polar) and inorganic
compounds onto CNTY, and adsorption behavior in
water with a background matrix containing natural or-
ganic matter.
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