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The principles and mechanisms of adsorption of Ni(II) ions by well characterized pristine and oxidized N-

doped multi-walled carbon nanotubes (N-CNTs) are described and discussed. The samples were

synthesized by CCVD method using n-butylamine as the carbon source and Ni(NO3)2 + MgO as the

catalyst and purified by treatment with HCl. The surface functionalization was performed using oxidation

with a mixture of concentrated H2SO4 and HNO3. The morphology, nature and charge of surface groups

were characterized by HRTEM, XPS, FTIR and micro-electrophoresis methods. It has been shown that:

adsorption of Ni(II) reaches an equilibrium value within 20–30 min; the degree of extraction of nickel

ions from the solution increases with its dilution; adsorption of Ni(II) results in an insufficient decrease in

the suspension pH for pristine N-CNTs (0.5–0.6 pH unit) and considerable lowering of the pH for the

oxidized sample (up to 2.5 pH unit); the adsorption isotherms are described by the Langmuir equation;

the plateau amounts of adsorption (35–40 mg g�1) are almost the same for both as-prepared and

oxidized samples; at pH 8 and higher a sharp increase in adsorption is observed which is caused by

nickel hydroxide precipitation. The spectroscopic, adsorption, electrophoretic and pH measurement data

testify that below pH 8 the major mechanism of adsorption by as-prepared N-CNTs is the donor–

acceptor interaction between the free electron pair of N atoms incorporated into the nanotube lattice

and vacant d-orbital of the adsorbing Ni(II) ions. For the oxidized N-CNTs ion-exchange processes with

a release of H+ play a decisive role.

Introduction

Among the variety of practical applications of carbon nanotubes

(CNTs) an increasingly important segment is related to their use

as sorbents for toxic substances, heavy metal ions, and organic

compounds.1 For example, CNTs are intensely studied as

sorbents for water purication from individual lead,2 nickel,

copper, cobalt,3 and chromium4 ions, and other individual or

mixed ions of different metals.5

Nickel(II) is one of most hazardous heavy metal ions which is

increasingly accumulated in potable, ground and wastewaters.

There are numerous studies devoted to extraction of Ni(II) by

single-walled (SWCNTs) or multi-walled carbon nanotubes

(MWCNTs), both pristine and oxidized by different oxidizing

agents. The kinetics of adsorption, shape of adsorption

isotherms, and impact of pH, foreign ions and degree of CNT

surface functionalization has been elucidated. A short review of

the recent results obtained is summarized below.

Authors6,7 have shown that the adsorption of Ni(II) onto

oxidized CNTs is strongly dependent on pH and nanotube

concentration and, to a lesser extent, ionic strength. The

adsorption data t the Langmuir model well, and the adsorbed

Ni(II) can be easily desorbed 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 increased from zero to 99% at pH 2–9, and thenmaintained

the high level with increasing pH. The adsorption achieved

equilibrium within 2 h.7 The mechanism of adsorption was

attributed to surface complexation and ion exchange. Also it was

shown that the adsorption capacity for nickel ions from aqueous

solutions increased signicantly 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 mg g�1 and 49.26 mg g�1, respectively.8 The number of

functional groups, total acidic sites and negatively charged

carbons on CNTs surface were greatly increased aer oxidation by

NaOCl, which resulted in sorption of more nickel ions.9 Typically,

60–95% of Ni(II) can be extracted from aqueous solution by

MWCNTs depending on the initial solution concentrations. As it
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is 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 functional groups of the CNTs.10

Rao et al. (2007)11 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 CNTs. Chemical interactions between the metal ions

and surface functional groups were considered to be the main

adsorption mechanism. The sorption capacities of CNTs

remarkably increased aer oxidized by NaOCl, HNO3 and

KMnO4 solutions and reached, for example, 6.9 mg Ni g�1 and

47.8 mg Ni g�1 onto CNTs oxidized by HNO3 or NaOCl,

respectively. Authors12 have analysed in detail the impact of

CNTs properties (adsorption sites, pore volume, BET surface

area, surface total acidity) and solution properties (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

between the metal ions and the surface functional groups of

CNTs was discussed.

Multi-walled carbon nanotube/iron oxide magnetic

composites turned out to be efficient adsorbents and solidi-

cations of Ni(II) and Sr(II) ions.13 The adsorption of these ions on

the magnetic composites was shown to be strongly dependent

on pH and ionic strength. The adsorption capacity of the

magnetic composites was much higher than that of MWCNTs

and iron oxides individually. Results of desorption study

showed that Ni(II) adsorbed onto the magnetic composites can

be easily desorbed at pH < 2.0.

Authors14 measured the adsorption isotherms of Cu(II), Ni(II),

Zn(II) and Cd(II) onto CNTs oxidized by concentrated HNO3 in

single, binary, ternary and quaternary systems and have shown

that isotherms reveal the effect of competition for adsorption

sites seen as a decrease in the amount adsorbed. The uptakes at

the equilibrium concentration of 0–0.04 mmol dm�3 in single

system and 0–0.15 mmol dm�3 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) by carbon nanotubes

and the mechanisms of the process are at large claried. At the

same time, surprisingly, there is a lack of information about the

laws and mechanisms of adsorption of Ni(II) by N-doped carbon

nanotubes, i.e. adsorbents containing surface N atoms in

different state, potentially capable to form complexes with Ni(II)

ions. We tried to ll in, at least in part, this gap.

Experimental
Materials

Synthesis and functionalization of N-CNTs. The N-doped

carbon nanotubes (N-CNTs) were synthesized by Catalytic

Chemical Vapour Deposition (CCVD) method using n-butyl-

amine (VWR) as carbon source and Ni(NO3)2$6H2O (Sigma

Aldrich) plus magnesium oxide, MgO (Merck) as catalyst

materials, as described in the paper.15 The product was puried

from the catalyst by treatment with concentrated hydrochloride

acid (VWR). The surface functionalization of N-CNTs was per-

formed using oxidation with mixture of concentrated sulphuric

and nitric acids (v/v¼ 3 : 1) at 80 �C overnight using continuous

stirring. Aer the acidic treatment the N-CNTs were ltered and

washed with distilled water until pH 5–6 was reached, and then

dried at 120 �C. The mixture of H2SO4 and HNO3 turned out to

be very efficient for oxidation of CNTs as it was shown in our

previous work.16 The presence of the –OH and –COOH func-

tional groups on the surface was conrmed by X-ray Photo-

electron Spectroscopy (XPS) and Fourier-transfer infrared

spectroscopy (FTIR) measurements. The BET surface of the

untreated N-CNT was 131 m2 g�1 which was increased to

146 m2 g�1 aer oxidation.

Methods

Spectroscopy. A VERTEX 70 FTIR spectrometer (Bruker,

Germany) was used to record the spectra of the samples at

wavelengths l ¼ 4000–400 cm�1 and a resolution of z4 cm�1.

Before the measurements, the samples were exposed for 24 h at

25 �C and mixed with spectroscopic dry potassium bromide.

The mixture containing 0.03 wt% (here and aer %) CNTs was

thoroughly attired in an agate mortar, and a pellet to be used for

the measurements was prepared using a hydraulic press.

Electrophoresis. The electrophoretic mobility of CNTs in

aqueous media was determined using the ZetaSizer Nano ZS

instrument (Malvern, United Kingdom). Before the measure-

ments, 0.01% CNT dispersion was treated in an ultrasonic bath

(Tesla, Czech Republic) at a frequency of 35 kHz for 30 min. A

sample was taken with a pipette from the upper part of the

dispersion for the measurements which were performed at

room temperature (T ¼ 298 K) in the range of external electric

eld gradients of 6–15 V cm�1. The electrophoretic mobility was

transformed into z-potential using the classical Smoluchowski

equation approach with the soware of the instrument. This

approach does not take into account the breaking effect of

induced dipole moments on electrophoresis that arises in the

event of electric double layer (EDL) polarization that is possible

for thick double layers, i.e. at low ionic strength values. There-

fore, the given below values of the electrokinetic potential

represent some “efficient” z-potentials equal to the electro-

phoretic mobility multiplied by the ratio of the viscosity of the

medium to its permittivity. Such a procedure is widely accepted

in the literature, and it can serve for comparison purposes, i.e.

to follow the effect of different variables on the electrophoretic

mobility and z-potential. The presented values of the z-potential

were obtained by averaging three to six measurement results;

the measurements error was about 3%.

Morphology. The morphology of the N-CNTs was studied by

High Resolution Transmission Electron microscopy, HRTEM

(FeiTechnai G2, 200 kV). The samples for measurements were

prepared by dropping aqueous dispersion onto carbon layered

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 3184–3191 | 3185
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copper grids (Carbon/Copper grids, 300 Mesh, Ted Pella Inc.).

The XPS (SPECS instrument with PHOIBUS 150 MCD 19

detector) was used to identify the chemical bounds of the

incorporated nitrogen atoms and surface functional groups.

Adsorption measurements. Ni(II) ions were adsorbed by the

carbon nanotubes (typical adsorbent concentration of 0.1%) at

room temperature (T ¼ 298 K) in a pH range of 2.0–12.0 under

mechanical shaking the reactionmixtures for designated period

of time. The kinetic dependencies were measured during 360 h.

The concentration of nickel ions before and aer adsorption

was determined in acetylene–air ame with an Agilent 240AA

atomic absorption spectrophotometer (Agilent Technologies,

US) operating at a wavelength of 429.0 nm and an optical gap

width of 0.5 nm. The chosen conditions enable to determine the

concentration of Ni(II) ions in the range of 1–100 mg dm�3. The

adsorbed amount was calculated from the material balance of

Ni(II) ions in solution before and aer adsorption. The repro-

ducibility of measurements was below 5%.

The changes of pH in the N-CNT suspensions containing

NiCl2 solution were determined in the following way. To 10 cm3

of NiCl2 solution of concentration 29.3 mg dm�3 (5 mmol dm�3)

with adjusted (by adding HCl or NaOH) pH values, 10 mg (9.9–

10.1 mg) N-CNT was added. The suspension was shaking 30

minutes, then it was ltered, the equilibrium pH value was

measured and the concentration of Ni(II) ions in the superna-

tant was determined as described above.

Results and discussion
Characterization of N-doped carbon nanotubes

HRTEM study of non-oxidized and oxidized N-CNTs. The

HRTEM picture demonstrates that non-oxidized N-CNTs

represent uneven bers with length of 2–3 mm, and diameter

between 7 nm and 22 nm, with a mean value of 12.4 nm

(Fig. 1a). As a result of oxidative treatment, the N-CNTs bers

were broken into shorter bers, with about 200–800 nm

sections in length (Fig. 1b). This can be attributed to the fact

that the N-doped bamboo-like carbon nanotubes are easily

ruptured, because their mechanical strength is lower compared

to their non-doped counterparts. The extraordinary structure of

these nanotubes is demonstrated on their schematic illustra-

tion (Fig. 1c). 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. 1d). In this sense the N-

CNTs can be oxidize to higher extent than the non-doped,

conventional MWCNTs or SWCNTs. The ber edges can serve

as high energy adsorption sites on the wall of bamboo-like

nanotubes which are easily accessible for different ions or

molecules and can form relatively strong bounds with the

adsorbent surface (due to ion exchange adsorption, surface

complexes or p–p interactions).

Spectroscopic characterization. XPS and FTIR measure-

ments were applied to identify the binding types and the nature

of surface functional groups. Fig. 2 shows the XPS spectra of

non-oxidized and oxidized N-CNTs characterizing the binding

energy of C–N and C–O bounds. The XPS spectrum of non-

oxidized N-CNTs demonstrates the presence of specic

chemical binding, which is typical for the N-doped CNTs

(Fig. 2a). The peak at 398.6 eV binding energy can be attributed

to the pyridine type nitrogen atoms (Fig. 2a), 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

Fig. 1 HRTEM image of the non-oxidized (a) and the oxidized (b) N-

CNTs. Schematic illustration of the bamboo like structure (c). The

graphene edges on the nanotube wall (d).

Fig. 2 XPS spectra with deconvoluted N 1s band of the non-oxidized

(a) and oxidized (d) N-CNTs and C 1s band of non-oxidized (b) and

oxidized (e) N-CNTs. FTIR spectrum of the non-oxidized (c) and

oxidized (f) carbon nanotubes.
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also observed on the spectrum, at 404.7 eV binding energy. The

N-doped carbon nanotubes are easily oxidized at crystal

distortions in the graphitic structure. During the acidic treat-

ment, oxygen containing functional groups are developed,

which are located at the C 1s band (Fig. 2b). The appearance of

–C]C– and –C–C– bounds is reected by a highly intensive

peak at 284.6 eV, and the C]O peak was also identied at

287.5 eV (Fig. 2b). The peak of the carboxyl groups is shown at

291.2 eV binding energy. These oxygen-containing functional

groups are visible on the FTIR spectra (Fig. 2c and f): stretching

vibration 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. 2c). The latter bond is originated

from the alcoholic or phenolic hydroxyl groups and from the

–COOH groups. Adsorbed water can contribute to the appear-

ance of this absorption bond as well. The vibration mode of N-

CNT structure (nC]C) was also found in the FTIR spectrum at

1565.4 cm�1 wavenumber (for a detailed information about

FTIR spectra see, e.g. article17).

Visual presentation of the positions and states of the N-atom

in the N-doped carbon nanotubes lattice, with corresponding

binding energies, is given by Fig. 3. Theoretically all of them can

participate in binding the Ni(II) ions to the CNT surface along-

side with cation exchange with surface functional groups.

The interaction of Ni(II) ions with oxidized N-CNTs was

examined by comparing the FTIR spectra of pure carbon

nanotubes and those containing adsorbed nickel in amount

that corresponds to saturation value. The peaks which are

typical for the oxidized N-CNTs are shown on Fig. 4. For “pure”

N-CNTs, bands of the surface hydroxyl groups are located at

3426 cm�1 (nOH) and 1396 cm�1 (bOH) while the C–O stretch-

ing (nC–O) vibration mode at 1175 cm�1 wave number. In the

event of nickel-containing samples the peaks were shied, and

the band positions were found at 3306 cm�1 (nOH), 1380 cm�1

(bOH) and 1191 cm�1 (nC–O), correspondingly. These regulari-

ties can be explained by interactions between the Ni(II) ions and

nanotubes surface functional groups. Also it was found that

C]C stretching vibration (nC]C) band was shied from

1571 cm�1 to 1560 cm�1 as a result of adsorption of nickel ions.

This is an evidence of interaction of between the Ni(II) ions and

delocalized electron cloud of carbon nanotubes. Minimal shi

can also be seen for the carboxylic (nCOOH) band.

Electrokinetic potential

Fig. 5 shows the pH-dependence of N-CNTs electrokinetic

potential 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) MWCNTs: pH 4.0 (ref. 18) or pH 6.0.19 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 oxidized species in the orig-

inal N-CNTs (see spectra on Fig. 2) as well as to the presence of

pyridine type N atoms in the lattice capable to acquire positive

charge due to proton transfer. The shi of the IEP to higher

values probably reects the contribution of protonated N-atoms

into the CNT surface charge. Aer the acid treatment the

isoelectric point is not reached, and the surface charge remains

negative in the whole pH interval studied (pH 3.0–11.8). This is

Fig. 3 XPS spectra of N-doped carbon nanotubes with schematic

illustration of positions/states of the N atom in the CNT lattice, with

corresponding binding energy.

Fig. 4 FTIR spectra of the oxidized N-CNTs before (upper line) and

after (lower line) nickel adsorption.

Fig. 5 Dependence of the z-potential of pristine (squares) and

oxidized (triangles) N-CNTs on the system pH. Concentration of N-

CNTs was 0.1%.
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due to the dissociation of oxidized negative species of various

natures on the MWCNTs surface. An increase in the number of

oxidized specimen and a decrease in the number of low

oxidized groups formed on the surface overcompensate the

contribution of the positive surface charge.

Kinetics of adsorption

Fig. 6 demonstrates the time dependencies of adsorption of

Ni(II) ions by pristine and oxidized N-CNT at pH 5.5. The

kinetics 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. Some authors reported an optimal

contact duration of several minutes,20 while others believe that

the optimal time required to establish equilibrium is equal to

several hundred hours.21,22 Generally, most authors suppose the

optimal contact time to be 1–5 h.

Three regions can be distinguished on the kinetic depen-

dences of adsorption in our experiments. At N-CNT–solution

contact duration t # 10 min (region I), the specic adsorption

drastically increases with time; in a contact-time range of 10–60/

100 min (II), the adsorption equilibrium is established; at t > 60/

100 min, Ni(II) ions are in a small amount (up to 10%) desorbed

from the CNTs surface (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.4 Contact time teq ¼

60 min was chosen to measure the equilibrium adsorption

isotherms. The data in Fig. 6 show that this time is enough to

establish the adsorption equilibrium.

Effect of pH on Ni(II) adsorption

Inspecting the effect of pH on the adsorption of Ni(II) ions by

carbon nanotubes quite different effects should be considered:

(i) Ni(II) ions in aqueous solutions are hydrated by six water

molecules, they possess moderate resistance to hydrolysis and

predominantly exist in the form of species with charge 2+ in

dilute solutions. Hydrolysis products of Ni(OH)+ were found at

concentration of salts higher than 5 � 10�2 M of Ni(II).23 The

equilibrium constant of formation of Ni(OH)+ was determined

as �19.8.24 Obviously, hydrolysis of nickel 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) ions.

(ii) Increasing the system pH gives a rise to the negative

surface charge density of N-CNTs and to the adsorption of

positively charged nickel ions via electrostatic mechanism.

(iii) At pH 7.8–8.0 the process of precipitation of Ni(OH)2
starts24 which leads to pseudo-adsorption of the metal ion on

the nanotubes surface.

Detailed information about the changes of the pH in N-CNT

suspensions containing permanent amounts of nanotubes and

NiCl2 at various initial/adjusted pH, can be extracted from the

data presented in Table 1. Different behaviour of suspensions

having various adjusted pH values should be noticed. Addition

of N-CNTs to Ni(II) solutions in acidic media (approximately pH

Fig. 6 Time dependencies of Ni(II) adsorption by pristine (squares) and

oxidized (diamonds) N-doped CNTs at pH 5.5. The initial concentra-

tion of NiCl2 in the system was 50 mg dm�3.

Table 1 Changes of the equilibrium pH (pH eq.) of 0.1% N-CNT suspensions containing 29–31 mg Ni(II) ions per g carbon nanotubes at various

initial/adjusted pH (pH adjust.) of the system

Pristine N-CNTs Oxidized N-CNTs

pH adjust. pH eq. Adsorption, mg g�1 pH adjust. pH eq. Adsorption, mg g�1

2.00 2.04 2.76 2.01 2.03 4.48
2.83 3.48 7.14 2.84 3.18 9.5

4.20 5.43 14.5 4.11 4.93 18.0

5.23 6.18 17.8 5.36 5.23 18.1

6.58 6.50 17.7 6.38 5.26 18.4
7.07 6.82 17.7 7.10 5.26 20.1

8.32 7.04 18.3 8.25 5.60 20.2

8.77 7.64 20.2 8.77 6.58 27.7

10.2 8.84 28.1 9.83 7.21 27.9
11.3 9.70 28.8 11.2 7.74 28.2

11.9 11.4 29.6 11.9 11.0 29.5
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2–5 for pristine and pH 2–4 for oxidized samples) results in

a measurable increase of the suspension pH. We attribute this

rise in pH to transfer of H+ ions from the solution to pyridine N-

atoms on the N-CNT surface. i.e. we can hardly imagine the

substitution of surface hydrogen ions by adsorbing nickel 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 Ni(II) with surface H+ ions which gives a moderate

drop in pH for pristine N-CNTs and a much bigger decrease of

pH (up to 2.5–2.6 pH unit) for the oxidized samples.

The dependencies of Ni(II) adsorption on the adjusted pH

values by N-doped carbon nanotubes are shown on Fig. 7. Three

regions on these plots can be distinguished: in acidic media

(from pH 2.0 to pH 5.0 for pristine sample and to pH 4.0 for the

oxidized sample) a marked increase in adsorption with an

increase in pHwas observed; then in the interval of pH 4.0 or 5.0

to pH 8.0 a roughly constant value of adsorption was measured.

Aer that a sharp elevation in the Ni(II) adsorption took place

due to precipitation of nickel hydroxide on the surface. The

changes of the equilibrium pH of N-CNT suspensions as a result

of Ni(II) adsorption are discussed below.

Our selective tests testify that up to 95–96% of adsorbed Ni(II)

ions can be removed from the N-CNTs and oxidized N-CNTs

surface by elution using 0.01 M HCl, in line with the results

obtained by the authors9,11 for regular (without N-doping) multi-

walled carbon nanotubes.

Adsorption isotherms

Fig. 8 demonstrates the adsorption isotherms of Ni(II) ions onto

pristine and oxidized N-doped carbon nanotubes. Also the

measured changes in the equilibrium pH in a 0.1% suspension

as a result of adsorption are shown. The following features

should be stressed: (i) the shape of adsorption isotherms is

similar: a stepwise rise in adsorption with increasing the equi-

librium concentration of the nickel ions, with a tendency to

reach a plateau value of the adsorbed amount; (ii) the maximum

adsorbed amount slightly increases while moving from pristine

(35 mg g�1) to oxidized (40 mg g�1) samples; (iii) adsorption of

Ni(II) gives a non-sufficient lowering the solution pH for pristine

N-CNTs (about 0.7 pH unit, from pH 7.2 to pH 6.5) and

a marked lowering for oxidized sample (from pH 6.5 to pH 4.5)

as a result of ion exchange of surface H+ ions for adsorbing

nickel ions.

The shape of adsorption isotherms resembles a Langmuir-

type isotherm with formation of a monolayer of Ni(II) ions on

the surface. We have calculated the parameters of adsorption in

the coordinates of the linearized Langmuir equation:

Ceq/a ¼ 1/(a
N
K) + Ceq/aN,

where Ceq is the equilibrium concentration of Ni(II) ions in the

solution, mg dm�3, a – the adsorbed amount, mg g�1, (or mmol

g�1), a
N

– is the limiting adsorption of Ni(II) ions, mg g�1

(or mmol g�1) and K is the adsorption equilibrium constant,

dm3 mol�1. We present the maximal adsorbed amount and K

values also in habitual mol units. As seen from the data pre-

sented in Table 2, the values of theoretically possible limiting

Fig. 7 Adsorbed amount of nickel ions from NiCl2 solution by pristine

(squares) and oxidized (triangles) N-CNTs as a function of the adjusted pH.

Fig. 8 Adsorption isotherms of Ni(II) ions from NiCl2 solution by

pristine (lower curve) and oxidized (upper curve) N-doped CNTs at

“natural” pH of the suspension (pH 5.0–6.0). The change in the equi-

librium pH of a 0.1% suspension as a result of adsorption.

Table 2 Calculated parameters of the linearized Langmuir equation

Adsorbent 1/a
N

K � 103, dm3 mol�1 a
N
, mmol g�1 a

N
, mg g�1

N-CNTs 1.136 6.84 0.44 25.8

Oxidized N-CNTs 1.006 13.65 0.50 29.2

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 3184–3191 | 3189
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adsorption are close to each other and to the plateau values

shown in Fig. 8. The equilibrium constant K which is propor-

tional to the adsorbate affinity for an adsorbent, is roughly two

times higher for oxidized N-CNTs than the value obtained for

the pristine sample.

Discussion

It is demonstrated that N-dopedmulti-walled carbon nanotubes

can serve for extraction of Ni(II) ions from aqueous solution. The

specic adsorption values (35–40 mg g�1) and degree of

extraction (30–95% from NiCl2 solutions of concentration 294–

2.6 mg dm�3) are comparable with those for non-oxidized and

oxidized MWCNT, i.e. without incorporated N atoms, described

in the literature.1,3,7–9 The main laws of adsorption observed can

be summarized as follows: (i) adsorption of Ni(II) reaches

equilibrium value within 20–30 min; (ii) the degree of extraction

of nickel ions sharply increases with a decrease in their

concentration, (iii) adsorption of Ni(II) by pristine N-CNTs

results in a non-sufficient decrease in the pH value of the

solution (0.7 pH unit) and in a considerable lowering the pH for

oxidized sample (up to 2.5 pH unit); (iv) the adsorption

isotherms of Ni(II) can be described by the Langmuir equation;

the affinity of Ni(II) ions to the surface, characterized by the K

constant of this equation, showed a twofold increase when

moving from as-prepared to oxidized samples; at the same time

almost the same maximal values of adsorption were measured,

in distinction with adsorption of these ions by MWCNTs,1,5,6 (v)

at pH 8 and higher a sharp increase in adsorption took place.

Obviously, different mechanisms are governing the adsorp-

tion of Ni(II) ions by N-doped carbon nanotubes. The release of

H+ ions from the oxidized N-CNTs testies the essential role of

the ion-exchange in binding the nickel ions for this adsorbent;

this mechanism is supported by FTIR data. A sudden rise in

adsorption at pH > 8 can be ascribed to the precipitation of

Ni(OH)2 on the both N-CNT surfaces. To estimate the contri-

bution of the ion-exchange into the adsorption of Ni(II) ions by

N-doped carbon nanotubes we have compared the adsorbed

amounts with changes of the solution pH, i.e. the concentration

of substituted H+ ions by nickel ions on the surface. For

example, adsorption of 18.3 mg g�1 or 2.8 � 10�4 mol g�1 Ni(II)

by pristine N-CNTs resulted in a decrease of solution pH from

8.32 to 7.04 (Table 1). Elementary calculations show that this

difference in pH corresponds to appearance of 1.5 � 10�7 mol

H+ ions in a suspension with 10 mg N-CNTs or 1.5 � 10�5 mol

H+ ions per g nanotubes which comprises approximately 5% of

the adsorbed amount of nickel ions. Quite other situation we

have observed for oxidized N-CNTs. At adsorption of 20.2 mg

g�1 (¼3.43 � 10�4 mol g�1) Ni(II) the drop in the system pH

reached 2.65 pH unit, from 8.25 to 5.60 (Table 1) which corre-

sponds to an increase in the H+ concentration from 5.6 �

10�9 mol dm�3 to 2.5 � 10�6 mol dm�3, i.e. appearance of

approximately 3.3 � 10�6 mol H+ in a suspension containing

10 mg N-CNTs or 3.3 � 10�4 mol H+/g N-CNTs. This amount is

practically the same as the adsorbed amount of nickel ions.

Similar results were obtained with other Ni(II) concentrations.

Note that the plateau adsorbed values by pristine and oxidized

samples do not differ substantially. This means that Ni(II) ions

will adsorb by the functionalized surface groups of oxidized N-

CNTs preferentially via ion-exchange mechanism, and the

interaction with incorporated into lattice N atoms plays minor

role. In the event of pristine N-CNTs the role of ion-exchange is

negligible and the substantial adsorption (surprisingly compa-

rable to that for oxidized samples) is probably due to donor–

acceptor interactions between the vacant d-orbitals of the

adsorbing Ni(II) ions and free electron pair on the N atoms of

the lattice surface. So, if adsorbing nickel (and other transition

metal ions) have a choice, they prefer the stronger chemical

(ion-exchange) bounding to the N-CNTs surface compared to

weaker donor–acceptor interactions. If there are no sites for ion-

exchange, these ions can be attached to numerous N-atoms on

the surface by weaker bounds. The main paragraph text follows

directly on here.

Conclusions

We describe and discuss in this paper the laws andmechanisms

of adsorption of Ni(II) ions by well characterized pristine and

oxidized (by treatment with mixture of concentrated nitric and

sulphuric acids) N-doped muti-walled carbon nanotubes (N-

CNTs).

Three different stages in the kinetics of adsorption of Ni(II)

on the N-CNTs surface were discovered, i.e. a fast initial increase

(t ¼ 10–20 min) in specic adsorption, a stage of establishment

of the equilibrium/plateau value of adsorption (t ¼ 10/20–60/

100 min), and a stage in which a small amount of ions des-

orbed from the surface (t > 60/100 min). It is shown that

adsorption of Ni(II) results in a slight decrease in the suspension

pH for pristine N-CNTs (0.5–0.6 pH unit) and a considerable

lowering the pH for oxidized sample (up to 2.5 pH unit) which is

the evidence of different mechanisms of adsorption. We believe

that in the rst system the major factor governing the adsorp-

tion is the donor–acceptor interaction between free electron

pair of the N-atoms incorporated into nanotubes lattice with the

vacant d-orbital of the Ni(II) ions, while for the oxidized samples

the ion-exchange with a release of H+ ions plays decisive role.

The adsorption isotherms can be described by the Langmuir

equation; and the plateau amounts of adsorption was shown to

be almost the same (35–40 mg g�1) for both as-prepared and

oxidized samples. At pH 8 and higher a sharp increase in

adsorption was observed which was attributed to nickel

hydroxide precipitation.
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