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1. INTRODUCTION
Multiwalled carbon nanotubes (MWCNT) are us.&all

i

¥ combinatio

ttiwalled carbon nanotubes (MWCNT). All of
chieve accurately controlled oxidized MWCNT.
hermogravimetical analysis (TGA) show that
e rate COOH groups on MWCNT surface.
on the MWCNT structure, as demon-
nd transmission electron microscopy

toa

ontrolled Oxidation.

n of strong acidic and oxidative capacity, this
] ideal to dissolve SiO,, metallic particles and
“%td Bligninate amorphous carbon. Unfortunately, the reac-

duced by arc discharge, laser ablation and chemical vapor, . tion goes easily out of control and the CNT result dam-
deposition (CVD). In all h el p R A . -
eposition ( ). In all cases, the as-grown carbonnane-*“*Joeq" qiiring the treatment. Besides, the combination of

tubes (CNT) contain different and important amounts of
impurities, such as amorphous carbon, silicon dioxide (or
iron silicates) and metallic particles. Since all these impu-
rities cause a serious impediment for detailed characteriza-
tions and advanced applications, they need to be removed
by physical or chemical processes. On the other hand, the
functionalization of CNT is necessary to improve the com-
patibility between CNT and matrix for their applications
as reinforcement in polymers.'

One of the first steps in CNT functionalization is the
introduction of OH or carboxylic groups on the surface
of the tubes, which is usually performed by slight oxida-
tion of the carbonaceous structure. Oxidative acid attack is
one of the most used techniques for both purification and
oxidation of CNT.*7 The acid treatment typically involves
the use of concentrated sulfuric and nitric acid. Due to the

* Author to whom correspondence should be addressed.
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two concentrated acids is not easy to handle and may be
dangerous for workers and the environment. The problem
is even worst in the case of massive scale production (as
may be necessary for the production of CNT for polymer
reinforcement).

The newly developed advanced oxidation technologies
(AOT) are interesting alternatives for the production of
accurately controlled oxidized CNT, avoiding the use of
concentrated acids, and keeping most of their properties
intact. AOT involve the generation and use of transient
species with great oxidation power, like the radical OH".
Besides, these technologies are simple and friendly with
the environment and also not dangerous for the operator
during its industrial application.

Recently, AOT have been applied for CNT surface oxi-
dation as, i.e., UV/Ozone® and hydrogen plasma’ treat-
ments. Ying et al. were the first to introduce new routes
to covalently functionalize nanotubes by addition of free
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radicals.l® Li et al.'! reported the oxidation of MWCNT
using Fenton’s reagent, namely ferrous salt and hydrogen
peroxide mixture (Fe?*—H,0,), showing that MWCNT can
be oxidized successfully by the hydroxyl radical OH".
The Fenton process involve the reaction between H,O,
and Fe(II):
Fe* +H,0, — Fe** + HO™ + OH" (1)
Fe(Il) + OH" — Fe(Ill) + HO™ _ (2)
At pH lower than 3, the reaction is autocatalytic'>'?
because the Fe(Ill) decompose H,0, in H,O and O,
through a mechanism in chain:

Fe*t +H,0, — Fe-OOH** + H* (3)
Fe-OOH?* — HO; + Fe?* (4)
Fe?* +H,0, — Fe** + HO~ +HO’ (5)
HO; + Fe?* +H* — Fe** + H,0, (6)
HO; +Fe** — Fe** +0, + HY o)

OH' +H,0, — H,0+HO;

The parameters that should be controlled to reach optlmum

activity are the ratio Fe?*/H,0,, the relative amount of the
material to be oxidized and the temperature.

There is an extension of Fenton process, called
Fenton, which takes advantage of UV light irradi
wavelength lower than 360 nm. The irradiation .
hydroxo-complexes by light produces their ph:
the generation of OH" radicals:

Fe(II)(OH)** + hv — Fe(Il) + OH"
The photogenerated Fe(Il) produces additional HO th

generates more OH through reaction (1). The amount, of

Fe(Il) needed to keep the process working is consldra
lower than in Fenton process

Another potential AOT for the oxidation of MV (@)
could be the UV/H,0, process based in the cleavage‘o"f‘the
H,0, molecule under irradiation of light with wavelength
of 220 nm:

H,0, — 2HO" (10)

To the best of our knowledge, there has been no one
work reporting modification of MWCNT by Photo-Fenton
and UV/H,0, processes. However, Rao'” reported UV-
light accelerated oxygen adsorption to carbon nanotubes
and changes in their thermoelectric power. In the present
study, we employed Fenton, Photo-Fenton and UV/H,0,
processes to oxidize MWCNT and systematically investi-
gated the effect of hydroxyl radical (HO") on the structure
of MWCNT with the aid of Fourier transform infrared
spectroscopy (FTIR), thermogravimetrical analysis (TGA),
field emission scanning electron microscopy (FE-SEM)
and transmission electron microscopy (TEM) in an attempt
to preserve their structure and properties. Results have
been compared with those obtained by the traditional
oxidative acid attack.

J. Nanosci. Nanotechnol. 9, 62268—6233, 2009

2. EXPERIMENTAL DETAILS

Carbon nanotubes were synthesized by the catalytic
decomposition of acetylene over iron nanoparticles
included in silicon matrix prepared by sol-gel method, as
reported elsewhere.! The growth of MWCNT was per-
formed at an absolute pressure of 180 torr.

The purification method consisted of removing of the
silica support as follows. About 100 mg of MWCNT/silica
were treated with ‘6 mL of a mixture of fluorhidric acid/
sulfuric acid, 1:1 v/v. Then, they were rinsed twice with
10 mL of HCI (c) to dissolve all the iron present. After
that, the suspension was centrifuged with distilled water
until pH 6.

Different strategies based on the generation of the rad-
ical OH' and also oxidative acid treatment were used
to modify MWCNT. For each treatment 30 mg purified
MWCNT were used. The first treatment was Fenton pro-
cess: MWCNT were dispersed in 20 mL of distilled water
rasonic bath. Next, a 1.0 mL H,0, (30%—Fluka)
and, 1.0 mL FeSO, (6 x 1072 M) solutions were added in

; ,;_:tepw ef:j fashion with 30 min intervals under permanent
stirring. “The pH of the suspension during reaction was

adjusted to 3 using H,SO,. In order to stop the reaction,
mmonium was used to increase pH value. After that, the
Ts were washed with diluted hydrochloric acid to
the remaining iron hydroxide, rinsed with water
ifugated to separate the material from the solu-
leaned MWCNT were dried at 80 °C in oven
d. The carbon nanotubes treated with this method
ied -MWCNT.

he second treatment was Photo-Fenton process: the
procedure was similar to the previous one but the reac-
{on/wdsicarried out under UV radiation (150 W Hg lamp)
uartz glass vessel. In this case, carbon nanotubes
ed pf-MWCNT.

ird strategy was to disperse MWCNT in 20 mL
H,0, (30%) under UV light source (150 W Hg lamp) and
continuous stirring. These carbon nanotubes are named

u-MWCNT.

For comparison, a sample of CNT was oxidized by
the classical method, using a 1:3, v/v mixture of nitric
acid/sulfuric acid (see Ref. [5] for more details). In this
case, sample is called a-MWCNT.

Scanning electron microscopy was conducted at 5 kV
using a Zeiss LEO 982 GEMINI field emission scanning
microscope. Transmission electron microscopy images
were obtained in a Philips EM 301. Thermogravimetric
analysis (Shimadzu TGA-51) was performed on 10 mg
samples in air atmosphere using the following protocol:
from room temperature to 120 °C at 10 °C/min, keeping
this temperature for 20 min, and then 120-900 °C heating
at 3 °C/min. FTIR spectra were collected using a Nico-
let Magna 550. The KBr blank and the MWCNT samples
were dried in vacuum oven at 130 °C for three hours prior
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to take the spectra in order to eliminate all rest of water
sorbed in the sample.

3. RESULTS AND DISCUSSION

As is well known, the CVD process produces CNT mixed
with the silicate matrix that contains the catalytic iron
nanoparticles. Figure 1(a) shows FE-SEM micrographs
of the MWCNT without any cleaning treatment. A big
particle of SiO, can be clearly seen. Figure 1(b) shows
FE-SEM images of MWCNT after being purified by treat-
ment with a mixture of hydrofluoric + sulfuric acid (HF +
H,SO,) and washed with concentrated hydrochloric acid,
HCI. Most of the silicate was removed by the combination
of the acids and only small inclusions remained attached to
some CNT. The cleaning procedure works as follows. The
mixture of H,SO, + HF reacts with the silicates producing

Fig. 1. (a) MWCNT-silica matrix obtained after carbon deposition,
(b) purified MWCNT.
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- ‘and-O=H-stretching (3450 cm™"). The intensity of the

QFenton treatment besides of generating reactive groups,

mostly SiF,(g), which is removed from the system, and
soluble hexafluor-silicic acid, which remains in the system.
To eliminate the remaining silicon, the system is washed
with concentrated HCI acid. On this way the precipitation
of silicic acid can be prevented. Finally the CNT are rinsed
with water, ethanol and dried at 70 °C. .

The cleaned MWCNT (Fig. 1(b)) were oxidized by
application of the three different AOT and the oxidative
acid attack. Figures 2(a—d) shows FTIR spectra of the sam-
ples before and after several treatment times. The cleaned
CNT (named as “0 h” in all the figures) display features at
1080 and 1560 cm™!, which correspond to Si-O stretch-
ing and CNT skeleton, respectively. Figure 2(a) shows the
spectra of the MWCNT after different Fenton treatment
times. Several new peaks can be identified in the spec-
tra, which correspond to C=0 stretching (1710 cm™),
C-O stret¢hing of COOH (1260 cm™), CH, stretching
(2853 and 2925 cm™!), C=C ring stretching (1470 cm™)

purifies the MWCNT. These results are in agreement to
those reported by Li et al.!' Figure 2(b) shows the effect

ure 2(c), the UV/H202 treatment only introduces
CH, groups in the CNT structure (features at
25 and 2853 cm™!, respectively). Moreover, the
ity of the features corresponding to OH and CH, is
otably higher than in the other AOT studied while the

20 Bretching feature appears as a shoulder only after

mf 'ufh‘ irs of treatment.

¢ FTIR spectra of MWCNT treated with the oxida-
attack are shown in Figure 2(d). This treatment
introduces mainly C=O bonds on the CNT structure; the
amount of OH and CH groups is notably lower in compar-
ison with the AOT studied. The peak around 1080 cm™,

: corresponding to Si-O stretching, disappears showing an

appreciable elimination of remaining silicon nanoparticles
but, a new strong band appears at 1120 cm™' due to sul-
phate groups generated by the process and sorbed on the
walls of carbon nanotubes.

It should be noted that in all the treatments the inten-
sity of C-H stretching mode increases with the reaction
time, which may be related to the combination of hydrogen
atoms with C terminal groups produced during MWCNT
oxidation.

The different results obtained after the different treat-
ments are consequence of the oxidative species produced
in each case. In Photo-Fenton and UV/H,0,, the produc-
tion of OH" is higher than in Fenton, leading to a higher
hydroxylation degree (see Egs. (9) and (10)). On the other
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Fig. 2. FTIR spectra of MWCNT submitted to different treatments:
(a) Fenton process, (b) Photofenton process, (c) UV/H,0,, (d) acid attack.
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3...TGA curves of MWCNT after different treatments during 4 h.

able for fhe oxidation of the CNT through the mechanism
1nd10ated in Eqs. (8) and (11), leading to lower carboxyla-
n of CNT.

OH +OH' — H,0+1/20, (11)

“'«ethermograms of cleaned and treated MWCNT
how that all oxidative treatments decrease the

Fig. 4. FE-SEM micrograph of MWCNT after each treatment.
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decomposition temperature as consequence of the par-
tial oxidation of the carbon skeleton. Taking into account
FTIR results, at higher degrees of carboxylation lower
the decomposition temperature was. Clearly, the oxidative
acid attack produces the most important reduction in the
decomposition temperature indicating a higher damage on
the CNT. In this figure it can be seen one step around
120 °C. This step was produced during the isothermal
treatment of the sample at 120 °C during 20 min and it
is associated with the amount of removable water. It can
be noticed that the length of the step increases with the
intensity of the FTIR peak of COOH (see Figs. 2(a—d)).
This effect may be related with higher sorption of water
by the hydrophilic COOH groups

On the other hand, it should be noticed that the remain-
ing weight was lower in the case of oxidative acid attack
during four hours due to the total elimination of the silica.
It is in agreement with the disappearance of the peak at

1080 cm™! in the FTIR spectrum associated:-to:the four..

hours acid treatment. 1
Figure 4 shows FE-SEM micrographs o

MWCNT before and after different oxidative treatments, s
The pristine nanotubes had a diameter between 20 and

40 nm and several micrometers length. As can be seen in

Fig. 5. TEM micrographs showing features of MWCNT before and
after several treatments for 4 h.
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Figures 4(b), (c) and (d), the nanotube morphology was
not modified by the AOT treatments. On the other hand,
Figures 4(e and f) show that the oxidative acid attack mod-
ified strongly the morphology of the MWCNT, a more
aggregated system of short nanotubes is observed proba-
bly due to an excessive oxidation leading to the presence
of a great quantity of functional groups everywhere on
the nanotubes surfaces. By comparing Figures 4(e and f),
it can be noted that the degradation of the MWCNT
increased with the treatment time.

Figure S5 shows TEM images of MWCNT before and
after treatment. These images support and complete the
SEM observations. Pristine MWCNT are ca 20-40 nm
wide, several um long, with a channel of ca 10 nm wide.
They are clearly multiple-wall CNT. Fenton treatment did
not modify appreciably neither the morphology nor the
length of the CNT. On the contrary, oxidative acid attack
reduced notably their length and produced irregularities in
rface. These results agree with TGA analysis as the
; treated with HNO, +H,SO, had a higher defect

1d consequently the decomposition temperature

degree depends on the treatment time and the
) gy selected. Fenton process induces the forma-
‘boxyhc groups on CNT, while Photo-Fenton and
generate mostly OH groups. The differences in

hology and structure of the CNT are not deeply dam-
ed,by AOT treatments. By comparison, the classical oxi-

isdanﬁ“ﬁcj?(i treatment with a mixture of HSO,/HNO; acids

¥oucés. a severe damage on the CNT, modifying both
cture: and morphology. Besides, the classical method
sulfates on the CNT surface, which are difficult
to remove.
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