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Abstract A series of new functionalised carbonaceous

materials were prepared by means of oxidation and

ammoxidation of commercially available multi-walled

carbon nanotubes. The effect of oxygen and nitrogen

doping on the textural, surface as well as thermal properties

of the prepared adsorbents was tested. The materials were

characterized by elemental analysis, low-temperature

nitrogen sorption, determination of the surface oxygen

groups content as well as by coupled thermogravimetric

and spectroscopic methods (TG/DSC/MS). Depending of

the variant of raw nanotubes modification, the final prod-

ucts were oxygen- and nitrogen-doped materials of med-

ium-developed surface area and mesoporous structure,

showing highly diverse acidic-basic character of the sur-

face, from the weakly acidic to slightly alkaline.

Keywords Carbon nanotubes � Thermogravimetry �
Oxidation � Ammoxidation � Surface functional groups

1 Introduction

Carbonaceous materials play an important role not only in

a purification of exhausted gases and waste water, but also

as catalysts, catalyst supports or reducing agents (Maroto-

Valer et al. 2005; Nowicki et al. 2012; Fahim et al. 2006;

Kadirvelu et al. 2001; Bashkova et al. 2007; Muniz et al.

2000; Goscianska et al. 2012; Valente et al. 2003).

Observed in recent years growth in the use of such mate-

rials is mainly caused by the relatively low cost of their

production, rich resource base, as well as favorable

physicochemical properties, such as highly developed

surface area, high mechanical strength and chemical

resistance and ease of degradation of used material. The

unique properties of carbonaceous materials are in large

extent conditioned by the type of raw material used for

their production, the conditions of their preparation as well

as by the chemical properties of the surface associated with

the number, type and mode of binding of heteroatoms.

Presence of the latter in the structure of materials influ-

ences largely their acid–base, hydrophobic–hydrophilic,

sorption, catalytic, electrochemical as well as thermal

properties.

Particularly popular among carbonaceous materials are

that containing nitrogen and oxygen functional groups in

their structure. The primary method of the generating oxygen

functional group is a treatment of carbonaceous materials

with various gases, such as oxygen, steam, carbon dioxide or

nitrogen oxides (Rodriguez-Reinoso et al. 1995; Figueiredo

et al. 1999; Pradhan and Sandle 1999) as well as with liquids

oxidants (mainly HNO3, H2O2, and (NH4)2S2O8 (Moreno-

Castilla et al. 2000; Pietrzak et al. 2009; Malaika and

Kozłowski 2011). The nitrogen-enriched materials can be

obtained in a three different ways. The most often applied is

thermal treatment of carbonaceous material in the presence
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of nitrogen supplying agent such as ammonia, urea, mela-

mine, etc. (Nowicki et al. 2009; Bagreev et al. 2004;

Kazmierczak-Razna et al. 2015; Pietrzak et al. 2006; Bimer

et al. 1998). The second method consists in pyrolysis and

activation of plastics including nitrogen species in their

structure (Grzyb et al. 2009; Laszlo et al. 2001; Hsiao et al.

2011), while the last variant of nitrogen-modified materials

preparation is a deposition of amines or imines on the car-

bonaceous material surface (Plaza et al. 2007; Tamai et al.

2006; Yin et al. 2007).

Although the functionalization of carbonaceous materi-

als has been reported in many papers, there is still much to

be learnt in this field. Therefore, the main aim of this study

was preparation and physicochemical characterization of

new carbonaceous materials obtained by means of

ammoxidation (simultaneous oxidation and nitrogenation

at elevated temperature) and oxidation of commercially

available multi-walled carbon nanotubes. The effect of the

particular modifications on the elemental composition,

textural parameters as well as on acid–base and thermal

properties of material prepared has been tested.

2 Experimental

2.1 Materials preparation

The investigation presented in this work was carried out on

the commercial multi-walled carbon nanotubes manufac-

tured by Sigma-Aldrich� (O.D 6–9 nm, L 5 lm, fixed

carbon [95 %). The starting nanotubes (NT) were sub-

jected to three different treatments: (1) ammoxidation

(NTA sample), (2) oxidation with 20 % HNO3 (NTO

sample) and (3) oxidation followed by ammoxidation

(NTOA sample).

Ammoxidation (A) was performed with the mixture of

ammonia and air at the ratio 1:3 (flow ratio of NH3 to air

250:750 ml/min) at the temperature of 350 �C, for 5 h.

Oxidation was performed according to the following

procedure: 15 g of carbon nanotubes were placed in three-

necked flask, equipped with a reflux condenser, dropping

funnel and thermometer. Then, 100 ml of 20 % HNO3 was

added and the reaction mixture was heated up to boiling

point. After that, the remaining portion of nitric acid

(200 ml) was slowly added to the flask. After addition of

the last portion of HNO3, the reaction was continued for

3 h. The final product was recovered by filtration, washed

repeatedly with hot distilled water and dried at 110 �C.

2.2 Analytical procedures

The elemental analysis of the starting nanotubes and

products obtained at each stage of the processing was

performed on an elemental analyzer CHNS Vario EL III

(Elementar Analysensysteme GmbH, Germany). The ash

content was determined according to the ISO 1171:2002

standard: the dried sample was burned in a microwave

oven at 850 �C for 60 min.

The surface functional groups were determined

according to Boehm method: 0.25 g of sample was placed

in 25 ml of the 0.1 M sodium hydroxide and hydrochloric

acid solutions. The vials were sealed and shaken for 24 h,

and then 10 ml of each filtrate was pipetted and the excess

of base or acid was titrated with HCl or NaOH, respec-

tively. The numbers of surface basic/acidic sites were

calculated from the amount of hydrochloric acid/sodium

hydroxide, which reacted with the sample.

The pH of the carbon nanotubes suspension, which can

provides some information about the average acidity/ba-

sicity, was measured in the following way: a portion of

0.2 g the sample of nanotubes was added to 10 ml of dis-

tilled water and the suspension was stirred overnight to

reach equilibrium. Then the pH of the suspension was

measured on a pHmeter manufactured by Metrohm Ion

Analysis (Switzerland) equipped in Unitrode Pt1000

(combined glass pH electrode with temperature sensor).

Characterization of the pore structure of the samples was

performed on the ground of low-temperature nitrogen

adsorption/desorption isotherms measured on Autosorb iQ

surface area analyzer, manufactured by Quantachrome

Instruments (USA). Before the isotherm measurements,

samples were outgassed at 150 �C for 8 h. Surface area

(SBET) was calculated by Brunauer–Emmett–Teller

method. The total pore volume (Vt) was calculated by

measuring the amount of liquid nitrogen adsorbed at a

relative pressure p/p0 = 0.99. Average pore diameter from

equation d = 4Vt/SBET.

Thermal analysis was carried out on a STA 449

Jupiter F1, Netzsch (Selb, Germany) under the following

operational conditions: heating rate 10 �C min-1, a

dynamic atmosphere of helium (50 ml min-1) in the

temperature range of 20–1000 �C, sample mass of about

5 mg, sensor thermocouple type S TG-DSC. As a refer-

ence, empty Al2O3 crucible was used. The identification

of gas composition coming out during decomposition

process were detected and analysed by quadrupole mass

spectrometer QMS 403C Aëolos (Germany) coupling on-

line to STA instrument. The mass spectrometer was

connected on-line to STA instrument by quartz capillary

heated to 300 �C. The QMS was operated with an elec-

tron impact ionizer with energy 70 eV. The measure-

ments performed in scan mode for m/z, where m is the

mass of molecule and z is a charge of the molecule in

electron charge units in the range from 10 to 100 amu

allowed to identify all possible volatile particles produced

during the decomposition.

482 Adsorption (2016) 22:481–488

123



3 Results and discussion

3.1 Elemental composition of materials studied

The three variants of thermo-chemical treatment applied to

nanotubes resulted in significant changes in the contribu-

tion of particular elements in their structure. As follows

from the data collected in Table 1, each of the modifica-

tions performed caused a considerable decrease in the

carbon content and simultaneously increase in the hydro-

gen, nitrogen and oxygen contribution. As expected, oxi-

dation of the starting nanotubes leads mainly to

introduction of significant amounts of oxygen into their

structure. The small increase in the nitrogen content is a

consequence of the fact, that due to the presence of aro-

matic rings (as a result of the reaction with HNO3), the

carbon matrix was not only oxidized but also nitrated. In

turn, exposure of the starting (NT) as well as pre-oxidized

(NTO) nanotubes to ammonia-air mixture results in the

introduction of significant amount of nitrogen in their

structures and also significant changes in the contents of

the other elements. However, the amount of nitrogen

introduced into carbon nanotubes structure throughout

ammoxidation process is significantly lower compared to

activated carbon modified in the same manner (Nowicki

et al. 2009). This fact confirms that structure of multi-

walled carbon nanotubes is less susceptible to modification

than that of activated carbons, so the conditions used for

their ammoxidation (temperature, duration) should be more

stringent.

Noteworthy is also different nature of the changes of

oxygen content in case of NTA and NTOA samples. The

decrease in the content of Odaf observed for NTOA sample

can be a consequence of the fact that part of oxygen

functional groups was engaged in oxygen–nitrogen con-

nections formation, whereas the increase in Odaf contribu-

tion observed for NTA sample results from the fact, that

ammoxidation is process of simultaneous oxidation and

nitrogenation of carbonaceous structure.

3.2 Textural parameters of raw and modified

nanotubes

The results presented in Table 2 indicate that the starting

multi-walled carbon nanotubes show not very well devel-

oped surface area (271 m2/g) and remarkably mesoporous

structure.

Each of the applied modifications brings about signifi-

cant changes in their textural parameters. The decrease in

the surface area is most pronounced for sample NTOA

subjected to oxidation followed by ammoxidation, but for

the remaining two samples the scale of changes is only

slightly less. Modifications of nanotubes lead also to a

considerable decrease in the total pore volume as well as

mean pore diameter, which are about twice smaller than

that of the initial material. Such drastic changes of these

parameters are most probably caused by blocking of con-

siderable part of pores by the oxygen and nitrogen func-

tional groups introduced upon individual modifications.

3.3 Acid–base properties of raw and modified

nanotubes

As follows from the data presented in Table 3, all the

materials under investigation differ significantly in the

number of acid and basic functional groups as well as in the

surface pH. The modifications of starting nanotubes (NT)

lead to significant changes in the pH, from weakly basic for

NTA sample to weakly acidic in case of NTO sample,

which is related to the presence of considerable amounts of

basic or acidic functional groups generated in a conse-

quence of exposure to ammonia-air mixture and nitric acid,

respectively. In turn, sample NTOA, which was oxidized

and next subjected to ammoxidation process, shows an

intermediate acid–base character and its pH is slightly

above 7. The variant of nanotubes modification affects also

the amount of generated functional groups. The highest

total content of surface functional groups (among modified

samples), reaching 1.01 mmol/g was found for sample

NTO subjected only to oxidation process, while the lowest,

of 0.57 mmol/g, for NTA sample subjected only to

ammoxidation. The character of functional groups present

on the surface of particular materials also changes

depending on the way of nanotubes modification. For

sample NTOA and particularly NTO, the prevalence of

acidic groups is observed, while in case of NTA sample the

opposite tendency takes place.

3.4 Thermal and spectroscopic studies

The modified nanotubes were also subjected to thermal and

spectroscopic analysis. By using the coupled methods (TG/

DSC/MS) it was possible to obtain complete

Table 1 Elemental composition of the raw and modified nanotubes

(wt%)

Sample Ash Cdaf* Hdaf Ndaf Odaf**

NT 0.2 98.0 0.1 0.1 1.8

NTA 0.9 91.5 1.1 3.4 4.0

NTO 1.1 93.2 0.3 0.4 6.1

NTOA 1.3 89.7 1.7 3.8 4.8

* Dry-ash-free
** From difference
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characterization of phenomena occurring in studied sam-

ples during the temperature increase simultaneously. Based

on thermal analysis (TG) we get information about the

temperature at which mass change occurs and about the

quantity of this change. It is also possible to conclude

thermal stability of the analysed samples. The knowledge

what we get from differential scanning calorimetry (DSC)

concerns exo- and endothermic phenomenon arising during

the analysis (Menczel and Prime 2008). Identification of

gas evolved during the temperature increase by quadrupole

mass spectrometer (QMS) allows to predict probable

mechanism of nanotubes degradation (Zielinski and Rajca

2000).

Based on thermoanalysis (Fig. 1) it was found that

starting nanotubes (NT) have the highest thermal stability.

Till 470 �C registered mass loss for this sample is only 0.7

wt%, and this loss should be ascribed as the result of water

evaporation (physically adsorbed and water from the

decomposition of functional oxygen group with lower

thermal resistance, such as carboxyl groups).

Moreover, based on the calorimetric curve (Fig. 2)

endothermic reaction can be observed (water evaporation),

which is further confirmed by mass spectroscopy analysis

(Fig. 3). Based on which we can see a change in the

amount of ion m: 18 responsible for the presence of water

in the analyzed gases. This ion is present to a temperature

of 120 �C, after which its content is increasing again at

230 �C and continues to increase until the end of analysis.

In the same temperature ranges, but with a much lower

intensity, ion m:17 which indicates the presence of a

hydroxyl group is present. For unmodified nanotubes

proper degradation starts at 605 �C and at 1000 �C a 5.7 %

wt% of mass loss is observed. Based on the results obtained

from mass spectroscopy (Fig. 3) a slight decrease in the

Table 2 Textural parameters of

the raw and modified nanotubes
Sample Surface area (m2/g) Total pore volume (cm3/g) Average pore diameter (nm)

NT 271 3.27 48.3

NTA 232 1.67 32.1

NTO 229 1.64 23.7

NTOA 211 1.57 25.4

Table 3 Acid-base properties

of the raw and modified

nanotubes

Sample pH Acidic groups (mmol/g) Basic groups (mmol/g) Total content (mmol/g)

NT 6.7 0.12 0.06 0.18

NTA 8.4 0.18 0.39 0.57

NTO 5.8 0.86 0.15 1.01

NTOA 7.2 0.54 0.42 0.96

Fig. 1 Mass loss for all tested

nanotubes
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content of ion m: 28, (characteristic for carbon monoxide)

at the temperature 70 �C up to the temperature of 275 �C is

observed. At the same temperature range slight decrease in

the content of ion m: 32 (characteristic for oxygen) and

increase in the content of ion m: 44 (characteristic for

carbon dioxide) is observed. Most probably, present in the

reaction chamber carbon monoxide is oxidized to carbon

dioxide. Our finding additionally confirms mass change at

this temperature range, which is only 0.02 wt%. From

275 �C a significant change in the content of ions m: 32

and 44, with constant content of ion m: 28 can be observed.

These changes indicate oxidation of carbon to carbon

dioxide. At a temperature of 850 �C a sudden drop in the

carbon dioxide content while significantly increase in the

content of carbon monoxide occurs. Most likely insuffi-

cient oxygen content contributes to the oxidation of carbon

only to carbon monoxide. At this point, it must be

emphasized that the analysis is carried out under inert

atmosphere but the oxygen present in the reaction chamber

cannot be eliminate.

The ammoxidised nanotubes (NTA) shows a slightly

lower thermal resistance compared to unmodified nan-

otubes. Till the temperature of 1000 �C 7 wt% of mass loss

is registered. The initial mass loss (0.4 wt% till 160 �C) is

the result of water evaporation, which confirms both pre-

sent on the calorimetric curve (Fig. 2) an endothermic

Fig. 2 Calorimetric curves for

all tested nanotubes

Fig. 3 Temperature

distribution for ions of

unmodified nanotubes
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process and the change of ion m: 18 content on the mass

spectroscopy graph (Fig. 4). From 160 �C the content of

ion m:18 increases and keep increasing till the end of the

analysis. Ion m: 17 may be responsible for the presence of

ammonia, which taking into account the ammoxidation, is

possible. Unfortunately, the presence of ion m: 17 in the

same temperature ranges as the water indicates that it

comes from a hydroxyl group. Only at the temperature

range 510–620 �C an increase in the intensity of this ion,

with a simultaneous decrease of ion content characteristic

for the water is observed, which may indicate the presence

of ammonia. In the same range ion m: 16 appears, which

indicates the presence of amino group. Both ions indicate

the basic nature of the surface groups. In the discussed

sample, similarly as it was in the case of the unmodified

sample, a slight decrease of ion m: 28 in the temperature

range 65–283 �C, while a small loss of ion m: 32 and

increase of ion m: 44 based on mass spectroscopy analysis

(Fig. 4) was noted.

At the temperature of 283 �C an increase in the content

of ions m: 28 and 44 can be observed. Apart from the

obvious statement that they indicate presence of carbon

monoxide and carbon dioxide, the possibility that they can

also come from other substances cannot be eliminate.

Which further confirms their decidedly different shape

when compared with the unmodified sample. Given that the

nanotubes were exposure to ammonia-air mixture, we came

to the conclusion that ion m: 28 comes from a quinone

group, which confirms the increase of amount of acidic

functional groups (Table 3). In contrast, ion m: 44 may

correspond to either the presence of secondary amines and

amide groups, which confirms the increase of amount of

basic functional groups (Table 3). From 840 �C a

significant decrease in the content of ion m: 44 and increase

of ion m: 28 occurs. It indicates the oxidation process of

carbon to carbon monoxide. At the temperature range

283–840 �C appears ion m: 30, which indicates the pres-

ence of the nitroso group.

The mass loss for nanotubes subjected to oxidation

with 20 % HNO3 (NTO) recorded at 1000 �C was 10.2

wt%. As in all analysed samples, the mass loss at the

beginning is caused by water evaporation. Based on mass

spectroscopy studies (Fig. 5), it can be concluded that

this process continues until a temperature of about

190 �C, which is confirmed by the endothermic reaction.

Until this temperature ion m: 17 is also present. From

190 �C continuous growth in the content of ion m: 18

can be observed. Looking at the TG curve (Fig. 1) it can

be seen that for all analysed samples, two distinct stages

of mass loss can be observed. The first relates to the

mass loss due to water evaporation, and then plateau can

be observed wherein the sample practically do not lose

mass, and then it comes to the proper degradation. For

sample NTO from the beginning of the process mass loss

is observed.

At 110 �C a significant change in the content of ions m:

32 and 44, with constant content of ion m: 28 can be

observed. These changes indicate oxidation of carbon to

carbon dioxide. However it should be noted that the curve

shapes of the ion m: 28 and 44 are different compared to

those present in the unmodified nanotubes. This variation

relates to the temperature range of 600–720 �C, which

probably indicates the possibility presence of both quinone

groups (m: 28) amide and secondary amine groups (m: 44).

Which is confirmed by the increase in the amount of basic

and acidic functional groups (Table 3).

Fig. 4 Temperature

distribution for ions of

ammoxidised nanotubes
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At a temperature of 720 �C a decrease in the content of

ion m: 44 and increase of ion m: 28 occurs. It indicates the

oxidation process of carbon to carbon monoxide.

The oxidised and then ammoxidised nanotubes (NTOA)

have the lowest thermal stability. To a temperature of

1000 �C mass loss of 12.6 % wt% is observed. Spectro-

scopic characterization indicates a very strong similarity

between the sample NTA and NTOA. Exposing the sample

to oxidation and in the next step to ammoxidation not

substantially affect the thermal and spectroscopy charac-

teristic of the nanotubes (Fig. 6).

4 Conclusion

The results obtained have shown, that by ammoxidation

and oxidation of commercial nanotubes it possible to pre-

pare in a simple way a wide spectrum of new carbonaceous

materials, showing a completely different elemental com-

position, textural parameters as well as acid–base proper-

ties of the surface in comparison to the raw materials. The

character of changes induced significantly depends on the

type of the thermo-chemical treatment and are most pro-

nounced for nanotubes subjected to oxidation followed by

Fig. 5 Temperature

distribution for ions of oxidised

nanotubes

Fig. 6 Temperature

distribution for ions of oxidised

and then ammoxidised

nanotubes
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ammoxidation. Based on the results obtained from mass

spectroscopy the presence of amino group, secondary

amines and amide groups in the structure of the nanotubes

subjected to ammoxidation has been found. In contrast,

sample subjected to oxidation is characterized mainly by

the presence of quinone groups. Moreover, the thermal

analysis has proved that the functional groups introduced

into the carbon nanotubes structure in a very high extent

affect their thermal stability.
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