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ABSTRACT

This paper investigates the ability of multi-walled carbon nanotube (CNT) to adsorb three
cationic dyes from colored wastewater in single and binary systems. Basic Blue 41 (BB41),
Basic Red 18 (BR18), and Basic Violet 16 (BV16) were used as model dyes. The surface char-
acteristic of CNT was studied using Fourier transform infrared. The effect of operational
parameters (CNT dosage, dye concentration, pH, and salt) on dye removal was investigated.
The adsorption isotherm and kinetic were studied. The isotherm data in single and binary
systems followed Langmuir isotherm. The maximum adsorption capacity (Qg,) of BB41,
BR18, and BV16 in single dye systems were 123.457, 80.012, and 64.935 mg/g, respectively.
In adsorption from binary dye solutions, the isotherm of each individual dye followed
extended Langmuir isotherm model. The paper also measured the kinetic adsorption of the
dyes on CNT in single and binary dye systems at different dye concentrations. The adsorp-
tion follows a pseudo-second-order kinetic model at all the concentrations and values on
the rate constants (k,) in binary systems at optimum dye concentration (25 mg/L) have been
calculated as 0.612, 0.548, and 0.517 g/mgmin, respectively. Results showed CNT was an
effective adsorbent to remove cationic dyes from single and binary systems.

Keywords: Multi-walled carbon nanotube; Binary system; Dye removal; Isotherm; Colored
wastewater

1. Introduction

Dyes as an important class of pollutants are often
found in the waterways as a result of their wide
industrial use. Several industries such as textile con-
sume substantial volume of water and also use dyes
to color its products. The exact number (and also the
amount) of the dyes produced in the world is not
known. It is estimated to be more than 100,000
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commercially available dyes. Some of dyes are known
to be carcinogenic [1-12].

Dye removal from aqueous phase is a challenge
concern as the discharge regulations become more
stringent. Thus, there is a need to have a method,
which may work suitably and should be cost effective
for the dye removal [13-16]. Different methods were
used to remove dyes from wastewater such as Fenton
oxidation [17], electrochemical treatment [18],
photochemical degradation [19,20], etc.

Each method has different color removal capabili-
ties, capital costs and operating rates [21-23].
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Adsorption process has been found to be superior to
other processes for pollutant removal in terms of cost,
simplicity of design, ease of operation, and insensitiv-
ity of toxic substances [24-27].

Carbon nanotubes (CNT) are highly popular due
to their properties like high thermal, electrical, and
mechanical properties. High porosity and layered
structure of CNT make it a possible candidate to
remove pollutants such as trihalomethanes [28], micro-
cystins [29], fluoride [30], lead [31], nickel [32], and
arsenate [33] that are presented in natural water
resources [34,35]. The surface of CNT provides distrib-
uted hydrophobic sites for pollutants. Different studies
suggested that hydrophobic interactions could not
generally explain the interactions between organic
chemicals and CNT. Other mechanisms include 7z
interactions between bulk 7 systems on CNT surface
and organic molecules with C=C double bonds or ben-
zene rings, hydrogen bonds, and electrostatic interac-
tions must be considered, accordingly [36,37].

Single system
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CNT has different environmental applications. It
was used as a photocatalyst to degrade dyes [1], lead
(I) removal [38], and chromium removal using mag-
netic CNTs [39]. Dye removal from single systems
(only one dye in solution) using CNT was studied
[40,41]. However, a literature review showed that
CNT was not used to remove cationic dyes from bin-
ary systems (mixture of two dyes in solution) while
dye removal ability of other adsorbents such as Acti-
vated Carbon [42], Feldspar [43], Alginate [44], Den-
drimer [45], etc. have been studied in detail. In this
study, CNT was used as an adsorbent to remove cat-
ionic dyes (Basic Blue 41 (BB41), Basic Red 18 (BR18),
and Basic Violet 16 (BV16)) from single (sin) and bin-
ary (bin) systems (Fig. 1). Effective parameters (CNT
dosage, dye concentration, pH, and salt), isotherm,
and kinetic studies were investigated to evaluate the
adsorption capacity of CNT in single and binary sys-
tems of dyes. The Langmuir isotherm was used to fit
the equilibrium data. Moreover, extended Langmuir

BV1e

E—
BR18

Dye adsorption
—_—

L
BB41

—

BB41+BR18

—»

Binary system

v

BB41+BV16

—

BR18+BV16

Fig. 1. Dye removal using CNT from single (BB41, BR18, and BV16) and binary systems (BB41 + BR18, BB41 + BV16, and

BR18 + BV16).
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isotherm was performed to gain further insight into
the adsorption process of binary systems. Pseudo-first-
order and pseudo-second-order kinetic models were
attempted.

2. Experimental

The multi-walled CNT (appearance: black powder,
number of walls: 3-15, specific surface area (BET, Ny):
240 m?/ g, outer diameter/inner diameter/length: 5-20
nm/2-6 nm/1-10 pm, purity (Carbon): >95% and
apparent density: 150-350 g/cm’) was purchased from
Plasma Chem GmbH (Germany). Basic dyes were
BB41, BR18, and BV16. The dyes were obtained from
Ciba and used without further purification. The chem-
ical structure of dyes was shown in Fig. 2. All other
chemicals were purchased from Merck (Germany).

UV-vis spectrophotometer CECIL 2021 was used
for absorbance measurements of samples. The maxi-
mum wavelength (1n.x) of BB41, BR18, and BV16 to
determine residual dye concentration in solution was
605, 488, and 545 nm, respectively. In order to investi-
gate the surface characteristics of CNT, Fourier trans-
form infrared (FTIR) (Perkin-Elmer Spectrophotometer
Spectrum One) was studied. For dyes in single sys-
tems, the amount of dye adsorbed at equilibrium per
unit of mass, 4., was calculated as follows (Eq. (1)):

ge = (Co — Ce)V/m M
MeO
_CH,CH,
+ >7N N N\
CH,CH,OH
CH,0S0;
CH3
a
CH CH
: “CH,CH, N (CH),
Cl

(b)
C(CH
L ON(C H,),
H,C” +

(c)

Fig. 2. The chemical structure of dyes (a) BB41, (b) BR1S,
and (c) BV1e.
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where Cy and C, are the initial and equilibrium con-
centrations of dye in solution (mmol/L), respectively,
V is the volume of dye solution (L), and m is the mass
of the adsorbents used (g).

In binary system dye concentrations were calcu-
lated as follows: for a binary system of components A
and B measured at 4; and /,, respectively, to give
optical densities of d; and d, (Egs. (2) and (3)) [25]:

Ca = (kp,d1

- kBle)/(kAl sz - kAZkBI) 2

Cp = (ka,d2 — ka,d1)/(ka, ks, — Kaoks,) )
where ka1, kg1, kar, and kg, are the calibration con-
stants for components A and B at the two wavelengths
/1 and 1, respectively. The amount of i dye adsorbed
at equilibrium per unit of mass, 4., was calculated as
follows (Eq. (4)) [46]:
Gei = (Coi — Cei)V/m )
where Cp; and C,; are the initial and equilibrium
concentrations of i dye in the mixture (mmol/L),
respectively, V is the volume of dye mixture (L), and
m is the mass of the adsorbents used (g).

The percentage of dye adsorption by the
adsorbents was computed using Eq. (5):

Dye removal(i) = ((Co; — Ce,i)/Co,) x 100 )

where Cy and C, represent the initial and equilibrium
concentration of dyes (mg/g) in the solutions, respec-
tively. All tests were carried out in duplicate to insure
the reproducibility of the results, the mean of the two
measurements is reported.

For investigating the effect of operational
parameters on the dye removal in single and binary
systems by CNT, range of the experimental variables
was chosen as follows: adsorbent dosage (0.04-0.12 g),
dye concentration (25-100mg/L), pH values (2-9),
and salts (Blank, NaCl, NaHCO3, and Na,SO,). Table 1
shows the initial amount of dye concentration which
was used in single and binary systems for each dye.

For investigating the effect of adsorbent dosage on
removal ability of adsorbents in both single and bin-
ary systems, 250 mL of dye solution (25mg/L) at pH
7.5 were prepared. Different amounts of CNT (0.04-
0.12g) were applied and the mixtures were agitated
for 60 min using jar test at room temperature (25°C).
In this step, optimum amount of adsorbents for each
dye was determined.

For investigating the effect of initial dye concentra-
tion on the percentage of dye removal in both single
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Table 1
Initial dye concentration used in single and binary systems

Single system (BB41, BR18,  Binary system (BB41, BR18,

BV16) BV16)
Co Co

25 25

50 50

75 75
100 100

and binary systems, 250 mL of dye solutions with dif-
ferent concentrations (25, 50, 75, and 100 mg/L) at pH
7.5 were prepared. The optimum amount of adsorbent
in single systems (0.08 g for BB41 and BR18, 0.10 g for
BV16) and in binary systems (0.08 g for BB41+ BR18
and BB41 +BV16, 0.10g for BR18 + BV16) were added
to above-mentioned mixtures at room temperature.

The effect of pH on dye removal of single and bin-
ary systems were studied by contacting 250 mL of dye
solution (25mg/L) at different pH values (2, 5, 7.5
and 9) and optimum amount of CNT, using jar test at
room temperature.

For studying the effect of inorganic ions on the
percentage of dye removal of both single and binary
systems, 250 mL of dye solution (25mg/L) at pH 7.5
were prepared and optimum amount of adsorbent for
each dye at each system were added. These solutions
were agitated in jar test with 0.02M of different salts
(NaCl, NaHCO3, and Na,SO,).

At different time intervals, the reaction mixtures
were collected, centrifuged, and analyzed for the
residual dye concentration using spectrophotometer
spectrum one beam, Perkin-Elmer, USA.

3. Results and discussion
3.1. Effect of operational parameters
3.1.1. Effect of adsorbent dosage

A given mass of CNT can adsorb only a fixed
amount of dye. Thus, determining the initial dosage of
CNT is very important. The effect of CNT dosage on
dye removal of BB41, BR18, and BV16 in single and
binary systems by varying the amounts of CNT in the
range of 0.04-0.12g was considered. The experiments
was carried out by contacting 250 mL of dye solution
with initial dye concentration of 25 mg/L using jar test
at a fixed pH of 7.5, and room temperature (25°C) for 60
min. The dye removal results are represented in Fig. 3.

Based on Fig. 3, the percentage of dye removal
increased with increasing of the CNT dosage up to a
certain amount and then it reached to a constant
value. The increase in dye adsorption with adsorbent
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dosage is due to the increase of adsorbent surface and
availability of more adsorption sites. However, if the
adsorption capacity was expressed in mg/g of mate-
rial, the capacity decreased with the increase in the
amount of adsorbent. It can be attributed to overlap-
ping or aggregation of adsorption sites resulting in a
decrease in total adsorbent surface area available to
the dye and an increase in diffusion path length [9].

3.1.2. Dye concentration effect

The effects of dye concentration in single and bin-
ary systems of dyes on the percentage of dye removal
were studied. Optimum amounts of CNT was added
to 250mL of single and binary systems, at different
dye concentrations of 25, 50, 75, and 100mg/L at a
fixed pH (7.5).

For single and binary systems, the equilibrium
capacity decreased with an increase in the initial dye
concentration as shown in Fig. 4. In the case of lower
dye concentrations, the ratio of initial number of dye
moles to the available adsorption sites is low. At higher
concentrations, the number of available adsorption sites
became lower and subsequently, the removal of dyes
depends on the initial dye concentration. At the high
concentrations, it is not likely that dyes only adsorb in a
monolayer at the outer interface of adsorbent [9,47,48].

3.1.3. Effect of initial pH

The influence of pH on removal efficiency of basic
dyes was assessed to gain further insight into the
adsorption process. The experiments were carried out
at jars containing 250 mL of dye solutions with 25 mg/L
initial concentration and optimum dosage of adsorbent.
Fig. 5 shows dye removal ability of CNT as a function
of time at different pH values. The optimum pH for
both single and binary dye removal systems was deter-
mined to be 7.5.

The results showed that dye adsorption increased
when pH increased from 2 to 7.5, and also adsorption
of dyes did not significantly alter beyond 7.5. It means
that the charge sign on surface of the CNT should be
negative in a wide pH range. Thus, cationic dye
adsorption onto CNT increased with increase in the
pH values suggested that one of the contributions of
CNT adsorption toward cationic dyes resulted from
electrostatic attraction between the negatively charged
CNT adsorbent surface and the positively charged
cationic dyes [40].

3.1.4. Inorganic salts effect

The inorganic anions exist in dye-containing indus-
trial wastewater [1-3]. These substances may compete
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for the active sites on the adsorbent surface or deacti- from the non-selectivity of adsorbent is that it also
vate the adsorbent and subsequently, decrease the dye reacts with non-target compounds present in the back-
adsorption efficiency. A major drawback resulting ground water matrix, i.e. dye auxiliaries present in the
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Fig. 3. Effect of adsorbent dosage (g) on dye removal by CNT (initial concentration: 25mg/L, pH: 7.5, temperature: 25°C)
(a) BB41 (sin), (b) BR18 (sin), (c) BV16 (sin), (d) BB41 (bin, BB41 + BR18), (e) BB41 (bin, BB41 + BV16), (f) BR18 (bin, BB41 +
BR18), (g) BR18 (bin, BR18 + BV16), (h) BV16 (bin, BB41 + BV16), (k) BV16 (bin, BR18 + BV16).
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exhausted dye bath. It results higher adsorbent dosage
demand to accomplish the desired degree of dye
removal efficiency.

The influence of inorganic salts on dye removal
ability of CNT in both single and binary systems were
studied by adding 0.02M of NaCl, NaHCO; and
Na,SO, into 250 mL dye solution of 25mg/L initial
concentration, optimum amount of adsorbent dosage,
and at constant pH value of 7.5. The results indicate
that dye removal capacity of CNT is decreased in sin-
gle and binary systems in the presence of inorganic
salts (Figures not shown). It can be attributed that
these salts are small molecules and they can compete
with dye molecules in adsorption by CNT.

3.2. Adsorption isotherm models in single and binary dye
solutions

In order to design an effective adsorption system
to remove dyes from solutions, it is important to

(k)

establish the most appropriate correlation for the
equilibrium curve. Many models have been used in
literatures to describe the experimental data of adsorp-
tion isotherms. The Langmuir model is the most fre-
quently employed model and given by (Eq. (6)) [49]:

e = QOKLCB/(l + KLCe) (6)

where g., Co, Qo, and Kp are the amount of dye
adsorbed at equilibrium (mg/g), the concentration of
adsorbate at equilibrium (mg/L), maximum adsorp-
tion capacity(mg/g), and Langmuir constant (L/mg),
respectively. The linear form of Eq. (6) is represented
as follows (Eq. (7)):

Ce/qe = 1/KrQo + Ce/Qo @)

To study the applicability of the Langmuir
isotherm for dye adsorption onto the CNT surface in
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Fig. 4. Effect of dye concentration (mg/L) on dye removal by CNT (adsorbent dosage: optimum amounts, pH: 7.5, tem-
perature: 25°C) (a) BB41 (sin), (b) BR18 (sin), (c) BV16 (sin), (d) BB41 (bin, BB41 + BR18), (e) BB41 (bin, BB41 + BV16), (f)
BR18 (bin, BB41 + BR18), (g) BR18 (bin, BR18 + BV16), (h) BV16 (bin, BB41 + BV16), (k) BV16 (bin, BR18 + BV16).
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single systems, linear plot of C./q. against C, is plot-
ted. The values of Q, Ki, and R? are shown in Table 3.

The linear fit between the C./g. vs. C. and calcu-
lated correlation coefficients (R*) in single dye solu-
tions show that the dye removal isotherm can be
approximated as Langmuir model (R*=0.99). This
means that the adsorption of dyes takes place at spe-
cific homogeneous sites and a one layer adsorption
onto CNT surface occurs [50].

Moreover, the maximum adsorption capacities for
individual dyes in single dye mixtures are shown in
Table 2. A good correlation could be established
between (Qy and chemical structure of the dyes. The
adsorption capacity of BB41 is higher than that of BR18
and BV16. This is explained on the basis of higher
molecular weight of BB41 (482 g/mol) comparing to

BV16 and BR18 (367 g/mol and 426 g/mol, respec-
tively). Two main mechanisms that play an important
role in adsorption of these basic dyes onto the surface
of the CNTs are electrostatic and hydrophobic interac-
tions [1]. Because of the higher molecular weight of
BB41 there is a strong affinity between hydrophobic
moieties of BB41 and CNTs by z-z stacking [51].
Furthermore, hydrogen bonds may form between tube
surfaces of OH and the OH substitution on the BB41
and also OH substitution enhance 7z-z interactions
between the dye molecule and CNTs [52].

Moreover, a comparison is made between the max-
imum adsorption capacities of different adsorbents for
a specific dye (Basic Blue 9). From Table 2 it is obvi-
ous that CNT has an appropriate adsorption capacity
in comparison with other adsorbents [53-59].
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Fig. 5. Effect of pH on dye removal by CNT (adsorbent dosage: optimum amounts, initial concentration: 25 mg/L, tem-
perature: 25°C), (a) BB41 (sin), (b) BR18 (sin), (c) BV16 (sin), (d) BB41 (bin, BB41 + BR18), (e) BB41 (bin, BB41 + BV16), (f)
BR18 (bin, BB41 + BR18), (g) BR18 (bin, BR18 + BV16), (h) BV16 (bin, BB41 + BV16) and (k) BV16 (bin, BR18 + BV16).
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As previously discussed, the adsorption isotherms
of the three dyes were followed the Langmuir type in
single dye mixtures, while the isotherm of an each
dye in binary dye solutions had less regular shape
than normal Langmuir isotherm model. In this study,
an extended Langmuir model was applied to fit the
experimental data.

Extended Langmuir isotherm model is the most
general used model in multi-component systems,
which permitted derived from the basis of single-com-
ponent Langmuir model (Eq. (7)). The extended
Langmuir is presented by the Eq. (8) [60]:

Gei = QoiKeiCei/ (1 + Y KiiCe)) ®

where Kj ; is the adsorption equilibrium constant of
dye i in mixed dye system.

In dye adsorption from binary solutions, the
quantities of dye adsorbed were expressed as (Egs. (9)
and (10)) [61]:

Jeq = Q01K 1Ce1/(1 4+ Kp1Ceq + Kp.2Ce2) ()]
Je2 = Q02Kr2Cen/(1 4+ K 1Ce1 + Kp2Ce2) (10)
According to Egs. (9) and (10), we have (Eq. (11)):

Ki2Cen/Kr1Ce1 =Q0,19e2/Q0.29e1 (11)
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Table 2
Adsorption capacities of different adsorbents for removal of cationic dyes
Adsorbent Dye Qo (mg/g) Ref.
Cotton waste Basic Blue 9 277 [53]
Coal Basic Blue 9 250 [53]
Rice husk Basic Blue 9 312 [53]
Hair Basic Blue 9 158 [53]
Sewage sludge Basic Blue 9 115 [54]
Groundnut shell carbon Basic Blue 9 165 [55]
Raw date pits Basic Blue 9 80 [56]
Clay Basic Blue 9 300 [57]
Diatomite Basic Blue 9 198 [58]
Carbonaceous adsorbent Basic Blue 9 92 [59]
Bamboo dust carbon Basic Blue 9 143 [55]
MWCNTs Basic Red 18 80 Present study
MWCNTs Basic Blue 41 123 Present study
MWCNTs Basic Violet 16 65 Present study

After rearrangement, a linear form of the extended
Langmuir isotherm in binary dye system was obtained
(Eq. (12)) [62]:

Ce1/9eq =1/Kr1Qo1 + Ce1/Qoi + 9e2Ce1/961Qo  (12)

According to Eq. (12), the values of C.;/qe1 had
linear correlation with C.; and Ce14e2/qe1Qoz if the
adsorption obeyed the extended Langmuir model. By
using Eq. (12) as the fitting model, the isotherm
parameters of an individual dye in the binary dye
solutions were predicted (Table 3). From Table 3, it is
obvious that the isotherms of an individual dye in the
binary dye systems followed the extended Langmuir
model which their correlation coefficients (R?) were in
the range of 0.988-0.999.

The extended Langmuir isotherm is based on the
same basic assumptions as those for the single-compo-

Table 3
Langmuir isotherm constants for BB41, BR18, and BV16 in
single and binary dye solutions

Dye Qo Ki R?

Langmuir

Single BB41 123.457 2.613 0.990
BR18 80.012 1.984 0.995
BV16 64.935 2.484 0.999

Extended Langmuir

BB41 + BR18 BB41 116.412 2.354 0.994
BR18 71.225 1.857 0.990

BB41 + BV16 BB41 107.117 2.097 0.989
BV16 63.004 2.226 0.995

BR18 + BV16 BR18 68.854 1.553 0.988
BV16 55.057 1.993 0.991

nent Langmuir isotherm. Therefore, if interaction and
competition occurs, the extended Langmuir isotherm
will not be suitable for representing this system [62].

3.3. Adsorption kinetics for single and binary dye solutions

It is important to be able to predict the rate at
which contamination is removed from aqueous solu-
tions in order to design an adsorption treatment plant.
The mechanism of solute adsorption onto an adsor-
bent was studied by kinetic models. Several models
were used. In order to design a fast and effective
model, investigations were made on adsorption rate.
For examination, the controlling mechanisms of
adsorption process such as chemical reaction, diffu-
sion control, and mass transfer several kinetics models
are used to test the experimental data [9,63].

Pseudo-first-order equation is generally repre-
sented as follows (Eq. (13)) [64]:

dq:/dt = ki(qe — 1) (13)
where q; and k; are the amount of dye adsorbed at
time t (mg/g) and the equilibrium rate constant of
pseudo-first-order kinetics (1/min), respectively.

After integration by applying conditions, 4,=0 at
t=0 and g,=¢q; at t=t, then Eq. (13) becomes rear-
ranged as Eq. (14) for single and Eq. (15) for binary
dye solutions [65]:

In(ge — q+) = In(ge) — kat (14)

In (Z Gei — Zﬂlt,i) =In (Z qe,i) — Ikt

(15)
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The straight-line plots of In (g.—g,) vs. t for single
and binary dye solutions onto CNT at different dye
concentrations have also been tested to obtain the rate
parameters. The k;, g., and correlation coefficients
under different dye concentrations were calculated
from these plots and are given in Table 4. This result
indicated that the experimental data did not agree
with the pseudo-first-order kinetic model.

Data were applied to the pseudo-second-order
kinetic rate equation which is expressed as Eq. (16)
[65]:

dg;/dt = ky(qe — q1)* (16)

Table 4
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where k; is the equilibrium rate constant of pseudo-
second-order (g/mgmin). On integrating the Eq. (16),
for single and binary dye mixtures, Egs. (17) and (18)
derived, respectively [65]:

t/gr = 1/koqe® +t/qe 17)

> i =1/k2 Y qei® + /Y e

To understand the applicability of the model, line-
arized and non-linearized plots of ¢/g; vs. time for the
adsorption of dyes in single and binary systems onto
CNT are plotted (Fig. 6). The k,, g., and correlation

(18)

Kinetic constants for dye adsorption on CNT at different dye concentrations for single and binary dye systems

Pseudo-first-order

Pseudo-second-order

Dye concentration Ge1 kq R? Jep ko R?
BB41

25 14.983 0.091 0.831 76.923 0.029 1.000
50 71.154 0.104 0.876 120.482 0.005 0.997
75 67.593 0.067 0.911 140.845 0.004 0.996
100 80.798 0.061 0.877 161.290 0.003 0.995
BR18

25 32.456 0.077 0.944 71.429 0.008 0.999
50 35.694 0.063 0.896 90.909 0.007 0.998
75 36.872 0.058 0.840 104.167 0.007 0.999
100 46.925 0.099 0.946 111.111 0.007 0.999
BV1e6

25 25.445 0.065 0.911 56.818 0.009 0.998
50 29.648 0.046 0.815 74.074 0.007 0.997
75 30.088 0.057 0.805 81.967 0.008 0.998
100 28.477 0.049 0.803 83.333 0.008 0.998
BB41+BR18

25 26.656 0.075 0.913 74.627 0.612 1.000
50 43.502 0.049 0.854 108.696 0.382 0.997
75 63.631 0.058 0.908 144.928 0.367 0.998
100 69.965 0.085 0.953 153.846 0.471 1.000
BB41+BV16

25 27.635 0.039 0.744 72.464 0.548 0.999
50 37.728 0.049 0.798 107.527 0.596 0.999
75 50.084 0.062 0.864 129.870 0.484 1.000
100 56.031 0.057 0.867 147.059 0.475 0.999
BR18+BV16

25 27.799 0.067 0.900 71.428 0.517 0.999
50 32.121 0.086 0.891 101.010 0.846 1.000
75 54.185 0.105 0.870 126.582 0.627 1.000
100 52.008 0.054 0.854 138.889 0.470 0.999
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Fig. 6. Pseudo-second-order adsorption kinetic plot at different dye concentrations in binary system, (a) BB41 + BR18
(non-linearized), (b) BB41 + BR18 (linearized), (c) BB41 + BV16 (non-linearized), (d) BB41 + BV16 (linearized), (e) BR18 +
BV16 (non-linearized), (f) BR18 + BV16 (linearized).
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coefficients (R?) were calculated from these plots and
are given in Table 4.

The linearized and linearized fit between the t/g;
vs. contact time (#) and calculated R* for this kinetic
model show that pseudo-second-order model with a
good correlation coefficient (R*=0.99) is more reliable
model for this experiment at single and binary sys-
tems (Table 4 and Fig. 6). From Table 4, it is clear that
the values of k, in binary systems were greater than
those in single dye systems due to larger total initial
dye concentration. In addition, the values of gep
obtained from the regression calculation were rela-
tively larger than the experimental values of ., [65].

3.4. Surface characteristics

In order to investigate the surface characteristics of
CNT, FTIR is expressed in transmittance in 4,000-450
cm™' range. Fig. 7 shows FTIR spectrum of CNT.
The peak positions are at 3,437, 2,923, 2,858, 1,631,
and 1,023cm™". A broad absorption band around
3,400cm™ ! is attributed to the stretching vibration of
the O-H while less intensive band at 1,631 cm™!
assigned to aromatic C=C groups which indicate
graphite structure of multi-walled CNTs. The bands at
2,923 and 2,858 cm™! correspond to asymmetric and
symmetric aliphatic C-H stretching, respectively.
Bands at 1,300-1,000 cm ™ correspond to C-O stretch-
ing which suggests the surface of CNT possesses some
oxygen containing functional groups, thus providing a
hydrophilic nature for CNT [66]. In addition FTIR
spectra of dye adsorbed CNT were given. In case of
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dye adsorbed CNT additional peaks in the range of
1,100-1,350 cm ™! were observed which indicate C-N
stretching groups due to the adsorption of basic dyes
on the CNT surface. Moreover, the prominent peaks
intensity are lower than that of raw CNT; this finding
is apparently due to the fact that more functional
groups such as O-H, C-O, and C=C are attached to
the surface of the CNT. By comparing the FTIR of dye
adsorbed CNT with raw CNT some shifting and extra
peaks are observed which shows the adsorption of
dyes on the surface of CNT [66,67].

To determine the zero point charge of CNT, 0.2¢g
of adsorbent was added to 40 mL of sodium nitrate at
different pH values (pH=2, 3,4, 5, 6,7, 8,9, 10, and
11). Then the solutions were agitated at room tempera-
ture and their final pH values were measured [67].
Fig. 8 shows the final pH of the solutions against
the initial pH. The pH,,. for CNT is 6. At pH > pH,.
the surface of CNT has negatively charged favoring
the adsorption of cationic species. Because the electro-
static interactions were the main adsorption mecha-
nism, the basic dyes would have greater affinity to
CNT surfaces at pH > pH,,.. There are five main inter-
actions for adsorption of an organic material on CNT
including hydrophobic effect, z=—= bonds, and hydro-
gen bonds, covalent and electrostatic interactions [68].
To explain the adsorption of organic materials on
CNT two parallel adsorption mechanisms were
reported including electrostatic and hydrophobic inter-
actions [6,69]. Due to the acidic functional groups on
the surface of the CNT, the net surface charge is nega-
tive. Hence, the electrostatic interactions between these

/
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Fig. 7. FTIR spectrum (a) CNT, (b) BB41 adsorbed CNT, (c) BV16 adsorbed CNT, and (d) BR18 adsorbed CNT.
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Fig. 8. Zero point charge of CNT.

negatively charged groups and positively charged dye
molecules is the main factor for adsorption of basic
dyes on the CNT surface. Moreover, because of the
large surface area of CNT, the hydrophobic interac-
tions can also be considered as a secondary factor
which can has a synergy effect on the adsorption
process.

4. Conclusion

In this manuscript, the ability of multi-walled CNT
to adsorb three cationic dyes from colored wastewater
in single and binary systems was studied. BB41, BR18,
and BV16 were used as model dyes. CNT exhibited
high sorption capacity toward basic dyes. The equilib-
rium data were correlated reasonably well by Lang-
muir and extended Langmuir adsorption isotherm
models. The single system isotherm for BB41, BR1S,
and BV16 has the monolayer saturation capacities of
123.5, 80.0, and 63.9mg/g, respectively. The adsorp-
tion isotherm of an individual dye in binary dye solu-
tions followed an extended Langmuir isotherm model.
The adsorption kinetics for the three dyes from single
dye systems, and the total amounts of dyes adsorbed
from binary dye solutions, followed the pseudo-sec-
ond-order kinetic model. The adsorption rate con-
stants were observed to increase with increasing CNT
dosage. Results showed that CNT can be used effec-
tively as an adsorbent for the removal of cationic dyes
from single and binary systems.
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