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Multiwalled carbon nanotubes (MWCNTSs) were synthesized by carbon va-
pour deposition method onto the Mo, Fe/MgO catalyst, which was pre-
pared with a precipitation method. The synthesis was carried out at four
different temperatures: 600, 700, 800, and 900°C. It was found that the
yield of carbon nanotubes increases in proportion to the increase of the
synthesis temperature. For purification from catalyst residues and amor-
phous impurities, as-grown carbon nanotubes were treated with nitric acid
(1:1) at boiling for 1 hour with subsequent washing with distilled water.
Abundance of catalyst residues after such a treatment decreased from 35—
70% to 2-6% that was established with complex thermal analysis. High-
resolution transmission electron microscopy indicated that the length and
diameter of the obtained multiwalled nanotubes vary depending on the
temperature of their synthesis. It was concluded, as the higher tempera-
ture of synthesis is, the greater the length and diameter of produced car-
bon nanotubes are in these experimental conditions. The porous structure
of both series of synthesized samples (initial as-grown and washed ones)
was studied by the method of low-temperature adsorption—desorption of
nitrogen. The obtained isotherms of nitrogen adsorption—desorption indi-
cated that the synthesized samples demonstrate similar adsorption proper-
ties. The isotherms of all carbon nanotubes belong to the III type accord-
ing to Brunauer classification, except the first washed sample, which
demonstrated the isotherm of the II type. The pore diameter distributions,
which were obtained by mathematical processing the adsorption isotherm
with DFT method, discovered that the samples are characterized by the
almost complete absence of micro- and mesopores, while macropores exist
in a wide range of diameters from 5 to 30 nm. The adsorption properties
of the obtained MWCNTs were determined through adsorption of two dye
types: cationic methylene blue and anionic Congo red from model aqueous
solutions. The initial unwashed nanotubes illustrated the high affinity
towards the anionic type dye and the almost complete absence of affinity
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to the cationic dye; moreover, their adsorption capacity does not depend
on the temperature, at which they were obtained. The washed carbon
nanotubes exhibit the opposite behaviour; they do not adsorb anionic dye
at all, but they actively adsorb cationic dye, and their adsorption activity
decreases with increasing temperature of their synthesis.

Bararocrinui ByrJieneBi HaHOTPYOKM CHHTE3YBaJU METOHOIO OCAKEHH: Iia-
piB Byriemio Ha kKaraiaisdatopi Mo, Fe/MgO, axkuii omep:KyBalu METOI0IO
ocamikeHHs. CUHTe3y IIPOBOAUIMN 3a UYOTHUPLOX pisHmMX Temmepartyp: 600,
700, 800 i 900°C. BcraHoBJIeHO, IITO BUXiJ BYTIJIEI[eBUX HAHOTPYOOK 3POCTAE
MIPOIOPILifiHO MiABUINEHHIO TeMIlepaTypu cuHTe3u. I[n1sa oumineHHA Bim 3a-
JUMIKiB KaTajidaTopa i aMOpP(pHUX MTOMIIIIOK BUPOIIEHi ByTIJieleBi HAHOTPY-
O0Ku 00po0asay HiTpaTHOIO KucyaoToio (1:1) 3a kuminaa nporarom 1 roguuaM
3 MOJAJBIIINM BiIMUBAHHAM AHCTUJILOBAHOIO BOAOIO. BMicT sainuiikiB Kara-
JizaTopa micasa Takoro ob6pobJsieHHA 3meHIIyBaBca 3 35—70% mo 2—-6%, 110
OyJI0 BCTAHOBJIEHO 3a JOIOMOTIOI0 KOMILJIEKCHOI TepMmiuHOoi aHaxisu. Eiaext-
POHHA MiKPOCKOMiss 3 BHMCOKOIO PO3AiMBLUYOI0 3MAaTHICTIO IIOKasaja, IO J0B-
JKMHA Ta [IifAMeTep OJep:KaHMX 0araTOCTiHHUX BYIJIENIeBUX HAHOTPYOOK
3MIiHIOIOTBCS B 3aJIe;KHOCTI Biff TeMIepaTypu iX CUHTe3U, a caMe, YUM BUIIE
TeMIlepaTypa CHUHTe3W, TUM OiJbIlli JOBKUHA Ta AiAMeTep CUHTE30BAHUX 3a
JaHUX eKCIepUMEeHTAJIbHUX YMOB BYIJIEIIeBUX HaHOTPyOok. IlopyBary
CTPYKTYPY 000X cepili CMHTe30BaHHX 3pas3KiB (4K BUXigZHUX, Tak i Bigmwu-
TUX) BUBYAJM METOJAOI0 HM3BKOTEMIIEpATypPHOI amcopOIrii—mecoplIrii asory.
Opep:xaHi izoTepmu agcopOiii—gecopbirii azoTy BKasyBaJu Ha Te, IO CHUH-
Te30BaHi 3pasKu AeMOHCTPYIOTh MOAi0OHiI amcopOIiliHi BaacTuBocTi. IsoTepmu
BCiX ByTIJIelleBUX HaHOTPYOOK HaJe:xaTh mo III Tumy 3a BpyHayepoBoio KJjia-
cugikaiiero, 3a BUHATKOM IIE€PIIOr0 IPOMUTOIO 3pasKa, AKWIH IIPOJEMOHCT-
pyBaB isorepmy II Tumy. Posmonin mismeTpiB mop, ofepsKaHUU MIJIAXOM Ma-
TeMaTUYHOTO 00pOoOJieHHA isdorepmu amcopbiii meromoro DFT, BusaBus, IIo
CUHTE30BaHi 3pasKM BYTJIENEBUX HAHOTPYOOK XapaKTepU3YIOThCSI Maiiike
IIOBHOIO BifICYTHICTIO MiKpOIIOp, OJAHAK BOHU BOJIOAIIOTH PO3BUHEHOIO ME30-
TIOPYBAaTIiCTIO 3 MPEeBAJIOBAIBHUM AiAMeTpoM mop Bix 25 go 30 mm. Axcop6-
IifiHi BJIACTHMBOCTI BYTJIEI[€BUX HAHOTPYOOK BU3HAUAJIM IILIAXOM aAcopOIrii
IBOX THUIIIB OapBHUKIB: KaTiOHHOTO METHUJIEHOBOTO CHHBLOTO II aHIOHHOTO
KOHI'0 YePBOHOTO 3 MOJAEJLHUX BOOHMX po3umHiB. Buximwi meBimMmwuTi HaHO-
TPYOKHM iJIOCTPyBail BUCOKY CIIOPifHEHIiCThL A0 OapBHMKA AHIOHHOTO THUIIY
Ta Maii:Ke MOBHY BiJICYTHIiCTBH CIIOPiZHEHOCTH IO KaTiOHHOTO OapBHUKA; Oi-
JbIIle TOTO, IXHA afcopOIlifiHa 3maTHiCTH He 3ajelkajia Bij TemmepaTypu, 3a
AKOoi BOHUM Oyau cuHTe30BaHi. Bigmwuri ByrJeneBi HaHOTPYOKM ITOKasaiu
iHITYy TeHIeHIIil0: BOHM B3araji He IOTJIMHAJIK aHiOHHUII OapBHUK, ajie aK-
TUBHO aAcopOyBaiu KaTioHHHUII, a iXHA amgcopOIlifiHa aKTHUBHICTL 3MEHIIIY-
Bajiaca 3i 306iJIBIIIEHHAM TeMIIepaTypH iX CUHTE3U.

Key words: multiwalled carbon nanotubes, synthesis, adsorbent, dye.
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1. INTRODUCTION

Multiwalled carbon nanotubes (MWCNTSs) are becoming more com-
mon as effective sorbents, due to a number of distinctive features:
high specific surface area [1], a developed system of cylindrical
pores [2], selectivity to certain adsorptive types [3], chemical stabil-
ity [4], and mechanical strength [5]. This fact, along with that car-
bon nanotubes have a higher capacity, can cause the replacement of
active carbon by MWCNTs in various sorption processes from liquid
and gaseous media [6, 7] and as stationary phases in chromatog-
raphy [8].

Carbon nanotubes are frame cylindrical nanostructures formed by
folding a graphene grid into a seamless cylinder, in which the car-
bon atoms are arranged in hexagons [9]. Multilayered carbon nano-
tubes consist of a multitude of concentric cylinders held by Van der
Waals forces [10].

The structural and adsorption properties of carbon nanotubes
substantially depend on the method and conditions of synthesis
[11]; therefore, the establishment of this dependence is an im-
portant task, which allows predicting the possibility of using the
obtained sample in a particular area.

Various dyes of both anionic and cationic types are one of the
most widespread pollutants of the aquatic environment. About
100 000 different types of dyes are produced in the modern world
[12-16]. The dye industries along with the textile industry are the
main sources of this pollutant type. Such water-soluble dyes are
highly toxic and resistant to removal. In water treatment processes,
a number of ways are used to remove such pollutants that can be
divided into biological, chemical and physical [17]. Biological meth-
ods include the use of microorganisms (bacteria, fungi, and algae)
and characterized by low energy requirements and demand in toxic
chemicals. Chemical methods include oxidizing (for instance, the
Fenton process), photo- and electrochemical methods have a high
demand for expensive and toxic reagents [18—-19]. Among physical
methods, adsorption, ion exchange, and membrane filtration can be
distinguished.

Adsorption on porous sorbents is one of the most common and
effective methods for removing dissolved dyes. For these purposes,
active carbon is widely used in powder and granular form. However,
as an alternative, MWCNTSs can be used, the cost of which decreases
every year.

For this reason, the purpose of the present work was the synthe-
sis of multiwalled carbon nanotubes at different temperatures and
the study of their adsorption properties toward anionic and cationic
dyes Congo red and methylene blue.
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2. EXPERIMENT
2.1. Preparation of the Multiwalled Carbon Nanotubes

The carbon nanotubes were synthesized by carbon vapour deposition
method (CVD) onto the Mo, Fe/MgO catalyst, which was prepared
with a precipitation method. For this, the initial solutions
(NH,):Mo0,0,, and Fe(NO,); were mixed, the powder of MgO was
added and stirred for 3 hours, then, the obtained suspension was
heated up to 80°C and stayed at this temperature for overnight. The
obtained catalytic mass was milled and calcined at 550°C for 2
hours in the air.

The CVD process was carried out in a horizontal quartz reactor in
electric oven connected with gas mixing system at atmospheric
pressure. About 100 mg of fresh catalyst was placed on a ceramic
boat and located at the middle of reactor. The reactor was heated to
the required temperature (600, 700, 800 and 900°C) in a nitrogen
flow (150 mL/min) at heating rate of 10°C/min. When the required
temperature reached, acetylene with the flow of 50 mL/min was in-
troduced. In this way, a mixture of these two gases was in the ratio
of 3:1. This mixed gas was further introduced into the reactor for 1
hour. Then, the reactor was cooled down to the ambient tempera-
ture under nitrogen flow. The yield of carbonaceous deposit after
reaction, Y., was calculated using the formula below according [20]:
Y.=(Wap— Whiat)/Wiar» where W,,,—weight of carbon deposit, W,,,—
weight of used catalyst.

For purification from catalyst residues and amorphous impuri-
ties, as-grown MWCNTs were treated with nitric acid (1:1) at boil-
ing for 1 hour with subsequent washing with distilled water. Thus,
two groups, as-grown and washed ones, with four samples in each,
were obtained. The designations and characteristics of the obtained
eight samples of MWCNTSs are presented in Table 1.

TABLE 1. Samples designation.

Designation | Synthesis temperature, °C Washing
1.1 600 initial unwashed
1.2 700 initial unwashed
1.3 800 initial unwashed
1.4 900 initial unwashed
2.1 600 washed
2.2 700 washed
2.3 800 washed
2.4 900 washed
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2.2. Instrumental Tests

High-resolution transmission electron microscopy (HTEM) was per-
formed on a FEI Tecnai 12 TEM with accelerating voltage of 120 kV
at the accelerating voltage of 10 keV.

TG analysis was performed on a NETZSCH TG 209F1. Approxi-
mately 5 mg of material was heated from 25 to 1000°C at the ramp-
ing rate of 10°C/min under O, and N, mix gas (1:4).

Porous structure of synthesized samples was studied by the
method of low-temperature adsorption—desorption of nitrogen on a
Quatachrome Nova 1000e apparatus. The distribution of pore radius
is calculated by the method of Density Functional Theory (DFT-
method). By mathematical processing of nitrogen adsorption—
desorption isotherms were calculated: BET specific surface area (S,,,
m?/g), total pore volume for pores with radius less than 185 nm at
P/P,=0.99 (Vy, cm?®/g), micropores volume (V,,..,, cm?®/g), and aver-
age pores diameter (d,,,, nm).

2.3. Adsorption Activity Studies

The adsorption properties of the obtained MWCNTs were deter-
mined through adsorption of two dye types: cationic methylene blue
(MB) and anionic Congo red (CR) from model aqueous solutions. The
structural formulas of these dyes are shown in Fig. 1.

Typically, in adsorption tests, 50 mg of carbon nanotubes was
mixed with 10 cm? of dyes solution (MB or CR) and ultrasonicated
for 10 and 20 min. After centrifugation during 30 min, residual
concentrations of dyes solution were determined by using spectro-
photometer UV-1200 and the adsorption rate (4, %) was calculated
according to the formula A=(C,;-C,s)/C.y>» where C,,,—initial
concentration of dyes solution, mg/g, and C,,,—residual concentra-
tion of dyes solution, mg/g.

3. RESULTS AND DISCUSSION

The yield of the obtained nanotubes depending on the synthesis
temperature is displayed in Fig. 2 as a histogram. In this figure, it
is seen that the yield of the resulting nanotubes increases in propor-
tion to the increase of the synthesis temperature. It is obvious that
the maximum yield of multiwalled carbon nanotubes is achieved at
the highest investigated temperature of 900°C.

The results of the thermal analysis of the obtained carbon nano-
tubes before and after purification are presented in Fig. 3. As can
be seen in Fig. 3, a, the initial nonwashed nanotubes contain a large
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Fig. 1. The structural formulas of methylene blue (a) and Congo red (b).
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Fig. 2. Dependence of MWCNTs yield on the temperature of synthesis.

amount of the catalyst used in the synthesis. The largest amount of
catalyst (70%) contains in nanotubes synthesized at a temperature
of 600°C. Carbon nanotubes, which were obtained at a temperature
of 900°C, contain slightly less mineral impurities (65%). The small-
est amount of catalyst (35%) is present in the carbon material syn-
thesized at medium temperatures (of 700°C and 800°C).
Thermograms of MWCNTSs after boiling with nitric acid (1:1) and
thorough washing with distilled water to a neutral pH are pictured
in Fig. 3, b. As seen in Fig. 3, b, the most heat-resistant nanotubes
are nanotubes obtained at average temperatures of 700°C and
800°C. The content of mineral impurities within them after washing
is almost the same, i.e., it is =4%. The highest content of catalyst
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Fig. 3. Thermograms of initial (a) and washed (b) MWCNTs.

residues = 6% 1is observed in nanotubes synthesized at the highest
temperature. The nanotubes obtained at a lower temperature have
the least heat resistance; however, the content of mineral impurities
within them is the smallest, and it does not exceed 2%.

The structure and morphology of the obtained nanotubes after
washing were studied by the HRTEM method. The results of this
study are shown in Fig. 4, which indicates that the length and di-
ameter of the obtained multiwalled nanotubes vary depending on
the temperature of their synthesis. As reflected in Fig. 4, a, b, the
nanotubes obtained at 600°C have a length of 500 nm and a diame-
ter of 7-10 nm. Figures 4, ¢, d illustrate tubes synthesized at
700°C, which have a length of 700 nm and a diameter of 10—-12 nm.
The tubes obtained at 800°C show a length of 700 nm and a diame-
ter of 12-15 nm, as can be seen in Fig. 4, e, f. Nanotubes synthe-
sized at the highest temperature (900°C) acquire the largest diame-
ter and length: a length of 1000 nm and a diameter of 15-20 nm,
as can be seen in Fig. 4, j, h.

Thus, it can be concluded, as the higher temperature of synthesis
is, the greater the length and diameter of produced carbon nano-
tubes are in these experimental conditions.

The structural-adsorption characteristics of the obtained nano-
tubes were investigated, using the method of low-temperature ad-
sorption—desorption of nitrogen. The obtained isotherms of nitrogen
adsorption—desorption are presented in Fig. 5. As can be seen, al-
most all the synthesized samples demonstrate similar adsorption
properties. The isotherms of all carbon nanotubes belong to the III
type (according to Brunauer classification) except the sample 2.1,
which demonstrates the isotherm of the II type. In the case of the
sample 2.1, the initial rapid increase in nitrogen adsorption, as well
as the presence of a hysteresis loop in the high-pressure region, in-
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Fig. 4. HRTEM images of obtained MWCNTs after washing.

dicates the existence of a certain amount of micro- and mesopores,
but this quantity is insignificant.

For the remaining samples, the general view of the adsorption
isotherm, as well as the presence of a slight hysteresis loop, indi-
cates that adsorption occurs mainly on the outer surface of the
sample, while micro- and mesopores are practically absent.

The pore-diameter distribution graphs, which obtained by math-
ematical processing the adsorption isotherm (see Fig. 5) with DFT
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Fig. 5. Isotherms of low-temperature adsorption—desorption of nitrogen
obtained onto initial unwashed (1.1, 1.2, 1.3, 1.4) and washed (2.1, 2.2,
2.3, 2.4) carbon nanotubes.

method, are in Fig. 6. As may be inferred from the obtained
graphs, the samples are characterized by the almost complete ab-
sence of micro- and mesopores, while macropores exist in a wide
range of diameters from 5 to 30 nm.

The BET specific surface area (S,,, m?/g), total porosity (Vi,
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Fig. 6. Pores’ diameters’ distribution of initial unwashed (1.1, 1.2, 1.3,
1.4) and washed (2.1, 2.2, 2.3, 2.4) MWCNTs.

cm?®/g), micropores volume (V,;...,, cm®/g), and average pores diame-
ter (d o, nm) of all obtained MWCNTSs are shown in Table 2.

As can be seen from the table, for both initial and washed nano-
tubes, S,, decreases in proportion to an increase in the temperature
of their synthesis. Washed tubes synthesized at the lowest tempera-
ture have the highest specific surface area, as expected, based on
their adsorption—desorption isotherms for nitrogen. The micropores’
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TABLE 2. The structural-adsorption characteristics of MWCNTSs.

Treatment Sample | S,,, cm®/g | Vs, cm®/g | V ierer €M/ g | dpore» NIM
1.1 130 2.0 0.04 0.6
L 1.2 100 1.2 0.03 0.6
Initial unwashed o 105 1.1 0.03 0.4
1.4 50 0.4 0.02 0.4
2.1 225 0.7 0.08 12
2.2 170 1.1 0.06 0.3
Washed 2.3 130 1.1 0.04 0.3
2.4 80 0.8 0.02 0.4

volume and average pores’ diameter of both the initial and washed
nanotubes also decrease in proportion to the increase in their syn-
thesis temperature. For total porosity, a strict dependence on the
production temperature is not observed.

Subsequent experiments had shown that the initial untreated
nanotubes and nanotubes washed from the catalyst residues are
very different in their adsorption behaviour in solutions. In addi-
tion, the temperature of synthesis of nanotubes greatly affects their
adsorption capacity.

For example, in Fig. 7, a, which illustrates the adsorption of me-
thyl blue by the initial unwashed nanotubes after 20 minutes of
contact, it is seen that the degree of its adsorption does not exceed
7% . Initial unwashed nanotubes adsorb Congo red dye much more
actively. As reflected in Fig. 7, b, all samples of the initial nano-

A, % A, %
804 80

70 70
80 60 -1
50 50 -1
40 40 |
304 30

20 4 20

ol s NN B s ol

1.1 12 1.3 1.4
a

Fig. 7. Adsorption rate of MB (a) and CR (b) after 20 min by initial un-
washed MWCNTs.
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tubes show approximately the same adsorption capacity towards the
anionic type dye, which is = 70%. Such experimental data clearly
illustrate the greater affinity of the initial unwashed nanotubes to
the anionic dye and the almost complete absence of affinity for the
cationic dye.

The results of a study of the adsorption properties of washed
nanotubes are presented in Fig. 8. The washed nanotubes showed
high adsorption activity towards methylene blue even after a 10-
minute contact, as shown in Fig. 8, a. Samples 2.1 and 2.2 after 10
minutes of adsorption reached an adsorption capacity of 72 and
45% , respectively. After 20 minutes of adsorption equilibrium,
higher values of adsorption capacity were achieved, as can be seen
in Fig. 8, b. A tendency towards a decrease of adsorption activity
with an increase of the temperature of nanotubes synthesis is also
clearly visible, which is most likely associated with a proportional
decrease of their surface area (see Table 2).

It is important to note that none of the washed nanotube samples
showed any noticeable adsorption towards Congo red dye. This al-
lows us to conclude that the clean surface of carbon nanotubes has a
high affinity towards the cationic dye and that there is no affinity
to the anionic dye, i.e., their behaviour is completely opposite to the
behaviour of the initial unwashed nanotubes.

In our opinion, such a difference in the adsorption properties of
carbon nanotubes can be explained as follows. The initial unwashed
nanotubes contain from 30 to 70% of the non-combustible residue,
that is a mixture of metals and their oxides (see Fig. 3, a), which
act as active adsorption centres for anionic dyes. The nanotubes
washed with nitric acid are practically free of metals and their ox-

A, % A, %
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80

70+
704

60+
60 4

50
50

40 404

30 30 4

204 20 4

2.1 2.2 2.3 2.4 2.1 2.2 2.3 24
a b

Fig. 8. Adsorption rate of MB by washed MWCNTSs after 10 minutes (a)
and 20 minutes (b).
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ides, but their surface was coated with carboxylic, phenolic and
other polar functional groups, during the boiling process with acid,
which dissociate in solutions and act as adsorption centres for cati-
onic dyes.

Such an explanation of the differences in the adsorption behav-
iour of the initial and washed nanotubes excludes the ion-exchange
adsorption mechanism and confirms the physical nature of the ad-
sorption of dyes. It proceeds due to dipole—dipole attraction between
dye molecules (constant dipoles) and the surface of nanotubes con-
taining dipoles in the form of catalyst residues and functional
groups, i.e., mainly due to the orientation-dependent Van der Waals
forces.

4. CONCLUSIONS

Multiwalled carbon nanotubes were synthesized by the SVD method
at four different temperatures using a Mo, Fe/MgO catalyst. It was
found that the carbon deposit yield increases in proportion to the
increase of the synthesis temperature.

Boiling the obtained carbon deposit with nitric acid (1:1) for 1
hour provides purification from catalyst residues up to 94-98%.
Nanotubes obtained at a temperature of 900°C after washing con-
tain the largest amount of catalyst. The surface area, the micropore
volume, and the average diameter of the initial and washed ob-
tained nanotubes are in direct proportion to their synthesis temper-
ature.

The initial unwashed nanotubes illustrate the high affinity to-
wards the anionic type dye and the almost complete absence of af-
finity to the cationic dye; moreover, their adsorption capacity does
not depend on the temperature, at which they were obtained. The
washed carbon nanotubes exhibit the opposite behaviour; they do
not adsorb anionic dye at all, but they actively adsorb cationic dye,
and their adsorption activity decreases with increasing temperature
of their synthesis.

The differences in the adsorption properties of initial unwashed
and washed nanotubes confirm the physical nature of the adsorp-
tion, which proceeds due to dipole—dipole attraction between dye
molecules (constant dipoles) and the surface of carbon nanotubes.
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