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ABSTRACT

Dyes or colors are one of the most important chemicals used in textile industries. It is neces-
sary that dye-contaminated wastewater before discharging to environment treated by an
appropriate and effective method. In this study, the performance of single-wall carbon
nanotubes (SWCNTs) as an adsorbent for the removal of dye from aqueous solution was
evaluated. The effect of operational parameters, such as contact time, solution pH, adsorbent
dosage, and initial dye concentration was studied. Adsorption data were analyzed
using Langmuir, Freundlich, and Temkin adsorption isotherms. The Langmuir isotherm
(R*=0.9844) was the best fitted graph for experimental data with maximum adsorption
capacity (4m) of 166.667 mg/g. The kinetic data were tested using pseudo-first-order, pseudo-
second-order, and intraparticle diffusion models. The results of this study indicate that
SWCNTs can be used as an effective adsorbent for the removal of azo dyes.
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1. Introduction

Synthetic dyes are widely used in various
industries, such as textiles, paper, leather, printing, and
cosmetics. Discharging wastewater containing dyes
causes the serious environmental problems because of
its high toxicity, possible accumulation in the environ-
ment, and the complex aromatic structure make them
more stable and more difficult to remove from effluent
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discharged to the hydrosphere [1,2]. Therefore, indus-
trial effluents containing dyes need to be treated before
discharging to the environment [3]. Additionally, most
of these dyes can cause allergy, dermatitis, skin irrita-
tion, and also provoke cancer and mutation in humans
[4,5]. There are several methods for dye removal, such
as aerobic and anaerobic digestion, coagulation,
advanced oxidation, combined chemical and biochemi-
cal process, adsorption, and membrane treatment; each
of these has different removal efficiency, advantage,
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disadvantage, capital costs, and operating rates. The
adsorption technique has proven to be an effective and
attractive process for wastewater treatment in terms of
initial cost, simplicity of design, ease of operation, and
insensitivity to toxic substances. In addition, this tech-
nique can produce high-quality effluent that does not
result in the formation of harmful substances, such as
ozone and free radicals [6-9]. Numerous adsorbents
such as activated carbon [10], bagasse fly ash [11],
babassu coconut epicarp [12], and chitosan nanodisper-
sion [13] have been examined for their ability to
remove dyes from wastewater. Among these materials
activated carbon is widely used adsorbent for environ-
mental pollution control. More recently, Long and
Yang [14] reported that multi-wall carbon nanotubes
(MWCNTs) could be more efficient for the removal of
dioxin than activated carbon; carbon nanotubes (CNTSs)
as new adsorbents have gained increasing attention of
many researchers. According to the layers involved,
CNTs can be classified into single-wall carbon nano-
tubes (SWCNTs) and MWCNTs. Because of their rela-
tively large specific surface areas, small size, unique
hollow structures, high mechanical strength, and
remarkable electrical conductivities, CNTs have been
proven to possess great potential as superior adsor-
bents for removing many kinds of organic and inor-
ganic contaminants [15,16], such as heavy metal,
trihalomethanes, fluoride, and dyes from water and
wastewater [17-21]. Since removal of dyes by SWCNTs
have been less investigated, the present work focuses
on the removal of anionic dye (Acid Red 18, AR18) by
SWCNTs from aqueous solution. The influence of dif-
ferent variable, including contact time, pH of solution,
adsorbent dosage, and initial dye concentration was
evaluated. Adsorption isotherms and kinetics were also
analyzed.

2. Materials and methods
2.1. Materials

The CNTs used in this study were SWCNTs. These
CNTs have specific surface area 700 m*/g and electrical
conductivity 3,000S/m. The inner diameter, the outer
diameter, and the length of the SWCNTs are in the
ranges of 0.8-1.1nm, 1-2nm and 10 pm, respectively.
The purity of CNTs was more than 95%. The CNTs
have been synthesized in the Iranian Research Institute
of Petroleum Industry which were purchased and used
without pretreatment for this study. Dyes containing
(-N=N-) bands are known as azo dye. Since AR18 has
an azo band, selected for this study, was purchased
from Alvan Sabet Co (Hamedan, Iran), and was used
without further purification. AR18 formula, molecular

M. Shirmardi et al. | Desalination and Water Treatment 51 (2013) 6507-6516

SOgNa

SO,Na N

OH

NaO,S

Fig. 1. Chemical structure of AR 18 dye.

weight, and maximum adsorption wavelength (Anax),
are CyoH11N>Naz010S;, 604.47 g/mol, and 506 nm,
respectively. Chemical structure of dye is shown in
Fig. 1. Stock solution of dye was prepared by weighting
and dissolving the required amounts of ARI18 in
distiled water. Dye solutions with different initial con-
centrations were fabricated by diluting stock solution
in required proportions and their absorbance were read
by UV-Vis spectroscopy. After taking the measure-
ments, calibration curve was made to obtain the
concentration of each experiment. This curve was used
to change the adsorption data into concentrations for
kinetic and equilibrium studies. All other chemicals
were of analytical grade.

2.2. Adsorption experiments

Batch adsorption experiments were conducted
using 250 mL Erlenmeyer flasks containing 100 mL of
dye solutions which were agitated at 175rpm on an
INluminated Refrigerated Incubator Shaker (Innova
4340, USA). Initial solution pH was adjusted using
0.1N HCl and 0.1N NaOH. In this study, various
parameters, such as contact time, solution pH,
adsorbent dosage, and initial dye concentration were
investigated. The effect of contact time evaluated by
0.02g of SWCNTs was added to 100mL of dye
solution with different initial dye concentrations. At
specific time intervals, samples were taken from the
suspension and were analyzed. In these experiments
different ranges of the solution pH were investigated
to determine the effect of solution pH on the adsorp-
tion process. To determine the effect of adsorbent
dose, different amounts of adsorbent were added into
the different initial concentrations of AR18 solution, at
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pH 3.0 at equilibrium time. In order to study the
effect of AR18 initial concentration on the adsorption
process, 100mL of ARI18 solutions with different
initial concentrations was prepared in a series of
250mL Erlenmeyer flasks and different adsorbent
doses were added to each flask at pH 3.0. At the end
of equilibrium time, in order to separate the adsor-
bents from the aqueous solutions, the samples were
centrifuged at 4,000rpm for 10min, and then the
supernatant of suspension was filtered using a 0.2 um
Millipore filter. The residual dye concentrations
(AR18) were analyzed by UV-Visible spectrophotome-
ter (Perkin-Elmer Lambda 25, USA) at maximum
adsorption wavelength of 506 nm. The procedures of
kinetic experiments were identical with those of
equilibrium tests. The dye removal percentage, the
amount of AR18 adsorbed at time f (g, mg/g) and at
equilibrium (., mg/g) was calculated through the
following equations, respectively:

Dye removal % = Co=C) x 100 (1)
(G —Ce) xV

Ge="——p (2)
Co—CHxV

I ®)

where C, and C. (mg/L) are the initial and equilib-
rium concentrations of AR18, respectively. M (g) is
the weight of SWCNTs and V (L) the volume of the
solution, C; is the concentration of dye at any time ¢,
q: (mg/g) is the amount of adsorbed dye on SWCNTs
at any time.

3. Results and discussion
3.1. Effect of contact time

The effect of contact time on adsorption of AR18
by SWCNTs at different initial dye concentrations (25,
50, 75, and 100mg/L) is presented in Fig. 2. As shown
in Fig. 2, by increasing the contact time the amount of
adsorbed dye on SWCNTs at any time was increased.
The results show that the adsorption of AR18 is faster
during initial stages, then becomes slow and finally
reaches to equilibrium at approximately 100min. It
was observed that removal efficiency of dye increased
with the increase in contact time for all initial AR18
concentrations. These observation show that initial
dye concentration has no effect on required time for
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Fig. 2. Effect of contact time on the removal of AR18 dye
by SWCNTs at different dye concentration (condition:
adsorbent dose=.02g, T=25°C, pH=7).

equilibrium. The fast adsorption rate during initial
stages is probably due to the availability of a large
number of vacant sites on the surface of adsorbent
and with the gradual occupancy of these sites, the
adsorption became less efficient. With increasing time
due to the increased repulsive forces between dye
molecules and bulk solution, occupation of the
remaining vacant sites is more difficult [22,23].

3.2. Effect of solution pH

Solution pH is one of the most important parame-
ters that affect adsorption of dye molecules. The effect
of solution pH on removal of AR18 on SWCNTs was
studied at different pH values at different dye concen-
trations while the adsorbent dosage, contact time, and
temperature were fixed at 0.04g, 100 min, and 25°C,
respectively. The effect of solution pH on removal of
AR18 is presented in Fig. 3. As shown in Fig. 3, dye
removal efficiency decreased when the pH increased
from 3 to 9 for all dye concentrations, indicating that
pH significantly affected AR18 removal percentage,
particularly under acidic conditions. For initial dye
concentration 25mg/L removal of AR18 decreased
from 98 to 74% when the pH increased from 3 to 9.
Therefore, the pH 3 is selected as optimum pH for the
other experiments. The dissolved AR18 dye is nega-
tively charged in water solution, and then the removal
of this dye takes place when the adsorbents present a
positive surface charge. Acidic condition increases the
electrostatic attraction between anionic dye and par-
tially positive charged SWCNTs surface. With the
increase of the pH value (basic condition) the number
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Fig. 3. Effect of initial pH on the removal of AR18 by
SWCNTs at different dye concentration (condition:
adsorbent dose=.04g, T=25°C).

of positively charged sites decreases and the number
of negatively charged sites increases [24,25].

3.3. Effect of adsorbent dosage

The effect of adsorbent dose on removal of AR18
for different initial dye concentration 25, 50, 75, and
100mg/L were investigated. Fig. 4 shows the removal
of AR18 as a function of SWCNTs dosage. As shown
in Fig. 4, for initial dye concentration 25mg/L the
removal percentage increased from 89 to 98% when

- ——C=25mg/L ——C=50mg/L
1209 g c75mglt ——C=100mg/L
100 - /___’0
o 804
—
[
g 607
-
3
o 401
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&
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Fig. 4. Effect of adsorbent dosage on the removal of AR18
by SWCNTs at different dye concentration (condition:
T=25°C, pH=3).
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SWCNTs increased from 0.02 to 0.06 g. The increase in
percentage of dye removed with an adsorbent dosage
that can be attributed to the availability of more
surface area of the SWCNTs [3]. Similar observations
can be found in previous literature. Ehrampoush et al.
[26] who utilize eggshell for the removal of reactive
red 123 suggested that increasing of ES dose in aque-
ous solution can result to increased pollutant removal,
but this elevation of ES leads to decreasing of
adsorbed dye per unit of adsorbent (g.). Similar
results were also obtained for Brazilian pine-fruit shell
as a biosorbent by Eder C. Lima et al. [27] and for
activated carbon prepared from agricultural waste by
Senthilkumaar et al. [28].

3.4. Effect of initial dye concentration

The dye concentration is another important
variable that can affect dye removal process. Fig. 5
shows the effect of initial AR18 concentration on
removal of dye by SWCNTs. From the figure, it is evi-
dent that by increasing the initial dye concentration
the percentage removal of dye decreased, although
the actual amount of dye adsorbed per unit mass of
SWCNTs increased with the increase in initial concen-
tration. As the initial dye concentrations increase from
25 to 100mg/L, the percentage removal of dye
decreases from 98 to 82% at 0.06g adsorbent dosage.
However, the amount of AR18 adsorbed at equilib-
rium increased from 41 to 136 mg/g. This is due to
the increase in the driving force of the concentration

——02g/L ——04glL -w-06g/l
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e 80
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5 40 -
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T L] T 1
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Fig. 5. Effect of initial dye concentration on the removal of

AR18 by SWCNTs at different adsorbent dosage (condition:
adsorbent dose=.04g, T=25°C, pH=3).
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gradient with the higher initial dye concentrations
[29]. Similar results have been reported in literature
[22,24].

3.5. Adsorption isotherms

The adsorption isotherm is the most important
information, which indicates how the adsorbate inter-
acts with adsorbents, and is basically important to
describe how the adsorption molecules distribute
between the liquid phase and the solid phase when
the adsorption process reaches equilibrium, give
valuable information to optimize the design of an
adsorption system [30,31]. Three important isotherms,
the Langmuir, Freundlich, and Temkin isotherms were
used to fit the experimental data for AR18 adsorption
equilibrium in aqueous solution on SWCNTs at
different initial dye concentration.

3.5.1. Langmuir isotherm

The Langmuir adsorption isotherm has been the
most widely used adsorption isotherm for the adsorp-
tion of a solute from a liquid solution, which is based
on the assumption of monolayer adsorption on a
structurally homogeneous adsorbent, where all the
sorption sites are identical and energetically equiva-
lent [32]. The saturation monolayer can be represented
by the expression:

_ Im KCe
9e=11KC. (4)

The linear form of Langmuir equation is:

4e Kgu ' 4y

C. 1  C.
+ (5)

where g, is the amount of dye adsorbed per gram of
SWCNTs (mg/g); C. is the equilibrium concentration
of dye in a solution (mg/L); K is the Langmuir con-
stant (L/mg), which is related to the affinity of binding
sites; and g, is the theoretical saturation capacity of
the monolayer (mg/g). The values of K and ¢, were
calculated from the linearized form of Eq. (5) by
plotting Ce/ge vs. Ce.

3.5.2. Freundlich isotherm

The Freundlich isotherm is an empirical equation
and corresponds to the heterogeneous adsorbent
surfaces. Freundlich equation is expressed as [17,33]:
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9. = ke C'" (6)
The linear form of Freundlich equation is:

log g. = log(k;) + 1/nlog(C.) (7)

where g, is the amount of AR18 adsorbed per unit
mass of adsorbent (mg/g), C. is the concentration of
AR18 in solution at equilibrium (mg/L), ks and n are
the Freundlich constants, which correspond to the
adsorption capacity and the adsorption intensity of
the adsorbent, respectively, which can be calculated
from the logarithmic plot of g vs. Ce.

3.5.3. Temkin equation

Temkin isotherm [2,32,34] contains a factor that
explicitly takes into account the adsorptive-adsorbent
interactions, Temkin equation is:

ge = By In(k,C.) (8)

The linear form of Temkin isotherm is expressed
as:

Je = B] lnkt + B] In Ce (9)

where B; =RT/b and k; are the constants. R is the gas
constant (8.31]/molK) and T (K) is the absolute tem-
perature, k; is the equilibrium binding constant (L/mg)
corresponding to the maximum binding energy and
constant B is related to the heat of adsorption. The iso-
therm constants k; and B; can be obtained from the
slope and intercept of plots (g, vs. In C,), respectively.
The isotherm constants for all above-mentioned
isotherms were calculated from the linear form of each
model for different initial dye concentration. The
parameters for the three isotherm models and the cor-

Table 1
The parameters of Langmuir, Freundlich, and Temkin
isotherm models

Isotherm models Parameters Value
Langmuir dm (mg/g) 166.667
k (L/mg) 0.335
R? 0.985
Freundlich ke (mg/g (L/mg)1/n) 54.41
n 3.51
R? 0.951
Temkin B 21.703
ke 3.135
R? 0.983
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Fig. 6. Langmuir isotherm plot for removal of AR18 by
SWCNTs (condition: initial dye concentration =10, 25, 50, 75,
100, and 120mg/L, adsorbent dose =.04 g, T=25°C, pH=7).

relation coefficients are given in Table 1. Fig. 6 (a, b, c)
present the Langmuir, Freundlich, and Temkin iso-
therms of AR18, respectively. Based on the correlation
coefficient (R?) (Table 1), it can be seen that the adsorp-
tion of AR18 onto SWCNTs is best fitted in the
Langmuir isotherm than the other two isotherms.
The maximum adsorption capacity obtained from the
Langmuir isotherm is 166.666 mg/g. Comparative
values of maximum adsorption capacity for some of
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the adsorbents for different dyes removal, are given in
Table 2.

3.6. Adsorption kinetics study

Various models are available to express the
mechanism of solute sorption onto a sorbent. In this
study, the experimental equilibrium data of AR18
onto SWCNTs were analyzed by pseudo-first-order
kinetic model, pseudo-second-order kinetic model, and
intraparticle diffusion. These models are widely used
for describing dyes sorption as well as other pollutants
such as heavy metals on solid adsorbents. The best-fit
model was chosen based on the linear regression
correlation coefficient values, R>.

3.6.1. Pseudo-first-order model

Pseudo-first-order model can be expressed as [35]:

d
% =ki(ge — q¢)

(10)
where g, and g; are the amounts of AR18 adsorbed
(mg/g) at equilibrium and time t (min), respectively;
ki is the rate constant of pseudo-first-order kinetic
model (1/min). The integrating of Eq. (10) for the
boundary conditions 4,=0 at t=0 and g,=g; at t=t,
gives the linear relationship between the amount of
ARI18 adsorbed (g;) and time (#).

Conditions

Maximum adsorption References

capacity (mg/g)

Table 2

Comparison of maximum adsorption capacity of different adsorbents
Adsorbent Adsorbate

SWCNTs Acid Red 18

MWCNTs Methylene Blue

F-MWCNTs Direct Gongo Red

Reactive Green HI-4BD
Golden Yellow
Methylene Blue
Neutral Red

Procion Red MX-5B

MWCNTs- Fe,03
CNTs
Neutral Red

Halloysite nanotubes

Acid Red 97
Methylene Blue

Activated carbon
Activated carbon

Eggshell Reactive Red 123

166.667 Present work
290K 103.62 [38]
300K 109.31
310K 119.71

148 [2]

152

141

423 [39]

77.5
301K 39.84 [17]
PH=6.5
298 K 54.85 [22]
308K 59.24

82.08 [10]
298K 40.06 [40]
303K 40.38
318K 42.86

1.26 [26]




Table 3

Kinetic parameters for the removal of AR18 by SWCNTs at different initial AR18 concentrations
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Kinetic model

Dye concentration (mg/L)

25 50 75 100
Pseudo-first-order
Je, exp (mg/g) 102.786 171.98 205.775 240.27
Je, cal (mg/g) 4.280 4.544 4.346 4.435
K; (1/min) —0.035 —0.352 —0.035 —0.022
R? 0.970 0.961 0.941 0.954
Pseudo-second-order
k, (g/mgmin) 84x107° 2.38x10°° 9.4x107° 748 x107°
Je, cal (mg/g) 108.69 181.81 208.33 238.09
R? 0.994 0.996 0.999 0.999
Intraparticle diffusion
k; (mg/(g min'/?)) 4.470 6.555 5.382 7.023
C 51.253 97.321 143.86 157.04
R? 0.859 0.792 0.745 0.868
In(ge — q¢) = In(q,) — kut (11)  elucidate the diffusion mechanism, since neither the

Values of k; can be calculated from the plot of In
(e — qo) vs. t for Eq. (11). The values of k; and g, at
different initial dye concentration are given in Table 3.

3.6.2. Pseudo-second-order kinetic model

The pseudo-second-order model [36] is based on
the assumption of chemisorptions of the adsorbate on
the adsorbent. This model is represented as follows:

d
o = klge—a)’ (12

Integrating Eq. (12) and noting that 4,=0 at t=0
and g,=¢; at t =t, the following equation is obtained:

t 1 1

= 4t 13
9 ke ge )
where k; is the equilibrium rate constant of pseudo-
second-order (g/mgmin). The slope and intercept of
the linear plots of t/g; vs. t gives the values of 1/g
and 1/k, q.%, respectively.

3.6.3. Intraparticle diffusion equation

The kinetic results were analyzed by the intraparti-
cle diffusion model proposed by Weber and Morris to

pseudo-first-order nor the second-order model can
identify the diffusion mechanism, in which model is
expressed as [24]:

g =ka(h)'* +C (14)
where C (mg/g) is the intercept and kig is the

intraparticle diffusion rate constant (mg (g/min)),
which is determined from the slope of the linear plots

2.5 7

-1 -1 05 0 0.5 1 1.5 2
Log C,

Fig. 7. Freundlich isotherm plot for removal of AR18 by
SWCNTs (condition: initial dye concentration=10, 25, 50,
75, 100, and 120mg/L, adsorbent dose=.04g, T=25°C,
pH=7).
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of g; vs. t'/2. The values of kg and C along with
correlation constant (R? for different initial dye
concentrations are given in Table 3.

To understand the applicability of the model,
linear plots of In (g — g vs. t, (t/qs) vs. t, and g; vs.
t'/2 at different dye concentration values for the
adsorption of AR18 onto SWCNTs are shown in
Fig. 7. Table 3 presented the coefficients of the
pseudo-first, pseudo-second-order adsorption kinetic
models and the intraparticle diffusion model for
different initial dye concentrations. The calculated
values of the maximum adsorption capacity (ge,cal) of
the pseudo-first-order kinetic model is far from the
experimental values of the maximum adsorption
capacity (ge,exp). Furthermore, in terms of lower

180 -
160 -
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120 - 3
100 '
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Qe (ng/g)
¢

68~
/40 -
20 -

Fat
o T

-4 2 0 2 4 6
Inc,

Fig. 8. Temkin isotherm plot for removal of ARI18 by
SWCNTs (condition: initial dye concentration=10, 25, 50,
75, 100, and 120mg/L, adsorbent dose=.04g, T=25°C,
pH=7).

5 - B 25mg/L
A 75mglL

+ 50mg/L
o 100mg/L

In (q.-q0)

Fig. 9. Pseudo-first-order kinetics plot for removal of AR18
by SWCNTSs (condition: initial dye concentration=25, 50,
75, and 100mg/L, adsorbent dose=.02g, T=25°C, pH=7).
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Fig. 10. Pseudo-second-order kinetics plot for removal of
AR18 by SWCNTs (condition: initial dye concentration =25,
50, 75, and 100mg/L, adsorbent dose=.02g, T=25°C,
pH=7).
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Fig. 11. Intra-particle diffusion plot for removal of AR18
by SWCNTs (condition: initial dye concentration=25, 50,
75, and 100mg/L, adsorbent dose=.02g, T=25°C, pH=7).

correlation coefficient (R?) values, experimental data
did not follow the pseudo-first-order kinetic model.
Conversely, the calculated equilibrium adsorption
capacity (ge,cal) of the pseudo-second-order kinetic
model is in agreement with experimental data. The
correlation coefficients for the pseudo-second-order
kinetics model (R are greater than 0.99, confirming
the applicability of the pseudo-second-order model
and suggest that the adsorption of ARI18 onto
SWCNTs follows the pseudo-second-order Kkinetic
model. Similar phenomena have been observed for
dyes adsorption on CNTs [1,24], halloysite nanotubes
[37], and Pine Cone [30] (Figs. 8-11).



M. Shirmardi et al. | Desalination and Water Treatment 51 (2013) 6507-6516

The results obtained by this research are compara-
ble with the use of MWCNTs [41] and enzymes [42,43]
in removal of dyes.

4. Conclusion

Removal of AR18 dye from aqueous solution onto
SWCNTs was carried out using a batch technique.
Various parameters such as contact time, pH,
adsorbent dosage, and initial dye concentration were
investigated. The results of this study evidently
showed that adsorption equilibriums were reached
within 100min for all initial dye concentration. The
maximum dye removal was observed at pH 3.0; an
increase in the initial dye concentration decreased the
dye removal efficiency, but enhanced the adsorption
capacity. The Langmuir, Freundlich, and Temkin iso-
therms were used to describe how the adsorption
molecules distribute between the liquid phase and the
solid phase. The results showed that experimental
data followed the Langmuir isotherm than the other
two isotherms, with maximum adsorption capacity of
166.66 mg/g. The correlation coefficients for the
pseudo-second-order kinetics model (R are greater
than 0.99, confirming that the adsorption of AR18 onto
SWCNTs follows the pseudo-second-order kinetic
model.
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