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a b s t r a c t

The removal of oxidation debris from the oxidized carbon nanotube surface with a NaOH treatment
is a key step for an effective functionalization and quality improvement of the carbon nanotube sam-
ples. In this work, we show via infrared spectroscopy and ultrahigh resolution and accuracy mass
spectrometry that oxidation debris obtained from HNO3-treated multiwalled carbon nanotubes is a
complex mixture of highly condensed aromatic oxygenated carbonaceous fragments. We have also
eywords:
arbon nanotubes
ass spectrometry

ytotoxicity
ulvic acids
luminium sulphate

evaluated their cytotoxicity by using BALB/c 3T3 mouse fibroblasts and HaCaT human keratinocytes
as models. By knowing the negative aspects of dissolved organic carbon (DOC) to the water quality, we
have demonstrated the removal of these carbon nanotube residues from the NaOH solution (wastew-
ater) by using aluminium sulphate, which is a standard coagulant agent used in conventional drinking
water purification and wastewater treatment plants. Our results contribute to elucidate the structural
and proactive safety aspects of oxidation debris from oxidized carbon nanotubes towards a greener

nanotechnology.

. Introduction

Carbon nanotubes (CNTs) have many applications in electronics,
he materials industry and bionanotechnology applied to medicine,
griculture and the environment. Most of these applications require
chemical processing of these nanomaterials during their purifi-

ation and/or functionalization steps. The oxidation of CNTs with
itric acid (HNO3) remains one of the most used methods for
hemical modification, purification, functionalization and shorten-
ng of carbon nanotubes [1–5]. The side effect of this methodology
s the generation of byproducts, commonly referred as carboxy-
ated carbonaceous fragments (CCFs) or oxidation debris, which
ave been identified as polycyclic aromatic sheets with oxidized

dges [6–9]. Due to the strong van der Waals interactions between
hese fragments and the carbon nanotube sidewalls, their removal
s dependent on a treatment with a sodium hydroxide (NaOH) solu-
ion, which promotes the desorption of oxidation debris from the
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nanotube surface. The oxidized CNTs free of these carbonaceous
fragments can therefore be easily separated from the alkaline solu-
tion either by filtration or centrifugation [10–12].

It has recently been reported the influence of oxidation debris
on the carbon nanotube behavior in chemical and biological envi-
ronments [13]. This report has pointed out that oxidation debris
might promote a bundling state of oxidized single walled carbon
nanotubes by gluing nanotubes and consequently influencing on
their colloidal properties, such as mean agglomerate size, surface
charge and water dispersion stability. Indeed, it has been proposed
that oxidation debris tends to stabilize oxidized carbon nanotube
dispersions in water by acting as a pseudosurfactant [13].

By considering the scenario where many applications would
demand oxidized CNTs, it is expected that the HNO3 oxidation and
NaOH washing processes will be widely used. Despite the impres-
sive growth of the CNT industry and their chemical processing,
the detailed structural properties of oxidation debris have been

minimally studied so far. Moreover, their toxicity and waste man-
agement have not been addressed.

In this work, we have focused on the structural study of oxi-
dation debris obtained from HNO3-treated multiwalled carbon
nanotubes by Fourier transform infrared spectroscopy (FT-IR) and

dx.doi.org/10.1016/j.jhazmat.2011.02.050
http://www.sciencedirect.com/science/journal/03043894
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ltrahigh resolution and accuracy Fourier transform ion cyclotron
esonance mass spectrometry (ESI FT-ICR MS). We have also evalu-
ted their cytotoxicity in BALB/c 3T3 mouse fibroblasts and HaCaT
uman keratinocytes. By considering the similarities between oxi-
ation debris and fulvic substances [12] and their potential negative

mpact on water quality and wastewater treatments [14–16], we
ave demonstrated that oxidation debris can be removed by using
luminium sulphate, a standard coagulant agent used in con-
entional drinking water purification and wastewater treatment
lants [17]. This work calls attention to a proactive safety approach
owards suitable strategies for carbon nanotube chemical process-
ng.

. Experimental

Multiwalled carbon nanotubes (MWCNTs) synthesized by a
hemical vapor deposition (CVD) (diameter: ∼10–40 nm and
ength: ∼1–25 �m) were purchased from CNT Co. Ltd., batch num-
er: 5029010C (Incheon, Korea). The BALB/c 3T3 mouse embryo
broblast cell line was obtained from the National Institutes of
ealth (Baltimore, MD, USA). The HaCaT human keratinocyte cell

ine was kindly provided by Dr. Liudmila Kodach (Academic Med-
cal Center, Amsterdam University, The Netherlands). Cells were

aintained in Dulbecco’s Modified Eagle’s Medium [DMEM; Sigma
St. Louis, MO, USA)] supplemented with 100 U/mL of penicillin,
00 �g/mL of streptomycin and 10% of fetal bovine serum [(FBS;
ibco (Grand Island, NY, USA)]. Cells were grown in monolayers at
7 ◦C in a humidified atmosphere containing 5.0% of CO2. The alu-
inium sulphate [(Al2(SO4)3·14H2O] was obtained from Bauminas

td. (Cataguases, MG, Brazil).

.1. HNO3-treated multiwalled carbon nanotubes

The as-prepared MWCNTs (1.0 g) were refluxed in a 9.0 mol/L
NO3 solution (200 mL) for 24 h at 150 ◦C. After cooling down to

oom temperature, they were filtered through a 0.2 �m PTFE mem-
rane and washed with deionized water until a neutral pH was
eached for the filtrate. The HNO3-treated MWCNTs were dried
nder vacuum for 24 h.

.2. Extraction of oxidation debris from HNO3-treated MWCNTs

The extraction of oxidation debris from HNO3-treated MWC-
Ts was performed according to Verdejo [10] with modifications.
riefly, HNO3-treated MWCNTs (500 mg) were homogenized in a
.1 mol/L NaOH solution (200 mL) and sonicated in an ultrasound
ath (Cole-Parmer 8891) for 15 min. Afterwards, they were sub-
itted to a 300 rpm magnetic stirring for 1 h at room temperature.
colored filtrate (orange-brown) was obtained by using a stan-

ard vacuum filtration system with a 0.2 �m PVDF membrane. This
ltrate has been considered to contain CCFs or oxidation debris
ompounds (see supplementary material, Fig. S-1.). The resultant
ltrate was dialyzed against deionized water for 3 days. After that,
he dialyzed solution was lyophilized to obtain oxidation debris in
he solid state. This solid sample was weighted by using an analyt-
cal microbalance (Perkin-Elmer AD-6) and is referred to as DEBRIS
n this work.

.3. Characterization methods

The Fourier transform infrared spectroscopy (FT-IR) of DEBRIS

as recorded using an ATR accessory on a Bomem MB spec-

rometer in the 400–4000 cm−1 frequency range. A total of 34
cans and resolution of 4 cm−1 were employed to obtain the spec-
rum. Absorption spectra of the solutions were obtained by using
UV–vis spectrophotometer (Shimadzu UV-1650PC). The Raman
Materials 189 (2011) 391–396

spectroscopy analysis with a laser wavelength of 532 nm and an
excitation power of 4 mW (WITec TS-150 spectrometer) showed
that DEBRIS is a highly disordered carbonaceous material (see sup-
plementary material, Fig. S-2).The mass spectrometry analysis was
performed on a LTQ FT Ultra mass spectrometer (ThermoScien-
tific). The electrospray ionization (ESI) was performed followed by
a Fourier transform ion cyclotron resonance (FT-ICR) analysis (ESI
FT-ICR MS). For the ESI(−) experiment in the negative ion mode,
a solution was prepared by dissolving 1.0 mg of DEBRIS in 1.0 mL
of a mixture of methanol and ultrapure Milli-Q water (50:50). This
solution was was diluted with isopropyl alcohol prior to analysis. A
direct infusion was performed by using an automated chip-based
nano-ESI-MS Triversa NanoMate 100 system (Advion BioSciences).
The sample was loaded in 96-well plates (total volume of 100 �L).
General ESI conditions were: gas pressure of 0.3 psi, capillary volt-
age of 1.55 kV and a flow rate of 250 nL/min. The mass spectrum
was the result of the combination of 100 microscans processed via
the Xcalibur 2.0 software (ThermoScientific).

The Zeta-potential (�) of DEBRIS (100 �g/mL) was measured on
a Zetasizer-Nano (Malvern Instruments) by using Milli-Q water as
dispersant.

The morphology and thermal behavior of the MWCNTs were
analyzed by transmission electron microscopy (TEM; Zeiss CEM-
902 analyzer with EELS) and thermogravimetric analyses (TGA;
SDTQ600 TA Instruments), respectively. TEM and TGA analyses
were performed on the as-prepared MWCNTs aiming to visual-
ize and quantify the total content of amorphous carbon in our
starting sample (see supplementary material, Figs. S-3(a) and S-
4, respectively). The as-prepared MWCNTs showed low content of
amorphous carbon (<0.2%) compared to the total MWCNTs weight.
TGA analyses were performed by using 5.0 mg of the dried sam-
ple placed in a platinum crucible. The heating rate was maintained
at 5.0 ◦C/min and air flow rate at 100 mL/min. The as-prepared
MWCNTs showed a specific surface area of 190 m2/g, evaluated
by the Brunauer–Emmett–Teller method (ASAP 2010 Micromerit-
ics Instruments). The HNO3-treated MWCNTs were also analyzed
by TEM, TGA and Raman spectroscopy to demonstrate the effect
of the oxidative treatment (see supplementary material, Figs. S-
3(b), S-4 and S-5).

2.4. Cytotoxicity assay

The DEBRIS cytotoxicity was assessed by the enzymatic
reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; Sigma), as previously described by
Mosmann [18]. HaCaT (7 × 103/well) and 3T3 (1 × 104/well) cells
were incubated in 96-well plates until semiconfluence was reached
and then treated with different DEBRIS solutions (10–100 �g/mL)
for 24, 48 and 72 h. Afterwards, the culture medium containing
DEBRIS was removed and the cells were washed with a 0.1 mol/L
phosphate-buffered saline solution (PBS; pH 7.4), followed by
the addition of 100 �L of a MTT solution (5.0 mg mL−1 in culture
medium). After incubation with the MTT solution for 4 h at 37 ◦C,
the medium was discarded and the formazan crystals were solu-
bilized in dimethyl sulfoxide. The plates were shaken for 15 min
on a plate shaker and the absorbance measured at 570 nm in
a microplate reader (ELx800 BioTek Instruments). Three inde-
pendent experiments in six replicates were performed to ensure
the reproducibility. The results were expressed as percentage
of untreated controls (100%). The results shown in the graphs
represent the means ± standard deviations (S.D.).
2.5. Removal process by using aluminium sulphate

Coagulation experiments were performed by adding aluminium
sulphate to the DEBRIS wastewater stock solution. Briefly, HNO3-
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ig. 1. FT-IR spectrum of DEBRIS obtained from HNO3-treated multiwalled car-
on nanotubes. Inset: picture of DEBRIS (dark brown color) in the solid state after

yophilization. (For interpretation of the references to color in this sentence, the
eader is referred to the web version of the article.)

reated MWCNTs (0.25 g) were homogenized in a 0.1 mol/L NaOH
olution (100 mL) and sonicated in an ultrasound bath (Cole-palmer
891) for 15 min. Afterwards, the suspension was submitted to
agnetic stirring (300 rpm) for 1 h at room temperature. A col-

red filtrate (orange-brown) was obtained by using a standard
acuum filtration system with a 0.2 �m PVDF membrane. This fil-
rate containing dissolved DEBRIS fragments has been considered
he wastewater stock solution. The coagulation experiments were
arried out in centrifuge tubes containing 5.0 mL of the DEBRIS
astewater stock solution and several amounts of aluminium sul-
hate (from 2.0 to 30 mg/mL). These tubes were submitted to
agnetic stirring (250 rpm) for 90 min at room temperature, kept

tatic for 24 h aiming to the particles sedimentation, and then the
upernatant was measured (at 400 nm) by using a UV–vis spec-
rometer.

. Results and discussion

Oxidation debris emerges as an important byproducts to be
onsidered in carbon nanotube surface chemistry [19–22]. The
eneration of DEBRIS in our HNO3-treated MWCNT sample was
pproximately 2.6%-weight. This byproduct shows a dark brown
oloration, rather distinct from the black appearance of multi-
alled carbon nanotubes (see supplementary material, Fig. S-6.).

ts Fourier transform infrared spectrum (FT-IR) presents bands at
300, 1726 and 1586 cm−1, related to the O–H stretching [�(O–H)],

O stretching in carbonyl and carboxyl groups [�(C O)], and
–C (aromatic) stretching vibrational [�(C C)] modes, respectively
Fig. 1.). The large intensity of the �(C C) mode is explained by
he dipole moment created in carbon double bonds (or conjugated
ouble bonds) by the presence of adjacent oxygenated groups.
he broad band located from 1000 to 1450 cm−1 could be related
o several possible modes: the C–H asymmetric and symmetric
ending [ı(CH2) + ıas(CH3) + ı(CH3); 1300–1450 cm−1], C–(CO)–C
tretching and bending [�(C–CO–C) + ı(C–CO–C): 1100–1300 cm−1

or ketones], C–O–C asymmetric and symmetric stretching
�as(C–O–C) + �(C–O–C): 1040–1275 cm−1 for ethers] and C–O
tretching [�(C–O): 1000–1250 cm−1 for alcohols and phenols]

odes. The individual assignment of these modes becomes very

omplex to be done because they are not resolved.
Considering that the DEBRIS fragments are originated from the

anotube surface, it is reasonable to expect similarities between
he oxygenated groups on the nanotube sidewall and DEBRIS frag-
Fig. 2. (a) ESI (−) FT-ICR mass spectrum of DEBRIS obtained from HNO3-treated mul-
tiwall carbon nanotubes; (b) the van Krevelen diagram for elemental data calculated
from the mass spectrum.

ments. In this way, depending on the parameters related to the
oxidation process (e.g. CNT structure and morphology, time of reac-
tion, acid concentration and temperature), the presence of some
groups such as ketones, ethers, alcohols, phenols, carboxylic acids,
quinones, lactones and anhydrides, which were already identified
for oxidized carbon nanotubes [23,24], could be also expected to be
present on DEBRIS fragments.

The electrospray ionization Fourier transform ion cyclotron res-
onance mass spectrometry (ESI FT-ICR MS) technique has been
shown to provide a comprehensive overview, at the molecular
level, of complex mixtures such as natural organic matter and
crude oils [25,26]. Therefore, we decided to study DEBRIS obtained
from HNO3-treated MWCNTs by the ESI FT-ICR MS technique. In
consistence to previous results [12], the analysis showed a huge
amount of components, thus confirming the very complex chemi-
cal nature of the sample. However, the high mass resolving power
(m/�m50% > 350,000 for 200 < m/z < 1000) and high mass accuracy
(<1 ppm) of ESI FT-ICR MS, allowed for the unambiguous assign-
ment of the elemental composition for thousands of species found
in this sample. Over 826 ions with >4% relative abundance were
detected in the m/z range from 200 to 800 [Fig. 2(a)]. In this way,
for the first time, the ESI FT-ICR MS technique is used in the carbon
nanotube research, yielding molecular information on hundreds of
compounds presented in oxidation debris.

The remaining issue was to find a proper way to display this

complex chemical composition in terms of the several classes
of compounds. For that purpose, we used the well-known van
Krevelen diagram [27–29]. This diagram displays oxygen classes
on the x-axis (O/C molar ratio) and double-bond equivalent
(DBE) compounds along the y-axis (H/C molar ratio). As seen
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Fig. 3. Cytotoxicity of DEBRIS on 3T3 mouse fibroblasts and HaCaT human ker-
94 D. Stéfani et al. / Journal of Haza

n Fig. 2(b), as the H/C ratio increases and the number of rings
lus double bonds decreases, the van Krevelen diagram allows
or a convenient visual separation of the oxygen classes and DBE
ypes.

The aqueous solubility of oxidation debris under all pH con-
itions, fluorescence properties and mass spectrometry studies

nduced authors to point out their similarity with fulvic acids [12].
owever, according to our van Krevelen diagram [Fig. 2(b)], the
/C (from 0.1 to 0.7) and O/C (from 0.0 to 0.5) ranges correspond

o a typical region of highly condensed aromatic structures having
ufficient oxygen functional groups, which render them soluble in
olar solvents [28,30,31]. This result contrasts to previous ESI FT-

CR MS data of fulvic acids, which have indicated a predominance of
ons with an H/C range greater than 0.75 and O/C range greater than
.25 [32,33]. This contrast in the van Krevelen diagrams for DEBRIS
nd fulvic acids could be associated to differences in the chemi-
al composition, considering that fulvic acids are originated from
he humification process having proteins, carbohydrates, lipids and
econdary metabolites as precursors.

As the carbon nanotube industry expands at high rates [34,35],
t becomes necessary that suitable wastewater treatments and
ecycling technologies be implemented in their industrial process-
ng [36–39]. Currently, however, the efforts involving the carbon
anotube safety have focused on evaluating their biomedical and
nvironmental applications, and their effects on living organisms
s well as soil, water and air environments [40–44]. Less atten-
ion has been paid for evaluating, mitigating and eliminating the
yproducts and wastes from the carbon nanotube chemical pro-
essing [45–47]. Thus, it has been recently reported that over 45
yproducts are formed in the air effluent from the main synthetic
rocess of carbon nanotubes (i.e. catalytic chemical vapor deposi-
ion), including volatile organic compounds (VOCs) and polycyclic
romatic hydrocarbons (PHAs). This finding may lead to an impor-
ant occupational health problem in the next years [48]. To the best
f our knowledge, there are no studies describing the safety aspects
f oxidation debris originated from carbon nanotubes. In order to
chieve a proactive approach, we evaluated their cytotoxicity in
ALB/c 3T3 mouse fibroblasts and HaCaT human keratinocytes,
onsidering that the skin is the primary barrier to the chemical
dsorption and an important route to the occupational, environ-
ental and consumer exposure. As indicated in Fig. 3, the treatment

f the two cell lines as a function of increasing DEBRIS concentra-
ions of up to 100 �g/mL did not affect the cellular viability, thus
uggesting a lower dermal toxicity risk. Cytotoxicity reflects the cell
esponse to particular kinds of damage, such as the mitochondria
nsult and/or oxidative stress. The reduction of MTT to formazan in
solated cells is an indicative of the cell redox activity, and the reac-
ion is attributed mainly to mitochondrial enzymes and electron
arriers [49]. The MTT assay is considered a standard colorimetric
iability test. However, other biochemical toxicity biomarkers must
e considered and evaluated, such as lysosomes and the membrane

ntegrity.
Despite DEBRIS did not show cytotoxic effects on 3T3 fibrob-

asts and HaCaT keratinocytes in our experimental conditions, their
nfluence and implications when adsorbed on the carbon nanotube
urface on biomolecular and cellular interfaces cannot be ignored
50,51], once their synergic effects were minimally studied so far.
esides, the generation of these byproducts is directly related to the
NT morphology as well as the oxidative acid conditions employed,
hich increases the effects possibilities [9,11,23]. In this study, we
o not have evaluated the cytotoxicity of HNO3-treated MWCNTs

nd HNO3-treated MWCNTs without DEBRIS (after the NaOH wash-
ng step), because it has been reported that cell viability assays,
ncluding MTT, may lead to false positive results due to the assay
eagent adsorption on the CNT surface [52]. Clearly, further studies
re necessary to address this issue.
atinocytes cells for 24, 48 and 72 h using the MTT assay. The percent of cell viability
was calculated relative to the untreated control (100%). The results represent
means ± S.D.

Although the removal of oxidation debris from the carbon nan-
otube surface is a very important cleaning step [53–55], this process
may introduce a potential environmental problem since they are
viewed as a mixture of carbonaceous polyaromatic systems with
similarities to fulvic substances and DOC. It is well known that ful-
vic substances and DOC play an important role in water quality
and wastewater treatments (e.g. color, odor and mutagens forma-
tion during chlorination) [56,57], as well as in the interactions with
environmental pollutants (e.g. heavy metals, PHAs and pesticides)
[58–60]. Besides, it was verified that DEBRIS compounds, as well
as fulvic substances, do not coagulate under low pH values, thus
increasing the difficulty of their removal from the aqueous media
(see supplementary material, Fig. S-7).

Hutchison [61] discussed the importance of implementing
proactive practices and green chemistry principles in nanoscience
and nanotechnology. Motivated by this highlight report, we have
demonstrated that aluminium sulphate, a major coagulant agent
used in drinking water purification and wastewater treatment
plants [62], is capable of removing DEBRIS from the NaOH solution
(wastewater) with a high efficiency (Fig. 4). In our experimental
conditions, a maximum removal of 95% was observed for a satu-
ration limiting point of 10 mg/mL of aluminium sulphate. By the
qualitative and quantitative assessments presented in Fig. 4, it was
demonstrated that aluminium sulphate is a very efficient coagulant
agent for remediation of DEBRIS-based effluents.
We have also evaluated other materials used in wastewater
treatments such as polymeric flocculants and hydrotalcites. Both
materials evaluated were able to remove DEBRIS compounds from
the NaOH solution. These results, as well as the optimization of
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Fig. 4. (a) Picture of DEBRIS fragments in a 0.1 mol/L NaOH solution (wastewater
stock solution) originated from HNO3-treated multiwalled carbon nanotubes and
(b) the percentage of the DEBRIS removal from the wastewater stock solution as a
function of the aluminium sulphate content measured by the absorbance at 400 nm.
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role of carboxylated carbonaceous fragments in the functionalization and spec-
nset: pictures of the (A) DEBRIS wastewater stock solution (control); and resultant
olutions after the remediation with (B) 2.0 mg/mL; (C) 5.0 mg/mL; (D) 10 mg/mL of
luminium sulphate, respectively.

he aluminium sulphate remediation process (e.g. coagulant dose,
oagulant mixing time and stirring rate) will be published in a
orthcoming paper. The Zeta-potential (�) analysis has indicated
hat DEBRIS compounds are negatively charged (−45 mV ± 5.0 S.D.),
hich explains their affinity for aluminium sulphate, polymeric
occulants and hydrotalcites, which are cationic materials com-
only used in wastewater treatments.
In this work, we have decided to study oxidation debris from

ultiwalled carbon nanotubes because their industrial mass pro-
uction is much higher than that of single walled carbon nanotubes.
evertheless, the approach presented here can be useful to further
tudies involving oxidation debris generated from other types of
arbon nanomaterials, such as ultra-short carbon nanotubes [63],
nzipping carbon nanotubes [64] and graphene nanoflakes [65],
ince all of them are faced as emerging materials.
Materials 189 (2011) 391–396 395

4. Conclusions

Via infrared spectroscopy (FT-IR) and ultra-high resolution and
accuracy mass spectrometry (ESI FT-ICR MS) we have shown that
oxidation debris obtained from HNO3-treated multiwalled carbon
nanotubes is a complex mixture of highly condensed aromatic
oxygenated carbonaceous fragments with ion mass distribution
between 200 and 800 m/z. Despite their similarity to fulvic acids,
the van Krevelen diagram has demonstrated that these carbona-
ceous fragments display a molecular profile distinct from fulvic
acids originated from natural organic matter. Towards the devel-
opment of proactive safety approaches, the cytotoxicity evaluation
of oxidation debris in mouse fibroblasts and human keratinocytes
was done, resulting in the absence of cytotoxic effects. In addi-
tion, by knowing the negative aspects of fulvic substances and
dissolved organic carbon (DOC) to the water quality, processes
for the removal of oxidation debris from aqueous solutions were
also studied. Aluminium sulphate, a conventional coagulant agent
used in water purification and wastewater treatment, was highly
efficient for removing the oxidation debris fragments from the
NaOH solution (wastewater). Considering that carbon nanotube
mass production is increasing at high rates, the results presented
here are important for future discussions regarding surface, tox-
icology and environmental chemistry aspects of oxidized carbon
nanotubes.
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