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ABSTRACT

The unique structure and extraordinary properties of carbon nanotubes make them a promising adsor-
bent for the removal of contaminants from aqueous solutions. In this study, the adsorption of rema-
zol brilliant blue R (RBBR) from aqueous solutions onto carboxylated multi-walled carbon nanotubes
(CCNTs) was investigated in a batch system. The influences of the initial pH value and the adsorbent
concentration on the capacity of the CCNTs to adsorb the dye were studied. The adsorption isotherms
were evaluated using the Langmuir and Freundlich adsorption isotherms, and the adsorption kinetics
were investigated with pseudo-first-order and pseudo-second-order models. The optimal pH value
for RBBR adsorption by CCNTs was 4.0 when the pH ranged from 4 to 9. The experimental data fit-
ted the Langmuir isotherm model (R? > 0.990), and the maximum adsorption capacity of CCNTs for
RBBR was 95.24, 103.63, and 109.41 mg/g at 25°C, 35°C, and 45°C, respectively. The RBBR uptake by
the CCNTs was found to be rapid and almost reached equilibrium in 90 min. The kinetic data of the
CCNTs followed a pseudo-second-order model (R? > 0.999). Thermodynamic studies were also per-
formed to evaluate different parameters such as free energy change (AG®), enthalpy change (AH®) and
entropy change (AS°). The adsorption process was found to be endothermic. The values of AH® and
AS° were 44.91 and 0.192 k]J/mol, respectively, indicating that the adsorption process was chemisorp-
tion. The results demonstrate that CCNTs are very promising adsorbents for the effective removal of
RBBR from aqueous solutions.
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1. Introduction

Synthetic dyes are usually aromatic molecules with
complex structures and are extensively used in the textile,
leather, paper, rubber, plastic, cosmetic, pharmaceutical,
and food industries. Their discharge as colored wastewater
often causes pollution and environmental issues, such as
the coloration of large water bodies, inhibition of sunlight
penetration, reduction of photosynthetic action, resistance
to photochemical and biological attacks, and increasing the
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chemical and biological oxygen demands in aquatic environ-
ments. Moreover, some dyes and their secondary products
are toxic, mutagenic, or carcinogenic [1,2].

Numerous methods such as coagulation and floccula-
tion [3], oxidation and ozonation [4], membrane separation
[5], and adsorption [6] have been developed and used for the
removal of dyes from wastewaters. However, the complex
aromatic structures of the synthetic dyes make them stable
to heat and oxidizing agents [7,8]. Among the existing tech-
niques, adsorption is best suited for dye scavenging, because
this technique can treat large flow rates and remove differ-
ent types of pollutants without formation of harmful sub-
stances [9,10]. Therefore, a large number of materials have
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been developed as sorbents for the removal of dyes and other
hazardous substances from aqueous solutions. Bhatti et al.
[11] reported that agricultural wastes (corncobs, sugarcane
bagasse, cotton sticks, sunflower, and peanut husk) were
good options as adsorbent materials for the removal of color
and chemical oxygen demand (COD) from textile industry
effluents. Sadaf and Bhatti [12] found that corncobs biomass
is a potential and cost-effective biomaterial for the treatment
of textile industry effluents. Modified Hibiscus cannabinus
fibers were also found to be useful for the removal of dyes
from aqueous systems [13]. Hen feather waste material has
also been successfully used as adsorbent for the removal of
toxic azo dyes from wastewaters [14]. Adsorption has also
been used for heavy metal removal from aqueous solutions.
For instance, Naushad et al. [15] investigated ion-exchange
kinetic studies for four heavy metals over a composite cation
exchanger and found that the kinetic studies are very import-
ant. Nanoparticles have been demonstrated to be highly effi-
cient materials for the removal of heavy metals by adsorption
due to their excellent properties. Recently, L-cystein-modified
montmorillonite (MMT)-immobilized sodium alginate bio-
polymer-based nanocomposite and iron oxide-impregnated
dextrin (Dex-Fe,O,) nanocomposite were demonstrated to be
very promising for the removal of heavy metals from aque-
ous solutions [16,17]. Although various materials have been
explored as sorbents for the removal of hazardous substances,
there is still a growing need for finding more efficient sorbents.

Carbon nanotubes (CNTs), which were re-discovered by
lijima, have potential applications in various fields such as
medicine, hydrogen storage, sensors, and environment [18]
due to their unique one-dimensional hollow structure and
extraordinary mechanical, electrical, thermal, and optical
characteristics [19]. These unique properties allow them to
interact with other molecules or atoms through m-m elec-
tronic and hydrophobic interactions. Therefore, CNTs are a
promising adsorbent for the removal of contaminants such
as heavy metals [20] and dyes [21] from aqueous solutions.

Functional groups such as -OH, -C=0, and -COOH
can be introduced on the CNT surface in order to tune the
adsorption behavior. The surfaces of CNTs can be modified
by the reaction with nitric acid, hydrogen peroxide, ammo-
nium persulfate, and ethylene diamine among others. These
modified CNTs having more hydrophilic functional groups
exhibit a higher cation adsorption capacity than the pristine
CNTs [22,23]. Although numerous reports demonstrated that
CNTs have excellent adsorption capacities for dyes, there is
limited information on the adsorption of reactive dyes by
modified CNTs.

The dye remazol brilliant blue R (RBBR) is frequently
used as a starting material in the production of polymeric
dyes and represents an important class of toxic and recalci-
trant organopollutants [24]. Novotny et al. [25] reported that
EC,, values of RBBR for bacteria Vibrio fischeri and microalgae
Selenastrum capricornutum were 813 + 15 and 81.1 + 3.5 mg/L,
respectively. The authors found RBBR exhibited a potential
mutagenic effect based on the results of Ames test.

In the present study, we investigated the adsorp-
tion capacity, adsorption isotherms, and kinetics of RBBR
adsorption by carboxylated multi-walled carbon nanotubes
(CCNTs). Thermodynamic studies were also performed to
determine the feasibility of the adsorption process.

2. Materials and methods
2.1. Chemicals and characterization

RBBR (CAS 2580-78-1; pure grade) was purchased from
Acros Organics (M/s Morris Plains, NJ, USA). The CCNTs
were purchased from the Nanjing XFNANO Materials
Tech. Co., Ltd. (M/s Nanjing, China) and produced by
chemical vaporization deposition (CVD). They presented
the following characteristics: purity >95 wt%, outer diame-
ter 10-20 nm, and inner diameter 5-10 nm. The CCNT sur-
face was characterized by Fourier transform infrared (FTIR)
spectroscopy, and the spectra were recorded between 4,000
and 400 cm™ (FTIR, AVATAR-360, M/s Nicolet, USA). The
morphology of the adsorbent was visualized by trans-
mission electron microscopy (TEM; JEM-1400, M/s JEOL,
Japan). The specific surface area (SSA) was determined
using the multi-point Brunauer-Emmett-Teller (BET)
method. The -COOH content (wt%) was assessed by titra-
tion with 0.05 M sodium hydroxide (NaOH) and 0.05 M
hydrochloric acid (HCI) [26].

2.2. Batch biosorption experiments

All batch kinetic and equilibrium studies were carried
out in a thermostatic rotary shaker (CHA-SA, M/S Jiangsu,
China; 150 rpm, 25°C) using 50 mL flasks, which contained
40 mL of RBBR solutions. The effect of the initial pH value
on the capacity of the CCNTs to remove the dye was stud-
ied by adjusting the initial pH values between 4 and 9 with
nitric acid (HNO,, 0.1 M) or NaOH (0.1 M). The effect of the
sorbent dose on the adsorption process was also examined
by varying the concentrations of the sorbents (0.01-1.6 g/L) at
25°C and pH 4, while the initial dye concentration was fixed
at 50 mg/L. The effect of the initial dye concentration on the
adsorption capacity of the CCNTs was evaluated for differ-
ent concentrations of the dye (5-250 mg/L) until equilibrium
was reached. The equilibrium adsorption isotherms for RBBR
were analyzed using the Langmuir and Freundlich models.
The kinetic experiments were carried out at 25°C using the
optimized pH value, initial dye concentration, and a bio-
sorbent concentration of 0.8 g/L. To determine the influence
of temperature on the adsorption process, batch sorption
experiments were carried out at three different temperatures
(25°C, 35°C, and 45°C) using a range of initial dye concentra-
tions from 5 to 250 mg/L.

For all batch experiments, different doses of sorbent were
separately added to each flask followed by the sealing of the
flasks to prevent evaporation and maintain a constant volume
of the solution. After shaking for predetermined time intervals,
the samples were centrifuged (5,000 g, 15 min, 25°C, M/s Cence,
Hunan, China), and the dye concentration in the supernatant
was estimated by measuring the absorbance at 592 nm (spec-
trophotometer, VIS-7220, M/s Shanghai, China). The amount
of dye adsorbed by CCNTs was calculated based on the initial
and equilibrium liquid-phase concentrations of the dye, the ini-
tial volume of the dye solution, and the weight of CCNTs.

The experiments were conducted in triplicate, and the
mean values were calculated. The negative controls (exper-
iments with no sorbent) were simultaneously carried out to
ensure that the dye was adsorbed by the CCNTs and not by
the container.
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3. Results and discussion
3.1. Characteristics of the CCNTs

Observations by TEM showed that the CCNTs ranged in
length from 0.5 to 2 um. The SSA was 212.5 m?/g, and the -
COOH content was 2.00 wt%. The FTIR spectra of the CCNTs
revealed a strong stretching vibration adsorption band of
the -OH group at 3,425.3 cm™ and of the carboxyl group at
1,552.6 cm™.

3.2. Effect of pH on the capacity of CCNTs to remove the dye

The pH of the solution is an important parameter affect-
ing the adsorption process. To study the influence of pH on
the adsorption capacity of CCNTs, mixtures having initial
dye concentration of 100 and 800 mg/L of CCNTs were incu-
bated for 6 h. The pH value ranged from 4 to 9. The maxi-
mum adsorption capacity (approximately 96%) of CCNTs for
RBBR was observed at pH 4 according to the results illus-
trated in Fig. 1. The capacity of the CCNTs to remove the dye
decreased when the value of the pH increased in acidic con-
ditions. The capacity remained constant when the pH value
was beyond 7. Therefore, the pH value of 4 was selected for
the following experiments.

3.3. Effect of the sorbent dose on the dye removal

Adsorbent dosage is another important parameter for the
determination of the adsorption capacity. Therefore, the con-
centration of the CCNTs was varied between 10 and 1,600 mg/L
while the initial concentration of RBBR was fixed at 50 mg/L in
a total dye solution of 40 mL. The percentages of the removal of
RBBR as a function of the concentration of CCNTs are shown
in Fig. 2. The removal capacity increased from 7.5% to 92.9%
when the adsorbent dose increased from 0.4 to 32 mg. This
result can be attributed to an increase of the adsorbent SSA
revealing more available adsorption sites. Nevertheless, when
the capacity is expressed in mg of adsorbed dye per gram of
adsorbent, the value decreases when the amount of sorbent
increases [27]. In the present study, when the adsorbent dose
increased from 0.4 to 64 mg, the adsorption capacity decreased
from 375.0 to 29.6 mg/g. A similar trend was observed by Wu
[8] who employed multi-walled CNTs (MWCNTs) to adsorb
the reactive dye Procion red MX-5B.

3.4. Adsorption isotherms

The capacity of the CCNTs to absorb RBBR was studied
at different dye concentrations (5-250 mg/L). The experimen-
tal data were fitted by the Langmuir and Freundlich models.
The adsorption isotherms describe the distribution of the
adsorbed molecules between the liquid and the solid phases
when an adsorption process reaches an equilibrium state. The
commonly used Langmuir isotherm assumes that a single
adsorbate binds to a single site of the adsorbent, and that the
adsorption follows a monolayer process. The saturation mono-
layer can be represented by the following expression [28]:
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Fig. 1. Effect of the initial pH value on the adsorption of rem-
azol brilliant blue R (RBBR) by carboxylated carbon nanotubes
(CCNTs) at 25°C. The RBBR concentration was 50 mg/L, and the
CCNT concentration was 800 mg/L.
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Fig. 2. Effect of the sorbent dose on the adsorption of RBBR by
CCNTs at 25°C. The RBBR concentration was 50 mg/L, and the
pH value was 4.

where Q is the amount of dye adsorbed by the CCNTs
(mg/g); C, is the equilibrium concentration of the dye in a
solution (mg/L); K is the Langmuir constant (L/mg); and
Q,, is the theoretical saturation capacity of the monolayer
(mg/g). The values of Q and K were extracted from Eq. (2)
by plotting C/Q, vs. C..

The Freundlich isotherm is an empirical equation
applied in the case of heterogeneous adsorbent surfaces
due to various functional groups on the surface and differ-
ent adsorbent-adsorbate interactions. The linear form of the
Freundlich equation is as follows [8]:

IgQ, :ngf-rllgCe 2
n
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where Q is the amount of dye adsorbed by the CCNTs
(mg/g); C, is the equilibrium concentration of the dye in a
solution (mg/L); and K, and n are the Freundlich constants,
which correspond to the adsorption capacity and the adsorp-
tion intensity of the adsorbent, respectively. The values of K
and 1/n can be calculated from the intercept and slope val-
ues of the logarithmic plot of Q, vs. C.. A high affinity of the
adsorbate is described by a high value of K and values of the
empirical parameter 1/n ranging from 0.1 to 1.

In the present study, linearized Langmuir and Freundlich
isotherms for the RBBR adsorption by the CCNTs at 25°C are

shown in Fig. 3, and the relative parameters at 25°C, 35°C, and
45°C are displayed in Table 1. The fitting of the experimen-
tal data showed a good fit with correlation coefficients (R?)
of 0.9915 and 0.8275, for the Langmuir and Freundlich iso-
therms, respectively. The Langmuir isotherm gave maximum
adsorption capacity values of 95.24, 103.63, and 109.41 mg/g
at 25°C, 35°C, and 45°C, respectively.

Numerous studies investigated the adsorption of RBBR
dissolved in aqueous solutions by various adsorbents. In par-
ticular, Ahmad et al. [29] reported the adsorption of RBBR on
Pinang frond-based activated carbon (PF-AC) and found that
PF-AC adsorption of RBBR followed a multi-layer adsorp-
tion process. On the other hand, our results fit the Langmuir
isotherm model indicating a monomolecular adsorption.

] A This difference may be attributed to the heterogeneous sur-
144 face of the zinc oxide particles with average sizes of 37 and
12 y=0.0105x+0.0312 46 pm used by the authors [30]. Other adsorbents such as

R™=0.9915

Jatropha curcas [31] and activated carbon prepared from pea-

1.0 nut hull [32] also showed adsorption of RBBR. Both materials
S ] showed good adsorption capacities following the Langmuir
§ 0'8'_ isotherm model. The adsorption of reactive blue 4 (RB4) dye
064 on an MWCNT was investigated by Wang et al. [33], and they
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reported an adsorption capacity of 69 mg/g at 25°C.

The maximum adsorption capacities of various CNTs
and CNT-based composites toward different dyes are com-
pared in Table 2. The Q, values of most materials were lower
than 90 mg/g. Carboxylate-functionalized MWCNTs have
been used for the removal of malachite green dye in aqueous
solution and displayed Q  value of 49.45 mg/g. The CCNTs
in the present study with Q  value of 95.24 mg/g clearly have
excellent potential as adsorbents for the removal of RBBR.

18 3.5. Adsorption kinetics
1.6 The CCNTs showed a rapid adsorption rate and a consid-
14 erable capacity to remove RBBR (Fig. 4). The adsorption equi-
121 librium was almost reached within 60 min. After 90 min of
] adsorption, the removal capacity reached 97.4%, which was
§’0 107 " ij.369x+1.247 close to that at 6 h (98.5%). The adsorption kinetics curve is
™ 08 R=0.8275 smooth and continuous leading to saturation, suggesting the
06 ] possibility of a monolayer coverage of the RBBR molecules
- on the surface of the CCNTs [51].
041 The kinetics of the RBBR adsorption on the CCNTs was
0.2 investigated using two common models used to describe
oo+ the dye sorption on solid adsorbents: the pseudo-first-order

— . .
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Fig. 3. Linearized Langmuir isotherms (A) and Freundlich
isotherms (B) for the adsorption of RBBR by CCNTs.

kinetic model and the pseudo-second-order kinetic model.
The best-fit model was chosen on the basis of the best lin-
ear regression correlation coefficient value (R?). The linear
form of the pseudo-first-order model can be expressed as
follows [52]:

Table 1
Parameters of the linear isotherms for adsorption of remazol brilliant blue R (RBBR) onto the carboxylated carbon nanotubes (CCNTs)
T (K) Langmuir Freundlich
Q,, (mg/g) K, (L/mg) R? n K R?
298 95.24 0.0231 0.9915 2.71 17.66 0.8275
308 103.63 0.0498 0.9935 2.54 17.98 0.9307
318 109.41 0.0720 0.9977 2.78 24.04 0.9534
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Table 2
Maximum dye adsorption capacities of CNTs and CNT-based composites
CNTs Dye adsorbed Q,, (mg/g) Reference
MWCNTs Procion red MX-5B 44.68 [8]
MWCNTs Sufranine O 43.48 [34]
MWCNTs/Fe,O, Methylene blue 42.3 [35]
Natural red 77.5
Carboxylate-functionalized MWCNTs Malachite green 49.45 [36]
MWCNTs Methyl orange 52.86 [37]
Oxidized MWCNTs Bromothymol blue 55 [38]
MWCNTs Direct Yellow 86 56.2 [39]
Direct Red 224 61.3
CNTs Methylene blue 64.7 [40]
Magnetic graphene-CNT composite Methylene blue 65.79 [41]
MWCNTs Orange II 66.12 [42]
Methylene blue 54.54
MWCNTs Methyl violet 71.76 [43]
Carboxylated MWCNTs Remazol brilliant blue R 95.24 This study
MWCNTs Methylene blue 132.6 [44]
Functionalized MWCNTs Congo red 148 [45]
Reactive green HE4BD 152
Golden yellow MR 141
MWCNTs Alizarin red S 161.29 [46]
MWCNTs Acid red 18 166.67 [47]
MWCNTs/Fe,C Direct Red 23 172 [48]
Magnetic CNT—cyclodextrin composite Methylene blue 196.5 [49]
MWCNTs Reactive red M-2BE 335.7 [50]
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Fig. 4. Adsorption kinetics of RBBR by CCNTs at 25°C. The RBBR
concentration was 50 mg/L; the initial pH value was 4, and the
CCNTs concentration was 800 mg/L.

kl
2.303
where Q and Q, are the amounts of RBBR adsorbed (mg/g)

at equilibrium and time ¢ (min), respectively, and k, is the
rate constant of the pseudo-first-order kinetic model (1/min).

log(Qe - Qt) = log Qe - t (3)

The parameters k, and Q, could be extracted from the slope
and the intercept of the plot of log(Q, - Q,) vs. t of Eq. (3).

The linear form of the pseudo-second-order rate equation
is as follows [53]:

t 1 +Lt @)

5t: kZQgZ Qe

where k, (g/mgmin) is the rate constant of the
pseudo-second-order reaction. The values of Q and k, can be
obtained from the slope and the intercept of the plot of t/Q, vs. t.
The linearized forms of the pseudo-first-order and pseudo-sec-
ond-order models at an initial RBBR concentration of 50 mg/L
are shown in Figs. 5(A) and (B), respectively. The correlation fac-
tor obtained for pseudo-second-order model (0.9997) is higher
than that for the pseudo-first-order (0.9899), indicating that the
experimental data for adsorption of RBBR onto CCNTs was
best fitted with pseudo-second-order model. In addition, the
Q, value (49.75 mg/g) calculated from the pseudo-second-order
model was closer to the experimental value (49.26 mg/g) than
that from the pseudo-first-order model. The results also sug-
gested that the adsorption kinetics of RBBR on CCNTs can be
best described by the pseudo-second-order rate equation.

3.6. Thermodynamic parameters

The Gibbs free energy change (AG®), enthalpy
change (AH®), and entropy change (AS°) are important
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Fig. 5. Pseudo-first-order (A) and pseudo-second-order (B)
kinetic curves for the adsorption of RBBR by CCNTs.

Table 3
Values of thermodynamic parameters for the adsorption of
remazol brilliant blue R (RBBR) onto the CCNTs

T K, AG® AH° AS°

(K) (L/mol) (kJ/mol) (kJ/mol) (kJ/mol)
298 1,4473.07  -23.74 4491 0.192
308 31,201.69  -26.50

318 45,110.88  -28.33

thermodynamic parameters to define the feasibility, spon-
taneity, and heat change for the biosorption process, respec-
tively. AG® can be related with the sorption equilibrium con-
stant K by the following equation:

AG®=-RTInK, )

where R is the universal gas constant, 8.314 J/K mol, and T is
the absolute temperature (K). The changes of AH® and AS°
can be estimated by the following equation:

InK —A—S AH

=—_ 6
* R RT ©

A plot of InK_ vs. 1/T was linear. The AH® and AS° values
were determined from the slope and intercept of this plot,
respectively. Q , K (L/mol), and the values of thermody-
namic parameters obtained from Egs. (5) and (6) are shown
in Table 3.

The negative values of AG® indicated the feasibility and
the spontaneous nature of the adsorption process. The value
of AH® was positive (44.91 kJ/mol), indicating that the adsorp-
tion reaction was endothermic. The adsorption process was
chemical as the AH® value was greater than 40 kJ/mol [54].
The positive value of AS° (0.192 kJ/mol) reflected the affin-
ity of CCNTs for RBBR and also showed the increase of ran-
domness at the solid/liquid interface during the sorption of
dye on the sorbent [55]. Our results agreed with most of the
previous studies, which demonstrated that the adsorption
processes of dyes by various CNTs or CNT-based composites
were endothermic and the adsorption data fitted Langmuir
isotherm model and pseudo-second-order model well [21].

4. Conclusions

The adsorption of RBBR in an aqueous solution using
CCNTs as adsorbent has been investigated in a batch mode.
The batch experiments were performed for the optimization
of important process parameters. The experimental data were
best described by the Langmuir isotherm model, with maxi-
mum adsorption capacities of 95.24, 103.63, and 109.41 mg/g
at 25°C, 35°C, and 45°C, respectively. The adsorption kinetics
closely followed the pseudo-second-order kinetic model. The
positive AH® value demonstrated the endothermic nature
of the adsorption interaction. The negative value of AG°
indicated the feasibility and the spontaneous nature of the
adsorption process. Overall, the results of this work demon-
strate that CCNTs have excellent potential for the removal of
RBBR from aqueous solutions.

Acknowledgments

This work was supported by Shandong Provincial Natural
Science Foundation of China (Grant No. ZR2015CM023;
Grant No. ZR2013CMO002), Linyi Project for Science and
Technology (201412025), and National Natural Science
Foundation of China (Grant No. 31370520).

References

[1] K.C. Chen, J.Y. Wu, C.C. Huang, Y.M. Liang, S.C.J. Hwang,
Decolorization of azo dye wusing PVA-immobilized
microorganisms, J. Biotechnol., 101 (2003) 241-252.

[2] EP. Van der Zee, S. Villaverde, Combined anaerobic—aerobic
treatment of azo dyes—a short review of bioreactor studies,
Water Res., 39 (2005) 1425-1440.

[3] T.Panswad, S. Wongchaisuwan, Mechanisms of dye wastewater
colour removal by magnesium carbonate-hydrated basic, Water
Sci. Technol., 18 (1986) 139-144.

[4] M. Koch, A. Yediler, D. Lienert, G. Insel, A. Kettrup, Ozonation
of hydrolyzed azo dye reactive yellow 84 (CI), Chemosphere,
46 (2002) 109-113.

[5] G. Ciardelli, L. Corsi, M. Marcucci, Membrane separation for
wastewater reuse in the textile industry, Resour. Conserv. Recy.,
31 (2001) 189-197.

[6] R. Venkata, C. Sastray, Removal of dyes from water and
wastewater by adsorption, Indian J. Environ. Prot., 7 (1987)
363-376.



288

[7]
(8]

91

[10]

[11]

[12]

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

C. Hu et al. / Desalination and Water Treatment 62 (2017) 282-289

E. Forgacs, T. Cserhati, G. Oros, Removal of synthetic dyes from
wastewaters: a review, Environ. Int., 30 (2004) 953-971.

C.-H. Wu, Adsorption of reactive dye onto carbon nanotubes:
equilibrium, kinetics and thermodynamics, J. Hazard. Mater.,
144 (2007) 93-100.

VK. Gupta, A. Rastogi, A. Nayak, Adsorption studies on the
removal of hexavalent chromium from aqueous solution using
a low cost fertilizer industry waste material, J. Colloid Interface
Sci., 342 (2010) 135-141.

A. Mittal, J. Mittal, A. Malviya, D. Kaur, V. Gupta, Adsorption
of hazardous dye crystal violet from wastewater by waste
materials, J. Colloid Interface Sci., 343 (2010) 463-473.

H. Bhatti, S. Sadaf, A. Aleem, Treatment of textile effluents by
low cost agricultural wastes: batch biosorption study, J. Anim.
Plant Sci., 25 (2015) 284-289.

S. Sadaf, H.N. Bhatti, Removal of COD from real textile
effluents using agro-industrial wastes, Desal. Wat. Treat., 53
(2015) 2585-2592.

G. Sharma, M. Naushad, D. Pathania, A. Mittal, G.
El-Desoky, Modification of Hibiscus cannabinus fiber by graft
copolymerization: application for dye removal, Desal. Wat.
Treat., 54 (2015) 3114-3121.

A. Mittal, J. Mittal, Hen Feather: A Remarkable Adsorbent for Dye
Removal, Green Chemistry for Dyes Removal from Wastewater:
Research Trends and Applications, SK. Sharma, Ed., John
Wiley & Sons, Inc., Hoboken, NJ, USA, 2015, pp. 409-457.

M. Naushad, A. Mittal, M. Rathore, V. Gupta, Ion-exchange
kinetic studies for Cd(II), Co(II), Cu(ll), and Pb(II) metal ions
over a composite cation exchanger, Desal. Wat. Treat., 54 (2015)
2883-2890.

A. Mittal, R. Ahmad, I. Hasan, Biosorption of Pb*, Ni* and
Cu* ijons from aqueous solutions by L-cystein-modified
montmorillonite-immobilized alginate nanocomposite, Desal.
Wat. Treat., 57 (2016) 17790-17807.

A. Mittal, R. Ahmad, I. Hasan, Iron oxide-impregnated
dextrin nanocomposite: synthesis and its application for the
biosorption of Cr(VI) ions from aqueous solution, Desal. Wat.
Treat., 57 (2016) 15133-15145.

B. Wang, W.Y. Feng, Y.L. Zhao, G.M. Xing, Z.F. Chai, H.F. Wang,
G. Jia, Status of study on biological and toxicological effects of
nanoscale materials, Sci. China, Ser. B, 48 (2005) 385-394.

A. Kunzmann, B. Andersson, T. Thurnherr, H. Krug, A.
Scheynius, B. Fadeel, Toxicology of engineered nanomaterials:
focus on biocompatibility, biodistribution and biodegradation,
Biochim. Biophys. Acta, 1810 (2011) 361-373.

A. Stafiej, K. Pyrzynska, Adsorption of heavy metal ions with
carbon nanotubes, Sep. Purif. Technol., 58 (2007) 49-52.

VK. Gupta, R. Kumar, A. Nayak, T.A. Saleh, M. Barakat,
Adsorptive removal of dyes from aqueous solution onto carbon
nanotubes: a review, Adv. Colloid Interface Sci., 193 (2013)
24-34.

A.H. El-Sheikh, Effect of oxidation of activated carbon on its
enrichment efficiency of metal ions: comparison with oxidized
and non-oxidized multi-walled carbon nanotubes, Talanta,
75 (2008) 127-134.

H. Tahermansouri, E. Biazar, Functionalization of carboxylated
multi-wall carbon nanotubes with 3,5-diphenyl pyrazole and
an investigation of their toxicity, New Carbon Mater., 28 (2013)
199-207.

G. Palmieri, G. Cennamo, G. Sannia, Remazol Brilliant Blue
R decolourisation by the fungus Pleurotus ostreatus and its
oxidative enzymatic system, Enzyme Microb. Technol.,
36 (2005) 17-24.

C. Novotny, N. Dias, A. Kapanen, K. Malachova,
M. Vandrovcova, M. Itdvaara, N. Lima, Comparative use of
bacterial, algal and protozoan tests to study toxicity of azo- and
anthraquinone dyes, Chemosphere, 63 (2006) 1436-1442.

B. Scheibe, E. Borowiak-Palen, R.J. Kalenczuk, Oxidation and
reduction of multiwalled carbon nanotubes—preparation and
characterization, Mater. Charact., 61 (2010) 185-191.

P. Luo, Y. Zhao, B. Zhang, J. Liu, Y. Yang, ]J. Liu, Study on
the adsorption of Neutral Red from aqueous solution onto
halloysite nanotubes, Water Res., 44 (2010) 1489-1497.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

I. Tan, A.L. Ahmad, B. Hameed, Adsorption of basic dye on
high-surface-area activated carbon prepared from coconut
husk: equilibrium, kinetic and thermodynamic studies,
J. Hazard. Mater., 154 (2008) 337-346.

M.A. Ahmad, S.G. Herawan, A.A. Yusof, Equilibrium, kinetics,
and thermodynamics of remazol brilliant blue R dye adsorption
onto activated carbon prepared from Pinang frond, ISRN Mech.
Eng., 2014 (2014) 1-7.

K. Ada, A. Ergene, S. Tan, E. Yalgin, Adsorption of Remazol
Brilliant Blue R using ZnO fine powder: equilibrium, kinetic
and thermodynamic modeling studies, ]. Hazard. Mater.,
165 (2009) 637-644.

P. Sathishkumar, M. Arulkumar, T. Palvannan, Utilization
of agro-industrial waste Jatropha curcas pods as an activated
carbon for the adsorption of reactive dye Remazol Brilliant Blue
R (RBBR), J. Cleaner Prod., 22 (2012) 67-75.

Z.-Y. Zhong, Q. Yang, X.-M. Li, K. Luo, Y. Liu, G.-M. Zeng,
Preparation of peanut hull-based activated carbon by
microwave-induced phosphoric acid activation and its
application in Remazol Brilliant Blue R adsorption, Ind. Crops
Prod., 37 (2012) 178-185.

S. Wang, C.W. Ng, W. Wang, Q. Li, L. Li, A comparative study
on the adsorption of acid and reactive dyes on multiwall carbon
nanotubes in single and binary dye systems, J. Chem. Eng. Data,
57 (2012) 1563-1569.

M. Ghaedi, S. Haghdoust, S.N. Kokhdan, A. Mihandoost,
R. Sahraie, A. Daneshfar, Comparison of activated carbon,
multiwalled carbon nanotubes, and cadmium hydroxide
nanowire loaded on activated carbon as adsorbents for kinetic
and equilibrium study of removal of Safranine O, Spectrosc.
Lett., 45 (2012) 500-510.

S. Qu, F. Huang, S. Yu, G. Chen, ]J. Kong, Magnetic removal
of dyes from aqueous solution using multi-walled carbon
nanotubes filled with Fe,O, particles, ]. Hazard. Mater.,
160 (2008) 643-647.

H. Sadegh, R. Shahryari-ghoshekandi, S. Agarwal, L. Tyagi, M.
Asif, VK. Gupta, Microwave-assisted removal of malachite green
by carboxylate functionalized multi-walled carbon nanotubes:
kinetics and equilibrium study, J. Mol. Liq., 206 (2015) 151-158.
Y. Yao, H. Bing, X. Feifei, C. Xiaofeng, Equilibrium and kinetic
studies of methyl orange adsorption on multiwalled carbon
nanotubes, Chem. Eng. J., 170 (2011) 82-89.

M. Ghaedi, H.Khajehsharifi, A.H. Yadkuri, M.Roosta, A. Asghari,
Oxidized multiwalled carbon nanotubes as efficient adsorbent
for bromothymol blue, Toxicol. Environ. Chem., 94 (2012)
873-883.

C.-Y. Kuo, C.-H. Wu, J.-Y. Wu, Adsorption of direct dyes
from aqueous solutions by carbon nanotubes: determination
of equilibrium, kinetics and thermodynamics parameters,
J. Colloid Interface Sci., 327 (2008) 308-315.

Y. Yao, F. Xu, M. Chen, Z. Xu, Z. Zhu, Adsorption is a
comparatively cheap process and effective in the removal of
dyes, Bioresour. Technol., 101 (2010) 3040-3046.

P. Wang, M. Cao, C. Wang, Y. Ao, J. Hou, ]. Qian, Kinetics
and thermodynamics of adsorption of methylene blue by a
magnetic graphene-carbon nanotube composite, Appl. Surf.
Sci., 290 (2014) 116-124.

A. Rodriguez, G. Ovejero, J. Sotelo, M. Mestanza, J. Garcia,
Adsorption of dyes on carbon nanomaterials from aqueous
solutions, J. Environ. Sci. Health., Part A, 45 (2010) 1642-1653.
Y. Yao, F. Xu, Z. Zhu, Z. Xu, M. Chen, Adsorption of methyl violet
onto multi-walled carbon nanotubes: equilibrium, kinetics and
modeling, Fresenius Environ. Bull., 19 (2010) 854-861.

S. Zohre, S.G. Ataallah, A. Mehdi, Experimental study of
methylene blue adsorption from aqueous solutions onto carbon
nano tubes, Int. J. Water Res. Environ. Eng., 2 (2010) 016-028.

A K. Mishra, T. Arockiadoss, S. Ramaprabhu, Study of removal
of azo dye by functionalized multi walled carbon nanotubes,
Chem. Eng. J., 162 (2010) 1026-1034.

M. Ghaedi, A. Hassanzadeh, S.N. Kokhdan, Multiwalled carbon
nanotubes as adsorbents for the kinetic and equilibrium study
of the removal of alizarin red S and morin, J. Chem. Eng. Data,
56 (2011) 2511-2520.



[47]

(48]

[49]

[50]

C. Hu et al. / Desalination and Water Treatment 62 (2017) 282-289

M. Shirmardi, A. Mesdaghinia, A.H. Mahvi, S. Nasseri, R.
Nabizadeh, Kinetics and equilibrium studies on adsorption
of acid red 18 (azo-dye) using multiwall carbon nanotubes
(MWCNTs) from aqueous solution, J. Chem., 9 (2012) 2371-2383.
W. Konicki, I. Petech, E. Mijowska, I. Jasinska, Adsorption of
anionic dye Direct Red 23 onto magnetic multi-walled carbon
nanotubes-Fe,C nanocomposite: kinetics, equilibrium and
thermodynamics, Chem. Eng. J., 210 (2012) 87-95.

J. Cheng, PR. Chang, P. Zheng, X. Ma, Characterization of
magnetic carbon nanotube-cyclodextrin composite and its
adsorption of dye, Ind. Eng. Chem. Res., 53 (2014) 1415-1421.
FEM. Machado, C.P. Bergmann, T.H. Fernandes, E.C. Lima, B.
Royer, T. Calvete, S.B. Fagan, Adsorption of Reactive Red M-2BE
dye from water solutions by multi-walled carbon nanotubes
and activated carbon, J. Hazard. Mater., 192 (2011) 1122-1131.

(51]

[52]

(53]
(54]

[55]

289

K. Low, C. Lee, L. Heng, Sorption of basic dyes by Hydrilla
verticillata, Environ. Technol., 15 (1994) 115-124.

LD. Mall, V.C. Srivastava, N.K. Agarwal, . M. Mishra, Removal
of congo red from aqueous solution by bagasse fly ash and
activated carbon: kinetic study and equilibrium isotherm
analyses, Chemosphere, 61 (2005) 492-501.

Y. Ho, C. Chiang, Sorption studies of acid dye by mixed
sorbents, Adsorption, 7 (2001) 139-147.

H. Demir, A. Top, D. Balkése, S. Ulkii, Dye adsorption behavior
of Luffa cylindrica fibers, ]. Hazard. Mater., 153 (2008) 389-394.
Y.S. Ho, T.H. Chiang, Y.M. Hsueh, Removal of basic dye from
aqueous solution using tree fern as a biosorbent, Process
Biochem., 40 (2005) 119-124.



