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The synthesis of multi-walled carbon nanotubes (MWCNTSs) was carried out over different Ni-loaded
metallic oxide catalyst nanoparticles and under different reduction times to control the outside diameter
of the nanotubes. Moreover, high-purity, free-standing membranes were fabricated by a simple filtration

of the as-grown MWCNTs. Furthermore, the dye-adsorption properties of the nanotubes depended on

the diameter of the carbon nanotubes (CNTs). The adsorption isotherms and kinetics of anionic dyes
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could be described by Freundlich and pseudo-second-order models, respectively. Thermodynamic

studies suggested that the adsorption processes were spontaneous and exothermic. This work provides
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1. Introduction

Nowadays, the major sources of dyes pollution are industries
such as textile, paper, rubber, plastics, paints, printing, and
leather, which cause pollution in the receiving water bodies."
Accordingly, finding an appropriate treatment method to
eliminate these dyes from contaminated water is highly needed.
There are numerous methods for the removal of dyes from
wastewater, including filtration, oxidation, adsorption and bio-/
photo-degradation.”® Among these widespread methods,
adsorption is the most commonly implemented technique for
the removal of dyes from effluent water due to its various
advantages, such as the simplicity of the operation process, easy
sequestration, regeneration, and low cost.®

Carbon nanotubes (CNTs) with a high surface area and good
stability characteristics are considered ideal candidates for the
adsorption of various dye pollutants (Fig. S1t).”* However, to
the best of our knowledge, it is noteworthy that most of the
developed CNT-based adsorbents are powders, and this leads to
serious recontamination and recycling problems.*** From this
respect, a free-standing film or bulk materials are highly
desired, but this usually comes with the problems of a reduction
in both the adsorption ability and stability in solution. There-
fore, realizing efficient, selective, and reversible dye adsorption
and desorption using a free-standing bulk material remains
a big challenge.*® For an ideal free-standing bulk material, an
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new insights into the synthesis and application of MWCNTSs with the selective adsorption properties of
carbon-based materials for the removal of organic dyes.

interconnected network is necessary for achieving a high
surface area and flexibility as well as good electrical conduc-
tivity. In addition, it should be prepared with a uniform diam-
eter and controllable CNTs, in order to obtain free-standing
membranes.

As is well known, the preparation of uniform diameter and
controllable CNTs by chemical vapor deposition (CVD) is of
interest to the scientific field, yet the effect of the particle size on
precipitated catalyst mixtures has been rarely reported.’ It is
believed that the growth of CNTs via CVD is affected by the
particle size of the precipitate catalyst mixture before the CVvD
process. Theoretically, the size of CNTs is reduced with a cata-
lyst size reduction for all CNT formation in a CVD system.>*** As
the construction of nanostructures is the main goal of this
research, it is essential to explore the geometry size and shape of
CNTs. Pretreatment is considered a promising technique for
reducing the particle size of co-precipitation catalysts.>*>

This study is the first to aim at controlling the diameter of
MWCNTs by controlling the particle size of the catalyst mixture
through the co-precipitation technique. Then, the synthesis of
MWCNTs was achieved via the CVD process. Moreover, high-
purity and free-standing membranes were fabricated by
a simple filtration of the as-grown MWCNTs (Scheme 1). The
morphological and structural changes in MWCNTs due to
various element ratios, different supporters, calcination
temperatures and reduction times of the catalysts were inves-
tigated in detail. Our second aim in the present study was to
control the diameter of the grown MWCNTSs and to establish the
correlation between the catalyst size, the diameter of MWCNTs,
and the adsorption capacity. This study also revealed the effects
of different temperatures and initial dye concentrations on the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the experiment process.

adsorption behavior of MWCNTs. The adsorption mechanism
was described by adsorption thermodynamics. In addition,
first-order and quasi-second-order models were employed to
explain the adsorption kinetics. Based on these models, the
mechanism of dye adsorption onto MWCNTSs can be better
understood. This work provides a feasible method for the
synthesis of highly efficient and reusable MWCNTs for the
adsorption and separation of dyes.

2. Experimental

2.1 Preparation of Ni-based catalysts

A mixture of Ni(NO;), 6H,0, M(NO,),-yH,0 and NaOH (0.1
mol) in 80 mL water was stirred for 1 h at room temperature.
The wet solid was dried at 100 °C and then calcined in air at
400-600 °C for 2.5 h in order to obtain the oxidic form of the
catalyst precursor. After slowly cooling to room temperature,
followed by ball-milling and filtering, the catalyst samples were
obtained. A list of the samples produced and the experimental
variables used in their synthesis are provided in Table 1.

2.2 Preparation of diameter-controlled MWCNTSs

The catalyst (80 mg), in its oxidic form, was placed in a quartz
boat inside a quartz tube (diameter 80 mm, length 1100 mm),
located in an horizontal electrical furnace, and flushed for
30 min in flowing pure nitrogen (240 mL min ', 99.99% purity)

CNT solution

from room temperature to 800 °C; then hydrogen (200
mL min~", 99.99% purity) was introduced to deoxidize the
catalyst for 10-80 min. After this treatment, the hydrogen flow
was shut off and the furnace was heated to reach 660 °C, and
then the nitrogen flow was replaced by propylene (100
mL min~"', 99.99% purity), nitrogen (240 mL min~", 99.99%
purity), and hydrogen (20 mL min~"', 99.99% purity). The
mixture flow lasted for 1 h and was then replaced by nitrogen
and the furnace was cooled to room temperature. A list of the
samples produced and the experimental variables used in their
synthesis are provided in Table 2.

2.3 Characterization of catalysts and MWCNTSs

The morphology and structure of the MWCNT samples were
characterized by scanning electron microscopy (SEM, Nova
NanoSEM 430) and high-resolution transmission electron
microscopy (HRTEM, JEOL2010 at 200 kV). Laser Raman spec-
troscopy (JY HR800) was used to estimate the diameter and
quality of the MWCNTs. X-ray diffraction (XRD) patterns of the
powdered samples were recorded at room temperature using
a D/Max-2500PC diffractometer with a Cu Ko non-
monochromatic radiation source (A = 1.54056 A). Infrared
spectra were recorded with a Varian 640 FT-IR spectrometer
with KBr pellets in the range of 4000-500 cm™'. X-ray photo-
electron spectroscopy (XPS) was performed using an Escalab
250 system with Al Ka. The specific surface area and pore

Table 1 List of the samples and the corresponding experimental variables (ratio and calcination temperature) of the catalysts

Ratio of the catalyst

Calcination temperature

Catalyst Ni(NO;),-6H,0 Al(NO3);-9H,0 Mg(NO3),-6H,0 Mn(NO;),-4H,0 La(NO;);-6H,0 C)
Ni-1# 2 1 — — — 400
Ni-24 2 1 — 0.25 — 400
Ni-3# 2 0.25 — 0.75 — 400
Ni-4#t 2 — — — 1 400
Ni-5# 2 — 1 0.25 — 400
Ni-6# 2 — 1 0.25 — 500
Ni-7# 2 — 1 0.25 — 600
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Table 2 List of the samples and the corresponding experimental variables (synthesis temperature, time, and flow rate of the carrier gas) of

MWCNTs
Reduction time Catalyst size Diameter of

Experiment (min) Catalyst (nm) MWCNT (nm) Raman Ip/Ig
1 10 Ni-1# 10.0 10-20 1.24
2 20 Ni-1# 10.6 20-30 1.18
3 40 Ni-1# 11.3 30-40 1.05
4 80 Ni-1#4 11.5 40-50 0.90
5 80 Ni-2# 11.6 50-60 0.87
6 80 Ni-3# 12.3 60-70 0.79
7 80 Ni-4# 12.5 70-80 0.68
8 80 Ni-54 13.0 80-90 0.65
9 80 Ni-6# 13.5 90-100 0.65
10 80 Ni-7# 13.8 >100 0.64

structure of the samples were investigated with an automatic
volumetric sorption analyzer (ASAP 2020 M) using N, as the
adsorbate at —196 °C. The zeta potentials of the various samples
were obtained on a Zetasizer Nano instrument (Malvern, UK) at
298 K. The UV-vis absorption spectra were obtained using a SP-
1900 UV-vis spectrophotometer.

2.4 Preparation of the free-standing MWCNT membranes

Free-standing MWCNT membranes were fabricated by a simple
filtration method (Scheme 1). About 20 mg MWCNTs were
ultrasonicated in 200 mL of a 0.5 wt% sodium dodecyl sulfate
(SDBS) water solution. The suspension was then filtered using
a porous cellulose membrane filter with a pore diameter of 0.42
mm. The sheet resistivity of the films was measured by a four-
point probe meter (4-probe tech.). A list of the optical photo-
graphs and resistances of the free-standing MWCNT
membranes are provided in Scheme 2.

2.5 Dye adsorption of the MWCNT membranes

The adsorption process was conducted at room temperature
using aqueous solutions of five dyes: methylene blue (MB),
rhodamine B (RhB), methyl orange (MO), Congo Red (CR), and
gentian violet (GV), respectively. In a typical experiment, the
MWCNT membrane (5 mg) was added into an aqueous dye

CNT-1
042 Q O

CNT-2
0.44 Q O

40 mm

solution (100 mL, 10 mg L~ * for MB, RhB and GV, 40 mg L™ for
MO, 80 mg L™ for CR), which was subsequently stirred at room
temperature. At 30 min time intervals, the dye concentration
was measured via UV-vis spectroscopy at the maximum absor-
bance of each dye (664, 553, 465, 490, and 590 nm for MB, RhB,
MO, CR, and GV, respectively).

The effects of the different temperatures, contact times, and
concentrations on the adsorption of RhB by CNT were tested.
Meanwhile, the adsorption isotherms, adsorption thermody-
namics, kinetics, and mechanism were investigated in detail.
The initial concentrations were in the range of 10 mg L ™" for MB
and GV, 1-10 mg L ™" for RhB, 40 mg L™ for MO, and 80 mg L ™"
for CR, and the samples were kept at a constant temperature
until equilibrium was reached. Subsequently, the concentra-
tions of the five dyes at equilibrium were determined via UV-vis
spectroscopy. The adsorption amount, g. (mg g~ "), was calcu-
lated according to the following eqn (1):

0= () < v 1)

where C, and C. represent the initial concentration (mg L")
and equilibrium concentration of the dyes (mg L"), W denotes
the mass of the adsorbent (g), and V represents the volume (mL)
of each of the five dye solutions, respectively.

CNT-5
062 O

CNT-4

059 Q I

Scheme 2 The optical photographs and resistances of the free-standing MWCNT membranes.
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Fig. 1 PXRD patterns of the effects of the catalyst reduction time
before and after H, reduction for the Ni-1# catalyst.

In the thermodynamic study, 5 mg of adsorbent was added
to a 100 mL aqueous RhB solution with concentrations of 1-
10 mg L' at temperatures of 298, 303, 313, and 323 K,
respectively, until the adsorption equilibrium was reached, so
as to study the effect of temperature on the adsorption perfor-
mance. The effect of the concentration on the adsorption
performance of RhB was also investigated by adding the same
mass (5 mg) of adsorbent to the aqueous solutions with
different concentrations of RhB. The effect of the contact time
on the concentration was also studied. Next, 5 mg of adsorbent
was added to a 100 mL aqueous solution with RhB concentra-
tions of 10 mg L, respectively. At a predetermined time
interval, samples of this solution were taken, and the concen-
trations of RhB in each sample solution were determined.
During these periods, the adsorption capacity g, (mg g~ ') of the
adsorbent was calculated by the following formula (2):

q: = (%) xV (2)

where C, (mg L") represents the concentrations of RhB at time
t.

3. Results and discussion
3.1 Structure description of the catalysts and MWCNTs

To understand why the MWCNT diameters depended on the
catalyst, we performed a study to gain an insight into the
properties of the catalyst. First, we studied the effects of the
catalyst reduction time on the MWCNTs' growth over 10, 20, 40,
and 80 min at a temperature of 800 °C. The PXRD patterns in
Fig. 1 demonstrate the peak intensity of Ni(111), (200), and
(222)*® increased with the reduction time. The average Ni cata-
lyst particle sizes calculated from Ni(111) by means of the
Debye-Scherrer equation®® were, in turn, 10.0, 10.6, 11.3, and
11.5 nm, suggesting that the Ni particles were relatively stable at
the temperature of 800 °C. When hydrogen was introduced at
any time between 10 min and 80 min, MWCNTS sized 10-50 nm
were obtained. Changes in the timing of the H, introduction led

© 2021 The Author(s). Published by the Royal Society of Chemistry
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to significant changes in the diameter of the MWCNTSs, because
the Ni clusters coarsened at a rate that increased with time.*
The clusters that were formed by agglomeration of the nano-
particles after reduction of the catalysts were initially small, and
consequently closely spaced. Continuing annealing in the
presence of H, allowed the clusters to coarsen. This process,
driven by surface energy minimization, occurred through the

Fig.2 SEM images of the samples with different diameters: (a) CNT-1:
10-20 nm; (b) CNT-2: 20-30 nm; (c) CNT-3: 30-40 nm; (d) CNT-4:
40-50 nm; (e) CNT-5: 50-60 nm; (f) CNT-6: 60-70 nm; (g) CNT-7:
70-80 nm; (h) CNT-8: 80-90 nm:; (i) CNT-9: 90-100 nm; (j) CNT-10:
>100 nm. Insert: corresponding TEM images of the samples.

RSC Adv, 2021, 11, 33102-33113 | 33105
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transport of Ni among the clusters, either through the vapor
phase, or more likely by diffusion of Ni as adatoms on the
support (Al,0;, MgO, or La,O;) surface. In coarsening
processes, small clusters tend to shrink and disappear with
their mass being redistributed to larger clusters.* This process
therefore results in an increase in the average cluster size as well
as an increase in the average cluster spacing. These trends are
consistent with the observed trends in the average MWCNT
diameter observed here (Fig. 2a-c and S2a-ct).

Second, the catalyst properties also depend on the local
degree of alkalinity or acidity of the catalytic surface.**** Al, O3,
MgO, or La,0; have a weak alkalinity and may be considered
as soft bases. The Ni or Ni-Mn particles have a weak acidity,

View Article Online

Paper

but are heavy acids. Hence, a small increase or decrease in the
Ni or Ni-Mn loading causes a significant increase or decrease
in the local surface acidity. Thus, when, the Ni or Ni-Mn/Al, O3
ratio was high, as in catalysts Ni1#-Ni3#, the surface acidity
was high and the interaction between the strong acid Ni or Ni-
Mn and the soft base Al,0; was low. This led to the high
mobility of the Ni or Ni-Mn particles on the Al,O; support and
to more conglomeration into larger Ni or Ni-Mn particles,
which in turn led to the larger diameters.* The PXRD patterns
of Fig. 1 and 3a, b show that the average Ni catalyst particle
sizes were in turn 11.5, 11.6, 12.3, and 12.5 nm, which allowed
concluding that the interaction between Ni/Ni-Mn and Al,O;
was strong, leading to a high mobility and big sizes of the Ni or
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Fig. 3 PXRD patterns of the different Ni-loaded catalysts before and after H, reduction for the Ni-2# catalyst (a), Ni-3# catalyst (b), Ni-4#

catalyst (c), Ni-5# catalyst (d), Ni-6# catalyst (e) and Ni-7# catalyst (f).
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Ni-Mn particles and hence bigger diameter catalysts and
larger diameter MWCNTs (Fig. 2d-f and S2d-f¥).

Indeed, the MWCNTs produced on catalysts Nil#-Ni3#
had smaller diameters to those produced on catalyst Ni4#
(Fig. 2g and S2gt), in which La,O; has a weaker alkalinity
than Al,0;.*" These results are in very close agreement with
the XRD results, in which the average Ni catalyst particle size
was 11.5 nm (Fig. 3c). The data suggest that the catalyst
composition is the dominant factor controlling the diameters
of the MWCNTSs.

The utilization of MgO as a support has many advantages
over conventional supports like Al,0;, and La,0;.*' In
particular, the removal of the support and the catalyst metals
(Ni and Mn) can be easily done by mild acid treatment,
washing with distilled water, and filtration, which reduces the
purification cost. MgO has a smaller radius and greater
surface area than conventional supports (i.e., Al,O3, La,03),
so, it can retain more active nanometals on its surface.
Additionally, the need for multi-step processes and hazardous
chemicals are avoided. The XRD patterns in Fig. 3d show that
the average Ni catalyst particle size was 11.5 nm, and the
diameter of the MWCNTs was larger than those produced on
catalyst Ni1#-Ni4# (Fig. 2h and S2ht).

Additionally, the diameter increased along with the
increase in the catalyst calcination temperature.®* This might
have resulted from the fact that the catalyst calcined at higher
temperatures had more resistance to decomposition at the
high reaction temperatures compared to the catalyst calcined
at lower temperatures. In other words, the catalyst calcined at
a lower temperature was thermally less stable compared to the
one calcined at a higher temperature. The PXRD patterns in
Fig. 3d-f show that the average Ni catalyst particle sizes
increased (13.0, 13.5, and 13.8 nm) with the catalyst calcina-
tion temperature, and the diameters of MWCNTSs increased
with the catalyst particle size increasing (Fig. 2h-j and S2h-jt).

Raman spectroscopy was used to compare the quality and
defects of the synthesized MWCNTSs. The use of the D band to G
band intensity ratio Ip/I; as a criterion for estimating the defect
content on the CNT surfaces is based on the assumption that
the G band is a first-order Raman scattering process, which is
unrelated to the D band, a defect-dependent, second-order
Raman scattering process.*® Fig. 4a shows that the I/l inten-
sity ratio decreased with increasing the MWCNTSs' diameter.
This can be ascribed to either the increase in curvature or the
accumulated defects in the MWCNTs. We believe that the
curvature effect plays an important role here. Smaller diameter
MWCNTSs have a higher sp® to sp” ratio so that the I/I; intensity
ratio is higher than would be expected for a linear trend. Thus,
the curvature effect greatly enhances the Ip/Ig intensity ratio
dispersion in small-diameter MWCNTs.

The performance of carbon materials depends greatly on
their texture and surface chemistry. The presence of oxygen-
containing functional groups on the surface of carbon mate-
rials can greatly alter their adsorption properties. Fig. 4b shows
the FT-IR spectrum of the title MWCNTSs. The two bands at 2854
and 2924 cm™ " were assigned to ~CH,~ vibration. The strong
O-H stretching bands at about 3425 cm™* as well as the C-OH

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Raman spectra of different MWCNT samples; (b) IR spectra

of different MWCNT samples.

stretching bands in the range of 1000-1300 cm ' were all

characteristic of hydroxyl groups.**** The well-defined peaks at
1389 and 1427 cm™ " and the discernable shoulder peaks at 1551
and 1599 cm ™ could be assigned to the symmetric »,(COO) and
asymmetric v,5(COO) stretching modes of carboxylate groups,
respectively.***> The FT-IR results thus indicated that the
surface of the MWCNTSs obtained in this work was also exten-
sively functionalized with abundant oxygen-containing (-OH
and -COO-) groups, which could significantly improve the
adsorption performance.*®

XPS can be used in two ways to achieve some quantitative
analysis of surface oxygen: by deconvolution of the XPS of either
the C 1s region, indicating different carbon species bound to
oxygen, or the O 1s region, showing singly or doubly bound
oxygen to carbon (Fig. 5 and S371).>” Deconvolution of the C 1s
region was impossible here due to the dominant graphite peak
at about 284.5 eV. Two peaks could, however, be easily decon-
voluted in the O 1s region at 531.5 and 532.5 eV, which could be
attributed to (C=0) double bonds found in quinones, ketones,
and aldehydes and to (C-O) single bonds from ethers, hydroxyls
and phenols, respectively. Esters, lactones, carboxyl groups,
anhydrides, and pyrones equally contribute to both peaks, as
they possess both bond types.**

RSC Adv, 2021, 11, 33102-33113 | 33107
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Fig. 5 XPS analysis of the O 1s spectra of CNT-1 (a), CNT-2 (b), CNT-3 (c), CNT-4 (d), CNT-5 (e), CNT-6 (f), CNT-7 (g), CNT-8 (h), CNT-9 (i) and

CNT-10 (j).
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3.2 Dye-adsorption properties of the free-standing MWCNT
membranes

Due to the importance of environmental protection, the
removal of dyes from wastewater has drawn much attention.***°
In this work, the adsorption behaviors of MWCNTSs were eval-
uated using RhB as a model adsorbate. The results of RhB
(10 mg L") adsorption monitored by UV-vis spectroscopy in the
dark are shown in Fig. 6 and S4.f When the adsorption time
increased to 240 min, the adsorption ratio of RhB reached 98%,
as well as the adsorption amount of RhB reached 195 mg g *
with CNT-1, which was higher than for the other MWCNTSs. Four
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Fig. 6 (a) UV-vis spectra of RhB solution after different adsorption
times with CNT-1 in the dark; (b) the adsorption amounts of RhB at
different times with the titte MWCNTS; (c) adsorption ratios of RhB, MB,
GV, MO, and CR solutions in the dark with the use of CNT-1.
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other organic dyes, namely MB, GV, MO, and CR, were used to
evaluate the adsorption selectivity. It could be seen that the
adsorption activities were 76% for MB, 92% for GV, 51% for MO,
and 73% for CR after 240 min in the dark. We can thus see that
the removals of MO and CR from the solution were not as
apparent as for RhB, MB, and GV. These results clearly show
that the CNT-1 exhibited a superior adsorption capability
toward cationic dyes than to anionic dyes. This can be attrib-
uted to the different chemical compositions of these two kinds
of dyes.

According to previous reports, an important mechanism for
dye adsorption is host-guest interactions, such as hydrogen
bonding, m-m stacking, electrostatic interactions, and so
forth.*! In this case, the hydrogen bonding interactions between
the -COOH groups (from RhB) and the oxygen atoms of the
MWCNTs (from -OH) may be responsible for the selective
adsorption. Consequently, the electron-withdrawing power of
the oxygen atoms in the -OH bonds of the carboxylate was
strengthened, such that hydrogen bonds could be readily
formed with the hydrogen atoms of the -COOH groups in RhB,
thus leading to the adsorption of this dye. It is evident that the
adsorption of RhB was governed by the hydrogen bonding
interactions between hydrogen atoms in the -COOH groups of
the RhB molecule and the oxygen atom in the carboxylate
groups of CNT-1. Adsorption occurred rapidly during the initial
30 min due to the presence of vacant sites, but the initially
vacant sites were occupied after 30 min, leading to a reduction
in the adsorption rate. This adsorbent can more readily adsorb
anionic dyes than cationic dyes. To investigate the dye-
adsorption mechanism of the title MWCNTS, zeta potential
(ZP) measurements were conducted in an ethanol solution with
CNT-1-10, respectively. As shown in Table 3, the title MWCNTSs
had different negative charges (from —4.17 to —0.46 mV) in
ethanol because of the oxygen-containing (-OH and -COO-)
groups of the CNTs,*”” whereas a positive ZP value (+2.70 mV)
was exhibited in the ethanol solution containing 10 mg L !
RhB. Therefore, the favorable removal of RhB could be ascribed
to the strong electrostatic attraction between the positively
charged aqueous solution of RhB and the negatively charged
surfaces of the CNTs. Furthermore, smaller diameter MWCNTSs

Table 3 List of the samples and corresponding parameters (ZP value,
percentage of O atom, and specific surface area) of the MWCNTs

Percentage of Specific surface

MWCNT ZP value (mV) O atom (%) area (m> g™ ")
CNT-1 —4.17 7.87 587.48
CNT-2 —3.91 7.15 498.42
CNT-3 -3.19 6.56 199.10
CNT-4 —3.08 3.84 184.46
CNT-5 —2.61 3.34 182.98
CNT-6 —1.64 3.04 171.58
CNT-7 —1.48 2.42 151.37
CNT-8 —1.34 2.33 145.76
CNT-9 —0.59 2.02 143.39
CNT-10 —0.46 1.73 82.63
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have a higher sp® to sp® ratio so that more functionalized
MWCNTs with abundant oxygen-containing (-OH and -COO-)
groups will be obtained. Parallel experiments in the dark with
other diameters of MWCNTs were also performed for compar-
ison. It was found that the adsorption capacity increased with
the decrease in the diameter of the MWCNTSs and the adsorp-
tion properties of the nanotubes depended on the CNT diam-
eter (Fig. 7 and S4-S87). Meanwhile, the free-standing MWCNT
membranes (CNT-1-10) had specific surface areas from 587.48
to 82.63 m”> g~ but no open pores ranging from 2 to 200 nm,
respectively (Fig. S91), which indicated that the adsorption
amount of dyes onto CNTs may be related to the surface area.

3.3 Effect of temperature on the adsorption performance

Temperature is one of the most important factors influencing
the adsorption process. It was observed that as the temperature
rose above room temperature, adsorption increased, while
a further increment to higher temperatures led to a decrement
in the adsorption of the adsorbate. The adsorption capacity of
CNT-1 for RhB was investigated in the range of room tempera-
ture to 50 °C as depicted in Fig. 8 and S10.} It was noted that the
adsorption efficiency of the CNTs increased as the temperature
went up from room temperature to 50 °C. The increment in the
adsorption efficiency for RhB was 195 mg g~ ' to 197 mg g~ ' in
this temperature range. This may be due to the enhancement of
the electrostatic interactions between the MWCNTs and dye
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Fig. 8 Effect of different temperatures on RhB adsorbed by CNT-1.

molecules at elevated temperatures. The results show that the
adsorption of CR on MWCNT is an endothermic process.

3.4 Adsorption kinetics and thermodynamics

The initial concentration of the solution is another important
factor affecting the adsorption process. The effect of the initial
concentration of RhB on the adsorption behavior of CNT-1 was
investigated in the range of 1 to 10 mg L™" (Fig. 9 and S107%). The
investigation of the adsorption mechanism of RhB on CNT-1
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order model; (b) pseudo-second-order model.

was conducted using Langmuir and Freundlich isotherm
models. The Langmuir model assumes that adsorption occurs
uniformly on the surface to essentially form a monolayer of the
adsorbed compound on the surface of the sorbent, while the
Freundlich model assumes that the adsorption process occurs
on non-uniform surfaces.*>** The linear forms of the Langmuir
and Freundlich isotherm models are represented by the eqn (3)
and (4), respectively:**

C. 1 C.

qe B kL Gmax

(3)

qmax

1
Ing. =In K¢ + 2ln C. (4)

where C. (mg L") is the dye concentration at equilibrium, Ky (L
mg ') and Ky (mg g )L mg ")) are the Langmuir and
Freundlich constants, respectively, and 1/n is related to the

View Article Online
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adsorption intensity. A dimensionless constant (Ry), which is
referred to as separation factor, is commonly expressed as:**

1

Rl= —
"1+ kG,

(5)

This factor suggests the type of adsorption isotherm as
thermodynamically favorable (0 < Ry, < 1), unfavorable (R, > 1),
and irreversible (R, = 0). The linear plots of the Langmuir and
Freundlich isotherms for dye adsorption on CNT-1 are depicted
in Fig. S11.1 All the Ry, values were found to be between 0 and 1,
suggesting the favorable adsorption of both the investigated
dyes on CNT-1 adsorbents. The linear isotherm constants (Table
4) indicated that the adsorption of RhB on CNT-1 could be well
described by the Freundlich isotherm model at room temper-
ature and 30 °C as well as by the Langmuir isotherm model at
40 °C and 50 °C. The explanation for the higher removal effi-
ciency is the increased mobility of the dye molecules and as
enough energy is also given at high temperature for the inter-
action between the dye molecules and the adsorption sites
available therein. The CNT-1 adsorbent showed a value of
Freundlich constant n larger than 1, which could present that
adsorption occurred on a heterogenous surface, likely caused by
the presence of different functional groups on the surface.

Several kinetic models, including the quasi-first-order
kinetic model and the quasi-second-order kinetic model, are
often used to evaluate adsorption data. Fig. 6 shows the
adsorption capacity of CNT-1 as a function of time for RhB. The
adsorption capacity increased rapidly at the early stage and
gradually reached equilibrium. This observation indicated the
rapid and efficient adsorption of RhB over the CNT-1 adsorbent
throughout the first 100 min. Considering the results, it could
be concluded that the adsorption of RhB on CNT-1 took place
over two phases: a fast initial adsorption of dye molecules on
the available sites, followed by a slow phase until equilibrium
was attained. The kinetics of the adsorption process on CNT-1
was evaluated by pseudo-first-order and pseudo-second-order
models by considering eqn (6) and (7), respectively.****

In(ge — g) = Ing. — kit (6)
t 1 t
LA S 7
g kg q. @)

where ¢, and g, are the adsorption capacity at equilibrium and
at time ¢, respectively, and k; (min~*) and k, (g mg ™' min ") are
the rate constant of pseudo-first-order and pseudo-second-order
models, respectively. The kinetic model parameters were

Table 4 The adsorption isotherm constants from the Langmuir and Freundlich model for CR onto CNT-1

Langmuir Freundlich
Temperature (°C) Gmax (Mg g™ ") k, (Lmg™) R Ry, kp (L mg™) 1/n R?
Room temperature 195.05 4.74 x 10°* 0.9404 0.9953-0.9995 6.4101 0.7848 0.9746
30°C 195.06 5.72 x 107* 0.8962 0.9942-0.9994 6.4056 0.7566 0.9958
40 °C 196.17 3.76 x 10* 0.8835 0.9963-0.9996 6.4581 0.7311 0.9653
50 °C 196.51 4.46 x 1074 0.8116 0.9956-0.9996 6.5053 0.7225 0.9838

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 The parameters of the pseudo-first-order
second-order models

and pseudo-

Kinetic model Parameters 10mgL ™"
Pseudo-first-order model & (min™) —0.0075
ge (mg g™ 2.1760
R 0.9336
Pseudo-second-order k, (g mg~! min™") 0.0047
model ge (mg g™ 0.1098
R 0.9973

obtained from the plot of the adsorption data versus time
(Fig. 9). The obtained results (Table 5) revealed that the pseudo-
second-order model more accurately described the kinetics of
adsorption of the investigated RhB on CNT-1.

In order to study the effect of temperature on the adsorption
of RhB by CNT-1, the thermodynamic parameters of CNT-1 and
RhB were determined at different temperatures. The enthalpy
change (AH), entropy change (AS), and Gibbs free energy (AG)
were calculated using eqn (8) and (9):***

AG° = —RT In(K) 8)
AS"  AH
In(K) = —~ 27 ©)

where R (8.314 ] mol " K™ ) is the universal gas constant, T'(K) is
absolute temperature, and K (dimensionless) is the adsorption
equilibrium constant. The effect of temperature on the
adsorption of dyes on the CNT adsorbent was studied from 298
to 323 K (Table 6). The enthalpy and entropy were obtained by
the van't Hoff equation from the plot of In K. versus 1/T
(Fig. S121). Here, AG was negative, indicating that the adsorp-
tion process was spontaneous. In addition, as the temperature
increased from 298 to 323 K, the AG of RhB decreased from
—234.96 to —255.75 k] mol ', indicating that a higher temper-
ature is more favorable for adsorption. Meanwhile, the positive
value of AH (12.81 k] mol ') confirmed that the interactions
between CNT-1 and RhB were endothermic processes. The
positive entropy change AS indicated that the randomness of
the system increased the RhB was adsorbed onto CNT-1.

3.5 Cyclic adsorption/desorption performance

The cyclic adsorption/desorption performance of the CNT-1 was
studied with a constant RhB concentration (10 mg L") and
amount of adsorbent (5 mg). After each cycle (240 min) of RhB
adsorption, the CNT-1 was dipped into ethanol to desorb RhB.
The amount of RhB in ethanol reached about 191 mg g™ * after

Table 6 Thermodynamic parameters at different temperatures

AH AS
T (K) AG (k] mol™) (kJ mol™) (k] mol™' K1)
298 —234.96 12.81 0.10
303 —239.12
313 —247.43
323 —255.75
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4 h (Fig. 10a). The residual unreleased RhB (~4 mg g~ ') could
be ascribed to chemical adsorption. The recovered CNT-1 was
dried at 50 °C and reused for adsorption in the following cycles.
There was no obvious adsorption decrease observed after five
cycles (Fig. 10b), indicating the reversible adsorption and
desorption ability of the CNT-1.

4. Conclusion

A simple CVD method was developed for producing MWCNTSs
with different diameters, while high-purity, free-standing
membranes were fabricated by a simple filtration of the as-
grown MWCNTSs. The process resulted in an increase in the
average cluster size as well as an increase in the average cluster
spacing. These trends were consistent with the observed trends
in the average MWCNT diameter. The results indicated that the
surface of the MWCNTSs obtained in this work was also exten-
sively functionalized with abundant oxygen-containing (-OH
and -COO-) groups, which could significantly improve the
adsorption performance. The results clearly showed that the
MWCNTs exhibited superior adsorption capabilities toward
cationic dyes than to anionic dyes. This could be attributed to
the different chemical compositions of these two kinds of dyes.
The adsorption of the investigated organic dyes on the
MWCNTs was described by the Freundlich isotherm and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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pseudo-second-order kinetic models. All the results suggested
that the MWCNTSs are effective adsorbents for removal of dye
pollutants, and thus have potential to be used as a new platform
for commercial dye decontamination.
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