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Abstract Carbon-based nanomaterials with functionalized
surface are widely used in water treatment, agriculture, hydro-
gen storage, and biology. The current study deals with char-
acterization of engineered multi-wall carbon nanotubes
(MWCNT) prior and after chemical modification in nitric acid
for 1 and 2 h. It was shown that MWCNT surface area in-
creased from 70 m2/g (pristine material) to 149 m2/g after 2 h
modification, and the surface became hydrophilic. According
to back-titration method the functional surface group concen-
tration increased almost three times after 2 h treatment com-
pared to 1 h modification. The results of thermogravimetric
analysis (TGA) have shown good correspondence with func-
tional COOH-group concentration of samples. Total pore vol-
ume and specific surface area were calculated using non-local
density functional theory (NLDFT) and Brunaeur-Emmet-
Teller (BET) models. Studied functionalized MWCNTs form
stable water dispersions and show great potential for biologi-
cal agricultural applications.
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1 Introduction

Functionalized carbon nanotubes already found some promis-
ing applications in agriculture and biology. Functionalization
with –COOH groups is an important step to obtain suspen-
sions stable in water medium, which is required for most bio-
logical applications. In agriculture functionalized carbon
nanotubes could be used as fertilizers increasing plat growth
rate by providing additional source of carbon to the plat.
Moreover, some studies show that carbon nanotubes could
impede microbial-root interactions causing toxicity to mi-
crobes [1]. Biological applications of CNTs mostly focused
on transport properties [2].

The discovery of carbon nanotubes (CNT) in 1991 by
Iijima [3] has stimulated research on large variety of physical
properties of the nanotubes. Carbon nanotubes are formed by
rolled graphite sheets. Tubes formed by only one graphite
layer are called single wall carbon nanotubes (SWCNT).
Tubes consisting of multiple concentric graphite layers are
called multi-wall carbon nanotubes (MWCNT).

Since 1997, many research groups have studied the storage
of hydrogen in carbon graphite samples of various shapes as
well as carbon nanotubes. Dillon et al. [4] reported for first
time excellent hydrogen storage properties of CNT. He esti-
mated the hydrogen storage capacity of SWCNT to range
between 5 and 10 mass% of the sample. A promising sorbing
material exhibited the potential to meet the storage require-
ments designated by the US Department of Energy (DOE)—
gravimetric adsorption capacity of hydrogen 6.5 wt%, or 65 g
H2/kg C [5].

The adsorption results are based on several types of bond-
ing between carbon and hydrogen. The adsorption is due to
physisorption, and either chemisorption or an intermediate
s ta te between physisorpt ion and chemisorpt ion.
Experimental and theoretical studies devoted to the
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investigation of the possible mechanisms of H2 adsorption on
various types of CNTs have been also reported in the literature
[6–14].

Although numerous experimental studies have been carried
out to obtain physical adsorption isotherms of H2 on different
porous solids over a wide range of thermodynamic conditions
[15–17], the majority of them is directly related to the excess
surface adsorption isotherms and only a few studies were de-
voted to determine the total or absolute adsorption isotherms
[18]. The surface excess adsorption results cannot serve for
comparison with theoretical predictions. A necessity arises to
employ a method for the calculation of total adsorption iso-
therms based on experimental surface excess adsorption data
obtained over a given gas phase pressure regime.

When experimentally measuring the adsorbed amount
of hydrogen, a probe gas, requiring zero interactions with
the adsorbent (usually helium), has to be dosed onto the
sample initially in order to calculate the available space.
Following removal of the probe gas, a known volume of
hydrogen is dosed onto the sample and the additional
amount of hydrogen in the system above that of the probe
gas volume is calculated. Therefore, the excess is the ad-
ditional amount of hydrogen in the system due to the in-
teractions with the adsorbent.

Pristine and functionalized carbon nanotubes could also be
used for water desalination and purification as shown in mul-
tiple studies. Most of them are now focused on creating func-
tionalized carbon materials precisely tuned for selective puri-
fication [19–27].

2 Materials and Methods

The multi-wall carbon nanotubes (MWCNT) samples were
synthesized in a vacuum furnace at 920 K by pyrolysis of
acetylene (12 vol% acetylene in nitrogen) [28]. The
MWCNT samples are characterized by specific surface ar-
ea of 300 m2/g and bulk density of 0.03–0.05 g/cm3. Multi-
wall carbon nanotubes surface treatment was done by boil-
ing MWCNTs in concentrated nitric acid (HNO3) for 1 and
2 h with MWCNT/acid ratio equal to 1/20. Oxidation

process was carried out in two-necked flask with backflow
condenser and thermometer to control the reaction temper-
ature between 100 and 105 °C. Reaction products were
rinsed with distilled (DI) water until neutral pH.
Separation of reaction products was done by decantation
with subsequent vacuum filtering and drying at 60 °C for
48 h.

Functional group concentration was measured by acid-base
back-titration. MWCNTs were covered with sodium hydroxide
solution of the known concentration and left for 24 h. The
precipitate was filtered on the paper filter, and then the aliquot
was mixed with hydrogen chloride solution with subsequent
titration with sodium hydroxide. The pH value was measured

Fig. 1 Pristine and functionalized multi-wall carbon nanotubes
(MWCNT) in distilled water after 1, 24, and 120 h of decantation, con-
centration is 0.001 wt%

Table 1 Functional group
concentration of studied samples Sample HNO3 treatment

time, h
Total pore
volume (DFT),
cc/g

Functional group
concentration,
mmol/g

Pristine MWCNT 0 0.366 0

MWCNT-0.238 1 0.372 0.238

MWCNT-0.65 2 0.42 0.65
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by a pH-meter BAnion-4100^ with absolute error of ± 0.02.
Specific surface area and pore-size distribution data was obtain-
ed from low temperature nitrogen adsorption measurements

done with Quantachrome Nova 1200e instrument. Pore-size
distribution was calculated using NovaWin software NLDFT
method based on nitrogen on carbon adsorption model.

Fig. 2 Fourier-transform infrared spectra of pristine and functionalized MWCNT samples

Fig. 3 Pore-size distribution data
for the MWCNT-0.238 sample
calculated by the DFT method
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Optical properties were analyzed by Fourier-transform
Infrared spectrometry (FTIR) using Thermo Nicolet 380 in-
strument in transmittance mode.

Thermal stability and decomposition kinetics were studied
using thermogravimetric analyzer TA SDT Q600. Experiment
was done in a ramp mode from 25 to 800 °C with heating rate
set to 10 °C/min and in a 100 ml/min flow of dry air. The
thermogravimetric analysis (TGA) measures the change in
mass of a sample as function of temperature. This is particu-
larly important for porous materials, as it provides the temper-
ature boundaries within which the solvent can be removed

from the pores, as well as indication of the composition and
temperature stability of the material.

3 Results and Discussion

Measured with acid-base back-titration values of functional
group concentration for two samples treated in concentrated
HNO3 for 1 and 2 h are shown in Table 1.

Table 1 shows that longer treatment time result in higher
functional group content which increased almost three times

Fig. 5 Pore-size distribution data
for the MWCNT-0.65 sample
calculated by the DFT method

Fig. 4 Pore-size histogram for
the MWCNT-0.238 sample
calculated by the DFT method
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while treated for one additional hour. Higher total pore volume
is explained by MWCNT structure degradation as a result of
oxidation treatment.

Water suspension stability was tested by comparing ab-
sorption of pristine and functionalized MWCNT samples
after 120 h of decantation (Fig. 1). Prior to decantation
samples were treated with ultrasound for 5 min.
Concentration for all three samples was 0.001 wt%

As seen in Fig. 1, functionalized MWCNT show much
better stability over time and does not flocculate as pristine
MWCNT even after 120 h of decantation. This is due to hy-
drophilic nature of COOH-functional groups formed by oxi-

dative treatment. The nature of functional groups was ana-
lyzed using FTIR method.

According to FTIR results (Fig. 2), functionalized
MWCNT show more intense –OH band (around 3440 cm−1)
and additional bands at 1635 and 1710 cm−1 which were at-
tributed to carboxylate anion vibrations. The similar results
have been also reported in the literature [29–31].

Pore-size distribution data for the MWCNT-0.238 sample
is shown in Figs. 3 and 4. As seen in Fig. 3, at least five peaks
are present on dV(HPW) curve which corresponds five differ-
ent pore volumes preferable for nitrogen adsorption (1.6, 2.4,
3.8, 4.5, and 5.6 nm). This fact shows that those half-pore

Fig. 7 The result of thermogravimetric analysis for MWCNT-0.238 sample

Fig. 6 Pore-size histogram for
the MWCNT-0.65 sample
calculated by the DFT method
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width values correspond to different MWCNT diameters.
Average pore volume for that sample is 0.372 cm3/g.

Fig. 5 shows cumulative pore volume (V) and dV values
plotted against half-pore width for the sample MWCNT 0.65.
It should be noted that dV curve has five peaks, which could
be correlated with 1.62, 2.4, 2.8, 3.8, and 4.55 nm pores.
Average pore volume according to the model is 0.42 cm3/g
and lower confidence limit is 1.614 nm. Pore-size histogram
for this sample is shown in Fig. 6.

Figs. 7 and 8 show thermogravimetric curves for func-
tionalized samples. MWCNT-0.238 sample which has low-
er functional group content also has a single peak on
weight loss derivative curve that is attributed to MWCNT
conversion to CO2 in oxidation process. Total weight loss
at 700 °C is 93%. Apparently, surface functional group
with 0.238 mmol/g concentration do not contribute too
much weight to the sample. Quite different situation could
be seen on Fig. 6 (MWCNT 0.65 mmol/g), where three
peaks on weight derivative curve are found. First peak
from 80 to 100 °C could be due to adsorbed water evapo-
ration, which is anticipated, mostly because of higher hy-
drophilic group content on the sample surface. Small sec-
ond peak could be caused by salt residue decomposition.
Third peak on weight derivative curve for MWCNT
0.65 mmol/g is attributed to MWCNT conversion to CO2

in oxidation process. It should be noted, that for this sam-
ple higher COOH-group content causes the oxidation and
MWCNT structure degradation processes to start at lower
temperature compared to the sample treated for the shorter
time. Weight loss process for both samples ends at 650 °C.

Higher total pore volume and different thermal decompo-
sition parameters could also be caused by MWCNT structure
degradation. The longer the oxidative treatment the higher is
defects concentration and surface area values.

4 Conclusions

In this study, we have shown the one-step chemical modifica-
tion of MWCNT surface that results in the different COOH-
group content on the nanotubes surface. The longer treatment
times lead to higher total pore volume and higher specific
surface area calculated both with BET and DFT models.
Specific surface area value for the sample treated for 1 h was
calculated to be 131 m2/g and for the sample treated for 2 h is
149 m2/g. The functional COOH-group concentration for
samples was obtained by back-titration method. Higher
COOH-group content for MWCNT-0.65 sample than
COOH-group content for MWCNT-0.238 is in good corre-
spondence with thermogravimetric data. It should be also not-
ed that increase in oxidative treatment time not only increases
functional surface group concentration but also changes car-
bon nanotube surface from hydrophobic to hydrophilic.
Functionalized MWCNTs produce stable over a long period
of time water dispersions which could be used in biology and
agriculture.
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