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The laws and mechanisms of adsorption of Ni(II) and Cu(II) ions by well-
characterized as-prepared and oxidized N-doped multi-walled carbon nano-
tubes (N-CNTs) are described and discussed. The samples are synthesized 
by catalytic chemical vapour deposition method using n-butylamine as 
carbon source and Ni(NO3)2  MgO as catalyst and purified by treatment 
with HCl. The surface functionalization is performed using oxidation with 
mixture of concentrated H2SO4 and HNO3. As shown, adsorption of Ni(II) 
and Cu(II) reaches equilibrium value within 20–30 min; adsorption results 
in a moderate decrease in the suspension pH for pristine N-CNTs (1.0–1.5 
pH unit) and a considerable lowering the pH for oxidized sample (up to 
2.5 pH unit); the adsorption isotherms are described by the Langmuir 
equation; the plateau amounts of adsorption (25–30 mg/g for Cu and 35–
40 mg/g for Ni) are almost the same for both as-prepared and oxidized 
samples; at pH 8.0 and higher for Ni and pH 6.5 and higher for Cu ions, 
a sharp increase in adsorption is observed that is caused by the hydrox-
ides’ precipitation. The spectroscopic, adsorption, electrophoretic and pH 
measurements’ data testify that below pH of hydroxide precipitation, the 
major mechanism of adsorption by as-prepared N-CNTs is the donor–
acceptor interaction between the free electron pair of N atoms incorpo-
rated into nanotubes’ lattice and vacant d-orbital of the adsorbing Ni(II) 
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or Cu(II) ions. For the oxidized N-CNTs, ion-exchange processes with a 
release of H


 may play minor role. 

В роботі розглянуто закони та механізми адсорбöії йонів Ni(II) та Cu(II) 
охарактеризованими вихідними та окисненими N-леґованими багатос-
тінними вуглеöевими нанорурками (N-CNT). Зразки синтезували мето-
дою каталітичного хемічного осадження ïари n-бутиламіну як джерела 
Карбону та Ni(NO3)2  MgO як каталізатора з ïодалüшою очисткою їх 
HCl. Ôункöіоналізаöію ïоверхні N-CNT ïроводили за доïомогою окис-
нення сумішшю конöентрованих H2SO4 та HNO3. Було ïоказано, що: 
адсорбöія йонів Ni(II) та Cu(II) досягає рівноважного значення ïротя-
гом 20–30 хв.; адсорбöія ïриводитü до ïомірного зменшення рН су-
сïензії для вихідних (1,0–1,5 одиниöі pH) та значного ïониження рН 
(до 2,5 одиниöü рН) для окиснених N-CNT-зразків; ізотерми адсорбöії 
оïисуютüся Ленґмюровим рівнянням; ïоложення ïлато адсорбöії (25–
30 мг/г для Cu та 35–40 мг/г для Ni) майже однакове як для вихідних, 
так і для окиснених зразків; ïри рН  8,0 для йонів Ni та рН  6,5 для 
йонів Cu сïостерігаєтüся різке збілüшення величини адсорбöії за раху-
нок осадження гідроксидів. Дані сïектроскоïічних, адсорбöійних, еле-
ктрофоретичних і рН-мірянü свідчатü ïро те, ïри рН, нижчих за зна-
чення, ïри якому відбуваєтüся осадження гідроксидів, основним меха-
нізмом адсорбöії вихідними N-CNT є донорно-акöеïторна взаємодія 
між вілüною ïарою електронів атомів Нітроґену, розміщених на ґрат-
ниöі нанорурок, та вакантною d-орбіталлю йонів Ni(II) або Cu(II) відïо-
відно. Для окиснених N-CNT ïроöеси йонообміну з вивілüненням H


 

відіграютü незначну ролü. 

В работе рассмотрены законы и механизмы адсорбöии ионов Ni(II) и 
Cu(II) охарактеризованными исходными и окислёнными легированны-
ми азотом многослойными углеродными нанотрубками (N-CNT). Образ-
öы синтезировали методом каталитического химического осаждения 
ïаров N-бутиламина (источник углерода) и Ni(NO3)2  MgO (катализа-
тор) с ïоследующей их очисткой HCl. Ôункöионализаöия ïоверхности 
N-CNT ïроводиласü с ïомощüю окисления смесüю конöентрированных 
H2SO4 и HNO3. Было ïоказано, что: адсорбöия ионов Ni(II) и Cu(II) до-
стигает равновесного значения в течение 20–30 мин; адсорбöия ïриво-
дит к умеренному уменüшению рН сусïензии на исходных (1,0–1,5 
единиöы pH) и значителüному снижению рН (до 2,5 единиö рН) для 
окислённых N-CNT-образöов; изотермы адсорбöии оïисываются урав-
нением Ленгмюра; ïоложение ïлато адсорбöии (25–30 мг/г для Cu и 
35–40 мг/г для Ni) ïочти одинаково как для исходных, так и для 
окислённых образöов; ïри рН  8,0 для ионов Ni и рН  6,5 для ионов 
Cu наблюдается резкое увеличение величины адсорбöии за счёт оса-
ждения гидроксидов. Данные сïектроскоïических, адсорбöионных, 
электрофоретических и рН-измерений ïоказывают, что ïри рН ниже 
значения, ïри котором ïроисходит осаждение гидроксидов, основным 
механизмом адсорбöии исходными N-CNT является донорно-
акöеïторное взаимодействие между свободной ïарой электронов атомов 
азота, размещённых на решётке нанотрубок, и вакантной d-орбиталüю 
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ионов Ni(II) или Cu(II) соответственно. Для окислённых N-CNT ïроöес-
сы ионообмена с высвобождением H


 играют незначителüную ролü. 

Key words: N-doped multi-walled carbon nanotubes, Ni(II) and Cu(II) ions, 
adsorption, kinetics. 
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1. INTRODUCTION 

Among variety of practical applications of carbon nanotubes 
(CNTs), an increasing important segment is related to their use as 
sorbents for toxic substances, heavy metal ions, and organic com-
pounds [1]. For example, CNTs are intensely studied as sorbents for 
water purification from individual nickel and lead [2], copper and 
cobalt [3], chromium [4] ions, and other individual or mixed ions of 
different metals [5]. 
 Nickel (II) is a hazardous heavy metal ion, which is increasingly 
accumulated in potable, ground and wastewaters. Copper is an es-
sential nutrient, for which the World Health Organization (WHO, 
1998) recommends a daily intake of 30 g/kg body weight. Drink-
ing water standards have been established to prevent adverse health 
effects resulting from ingestion of too much copper. WHO (1998) 
recommends a limit of 2 mg/dm3 Cu to prevent adverse health ef-
fects from copper exposure. There are numerous studies devoted to 
extraction of these ions by single-walled (SWCNTs) or multi-walled 
carbon nanotubes (MWCNTs), both pristine and oxidized by differ-
ent agents. The kinetics of adsorption, shape of adsorption iso-
therms, impact of pH and degree of CNT surface functionalization 
has been elucidated. A short review of the recent results obtained is 
summarized below. 
 Authors [6, 7] have shown that the adsorption of Ni(II) onto oxi-
dized CNTs is strongly dependent on pH and nanotubes concentra-
tion and, to a lesser extent, ionic strength. The adsorption data well 
fit the Langmuir model, and the adsorbed Ni(II) can be easily de-
sorbed at pH  2.0. It was speculated that ion exchange might be 
the predominant mechanism of Ni(II) adsorption on oxidized CNTs. 
Adsorption of Ni(II) on oxidized CNTs was increased from zero to 
99% at pH 2.0–9.0 and then maintained the high level with in-
creasing pH. The adsorption achieved equilibrium within 2 h [7]. 
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The mechanism of adsorption was attributed to surface complexa-
tion and ion exchange. It was also shown that the adsorption capac-
ity for nickel ions from aqueous solutions increased significantly 
onto the surface of the oxidized CNTs compared to that on the as-
produced CNTs, and the maximum adsorption by these adsorbents 
was determined as 18.08 and 49.26 mg/g, respectively [8]. The 
number of functional groups, total acidic sites and negatively 
charged carbons on CNTs surface were greatly increased after oxi-
dation by NaOCl, which resulted in sorption of more Ni ions [9]. 
Typically, 60–95% of Ni(II) can be extracted from aqueous solution 
by MWCNTs depending on the initial solution concentrations [10]. 
As suggested by the distribution coefficient values, increased initial 
Ni(II) solution concentrations resulted in lower adsorption, while 
the total amount of ions removed from the equilibrating solutions 
increased. 
 Higher adsorption was observed at pH  6.0, and the sorption 
process reached equilibrium at 60 min. The sorption mechanisms 
are complicated and appear attributable to electrostatic forces and 
chemical interactions between the nickel ions and the surface func-
tional groups of the CNTs [10]. 
 Carbon nanotubes were shown to possess good adsorption proper-
ties and high capacity (3.5 mg/g at initial concentration of Cu2 
ions of 20 mg/dm3) in respect to Cu(II) ions. The affinity of this ion 
to the CNT surface and the adsorbed amounts were found to be 
higher compared to other heavy metal ions such as Co, Zn, Pb, Mn. 
The adsorption data were well described by the Freundlich isotherm 
[11]. 
 The adsorption capacity of oxidized N-doped bamboo like 
MWCNTs in respect to Cu(II) ions reached 15 mg/g [12]. Authors 
[13, 14] have shown that the interaction of Cu(II) ions deposited on 
the N-CNT surface by thermal decomposition of copper acetate is 
realized via their strong coordination by pyridine nitrogen atoms at 
the edge of the graphene sheets of the adsorbent reviewed the laws 
and mechanisms of sorption of divalent metal ions (Cd2, Cu2, Ni2


, 

Pb2, and Zn2) from aqueous solution by various kinds of raw and 
surface oxidized carbon nanotubes. The sorption mechanisms appear 
mainly attributable to chemical interactions between the metal ions 
and the surface functional groups of the CNTs. The sorption capaci-
ties of CNTs remarkably increased after oxidized by NaOCl, HNO3 
and KMnO4 solutions and reached, for example, 6.9 Ni mg/g and 
47.8 Ni mg/g onto CNTs oxidized by HNO3 or NaOCl, respectively. 
Similar results were obtained by authors [15], who have shown that 
MWCNTs can be successfully used for the removal of heavy metals 
from aqueous solution. A competition among the metal ions for 
binding was revealed on the MWCNTs surface with affinity in the 
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order: Cu(II)  Zn(II)  Pb(II)  Cd (II). Authors [16] have analysed 
in detail the impact of CNTs properties (adsorption sites, pore vol-
ume, BET surface area, surface total acidity) and solution proper-
ties (ionic strength, effect of pH) on the adsorption of heavy metal 
ions by carbon nanotubes. The contribution of physical adsorption, 
electrostatic attraction, precipitation and chemical interaction be-
tween the metal ions and the surface functional groups of CNTs was 
discussed. 
 Gao et al. [17] measured the adsorption isotherms of Cu(II), 
Ni(II), Zn(II) and Cd(II) onto carbon nanotubes oxidized by concen-
trated HNO3 in single, binary, ternary and quaternary systems, and 
have shown that isotherms reveal the effect of competition for ad-
sorption sites seen as a decrease in the amount adsorbed. The up-
takes at the equilibrium concentration of 0–0.04 mmole/dm3 in sin-
gle system and 0–0.15 mmole/dm3 in binary system are in the order 
Cu2  Ni2


  Cd2  Zn2 while for the ternary and quaternary, the 

order is Cu2  Cd2  Zn2  Ni2

. 

 Summarizing the literature review, we can say that the major 
factors affecting the adsorption of Ni(II) and Cu(II) by carbon nano-
tubes and the mechanisms of the process are at large clarified. At 
the same time, surprisingly, there is a lack of information about the 
laws and mechanisms of adsorption of these ions by N-doped carbon 
nanotubes, i.e. adsorbents containing surface N atoms in different 
state, potentially capable to form complexes with Ni(II) and Cu(II) 
ions. We tried to fill in, at least in part, this gap. 

2. MATERIALS AND METHODS 

2.1. Materials 

2.1.1. Synthesis and Functionalization of N-Doped Carbon Nanotubes 

The N-doped carbon nanotubes (N-CNTs) were synthesized by cata-
lytic Chemical Vapour Deposition method using n-butylamine 
(VWR) as carbon source and Ni(NO3)26H2O (Sigma Aldrich) plus 
magnesium oxide, MgO (Merck) as catalyst materials, as described 
in the paper [12]. The product was purified from the catalyst by 
treatment with concentrated hydrochloride acid (VWR). The surface 
functionalization of N-CNTs was performed using oxidation with 
mixture of concentrated sulphuric acid and nitric acid (V/V  3:1) 
at 80C overnight using continuous stirring. After the acidic treat-
ment, the N-CNTs were filtered and washed with distilled water un-
til pH 5.0–6.0 was reached, then dried at 120C. The mixture of 
H2SO4 and HNO3 turned out to be very efficient for oxidation of 
carbon nanotubes, as it was shown in our previous work [18]. 
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2.1.2. Characterization of N-Doped Carbon Nanotubes 

The image of the N-CNTs obtained by High Resolution Transmis-
sion Electron microscopy—HRTEM (FeiTechnai G2, 200 kV) was 
shown in Fig. 1. Figure 1, a shows that non-oxidized N-CNTs repre-
sent uneven fibres with length of 2–3 m, and diameter between 7 
nm and 22 nm, with a mean value of 12.4 nm. As a result of oxida-
tive treatment, the N-CNTs fibres were broken into shorter fibres, 
with about 200–800 nm sections in length (Fig. 1, b). This can be 
attributed to the fact that the N-doped bamboo-like carbon nano-
tubes are easily ruptured, because their mechanical strength is low-
er compared to their non-doped counterparts. 
 The extraordinary structure of these nanotubes is demonstrated 
on their schematic illustration (Fig. 1, c). A number of graphene 
edges are seen on the wall of N-CNTs, containing sp3 carbon atoms 
and nitrogen atoms, which easily react with oxidants (Fig. 1, d). In 
this sense, the N-CNTs can be oxidized to higher extent than the 
non-doped, conventional MWCNTs or SWCNTs. The fibre edges can 
serve as high energy adsorption sites on the wall of bamboo-like 
nanotubes, which are easily accessible for different ions or mole-
cules and can form relatively strong bounds with the adsorbent sur-
face (due to ion exchange adsorption, surface complexes or – in-
teractions). 

 

Fig. 1. HRTEM image of the non-oxidized (a) and oxidized (b) N-CNTs; 
schematic illustration of the bamboo-like structure (c); the graphene edges 
on the CNTs wall (d). 
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 X-Ray Photoelectron Spectroscopy—XPS (SPECS instrument with 
PHOIBOS 150 MCD 19 detector) and Fourier-transform infrared 
spectroscopy—FTIR (A VERTEX 70 FTIR spectrometer, Bruker, 
Germany) measurements were applied to identify the binding types 
and the nature of surface functional groups. 
 Figure 2 shows the XPS spectra of the non-oxidized and oxidized 
N-CNTs characterizing the binding energy of the C–N and C–O 
bounds. The peak at 398.6 eV binding energy can be attributed to 
the pyridine type nitrogen atoms (Fig. 2, a), the next peak at 401.1 
eV originates from the graphitic nitrogen incorporation. A peak of 
the oxidized nitrogen (pyridine N


–O


 species) can be also observed 

on the spectrum at the binding energy of 404.7 eV. The N-doped 
CNTs are easily oxidized at crystal distortions in the graphitic 
structure. During the acidic treatment oxygen containing functional 
groups are developed, which are located at the C1s band (Fig. 2, b). 
The appearance of –CC– and –C–C– bounds is reflected by a highly 
intensive peak at 284.6 eV, and the CO peak was identified at 

 

Fig. 2. XPS spectra with deconvoluted N1s band of the non-oxidized (a) 
and oxidized (d) N-CNTs and C1s band of the non-oxidized (b) and oxidized 
(e) N-CNTs. FTIR spectrum of the non-oxidized (c) and oxidized (f) N-
CNTs. 
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287.5 eV (Fig. 2, b). The peak of the carboxyl groups is shown at 
the binding energy of 291.2 eV. These oxygen-containing functional 
groups are visible on the FTIR spectra (Figs. 2, c, f): stretching vi-
bration of the C–O bond at 1205 cm

1, carbonyl bond at 1628.7 
cm

1, carboxyl groups at 1713.7 cm
1 and hydroxyl groups at 3440.7 

cm
1 (Fig. 2, c). The latter bond is originated from the alcoholic or 

phenolic hydroxyl groups and from the –COOH groups. Adsorbed 
water can contribute to the appearance of this absorption bond as 
well. The vibration mode of N-CNT structure (CC) was also found 
in the FTIR spectrum at 1565.4 cm

1 wave number. 
 ZetaSizer Nano ZS instrument (Malvern, United Kingdom) was 
used for determination of the electrophoretic mobility of N-CNTs in 
aqueous media (0.01% wt., here-and-after %) at room temperature 
(T  298 K) in the range of external electric field gradients of 6–15 
V/cm. The electrophoretic mobility was transformed into -potential 
using the classical Smoluchowski equation approach with the soft-
ware of the instrument. The presented values of the -potential 
were obtained by averaging three to six measurement results; the 
measurements error was about 3–5%. 
 Figure 3 shows the pH-dependence of N-CNTs electrokinetic po-
tential in aqueous suspension. For the pristine N-CNT samples, the 
isoelectric point (IEP) is observed near pH 7.2, which is higher than 
the IEP values reported for regular (no N atoms in the lattice) N-
CNTs: pH 4.0 [19] or pH 6.0 [20]. This means that at lower pH, the 
surface is charged positively. The positive charge of the surface in 
acidic media (pH 3–7) is due to the presence of small amounts of 

 

Fig. 3. Dependence of the -potential of the pristine (squares) and oxidized 
(triangles) N-CNTs on the system pH. Concentration of N-CNTs was 
0.01%. 
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oxidized species in the original N-CNTs (see spectra in Fig. 2) as 
well as to the presence of pyridine type N atoms in the lattice capa-
ble to acquire positive charge due to proton transfer. The shift of 
the IEP to higher values probably reflects the contribution of pro-
tonated N-atoms into the CNTs surface charge. After the acid 
treatment, the IEP is not reached, and the surface charge remains 
negative in the whole pH interval studied (pH 3–12). This is due to 
the dissociation of oxidized negative species of various natures on 
the N-CNTs surface. An increase in the number of oxidized speci-
men and a decrease in the number of low-oxidized groups formed on 
the surface overcompensate the contribution of the positive surface 
charge. 

2.2. Methods: Adsorption Measurements 

Ni(II) and Cu(II) ions were adsorbed by the carbon nanotubes (typi-
cal adsorbent concentration of 0.1%) at room temperature in a pH 
range of 2.0–12.0 under mechanical shaking the reaction mixtures 
for designated period of time. The kinetic dependencies were meas-
ured during 36 h. The concentration of nickel and copper ions be-
fore and after adsorption was determined in acetylene–air flame 
with an Agilent 240AA atomic absorption spectrophotometer (Ag-
ilent Technologies, US) operating at a wavelength of 429.0 nm and 
an optical gap width of 0.5 nm. The chosen conditions enable to de-
termine the concentration of Ni(II) ions in the range of 1–100 
g/dm3. The adsorbed amount was calculated from the material bal-
ance of ions in solution prior and after adsorption. 

3. RESULTS AND DISCUSSION 

3.1. Kinetics of Adsorption 

Figure 4 demonstrates the time dependencies of adsorption of Ni(II) 
and Cu(II) ions by pristine and oxidized N-CNTs at pH 5.5. The ki-
netics of adsorption of heavy-metal ions by carbon-containing 
sorbents is a rather complex process. Most works consider a two-
step adsorption kinetics, i.e., an initial rapid uptake and a much 
slower second stage of adsorption, which may last for several days 
and even weeks [21–24]. Some authors reported an optimal contact 
duration of several minutes [24], while others believe that the op-
timal time required to establish equilibrium is several hundred 
hours [21, 23]. Generally, most authors suppose the optimal contact 
time to be 1–5 h [21, 22]. 
 Three regions can be distinguished on the kinetic dependences of 



292 Renata BALOG, Viktoria SIMON, Maryna MANILO et al. 

adsorption of Ni(II) and Cu(II) in our experiments. At N-CNTs–
solution contact duration t  10 min (region I), the specific adsorp-
tion drastically increases with time; in a contact-time range of 10–
100 min (region II), the adsorption equilibrium is established; at 
t  100 min, Ni(II) ions are in a small amount (up to 10%) desorbed 
from the nanotubes surface and saturation in the adsorption was 
observed (region III). A further increase in the contact time up to 5 
days gave an insufficient change (2–3%) in the adsorbed amount. 
Similar results were obtained while adsorbing Cr (III) ions on the 
CNTs surface [25]. Contact time teq  60 min was chosen to measure 
the equilibrium adsorption isotherms. The data in Fig. 5 show that 
this time is enough to establish adsorption equilibrium. 

3.2. Effect of pH 

To estimate the role of ion-exchange processes in the mechanism of 
adsorption of Ni(II) and Cu(II) ions by N-CNTs, it is useful to in-
spect the changes in the suspension pH as a result of adsorption of 
ions. Inspecting the effect of pH on the adsorption of Ni(II) and 
Cu(II) ions by carbon nanotubes, quite different effects should be 
considered as follow. 
 (i) Ni(II)and Cu(II) ions in aqueous solutions are hydrated by six 
water molecules, they possess moderate resistance to hydrolysis. 
Nickel ions predominantly exist in the form of species with charge 

 

Fig. 4. Time dependences of Ni(II) (filled symbol) and Cu(II) (empty sym-
bol) adsorption by the as-prepared (squares) and oxidized (diamonds) N-
doped CNTs at pH 5.5. 
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2 in dilute solutions and hydrolysis products of Ni(OH)

 (the equi-

librium constant of formation was determined as 19.8 [26] were 
found at concentration of salts higher than 510

2 M of Ni(II) [27]. 
The type of specimen of copper ions also depended of their concen-
tration and pH value of solution, i.e., at low concentrations, the 
dominant species is the copper ion, Cu2 (up to pH 7.5), copper hy-
droxide, Cu(OH)2 (up to pH 12.3) and 

3
Cu(OH)

  (pH 12.3). At higher 
copper concentrations, solid Cu(OH)2 is formed and precipitates out 
of solution at copper concentrations above the solubility product of 
copper hydroxide at 110

8 M. It is important to note that the do-
main of stability of solid Cu(OH)2 is expanding to lower and higher 
pH values with increasing copper concentration. A small but signif-
icant amount of an important Cu(II) complex Cu(OH)


 is formed at 

low pH (3–7) [25]. Obviously, hydrolysis of nickel and copper salt 
with a release of H


 ions results in a change of the surface charge 

of N-CNTs (see above) and possibly the adsorption of Ni(II) or Cu(II) 
ions. 
 (ii) Increasing the system pH gives a rise to the negative surface 
charge density of N-CNTs and to the adsorption of the positively 
charged nickel or copper ions via electrostatic mechanism. 
 (iii) at pH 6.5 or pH 7.8–8.0, the process of precipitation of 
Cu(OH)2 or Ni(OH)2, respectively, starts [26] that leads to pseudo-
adsorption of the metal ion on the nanotubes surface. 
 The dependences of Ni(II) and Cu(II) adsorption on the adjusted 
pH values by N-CNTs are shown in Fig. 5. In acidic media (from pH 
2.0 to pH 4.0), a marked rise in adsorption with an increase in pH 
was observed; then in the interval of pH 4.0–8.0 for Ni(II) or pH 

  
a b 

Fig. 5. pH-dependence of the nickel (a) and copper (b) ions’ adsorption by 
as-prepared (squares) and oxidized (triangles) N-CNTs. 
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4.0–6.5 for Cu(II), a roughly constant value of adsorption was 
measured. After that, a sharp elevation in the Ni(II) and Cu(II) ad-
sorption took place due to precipitation of nickel and copper hy-
droxide on the surface. The adsorbed amount of both ions by oxi-
dized samples is higher compared to that by as-prepared nanotubes 
in the almost whole pH interval studied. This is explained by addi-
tional contribution of the ion exchange to the mechanism of adsorp-
tion in the first system (see below). 
 Figure 6 demonstrates the adsorption isotherms of the Ni(II) and 
Cu(II) ions onto as-prepared and oxidized N-CNTs measured at ‘nat-
ural’, i.e., non-adjusted pH. In addition, the changes in the equilib-
rium pH of suspensions because of adsorption of heavy metal ions 
are depicted in Fig. 6. It is seen that the shape of adsorption iso-
therms is similar: a stepwise rise in adsorption with increasing the 
equilibrium concentration of the nickel or copper ions, with a ten-
dency to reach a plateau value of the adsorbed amount (Langmuir 
type isotherm); the maximum adsorbed amount slightly increases 
while moving from as-prepared (28 mg/g for Cu and 35 mg/g for 
Ni) to oxidized (36 mg/g for Cu and 40 mg/g for Ni) samples; ad-
sorption of these ions gives a moderate lowering in the solution pH 
for pristine N-CNTs (up to 1.0–1.5 pH unit) and a marked drop for 
oxidized sample (about 2.5 pH unit) as a result of ion exchange of 
surface H


 ions for adsorbing nickel or copper ions. Note that the 

plateau-adsorbed values by pristine and oxidized samples do not dif-
fer substantially. 

  
a b 

Fig. 6. Adsorption isotherms of the Ni(II) (a) and Cu(II) (b) ions by the as-
prepared (squares) and oxidized (triangles) N-CNTs at ‘natural’ pH of the 
suspension (pH 5.0–6.0). In addition, the changes in the equilibrium pH of 
a 0.1% suspension because of ions’ adsorption are also shown. 
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 Quite different changes in the equilibrium pH of N-CNT suspen-
sions having various adjusted pH values and different adsorbed 
amounts of Ni(II) and Cu(II) ions were found. Addition of N-CNTs 
to the salt solutions in acidic media with adjusted pH (in the range 
of approximately pH 2–5 for as-prepared and pH 2–4 for oxidized 
samples) results in a measurable increase of the suspension equilib-
rium pH. For example, adsorption of Ni(II) in amount of 7.14 mg/g 
or 17.8 mg/g resulted in the rise of the adjusted/initial pH from 
2.83 to 3.48 or 5.23 to 6.18 in the 0.1% N-CNT suspension, respec-
tively (see Table 1). Similar rise of pH (up to 1.5–2.0 pH units) was 
observed in the oxidized N-CNT suspensions in acidic media in the 
event of either Ni(II) or Cu(II) adsorption. We attribute this rise in 
pH to the transfer of H


 ions from the solution to pyridine N-atoms 

on the N-CNTs surface, i.e., we can hardly imagine the substitution 
of surface hydrogen ions by adsorbing copper ions in the presence 
of excess H


 ions (low pH) in the system. At higher pH values, this 

effect is overcompensated by the ion exchange of Cu(II) with sur-
face H


 ions that gives a moderate drop in pH for pristine N-CNTs 

and a much bigger decrease of pH (up to 2.5 pH units) for the oxi-
dized samples (Table). In alkali media, an additional release of H


 

ions occurs because of hydrolysis and precipitation of Ni(II) or 
Cu(II) ions in the form of hydroxides. 
 Obviously, different mechanisms are governing the adsorption of 
Ni(II) and Cu(II) ions by N-CNTs. A release of H


 ions from the oxi-

dized N-CNTs testifies the essential role of the ion exchange in 
binding the nickel or copper ions for this adsorbent; this mechanism 

TABLE. Changes of the equilibrium pH (pHeq.) of 0.1% N-CNT suspensions 
containing 29–31 mg of the Ni(II) or Cu(II) ions per 1 g carbon nanotubes 
at various initial/adjusted pH (pHadj.) of the system (selected data). 

Adsorption of Ni(II) Adsorption of Cu(II) 

Pristine N-CNTs Oxidized N-CNTs Pristine N-CNTs Oxidized N-CNTs 

pHadj. pHeq. 
a, 

mg/g 
pHadj. pHeq. a, mg/g pHadj. pHeq. a, mg/g pHadj. pHeq. 

a, 
mg/g 

2.83 3.48 7.14 2.84 3.18 9.5 2.02 2.08 6.13 2.03 2.09 12.1 

4.20 5.43 14.5 4.11 4.93 18.0 2.93 3.18 9.71 2.43 2.99 22.4 

5.23 6.18 17.8 5.36 5.23 18.1 4.20 5.64 25.4 4.84 3.72 32.5 

6.58 6.50 17.7 6.38 5.26 18.4 5.76 5.73 33.3 5.95 3.96 31.5 

8.32 7.04 18.3 8.25 5.60 20.2 6.71 5.86 34.7 6.58 5.00 54.6 

8.77 7.64 20.2 8.77 6.58 27.7 8.96 6.62 59.9 8.86 6.45 60.9 

11.3 9.70 28.8 11.2 7.74 28.2       
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is supported by the FTIR data (Fig. 4). To estimate the contribution 
of this factor, we have compared the adsorbed amounts with chang-
es of the solution pH, i.e., the concentration of the substituted H


 

ions by copper or nickel ions from the surface. For example, adsorp-
tion of 31.5 mg/g or 4.910

4 mole/g Cu(II) by oxidized N-CNTs re-
sulted in a decrease of solution pH from 5.95 to 3.96, which corre-
sponds to an appearance of roughly 10

4 M ions in the suspension of 
concentration 10 mg CNT/10 cm3 or 1.0 g CNT/dm3. This means 
that a part (approximately 20%) of Cu(II) ions is adsorbed via ion 
exchange with H


 ions of the surface. 

 At the same time, the majority of copper ions are bound to the 
CNTs because of other type interactions, probably donor–acceptor 
interaction between the free electron pair of N-atoms of the surface 
and vacant d-orbital of the adsorbing ions. Similar calculations have 
shown that adsorption of 16.3 mg/g or 2.810

4 mole/g Ni(II) by 
pristine N-CNTs, which decreased the solution pH from 8.32 to 
7.04, resulted in appearance of 1.510

7 mole H

 ions in a suspen-

sion with 10 mg N-CNTs or 1.510
5 mole H


 ions per 1 g nanotubes. 

This comprises only 5% of the adsorbed amount of nickel ions. In 
the event of oxidized N-CNT adsorption of 18.4 mg/g of Ni(II), the 
drop in the system pH reached 1.12 pH unit, from 6.38 to 5.26 
which corresponds to an increase in the H


 concentration from 

410
6 mole/dm3 to 210

5 mole/dm3, which is less than 10% of the 
adsorbed amount of Ni(II) (3.210

4 mole/g). 

4. CONCLUSIONS 

We describe and discuss in this paper the laws and mechanisms of 
adsorption of Ni(II) and Cu(II) ions by well characterized pristine 
and oxidized N-doped multi-walled carbon nanotubes (N-CNTs). 
 As demonstrated, the N-CNTs can serve for extraction of Ni(II) 
and Cu(II) ions from aqueous solution. The specific adsorption val-
ues (28–35 mg/g for copper and 35–40 mg/g for nickel) and degree 
of extraction (10–99% from solutions of equilibrium concentration 
of 580–5.0 mg/dm3) of these ions are comparable with those for the 
non-oxidized and oxidized multiwalled carbon nanotubes described 
in the literature. The main laws of adsorption observed can be 
summarized as follow: (i) adsorption reaches equilibrium value 
within 60 min; (ii) the degree of extraction of ions sharply increases 
with a decrease in their concentration, (iii) adsorption of Cu(II) and 
Ni(II) by as-prepared N-CNTs results in a moderate decrease in the 
pH value of the suspension (up to 1.5 pH unit) and in a considera-
ble lowering the pH for oxidized samples (up to 2.5 pH unit); (iv) 
the adsorption isotherms can be described by the Langmuir equa-
tion; (v) at pH  6.5 for Cu(II) and pH  8.0 for Ni(II) a sharp in-
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crease in adsorption took place. We consider that the laws described 
can be explained by accounting three types of binding of these ions 
to the N-CNTs surface: (i) ion-exchange between Cu(II) or Ni(II) 
ions and H


 of surface functional groups, and this effect is more 

pronounced for the oxidized N-CNTs sample but does not make de-
cisive contribution into adsorption; (ii) donor–acceptor interaction 
between the vacant d-orbital of adsorbing transition metal ions and 
N-atoms of the nanotubes matrix, and this effect seems to be uni-
versal and playing major role in the binding of transition metal ions 
to both as-prepared and oxidized samples surface; (iii) precipitation 
of Cu(OH)2 or Ni(OH)2 onto carbon nanotubes surface at hydroxides 
precipitation pH values. 
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