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Abstract—Multiwall carbon nanotubes (MWCNTS) have been hydrothermally prepared using polyethylene glycol as
the carbon source. Herein, new MWCNTs composites with high adsorption capacity were prepared and applied as effi-
cient adsorbents for adsorption of maxilon blue dye (GRL) from aqueous solution. The morphologies of the MWCNTs
were characterized by X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM) and Fourier transform-infrared (FT-IR) spectroscopy. The adsorption property of
maxilon blue (GRL) from aqueous solution onto MWCNTs was studied as a function of mass dosage, pH of solution,
initial dye concentration and temperature. The adsorption of GRL depends on the initial pH of the solution with maxi-
mum uptake occurring at about pH 10. The maximum adsorption capacity of prepared MWCNTs was 260.7 mg/g.
Langmuir, Freundlich and Temkin isotherms were applied to fit the experimental data. The Freundlich equilibrium iso-
therm fitted well the experimental data indicating the homogeneity of the adsorbent surface sites. Thermodynamics
parameters were studied the changes in free energy (AGY), enthalpy (AH®) and entropy (AS%) during adsorption. It is
noticeable that the adsorption of GRL dye onto MWCNTs was a spontaneous and endothermic process and indicates

that the adsorption is favored at high temperature.
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INTRODUCTION

Many important industries, such as textile, feedstuffs, paper, leather,
cosmetics, among others, use dyes for coloring their final products
[1], and consequently produce large amounts of dye-containing
effluents. The presence of dye containing waters can adversely affect
the aquatic environment by impeding light penetration, preclud-
ing photosynthesis of aquatic flora [2]. Moreover, most of the dyes
can cause dermatitis, allergy, and skin irritation and can also pro-
voke cell mutation. Synthetic dyes belong to a class of organic com-
pound with a complex aromatic molecular structure that can pro-
vide bright and firm color to industrialized products. However, the
complex aromatic molecular structures of dyes make them more
stable and difficult to biodegrade [3]. Therefore, water pollution
becomes one of the most serious environmental problems, so the
treatment and disposal of wastewater has aroused widespread con-
cern. Adsorption technology is thought as one of the most effec-
tive methods to remove pollutants from aqueous solutions, because
it is simple, convenient, and low cost with high sorption efficiency
and wide adaptability [4,5].
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Different adsorbents have been used for the removal of dyes from
aqueous solutions [6-8]. Carbon nanotubes (CNT5), as an import-
ant category of nanomaterials, have received increasing attention
in recent years [9]. CNTs were widely used in all kinds of prod-
ucts due to their extraordinary electrical, chemical, and physical
properties [10]. Therefore, carbon nanotubes (CN'Ts) happen to be
among the adsorbents that have been employed for the successful
removal of dyes from aqueous effluents [11-15].

Carbon nanotubes are divided into two general types: single-
wall carbon nanotubes (SWCNTs) and multi-wall carbon nano-
tubes (MWCNTS). CNTs are attractive alternative adsorbents for
the removal of dye contaminants from aqueous effluents because
they possess large specific surface area, small size as well as hollow,
layered structures, and remarkable electrical conductivities giving
rise to adsorbents with much higher sorption capacity when com-
pared with ordinary adsorbents [16-19].

In this study, synthesized multiwall carbon nanotubes were used
to study the removal/adsorption of maxilon blue dye from an aque-
ous solution. The effects of various operating parameters, such as
mass of the multiwall carbon nanotubes, solution pH, tempera-
ture, and dye concentration, were studied and optimized. Ther-
modynamic calculations of the adsorption process are required to
understand the mechanism of adsorption, spontaneity, and heat of
adsorption using different thermodynamic parameters, also adsorp-
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Fig. 1. Chemical structure of maxilon blue (GRL).

tion isotherms were also evaluated and reported.
EXPERIMENTAL

1. Materials

Ethanol (Sigma-Aldrich), polyethylene glycol (PEG) 40% (w/w)
in H,0, average M.wt. 8,000 (Sigma-Aldrich), sodium hydroxide
ACS reagent, 297.0%, Palladium(II) chloride 99.999% (Aldrich),
Maxilon blue GRL [Amax=599 nm] was obtained from Al-Hilla/
Textile Company (Babylon, Iraq). The chemical structure of max-
ilon blue GRL is shown in Fig. 1, all of materials have been used
without further purifications. All aqueous solutions have been pre-
pared with deionized water from a SARTORIUS ARIUM 611 appa-
ratus.
2. Synthesis of MWCNTs

Typically, 1 g of PACL, 2.4 g NaOH and 6 g PEG were dissolved
in (100 ml) of alcoholic aqueous solution 90%, then sonicated for
10 min. The resulting solution was transferred into a 250 mL Tef-
lon cup [20]. Afterwards, the Teflon cup was sealed in an autoclave
and placed into an electric furnace held at 190 °C for 24 h. Finally,
the autoclave was naturally cooled in air. The resulting carbon nano-
tubes were separated by centrifugation, and washing by ethanol,
then distilled water for several times, and then dried overnight in
an oven at 60 °C.
3. Characterization Techniques

XRD measurements were made with a Siemens Diffractometer
Model D-5000, using CuK ¢ radiation and operated at 40 kV and
20mA with a 626 mode, Raman spectrum (Thermo Nicolet),
Scanning electron microscopy (SEM) was on a field emission scan-
ning microscope model Zeiss ULTRA 60 FE-SEM working under
low accelerating voltage, 2-5kV, and transmission electron micros-
copy (JEOL 100CX II (TEM) 100 kV) were used to determine the
structural characteristics of the nanocomposites on the nanome-
ter domain.
4. Batch Equilibrium Studies
4-1. The Effect of the Adsorbent Dose and the Optimal Concen-
tration

The effect of MWCNTs dosage on the dye adsorption was inves-
tigated by adding various dosages of MWCNTs (25-300 mg/L) to
initial dye concentrations (50 mg/L) at the contact time of 120 min
and pH=6. Also, to determine the effect of the initial dye concen-
tration on the adsorption process, various dye concentrations (5,
10, 15, 25, 40, 50, 60, 75 and 100 mg/L), constant pH 6, contact
time of 120 min, and dose of the adsorbent (100 mg/L).
4-2. The Effect of pH

At first, the solution pH range (2-10) was set and the experiments
were performed on the dye concentration of 50 mg/L, a fixed ad-

sorbent dose (100 mg/L), and contact times (120 min). Then, sam-
ples were obtained from the solutions and the efficiency was eval-
uated.

4-3. The Effect of Temperature

To assess the effect of the temperature on the equilibrium ad-
sorption capacity of GRL, the adsorption studies were carried out
at different temperatures (10, 20, 30 and 50 °C), dye concentration
(50 mg/L), pH=6, contact time of 120 min, and 100 mg/L of the
adsorbent. Afterwards, samples were obtained from the solutions
and the efficiency was measured.

At the end of the equilibrium period, the suspensions were sep-
arated for later analysis of the dye concentration. The liquid dye
solution was separated from the MWCNT solid phase by centri-
fuge in 3,500 rpm and 10 min. The amount of GRL adsorption at
equilibrium q, (mg/g) was calculated from the following equation:

_ V(CO — Ce)
qe - W (1)
The removal percentage of each GRL dye was calculated as follows:

(CO — Ce)
C

0

Removal %= x 100 )
where C, and C, (mg/L) are the liquid phase concentrations of dye
at initial and equilibrium, respectively;, V (L) the volume of the solu-
tion and W (g) is the mass of adsorbent used. The concentration
of GRL after and before adsorption was determined using a spec-
trophotometer at 4,,,,=599 nm.

RESULTS AND DISCUSSION

1. Characterization

XRD analysis usually involves the identification of phases in a
given sample. XRD patterns of the as synthesis MWCNTs sample
are shown in Fig, 2. The pattern indicates the existence of the graph-
ite peak at 26.5 as assigned earlier [21]. As shown, the strongest
diffraction peak at 26.5°, peaks with medium intensity at 44.6°,
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Fig. 2. XRD pattern of synthesized MWCNTs.
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Fig. 3. Raman spectrum of synthesized MWCNTs.

and weak peaks at 54.2° can be well indexed as the (002), (100),
and (004) reflections of graphite, respectively [22,23]. Similar find-
ings have been reported by other researchers [24-26]. There is strong
peak at 36.6 which could be an indicator for the presence of Pd
catalyst component in the as grown MWCNTs sample.

Raman spectroscopy is an important technique to investigate
the crystal structure of CNT5. The characteristic peaks of MWCNTs
were observed at 1,347.11 cm ™' (D band), 1,559 cm™ (G band) and
2,705cm™ (2D band) as presented in Fig. 3. The D band is attributed
to the disorder induced A,g Raman mode [27] and the G band
corresponds to the Raman-active E,g vibration of neighboring sp
carbon atoms [28]; its intensity represents the degree of graphitiza-
tion in the material. The intensity ratio of the D band to the G band
(ID/IG) is used as a measure of structural quality of graphite-like
materials, whereas the 2D band is the overtone of the D band but
independent of crystalline defects [29].

Fig. 4. SEM images of synthesized MWCNTs.
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Fig. 5. TEM images of synthesized MWCNTs.

Scanning electron microscopy (SEM) imaging was also used to
characterize the surface morphology of multiwalled carbon nano-
tubes. Fig. 4 displays the SEM images of raw MWCNTE. It is evi-
dent from the Fig. 4 that the MWCNTS are cylindrical, curved and
tangled together [30].

Fig. 5 shows the transmission electron microscope image (TEM)
of the synthesized MWCNTs. The MWCNT were long and entan-
gled around each other with an average diameter between 20 and
50 nm and an average length between 2 and 5 pm. The TEM anal-
ysis verified the hollow structure of MWCNTs used and showed
that the inner diameter was between 6 and 10 nm with clear surface.
2. Batch Equilibrium Studies
2-1. Effect of Adsorbent Dosage

The effect of MWCNT dosage is depicted in Fig. 6. Evidently,
percentage removal increased with the increase of the sorbent mass
and the uptake capacity of GRL dye decreased from 260.22 mg/g
(13.01% removal) to 96.65 mg/g (57.99% removal) with increas-
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Fig. 6. The effect of MWCNTs/dose on the removal of GRL dye (ex-
perimental conditions: 120 min, 303 K, pH 6, and GRL con-
centration 50 mg L™").
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ing MWCNT concentration from 25 to 300 mg/L (Fig. 6). The in-
crease in the percentage of maxilon blue dye removed from the
aqueous solution is primarily due to the greater number of active
sites available for adsorption as a result of the increased amount of
MWCNT present [31].
2-2. Effect of pH

The pH of the dye solution affects not only the surface charge
of the MWCNTTs surface adsorbent, the degree of ionization of the
materials and the dissociation of functional groups on the active
sites of the adsorbents surface, but also the structure of the dye mole-
cule [32]. The pH effect (2.0-10.0) on the adsorption of GRL on
MWCNTS was evaluated using MWCNTs dosage 100 mg L', ini-
tial dye concentration of 50 mg L', temperature 303 K, and con-

tact time of 2 h.
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Fig. 7. The effect of solution pH on the removal of perecentage and
adsorption capacity (Fig. 7(a), and Fig. 7(b) respectivelly)
for adsorption of GRL by MWCNTs (experimental condi-
tions: 120 min, 303 K 0.1 g-L’1 MWCNTs, and GRL concen-
tration 50 mg L"),
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Scheme 1. GRL dye adsorption on MWCNTS with at pH higher than
6.

As shown in Fig. 7, dye removal efficiency increased when the
pH increased from 2 to 10, indicating that pH significantly affected
GRL removal percentage, particularly under basic conditions.

For a chosen dye concentration, 50 mg L' removal of GRL de-
creased from 15 to 46% when the pH increased from 2 to 10. The
dissolved GRL dye is positively charged in water solution, and then
the removal of this dye takes place when the adsorbents present a
negative surface charge. Basic condition increases the electrostatic
attraction between cationic dye and partially negative charged
MWCNTS surface; therefore, the increase of the pH value (basic
condition) the number of negatively charged sites increases and
the number of positively charged sites decreases [33], While lower
adsorption of GRL by surfaces adsorbents at low pH values may
be explained by the competition of excess H' ions with the dye cat-
ion for active adsorption sites [31]. The adsorption mechanism of
the GRL on MWCNTs can be illustrated in Scheme 1.
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Fig. 8. (a) Effect of temperature on adsorption of the GRL onto
MWCNTs (experimental conditions: 120 min, pH 6, 0.1 g-
L™ MWCNTs, and GRL concentration 50 mg L), (b) van't
Hoff plot for the adsorption of the GRL onto MWCNTs.

Korean J. Chem. Eng.(Vol. 32, No. 12)



2460 A.F. Alkaim et al.

2-3. Effect of Temperature

The temperature of the solution was considered to be a critical
factor affecting the adsorption process. If the removal efficiency of
a certain pollutant from an aqueous solution is temperature depen-
dent, which occurs in most cases, then it might affect the suitabil-
ity of the adsorbent.

Various dye eftluents are produced at relatively high tempera-
tures [34]. Therefore, to determine the effect of temperature, ad-
sorption experiments were carried out at 10, 20, 30 and 50 °C, respec-
tively. As shown in Fig. 8(a), the adsorption capacity increases with
the increase in temperature. The maximum adsorption capacity
increases from 72.4 to 189.6 mg g ' with the increase in tempera-
ture from 10 to 50 °C, which illustrates that the adsorption pro-
cess of GRL onto MWCNTs is endothermic.

The increase in adsorption capacity of MWCNTS at higher tem-
perature may be attributed to the enhanced mobility and penetra-
tion of dye molecules within the sorbent porous structure over-
coming the activation energy barrier and enhancing the rate of in-
traparticle diffusion [35,36].

2-4. Thermodynamic Results

The thermodynamic parameters provide in-depth information
about the energetic changes associated with adsorption process. To
study the thermodynamics of adsorption of GRL dye on MWCNTT5,
the adsorption was evaluated by the equilibrium constant (K,), en-
thalpy (AH’), entropy (AS’) and Gibbs free energy (AG®) using fol-
lowing equations [37]:

e
K== 3
T ©)
AG’=-RTInK, @)
_AS”  AH’
InK ==+ 2 (5)

where K, is the equilibrium constant, T is the temperature, and R
is the gas constant, respectively. AH’ and AS’ are calculated from
the slope and intercept of van't Hoff plots of In K, vs T™ (Fig. 8(b)).

The calculated thermodynamic parameters are tabulated in Table
1, the negative Gibbs free energy change (AG’) and the positive
value of (AH’), indicating that the adsorption process is sponta-
neous and endothermic, respectively. Further, the positive value of
entropy change (AS°) reflects the random nature of process at the
solid/solution interface and the affinity of MWCNTS for GRL ad-
sorption [34,38]. The randomness at the solid-solution interface
may be due to the more translational entropy gained by the dis-
placed water molecules as compared to that lost by the dye mole-
cules during the adsorption process [39].

Table 1. Thermodynamic parameters for the adsorption of GRL on
the surface of synthesized MWCNTs

T/K KJ/L-g' AG/K-mol' AH/KkJ-mol" AS/J-K'-mol
283 1.76+0.01 —1.33+0.09
293 2.28+0.06 —2.01+0.17

24.17+£0.41 90.0 4+1.63
303 3.9940.09 —3.48+0.23
323 598+0.12 —4.80+0.31
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3. Adsorption Isotherms

Adsorption isotherm is helpful in describing the interaction of
adsorbates with adsorbents, and the equilibrium distribution of ad-
sorbate molecules between the liquid and solid phases. It is there-
fore critical for the optimal utilization of adsorbents. In this study,
three isotherm models, Langmuir, Freundlich and Temkin equa-
tions, were applied to simulate the isotherm data. The Langmuir
isotherm model [40] is based on the assumption of a homogeneous
adsorbent surface with identical adsorption sites:

_ quLCe

L=15 K,C, ©)

where C, (mg L) is the equilibrium concentration of GRL, q,, (mg
g ") is the maximum adsorption capacity and K; (L mg™) is a con-
stant related to the free energy of adsorption. The Freundlich model
[41] is an empirical equation assuming heterogeneous adsorbent
surface given by Eq. (7):

q.=K:C," @)

where K;; and n are Freundlich parameters related to the adsorp-
tion capacity and adsorption intensity, respectively. The Temkin
isotherm equation [42] shows the effects of indirect interactions
between adsorbate molecules based on the assumption that the heat
of adsorption of all molecules in the layer would decrease linearly
with surface coverage. It has predictive power over a wide range of
concentrations and is commonly expressed as:

q=BIn(AC,) ®)

where B=RT/b and b (J mol ") is the Temkin constant related to
the heat of adsorption; A (L g ") is the Temkin isotherm constant,
R (8.314] mol ' K") is the universal gas constant where T (K) is
the absolute temperature. The nonlinear fitting of the three iso-
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Fig. 9. Different adsorption isotherm models (Langmuir, Freundlich
and Temkin) fit for adsorption of GRL dye on MWCNT (ex-
perimental conditions: 120 min, 303K, pH 6, 293 K, and 0.1
gL' MWCNTs).
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Table 2. Langmuir, Freundlich and Temkin model isotherms par-
ameters for GRL adsorbed on the surface of synthesized

MWCNTs

Isotherm models Parameters Value SD

Langmuir Qn (mg-g™") 187.69 13.09
K, (L-mg™) 0.024 0.0038
R 0.98568

Freundlich K: 11.84 1.331
I/n 0.54 0.028
R’ 0.98741

Temkin B/J-mole™ 0.388 0.072
K, 3445 2.6437
R’ 0.9641

therm models for the adsorption of GRL onto MWCNTs at 20 °C
in fitting with Egs. (6), (7) and (8) is depicted in Fig, 9.

The isotherm parameters were determined from the slopes and
intercepts; standard deviation (SD) together with the correlation
coefficients (R?) are listed in Table 2. Results obtained with the non-
linear fitting show that the adsorption data could be best fitted to
the Freundlich and Langmuir isotherm model. This implies that
the adsorption of GRL onto MWCNTs from aqueous solutions
proceeds by a monolayer formation.

CONCLUSION

A low-temperature hydrothermal route has been successfully
developed to synthesize MWCNTs at 190 °C with catalyst Pd by
using PEG as the carbon source. The diameters of the as-prepared
MWCNTs are smaller than those prepared by high-temperature
hydrothermal method. The effect of varying parameters that affect
the removal/adsorption process such as mass dosage of MWCNT,
pH of solution, temperature, and initial GRL concentration were
investigated. The amount of GRL dye adsorbed per unit MWCNTs
mass increased with increases in pH of solution, initial dye con-
centration, and temperature. Equilibrium isotherm data were fit-
ted using Langmuir, Freundlich, and Temkin models. Among these
models, Freundlich and Langmuir models are in good agreement
with the experimental data with high R’. The adsorption of GRL
dependence on temperature was investigated and the thermody-
namic parameters AG’, AH’ and AS’ were calculated. The negative
AG’ value indicated that the adsorption was feasible and sponta-
neous. The positive AH’ and AS’ values depicted endothermic nature
of the adsorption and the affinity of MWCNTS for GRL adsorp-
tion, respectively. The mechanism of adsorption includes mainly
electrostatic interactions (physical interactions) between GRL and
MWCNTS. So the adsorption is a physisorption process. This study
concluded that MWCNTS are an appropriate adsorbent for remov-
ing maxilon blue dye from wastewater.
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