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by heterocoagulation.

We present a study of sulfonitric treatment and its effect on MWCNTs at different temperatures (90, 110,
130 and 150°C) using DRX, XPS, FTIR, Raman spectroscopy, TEM and zeta potential. It was found that oxi-
dation starts with the C-C and C-H bonds generating different oxidized groups from alcohol to carboxylic
acid, following a sequential oxidation. Given that heterocoagulation needs a maximum zeta potential gap
between the ceramic and the MWCNT surface and it significantly exist a risk of manipulate acids at high
temperature it is recommended to use acid treatment of CNT at 110 °C for generating ceramic composites

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Due to their unique mechanical, electrical and chemical proper-
ties carbon nanotubes have prompted a wide variety of potential
applications in electronic, mechanical and optical devices [1-4].
Multiwall carbon nanotubes (MWCNTSs) were the object of study
of many researchers for many years with the aim of producing
reinforced ceramic matrices [5].

Water-based suspensions are difficult to prepare due to the sur-
face characteristics of CNTs and this fact is a technical disadvan-
tage in  manufacturing homogeneous ceramic-MWCNT
composites. These hollowed carbon fibers are hydrophobic and
with low chemical reactivity, particularly when pristine MWCNTSs
maintain the graphene structure.

Functionalization of CNTs is used to make their surface more
reactive in contact with a matrix that contains them increasing
its application field. Chemical functionalization of multiwall car-
bon nanotubes aims to achieve good dispersion and distribution
of them in the final material. The functionalization of graphene
structures by oxidation form several functional groups containing
oxygen such as carboxyl, carbonyl, ether, ketone and other groups
that can form on the MWCNT surface [6-9].

It is known that dispersability will be improved by the develop-
ment of oxidized species on the surface of these materials. In con-
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sequence, an oxidative treatment on the MWCNTs allows their use
in the processing of ceramic composite materials.

By means of sulfonitric treatment, MWCNTSs undergoes to some
oxidative reactions converting the sp? carbon-carbon bonds into
oxidized sp> ones on the surface and forming oxidized species. This
effect can be observed by the increment in the negative zeta poten-
tial even at acid pH [10]. Consequently, good dispersion in the
slurry is obtained [5,11,12].

Nanoscale defects on MWCNTSs were presented by Yamamoto
et al. [13]. They use an acid treatment in order to improve the con-
nectivity between the tubes and the ceramic matrix which will
lead to a mechanical interlock improving the final mechanical
properties. The aim of the acid treatment is to generate nanoscale
defects and increase the negatively charged functional groups on
the MWCNT terminals as well as along their extensions.

Some other authors worked with different temperatures and
diverse treatment times. In this way Zhou et al. [10] studied the
control of nanodefects in multiwalled carbon nanotubes by acid
treatment searching for the optimal treatment time that would
result in an effective number of nanodefects and a uniform dis-
pensability. In this work, the authors demonstrated the existence
of these nanodefects by TEM observations, Raman spectroscopy
and FTIR measurements.

The acid treatments on MWCNTSs and its applications have been
reported in many works, but few of them have analyzed the rela-
tionship between the treatment conditions, the formation of the
specific oxidized species on the surface and the creation of the
nanodefects.

In a previous work we studied the acid treatment at 90 °C [14].
In this work, in order to compare and determine the acid treatment
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effect on the surface and the influence of the temperature of acid
treatment, MWCNT oxidation at 90, 110, 130 and 150 °C was stud-
ied. For this, we assumed that the treatment temperature is
directly correlated to the oxidizing intensity. The techniques used
for MWCNT characterization were XPS (X-ray photoelectron spec-
troscopy), FTIR (Fourier transform infrared spectroscopy), XRD
(X-ray diffraction), Raman spectroscopy, TEM (transmission elec-
tron microscopy) and zeta potential.

It was found that functionalized MWCNTs are different from the
original ones. Moreover, differences in the amount of oxidized spe-
cies in samples treated at different temperatures were observed.
Wall damage after treatment was also observed by transmission
electron microscope (TEM).

2. Material and methods

MWCNTs produced by catalytic chemical vapor deposition
(Bussan Nanotech, Ibaraki, Japan; diameter 20-70 nm) were used.
A weight of 1.25 g of them was treated with a mixture of H,SO4
98% and HNO3 65% (3:1 v/v) for 20 min. The treatment tempera-
tures were 90, 110, 130 and 150 °C. Samples treated at different
temperatures were denominated T90, T110, T130 and T150 respec-
tively. The oxidative agent produced by the sulfonitric mixture was
described in a previous work [14]. The mixtures were cooled with
water and washed up to pH ~ 7. Finally they were dried, first at
60 °C (3 days) and then at 110 °C until constant weight.

The crystallographic characterization was performed with X-ray
diffraction equipment (Philips 3020). X-ray photoelectron spec-
troscopy was performed with an XR50, SPECS and a hemispheric
energy analyzer PHOIBOS 100 MCD with Mg Ka (1253.6 eV) radia-
tion, operating at 13 kV 300 W in an energy fixed analyzer trans-
mission (FAT) mode. To analyze the changes in the carbon
nanotubes surface, infrared (FTIR) and Raman spectroscopy were
used. For the FTIR spectra, IR-Bruker Vertex 70 in the wavelength
range 500-4000cm~! was used. Raman Jobin Yvon Lab HR-
Raman at a wavelength of A = 514.53 nm was used for Raman spec-
troscopy. The intensities were estimated as Lorentzian functions.

Zeta potentials were measured in deionized water, using a zeta
potential analyzer (Zeta Plus, Zeta Potential, Brookhaven Instru-
ments Corporation, USA) in the 3-11 pH range. The pH value of
the aqueous solution was adjusted with HCl and NaOH.

MWCNTs were also characterized by transmission electron
microscopy with a Zeiss EM109 Turbo microscope. A copper grid
200 mesh covered with a hydrophilic and acrylic membrane added
with graphene was used.

3. Results
3.1. XRD analysis

Fig. 1 shows the XRD patterns of the pristine MWCNTSs and trea-
ted samples. The main diffraction peak at 25.5° (26) correspond to
the (002) reflection of the hexagonal highly ordered graphite
structure [15-18]. It was observed that for samples treated at 90,
110, 130 and 150 °C this peak shifted slightly to lower angles. This
indicated that the interlayer distance of graphite d002, was
expanded due to the sulfate and nitrate ions intercalated into the
coaxial graphene cylinders of MWCNTSs [19].

As we reported in a previous work, the peak at 25.5° (20)
becomes smoother, indicating that the graphite structure of the
treated MWCNTs was acid-oxidized without significant damage
[14]. The other characteristic diffraction peaks are the typical of
the graphite structure, the C (1 0 0) at 43° and the C (0 04) at 53°.
The lack of three-dimensional graphene layers stacking in the nan-
otubes is the responsible for the absence of the (1 0 1) reflection.
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Fig. 1. XRD patterns of pristine and treated MWCNTSs.

Because of the oxidized species formed on the nanotubes sur-
face after acid treatment have non-crystalline nature they could
not be detected by XRD. However, some differences can be
observed. For samples T130 and T150, the presence of a shoulder
in the left side of 002 graphite peak, at approximately 23.8°, can
be observed. The thermal acid treatment could modify the distance
between the planes, and this would lead to a peak shift towards
smaller 26 angles corresponding to a disorder graphene [20]. In
spite of this effect, the position and intensity of the peaks are the
same in all samples. No new crystalline species, salts or any other
diffraction signals are present.

3.2. XPS analysis

Fig. 2 shows the XPS C1s spectra of pristine and treated MWCNT
samples, mainly, carbon and oxygen species contents.

The XPS analysis and quantification results are shown in Table 1,
which lists the possible band assignments and the atomic percent-
ages of the oxidized species in the studied samples.

It is possible to see that in all the cases we found the same spe-
cies, however intensities varies in each sample, although without
correlation. During the manufacturing process some oxidized spe-
cies could be formed and are observed in the pristine MWCNTSs
[21]. In all the cases the amount of carboxylic and carbonyl groups
are a greater than in the treated MWCNTSs ones.

Since the MWCNTSs consist of rolled concentric layers the main
bonds found are C—C and C—H, as shown in Table 1.

In all the treated samples the amount of C=0 (carboxyl and car-
bonyl groups) is larger with respect to the pristine ones, whereas
C—OH, C—N and C—0—C groups content decrease in treated sam-
ples. It is known that both sulfuric and nitric acids can oxidize C
from the CNT surface following a sequential oxidation. This process
starts first with the C—C and C—H bonds generating different oxi-
dized groups from alcohol to carboxylic. Furthermore nitric acid is
responsible for the oxidized C—N bonds. This behavior can be
appreciated in Table 1 where the species percentages decrease to
the right.

Using other temperatures in the acid treatment, Daoush and
Hong found the same species listed in Table 1 [22].

It is noted that C—C and C—H group presence vary in each sam-
ple without a defined trend; also C—OH, C—N, C—0—C groups
change their intensity from sample to sample. Besides, T130 con-
tains the smaller percentage of C—C and C—H bonds, and the lar-
gest amount of C=0, indicating that the oxidation in this sample
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Table 1
Assignments of the C1s spectra fitting into C and O chemical groups for XPS spectra of
pristine, T90, T110, T130 and T150 samples.
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is more aggressive than in the others, followed by those treated at
150 °C.

Moreover, it can be observed that in T90 and T110 the percent-
age of C—C and C—H bonds increases. At the same time a decrease
of the amount of C—OH, C—N and C—0—C bonds was detected.

The results are difficult to compare analyzing the oxidized car-
bonyl and carboxylic groups because of the different process con-
ditions, temperature, acid concentration and treatment time, but
the degree of oxidation can be followed by the m-m* (shake-up)
transition showed in Fig. 3.

This shake-up peak of C 1s, which is the characteristic peak of
carbon nanotube, decreases with the treatment temperature. These
results also indicate that the structure of carbon nanotube has been

Fig. 3. Percentage of m-n* (shake-up) transition vs. treatment temperature.

changed and a new kind of carbon species, which does not contain
conjugated 1 bonds, is formed after carbon nanotube is acid trea-
ted. They also confirm the sequential oxidation increases the
superficial damage in the CNTs which are affected by treatment
temperature: in summary the higher the temperature, the higher
the damage [23].

3.3. FTIR surface characterization

The FTIR spectra of pristine and oxidized at 90, 110, 130 and
150 °C MWCNTs are presented in Fig.4.

It is observed that pristine MWCNTSs contain oxidized species.
As already mentioned in section 3.2 it is possible that during the
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Fig. 4. FTIR of pristine and treated MWCNTs.

manufacturing process oxidized species are formed. However, the
amount of them is markedly lower than in the acid treated sam-
ples. This can be attributed to the fact that more oxidized species
produce higher absorptions, observing more peaks and more
intense (negatively) as shown in Fig. 4 [21,24].

The symmetric stretching of C—H bonds is evidenced by the
appearance of the band at 2949 cm ™. The band at 3500 cm™! cor-
responds to the stretching vibrations of isolated surface —OH sub-
stituents and/or —OH of carboxyl groups and of adsorbed water. It
could be noted that MWCNTs treated at 90 °C present some peaks
larger (especially at 800 cm™!) than the others treated ones (corre-
sponding to the -OH). This can be attributed to water adsorbed on
MWCNTs as the product of the appearance of polar groups, or sim-
ply phenolic groups.

In the range of 1750-1550 cm~', C=0 and C=C group bands
would be located. At 1550 cm~! a band due to aromatic and unsat-
urated the structural C=C bonds can be seen. The presence of
bands in 1300-950 cm™~! range is due to the existence of C—O
bonds coming from various chemical surroundings. The band at
2300 cm~! comes from the absorbed CO, during the test.

The band near 141 cm™! can be assigned to the C—O bond pre-
sent in C—0—C groups containing oxygen bridges [14].

Also, at 1711 and 1638 cm™}, it can be seen the signals due to
the vibrations of the C=0 bonding, characteristic of carboxylic
functional groups (—COOH) and of ketone/quinine, respectively
[25].

Although peaks of MWCNTs treated at different temperatures
describe the same oxidized species, the intensity of peaks differs
for each temperature. As we previously described, oxidation occurs
sequentially and in parallel. That is, at first alcohols are formed
then, as the case may be, oxidation will continue up to the car-
boxylic acids (via ketones and aldehydes). Those generated species
prevent the agglomerate formation and promote compatibility
among MWCNTs and other materials [14].

The C—N bonds are evident by the presence of the band at 1244
cm~ !, corresponding to the stretching of C—N bonds (vC—N). The
N-atoms present in the graphitic lattice are evidenced by the
1580 cm™~! band which correspond to a mixed stretching mode of
C=N and C=C (vC=N + C=N). This value is slightly shifted to lower
wavenumbers if compared with the signal from aromatic C=C
bonds but these results are in agreement with previous reports
[26-29], which demonstrated that the replacement of carbon
atoms with nitrogen atoms in the sp2 networks induces a strong

IR activity. Consequently, absorption in the 1200-1600cm™!

regions would be expected if N-atoms were covalently bonded to
the carbon network [14].

Vibrations from alcohols, ether and presumably oxidative anhy-
dride or carboxylic [30] are present at 1050 and 1300 cm~' and
correspond to the C—O (and —OH) products of the external gra-
phite layers.

Fig. 4b shows the range of 2000-1200 cm~'. The same bands
can be observed in the graphics from all of the treated MWCNTs.
It could be observed that the intensity of the bands corresponding
to (=0 and C—O vary with the treatment temperature. These
results are in concordance with XPS ones where it was found the
same chemical species.

3.4. Raman spectroscopy

The pristine and treated MWCNTSs were studied by Raman spec-
troscopy and the obtained spectra are shown in Fig.5. The charac-
teristic Raman shift of the D and G bands are present in all cases at
1360 cm™!, and 1590 cm™! respectively between 1200 and 1800
cm . The D-band is caused by a double resonance scattering due
to the presence of structural defects, while the G-band originates
from tangential in-plane vibration of graphitic carbon atoms [31].
The high frequency shoulder of the G-band observed in Fig.5 is
known as D’-band and frequently appears in MWCNT spectra
[32]. Like the D-band, the D’-band is also a double-resonance one
induced by disorder and defects.

In conclusion, the G-band is associated with the order and the
D-band with the disorder of the graphite crystalline structure.

The position of the G and D bands are shown in Table 2 along
with the calculated ratio between intensities, Ip/Ig. This ratio is
directly related with the structure of the carbon material [33]
and it can be used as a parameter to approximate the number of
defects present on the MWCNT surface [34]. A high value of this
ratio means defects on the carbon surface and low degree of
graphitization [35]. Table 2 shows the Ip/Ig ratio and it can be seen
that the ratio increases considerably after the acid treatment. This
can be correlated with a damage performed by acid attack, which is
also observed by TEM, and described in Section 3.6.

An acid treatment at 120 °C varying the time and the HNO3 pro-
portion was studied by Motchelaho et al. [24] where the treatment
effect on the surface damage is followed with TEM and Raman
spectroscopy. The Ip/lg ratio was also higher for the treated
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Fig. 5. Raman spectra of the pristine and treated MWCNTs.

Table 2
Position of the G and D bands, as well as the ratio between intensities Ip/I for pristine and treated MWCNTSs at different temperatures.
Raman frequency (cm™') Ip/lg
Pristine G 1360 0.1
D 1585
T90 G 1362 0.7
D 1590
T110 G 1360 0.8
D 1585
T130 G 1360 0.8
D 1583
T150 G 1360 0.7
D 1585

MW(CNTs. Fraczek-Szcypta [36] used H,SO4 and HNO3 with a volu-
metric ratio (3:1, respectively) at 60 °C and 70 °C. The Ip/I¢ ratio
also increased after the acid treatment and is explained as a
decrease in crystallinity.

Among the treated MWCNTSs the Ip/Ig ratios vary, although this
difference is small.
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Fig. 6. Zeta potential of treated and pristine MWCNTs as a function of pH.

3.5. Zeta potential

Fig. 6 shows the zeta potential as a function of pH for MWCNT
water suspensions. The differences can be directly correlated with
the oxidized species on the tube surface and their effect on the sus-
pension behavior.

An increase in the negative charge and also a shift of the isoelec-
tric point to lower pH can be attributed to the presence of car-
boxylic groups on the MWCNT surface which turns the nanotubes
hydrophilic, as shown in the zeta potential measurement.

The pristine MWCNTS, present its surface positively charged at
pH lower than 6 (isoelectric point) due to the presence of the oxi-
dized species (OH— and COOH— groups) identified in the original
MWCNTs.

The surface of the MWCNT samples oxidized by H,SO4/HNO;
mixture is negatively charged in a wide range of pH values, which
can be explained by two factors: first, the suppression of the dif-
fuse double layer is accompanied by a decrease in the absolute zeta
potential; second, the increasing dissociation of the surface groups
results in a constant increase [37].

From pH 3 to 6 and from 8 to 11 it was observed that T110 has
more negative than others. On the other hand, in the range of 6 to
8 the T150 has the highest zeta (negative) potential and similar to
T110.

In the potential heterocoagulation processing of ceramic-
MWCNT composites, it could be stand that an improved coagula-
tion would be obtained after higher electrostatic charges difference
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Fig. 7. TEM images of samples (a) pristine (b) T90 (c) T110 (d) T130 (e) T150.

between the two particle types. All the treatment temperatures are
suitable for generating the heterocoagulation. It can be noticed
that T90 present the minimum zeta potential gap with the ceramic
suspension. For these temperatures higher from 90 °C can be used
for this purpose. Taking also in account the risk of manipulating
nitric and sulfuric acid at high temperature it is recommended to
use acid treatment of CNT at 110 °C. In this case, the ceramic par-
ticle (Al,0O5 or ZrO,) and the carbon T110 nanoparticle presumably
would present better mixture when coagulated [38], resulting after
sintering in composites with more homogeneous mixture and
probably better reinforcements mechanisms of the composite.

3.6. Morphological analysis by TEM

The morphology of MWCNTs was observed by TEM and is
shown in Fig. 7. In Fig.7 a (pristine), it is observed that the tubes
have smooth walls, without roughness. Fig. 7b—e correspond to
samples T90, T110, T130 and T150 respectively. The larger parti-
cles that appear in some figures (mainly in Fig. 7a) are product of
the grid used in the measurement. Fig. 7b and c¢ (T90 and T110)
show that the nanotube surface is no longer so smooth. The sample
treated at 90°Chas rounded tips similar to that of pristine
MW(CNTs. When the temperature is raised to 110 °C it is observed
that the tube ends are broken. In this regard, Liu observed that
using a mixture of H,SO4/HNOs the tube terminations were opened
after treatment, concluding that the carboxyl groups were then
produced at the open ends of the tubes [9]. Chen et al. also studied
the oxidation of the CNT finding that the oxidation occurs at the
end of the tubes and on the sides of the walls [39].

In Fig. 7 d and e it is observed that the smooth feature of the
pristine MWCNT walls is almost completely lost. Especially, in
sample T150 several grooves and folds are present in certain
places. Referring to a similar observation, Zhang et al. stated that
the acid treatment creates a greater number of oxidation sites,
and thus intercalate and exfoliate the graphene structure [40].

Marshall et al. [41] observed a cut-off effect on the single wall
CNTs with an acid treatment and ultrasonication at room temper-
ature. From Fig. 7, we cannot assert that the MWCNTSs studied in
this work treated at different temperatures are cut. The cut-off
effect found by Marshall can be attributed to the fact that the CNTs
they used are single-walled and that the treatment time spent by
that research group was longer than 2 h.

In conclusion, due to the difference between the treated and
untreated MWCNT surfaces (roughness, folds and grooves) we
can affirm that the sulfonitric treatment at short times generates
the oxidation of the nanotubes-resulting in a modification and
even deterioration of the MWCNTSs surface- and the effect of oxida-
tion increases with the temperature of the treatment.

4. Conclusions

The acid treatment of MWCNTSs was carried out to study its sur-
face modifications in order to achieve a good dispersion and distri-
bution of the tubes in a ceramic material containing them. It was
carried out at different temperatures (90, 110, 130 and 150 °C).

The complete characterization of the tubes was performed in
order to know and compare the effect of the acid and thermal
treatment.
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It was established by XPS and FTIR techniques that there is an
increase in the amount of surface oxidized species after the men-
tioned treatment. By XRD, it was found that at high treatment tem-
peratures (130 and 150 °C), a contribution of a disorder graphene
peak is observed. Through TEM, it was observed that there is dete-
rioration in the carbon nanotubes walls. The increase of oxidized
species improves the dispersion of MWCNTs in aqueous solution,
favoring the anchoring of the tubes in a possible matrix containing
them.

In addition, it was found that the percentage of each of the oxi-
dized species varies with the temperature of the acid treatment.
The influence of the acid treatment temperature on the oxidation
of the carbon nanotubes was studied by various techniques. They
showed that oxidation is a sequential process, and this is seen in
the percentage of the oxidized species found in the analyzed sam-
ples as well as in the superficial deterioration evidenced in the
diminution of the conjugated n bonds. One of the mentioned appli-
cations of the studied sulfonitric treatment was as pretreatment of
the MWCNT for reinforced ceramic composite materials. The hete-
rocoagulation needs a maximum zeta potential gap between the
ceramic and the MWCNT surface. All the treatment temperatures
are suitable for generating the heterocoagulation. It can be noticed
that T90 presents the minimum zeta potential gap with the cera-
mic suspension. For these temperatures higher from 90 °C can be
used for this purpose. Taking also in account the risk of manipulat-
ing nitric and sulfuric acid at high temperature it is recommended
to use acid treatment of CNT at 110 °C.
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