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Abstract In the current research, the role of both con-

centrated nitric acid and ultrasound waves on oxidation of

multi-walled carbon nanotubes (MWNTs) was studied. The

functionalized MWCNTs were characterized by transmis-

sion electron microscopy (TEM), thermogravimetric ana-

lyzer, and Fourier transform infrared spectroscopy (FTIR)

techniques. It was found that desirable modifications to

MWNTs occurred after acid treatment. Carboxylic acid

groups were appeared on the side surfaces of MWNTs.

FTIR presented the formation of oxygen-containing groups

such as C=O and COOH after modification by concentrated

nitric acid. The TEM images showed that the aspect ratio

of opened MWCNTs was controlled by both ultrasonic

waves and acid treatment time. It was also found that the

exposure of about 4 h in nitric acid led to the highest

removal of the impurities with the least destructive effect.
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Introduction

Multi-walled carbon nanotubes (MWNTs) have extreme

physical, mechanical, and electrical properties which have

attracted many potential applications in industry and

intensive researches. But low purity of the MWNTs and

hydrophobic and inert nature of the surface of MWNTs

reduce their applications. The oxidation of MWNTs by

using wet chemical [1–9], photo oxidation [10–13], gas

phase treatment [13], and oxygen plasma [10] method is a

basic technique for purification and also improvement of

the chemical reactivity of the MWNTs.

Through the above treatment, the pure MWNTs can be

purified and oxygen-containing group, mainly carboxyl,

and hydroxyl groups created on the surface of MWNTs.

The exfoliation of MWNTs bundles, as functional group,

increases the solubility of MWNTs in polar media [2, 3],

and more easily incorporated in a polymer matrix. The

treatment of MWNTs is more widely done by aqueous

solution of acids or oxidizing agents such as nitric acid [14,

15], sulfuric acid [16], H2SO4/HNO3 [17, 18], H2O2 [17],

etc.

Acid treatment by using HNO3 has been most often

used, and it has been divided into two categories: (1)

treatment with boiling diluted HNO3, and (2) treatment

with pure HNO3, and a mixture of concentrated H2SO4/

HNO3 in an ultrasonic bath [19]. At both methods, the

nitric acid opens the end caps of MWNTs, creates the

carboxylic groups at the open ends and the side wall of

MWNTs, also introduces the damage on the walls of

MWNTs, and even can cut the MWNTs into short of pieces

[5, 20]. So the oxidation condition of MWNTs should be

chosen carefully to avoid losing the valuable materials, and

introducing further functional groups on the surface of

MWNTs.
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Chen et al. [2] showed the opening of end caps, for-

mation of holes in the side walls of MWNTs, and short-

ening of MWNTs by using ultrasonic treatment in a

mixture of H2SO4/HNO3 [2]. Goyanes et al. [21] reported

that there was no any significant effect on the side walls of

MWNTs whenever the exposure time in HNO3 is so short.

When the reaction time increased, the carboxyl, hydroxyl,

and C–O groups appear in the open ends of MWNTs and at

extra reaction time, it would begin to destroy the side walls

and shorten the length of MWNTs [21].

The main variable of researches in subject of acid

treatment of CNTs was classified to composition and con-

centration of acids, and refluxed time. Ultrasonic waves are

commonly used to improve the solubility of CNTs in media

as high energy mixer. If it was selected as mixing factor,

time that CNTs were dispersed in media must be precisely

defined, and implying that mixing by using ultrasonic waves

at short time may create defects on the structure of CNTs. In

order to find out the role of ultrasonic waves time in acid

treatment on structure of MWNTs, mixture of MWNTs and

nitric acid was sonicated for different time. Transition

electron microscopy (TEM), thermal gravimetric analysis

(TGA), X-ray diffraction (XRD), Raman, and Fourier

transform infrared spectroscopy (FTIR) techniques were

used to evaluate the structure, morphology, and quality of

pure and functionalized MWNTs.

Experimental

Materials

Multi-walled carbon nanotube (MWNT) with specific

diameter of 40–60 nm, specific length of 5–15 lm, and

purity greater than 95 % was obtained from Nano lin,

china.

Acid treatment of MWNTs

0.1 g MWNTs was dispersed in 50 ml concentrated HNO3

(68 wt%), the mixture was sonicated in a water bath for

different time i.e., 1, 2, and 4 h at ambient temperature, and

then stirred at same temperature for 2 h. Afterwards, the

mixture was filtered and washed by deionized water for

several times until no acid on the sample was detected or

up to pH 6. Opened MWNTs were dried at 90 �C for

overnight. The functionalized MWNTs at different soni-

cation time periods were named as F-MWNTs-1 h,

F-MWNTs-2 h, and F-MWNTs-4 h.

Instruments

TEM observation with line resolution of 3 Å and operation

voltage at 120 kV was carried out using a TEM LEO 912

AB. FTIR was performed by a magna-IR 560 E.S.P FTIR

spectrometer. The thermo gravimetric analysis (TGA) was

studied using a thermal analysis system (TGA50, Shi-

madzu) in air atmosphere. Raman spectroscopy measure-

ment was detected by using Almega Thermo Nicolet

instrument in domain wave number of 100–4200 cm-1.

Solution stability of pure and functionalized carbon nan-

otube was measured by a Cecil 8000 UV–Vis spectroscopy

analysis.

Results and discussion

Figure 1 shows the TEM micrographs of pure MWNTs (P-

MWNTs) at different magnification powers. It can be seen

that the inner diameter of P-MWNTs was in the range of

5–20 nm and outer diameter was in the range of 40–60 nm.

Besides, almost all the end caps of P-MWNTs were closed.

Fig. 1 TEM micrographs of

used MWNTs at different

magnification powers
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The effect of acid treatment condition (exposure time)

on the morphology of MWNTs is presented in Fig. 2a, b.

As shown in these figures, almost all the end caps of

F-MWNT-2 h sample are opened and do not see the

harmless effect on the surface of MWNTs. Whenever the

soaking time of acid treatment increases, the defect sites in

the outside appear, besides it can be seen some short length

MWNTs in F-MWNT-4 h sample compared to others.

In order to find the best condition for functionalization

of carbon nanotube with minimum defect on their struc-

tures, TGA was used. Figure 3 shows the weight loss and

derivative weight loss of P-MWNT and functionalized

MWNTs. As seen the degradation of P-MWNT occurs in

one step at a temperature range of 610–710 �C. The weight
loss below 150 �C is related to water loss, between 150 and

400 �C is due to carboxyl groups degradation. Finally

weight loss at higher temperature 400 �C is due to carboxyl

groups degradation. Finally weight loss at higher temper-

ature 400 �C it is referred to the degradation of oxygen

atoms tightly bonded to the surface of the MWNTs or non-

graphitic carboneous species [22]. As seen in the Fig-

ure there is no any significant weight loss before 500 �C in

the P-MWNTs and implies that a significant amount of

amorphous carbon and carboxyl group rules out.

As seen Fig. 3, increasing temperature from room tem-

perature up to 800 �C causes to degrade the functionalized

MWNTs in two steps. The weight loss until 400 �C is due

to formation of hydroxyl and carboxyl groups on the sur-

face of CNT. Similar to what proposed for P-MWNT

Fig. 2 TEM images of a F-

MWNT-2 h, and b F-MWNT-

4 h
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Fig. 3 Weight loss of P-MWNT, F-MWNT-1 h, F-MWNT-2 h, and

F-MWNT-4 h as a function of temperature
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weight loss at temperature above 400 �C is referred to the

degradation of oxygen atoms tightly bonded to the surface

of the MWNTs. Besides, F-MWNT-2 h (of about 2.8 wt%)

has more weight loss until 400 �C than F-MWNT-4 h (of

about 1.68 wt%) sample; it means that the amount of

hydroxyl and carboxyl groups on the surface of F-MWNT-

2 h is higher than F-MWNT-4 h, but degradation of

F-MWNT-4 h sample starts at lower temperature than

others as severe damage was seen in the structure of

MWNTs like as reduction of size or diameter and defects

of side walls.

Figure 4 depicts the DTG graph of pure and function-

alized samples. As seen, by increasing temperature from

room temperature up to 800 �C degradation of MWNTs

occurs at two steps. By comparison of second peak of all

samples, it can be implied that F-MWNT-2 h has best

thermal stability as maximum degradation temperature and

also almost all CNTs in this sample have similar structure

and functionalized groups on surface as narrow degradation

peak.

The summary of achieved results of TGA and DTG

curves including the temperature at initial weight loss

(Tonset), maximum weight loss rate (Tmidpoint), and the final

weight loss (Tendset) and residue at 900 �C are summarized

in Table 1. The results show that the position of Tonset,

Tmidpoint appears at higher temperature when the P-MWNT

was acid treated for 1 and 2 h. Perhaps the main reason of

this variation can be attributed to the fact that during early

oxidation of F-MWNT, the oxidant starts to attack the

active sites already existed on the MWNTs such as CH2

and CH groups, so the thermal stability of F-MWNTs

improves [1]. Besides lack of formation defects on surface

of CNTs due to acid treatment is another reason for pro-

motion of thermal stability of MWCNTs after acid treat-

ment. Looking at in more details (appeared in Table 1) on

the weight loss between 150 and 400 �C of MWCNTs

including pure and functionalized MWNTs, one may

conclude that for the materials used in the current research,

the best condition of acid treatment is around 2 h ultra-

sound and 2 h stirring at room temperature.

The FTIR spectra of P-MWNT F-MWNT-1 h,

F-MWNT-2 h, and F-MWNT-4 h are shown in Fig. 5.

P-MWNT shows very low intensity at around 3440,

1711 cm-1 corresponding to OH and C=O. OH peak is

related to observed water molecules on the carbon in the

CNTs. In the case of F-MWNT, there is an additional peak,

appeared at 1719 cm-1 which is due to the C=O stretching

frequency, indicating the presence of carboxylic group

created during the oxidation of MWNTs [1]. The intensity

implies more number of carboxylic groups which had been

successfully attached to the surface of MWNT after acid

treatment. Also there are two peaks around 2923 and

2853 cm-1 [1, 22], belonging to CH2 group on the surface

of F-MWNT-2 h, and implies the higher stability of

F-MWNT-2 h than P-MWNTs. When the time of acid

treatment increases, the intensity of hydroxyl and carboxyl

groups in spectrum goes toward a high value. The inter-

esting point can be the elimination of CH2 group on the

surface of MWNTs. The stability of this sample is lower

than that of acid treated samples and pure MWNT.

Figure 6 demonstrates the Raman spectra of P-MWNT,

F-MWNT-2 h, and F-MWNT-4 h samples. In Raman

spectra of MWNTs, there are three prominent peaks at

around 1250–1440 cm-1 (Dband), and 1500–1600 cm-1

(Gband) and 282 cm-1(RBM’). The first is related to dis-

order structure bond attributed to the defect in the curved

graphene sheet and tube ends or even amorphous carbons.

The second peak is referred to the structure integrity of sp2

bonded carbon atoms in two-dimensional hexagonal

Table 1 The details of thermal stability of MWNTs functionalized at different conditions

Samples Tonset Tmidpoint Tendset Weight loss(%)

between room

temperature and 400 �C

Tonset Tmidpoint Tendset Residue (%)

at 900 �C

P-MWNT – – – – 615.69 652.37 692.34 1.7

F-MWNT-1 h 268.2 300.3 335.6 1.88 640.2 692.9 747.6 3.8

F-MWNT-2 h 272.2 302.6 340.3 2.81 630.2 684.6 739.9 0.98

F-MWNT-4 h 289.1 319.2 365.5 1.68 605.9 650.0 695 7.2
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Fig. 4 DTG curve of P-MWNT, F-MWNT-1 h, F-MWNT-2 h, and

F-MWNT-4 h as a function of temperature
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lattices, indicating the presence of crystalline graphitic

carbon [23]. The ID/IG indicates the quality of MWNTs, the

higher intensity of ID/IG ratio is reflective of lower quality

of MWNTs. This ratio for P-MWNT, F-MWNT-2 h, and

F-MWNT-4 h are 1.27, 1.29, and 1.12, respectively. The

similarity of the ratio for P-MWCNT and F-MWNT-2 h

implies that the acid treatment has no big significant effect

on the surface of CNTs. Soaking of CNTs for 2 h in nitric

acid causes to open end cap and create some defects on the

surface of CNTs, but it leads to remove amorphous carbon

and impurity in sample. These two effects have the same

weight on the structure of CNTs, and thus can be seen the

ratio for these are almost similar. The results of current

research indicate that increasing soaking time up to 4 h

causes to decrease the ratio. Wepasnik et al. [24] showed

similar results for CNTs that have severe destruction and

they claimed that Raman analysis cannot give acceptable

data for CNTs, which is severely oxidized. Therefore,

Raman data of FCNT-4 h cannot be valid.

RBM’ band for P-MWNT, F-MWNT-2 h, and

F-MWNT-4 h are 281.45, 281.68, and 282.77 cm-1,

respectively. According to RBM’ band, P-MWNT and

FMNT-2 h have same diameter, but FMNT-4 h has lower

diameter compared to others, and it can be attributed to

severe destruction and removal of last layers of MWNTs

during acid treatment.

As the reader knows like other nanoparticles, agglom-

eration is one of the most limitations for CNTs. In order to

avoid agglomeration, the presence of chemical bonds as

functional group on the surface of carbon nanotube can be

useful. Also these groups such as carboxyl, hydroxyl, and

carboxylate, impart negative charges which cause to the

electrostatic stability in solution [25]. Figure 7 shows the

dependency of dispersibility of MWNTs in water on

functionality as a function of time. In order to check the
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dispersity of these samples at first, MWNTs were dispersed

in water by sonication for 5 min, and after that they were

kept for 1 h and 1 week. As seen in the Figure, chemical

treatment applied to CNTs improves the dispersion stabil-

ity of MWNTs in water.

Figure 8 depicts the UV–Vis spectrum of P-MWNTs

and F-MWNT-2 h after half an hour and 20 days exposure.

The samples were sonicated 5 min to find out the effect of

acid treatment on the dispersibility of CNTs in media like

water. The ultra-violet spectrum of P-MWNTs has maxi-

mum absorbance around 209.5 nm and this is related to p–
p* charge transition of C–C aromatic bond of CNT struc-

ture [26, 27]. After half an hour of ultrasonic mixing for

P-MWNT sample, the absorbance value is low, implying

the hydrophobic behavior and low dispersion of CNTs in

water. As seen in the figure, after 20 days, the absorbance

value is reduced significantly, meaning that the transition

optical wave increases and proves the inconstancy of CNTs

in water. Also the result presents two peaks around 209.5

and 293.5 nm as C–C aromatic bond and C=O bond,

respectively, for F-MWNT-2 h sample. Indeed the value

absorbance of F-MWNTs is much more than P-MWNTs

because of better dispersion in water. This effect is related

to the formation of carboxyl and hydroxyl groups on the

surface of CNTs and improvement of hydrophobic

behavior of CNTs. Also it appears that the specific peak of

pure CNTs is wider than F-MWNT-2 h sample; and after

20 days, the peak wide is increased which is the conclusion

of the agglomeration of CNTs and low dispersity of CNTs

in water. Briefly, the result proves the presence of func-

tional group on the surface of MWCNT and leads to pro-

mote the solubility of MWNTs in water as media.

Conclusion

In the current research, the role of soaking time of

MWCNT into concentrated nitric acid on its surface

chemistry was investigated. The results showed that by

increasing the oxidation time the number of functional

groups and defect sites on the surface of MWNTs

increased. The TGA analysis showed that at the beginning

of the oxidation, thermal stability of MWNCTs promoted

and as soaking time increased it decreased due to cutting

the MWCNTs. This behavior was validated using TEM,

FTIR, Raman spectra, and ultra-violet spectra.
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