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ABSTRACT

In this paper, the amine functionalized magnetic carbon nanotube (AFMCNT) was synthe-
sized and used to remove anionic dyes from single and binary systems. The characteristics
of AFMCNT were investigated using Fourier transform infrared and scanning electron
microscope. Acid Blue 92 (AB92), Acid Red 14 (AR14), and Direct Red 31 (DR31) were used
as anionic dyes. The effect of operational parameters (AFMCNT dosage and pH) on dye
removal was investigated. The adsorption isotherm and kinetics were studied. The isotherm
data in single and binary systems followed Langmuir isotherm. The maximum adsorption
capacity (Qp) of AB92, AR14, and DR31 was 333, 370, and 323 mg/g, respectively. Dye
adsorption kinetics in single and binary systems followed pseudo-second-order kinetics
model. The results showed that AFMCNT was an effective adsorbent to remove cationic
dyes from binary systems.

Keywords: Amine functionalization; Magnetic carbon nanotube; Synthesis; Binary system dye

removal

1. Introduction

Textile industry use dyes to color its products and
consumes substantial volume of water. It is estimated
to be more than 100,000 commercially available dyes
and some of them are known to be toxic due to the
production of harmful byproducts. Thus, there is need
to have a method, which may work suitably and
should be cost effective for the dye removal. Adsorp-
tion process is one of the different wastewater treat-
ment processes [1-9].

Carbon nanotube (CNT) as an adsorbent removes
different pollutants such as trihalomethanes [10],
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microcystins [11], fluoride [12], lead [13], nickel [14],
and arsenate [15] that are present in natural water
resources [16,17]. An emerging field in adsorption pro-
cess is the application of magnetic adsorbents to
remove pollutants [18,19]. The magnetic adsorbents
could be separated based on their structures since the
ease of direction of magnetisation would vary depend-
ing on the ordering of atoms in the magnetic structure
[18,20]. Some magnetic adsorbents have low adsorp-
tion capacity due to the repulsion forces between the
adsorbent and adsorbate. Thus, the surface of adsor-
bent should be modified. The properties of surface-
modified adsorbents have opened a new field in engi-
neering separations applications due to relatively high
adsorption capacity.
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A literature review showed that the amine func-
tionalized magnetic multiwalled carbon nanotube
(AFMCNT) was not investigated to remove anionic
dyes from binary system. AFMCNT was synthesized
and used to remove anionic dyes from single (sin.)
and binary (bin.) systems (Fig. 1). The characteristics
of AFMCNT were investigated using Fourier trans-
form infrared (FTIR) and scanning electron microscope
(SEM). Acid Blue 92 (AB92), Acid Red 14 (AR14), and
Direct Red 31 (DR31) were used as anionic dyes. The
effective parameters (AFMCNT dosage and pH), iso-
therm and kinetics studies were investigated to evalu-
ate the dye removal ability of AFMCNT from single
and binary systems. The Langmuir, Freundlich, and
Temkin isotherms were used to fit the equilibrium

data. The pseudo-first-order, pseudo-second-order,
and intraparticle diffusion kinetics models were
attempted.

2. Experimental
2.1. Materials

The multiwalled carbon nanotube (appearance:
black powder, number of walls: 3-15, specific surface
area (BET, N,): 240 m?/ g, and outer diameter/inner

diameter/length: 5-20/2-6/1-10 pm) was purchased
from PlasmaChem GmbH (Germany). Anionic dyes
were Acid Blue 92 (AB92), Acid Red 14 (AR14), and
Direct Red 31 (DR31). The dyes were obtained from
Ciba and used without further purification. The chem-
ical structure of dyes is shown in Fig. 2. All other
chemicals were purchased from Merck (Germany).

2.2. Synthesize of AFMCNT
2.2.1. Magnetic carbon nanotube

Manganese nitrate (5g) and iron nitrate (13.4g)
were dissolved in distilled water (50 mL) and added
to aqueous mixed solution of multiwalled carbon
nanotube (1g), NaOH (4.2g) in distilled water
(70mL), and ethylene diamine (3mL). This solution
was heated at 90°C for 1h to achieve complete chela-
tion. The powder was calcined on alumina crucible at
500°C for 1h, with a heating rate of 10°C/min.

22.2. AFMCNT

Magnetic carbon nanotube (MCNT) (1g) and
(3-aminopropyl) trimethoxy silane (2g) were poured
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Fig. 1. Synthesis of AFMCNT and its dye removal ability from single and binary systems.
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Fig. 2. The chemical structure of anionic dyes.

into a mixture of water, acetone, and nonionic surfac-
tant and mixed for 4 h at 25°C. The precipitate was fil-
tered, washed with deionized water, and dried.

2.3. Characterization

The functional group of the materials was studied
using FTIR spectroscopy (Perkin-Elmer Spectropho-
tometer Spectrum One) in the range of 4,000-450 cm ™.
The morphological structure of the materials was
examined by SEM using a LEO 1455VP scanning

microscope.

2.4. Dye removal

The dye adsorption measurements were done by
the mixing of AFMCNT in single and binary systems
of dyes in jars containing 250 mL of a dye solution
(100 mg/L). Experiments were carried out at different
dye concentrations using AFMCNT for single and bin-
ary systems at 25°C for 60 min to attain equilibrium
conditions. After experiments, the AFMCNT was sepa-
rated by magnetic force from solution samples and
then the dye concentration was determined. The
changes of absorbance were determined at certain
time intervals (2.5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, and
60min) during the adsorption process using UV-vis
Perkin-Elmer Lambda 25 spectrophotometer. The

maximum wavelength (Ama) of AB92, AR14, and
DR31 to determine residual dye concentration in solu-
tion was 571, 517, and 530 nm, respectively.

Dye concentrations in a binary system of compo-
nents A and B at wavelengths of 1; and 1,, respec-
tively, to give optical densities of d;, and d, were
measured as follows [21]:

di = ka1Ca + kg1Cs ¢))
dy = karCa + ks2Cp 2
kgodi — kgid )
Cp=|—F——7""" 3)
A (kA1k32 — kaokp
kaidy — kardy )
Cg=——="-—"T"" 4)
s <kA1sz — kacks:

where ka1, kg1, ka», and kg, are the calibration con-
stants for components A and B at the two wavelengths
/1 and Z, respectively.

The effect of adsorbent dosage (0.025-0.1g) on dye
removal from single (sin.) and binary (bin.) systems
was investigated by contacting 250 mL of dye solution
with initial dye concentration of 100 mg/L at room
temperature (25°C) for 60 min.

The effect of pH (2, 4, 6, and 10) on dye removal
from single (sin.) and binary (bin.) systems was inves-
tigated by contacting 250 mL of dye solution with ini-
tial dye concentration of 100 mg/L, AFMCNT at room
temperature (25°C) for 60 min.

3. Results and discussion
3.1. Characterization

The FTIR spectra of CNT and MCNT in the wave-
length ranges from 4,000 to 400cm™' is shown in
Fig. 3. The FTIR spectrum of CNT (Fig. 3(a)) shows
that the peak position is at 3,422cm™' due to OH
stretching. In FTIR spectrum of MCNT (Fig. 3(b)), a
broad absorption band around 3,400 cm ! and less
intensive band at 1,620cm™! are attributed to the
stretching vibration of the hydrogen-bonded O-H
groups [22-24]. The absorption band around 500 and
600cm ™" due to the metal-oxygen bonds is observed
[25-28]. In FTIR spectrum of AFMCNT (Fig. 3(c)), an
absorption band around 1,000 cm™ is attributed to the
stretching vibration of the Si-O groups.

SEM is used to characterize the surface morphol-
ogy and fundamental physical properties of material
surface. It is applicable for determining the particle



110 N.M. Mahmoodi et al. | Desalination and Water Treatment 56 (2015) 107120

76.5
76.0
75.5 A (a)
75.0
745
74.0
73.5
73.0 1
72.5
72.0 (b)
71.5
71.0
70.5
70.0
69.5
69.0
68.5 1
68.0

%T

C]

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800

600 450.0

Wavenumber (cm?)

Fig. 3. FTIR spectrum (a) CNT, (b) M-CNT, and (c) AFMCNT.

shape, particle size distribution, etc. The SEM micro-
graphs of the CNT, MCNT, and AFMCNT (Fig. 4)
shows a relatively homogeneous amine functionaliza-
tion of MCNT.

3.2. Adsorption isotherm

In order to design an effective adsorption system
to remove dyes from solutions, it is important to
establish the most appropriate correlation for the equi-
librium curve. Many models have been used in litera-
ture to describe the experimental data of adsorption
isotherms. The Langmuir model is the most frequently
employed model and given by [29,30]:

Ce 1 Ce

_ Ce 5
g.  KiQo * Qo ©)

where C., 4., Qo, and K, are the concentrations of
adsorbate at equilibrium (mg/L), the amount of dye
adsorbed at equilibrium (mg/g), maximum adsorption
capacity(mg/g), and Langmuir constant (mg/L),
respectively.

To study the applicability of the Langmuir iso-
therm for the dye adsorption onto AFMCNT in single
system, linear plot of C./g. against C, is plotted. The
values of Qp, Ki, and R? (correlation coefficient values
of all isotherms models) are shown in Table 1.

The Freundlich isotherm is derived by assuming a
heterogeneous surface with a non-uniform distribution
of heat of adsorption over the surface. Freundlich iso-
therm can be expressed by [31]:

log q. = log K¢ + (1/n)log C. ©6)

where Kp is adsorption capacity at unit concentration
and 1/n is adsorption intensity. 1/n values indicate the
type of isotherm to be irreversible (1/n =0), favorable
(0<1/n<1), and unfavorable (1/n >1) [32]. The 1/n val-
ues for the Freundlich adsorption isotherm are shown
in Table 1.

To study the applicability of the Freundlich iso-
therm for the dye adsorption onto AFMCNT, linear
plots of log g. vs. log C. is plotted. The values of K,
1/n, and R*> (correlation coefficient) are shown in
Table 1.

Temkin isotherm contains a factor that explicitly
takes into account the adsorbing species adsorbent
interactions. This isotherm assumes the heat of
adsorption of all the molecules in the layer which
decreases linearly with coverage due to adsorbent-
adsorbate interactions, and the adsorption is character-
ized by a uniform distribution of binding energies, up
to some maximum binding energy [33,34]. The Temkin
isotherm is given as [33]:

e = BiInKt + B1InC, @)
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Fig. 4. SEM image (a) CNT, (b) MCNT, and (c) AFMCNT.

where

RT
B = 5
where R and T are the gas constant (8.314]/mol K)
and the absolute temperature (K), respectively.

A plot of ge vs. In C. enables the determination of
the isotherm constants B; and Kr from the slope and
the intercept, respectively. Ky is the equilibrium bind-
ing constant (L/mol) corresponding to the maximum
binding energy and constant B; is related to the heat
of adsorption (Table 1).

To study the applicability of the Temkin isotherm
for the dye adsorption onto AFMCNT, linear plot g
vs. In C, is plotted. The values of Ky, By, and R? (cor-
relation coefficient) are shown in Table 1.

The correlation coefficient values (R?) show that
the dye removal isotherm using AFMCNT does not
follow the Freundlich and Temkin isotherms (Table 1).
The linear fit between the Cc/g. vs. C. and calculated
correlation coefficients (R*) for Langmuir isotherm
model show that the dye removal isotherm can be
approximated as Langmuir model (Table 1). This
means that the adsorption of dyes takes place at spe-
cific homogeneous sites and a one layer adsorption
onto AFMCNT surface.

The maximum adsorption capacity of different
CNTs for anionic dyes is shown in Table 2 [35-38].
The results show that AFMCNT has high dye adsorp-
tion capability. Thus AFMCNT can be used as a high
capacity adsorbent to remove anionic dyes.

8)

3.3. Adsorption kinetics

The mechanism of solute adsorption onto an adsor-
bent was studied by kinetics models. Several models
were used. In order to design a fast and effective
model, investigations were made on adsorption rate.
For the examination of 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 [6,39].

Pseudo-first-order equation is generally repre-
sented as follows [40]:

log (3. — q:) = log (qe) — (k1/2.303)t ©)]

where g, 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.

The straight-line plots of log(ge—qy) vs. t for the
dye adsorption of single and binary systems onto
AFMCNT have also been tested to obtain the rate
parameters (Fig. 5). The k;, the experimental g,
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Table 1
Linearized isotherm coefficients of dye removal using AFMCNT at different adsorbent dosages from single and binary
systems
Langmuir Freundlich Temkin
System Qo Ky R Kg 1/n R? Kr By R?
Single system AB92
333 0.170 0.992 167 0.142 0.890 44 38 0.875
AR14
370 0.313 0.998 205 0.13 0.962 164 38 0.955
DR31
323 0.164 0.992 164 0.1405 0.890 45 37 0.875
Binary system AB92 + AR14 AB92
357 0.071 0.995 88 0.289 0.942 1 71 0.951
AR14
323 0.021 0.944 26 0.473 0.906 1 83 0.916
AB92 + DR31 AB92
238 0.285 0.999 156 0.903 0.962 1843 19 0.967
DR31
278 0.324 0.999 173 0.106 0.925 2 260 0.936
Table 2
Adsorption capacity of different carbon nanotubes to remove anionic dyes
Adsorbent Adsorbate Qo (mg/g) References
CNT Acid Red 183 452 [35]
CNT Acid Red 18 166.7 [36]
CNT Reactive Blue 4 69.0 [37]
Acid Red 183 45.0
M-MWCNT-Fe3C nanocomposite Direct Red 23 85.5 [38]
AFMCNT Acid Blue 92 333 Present study
Acid Red 14 370
Direct Red 31 323

((ge)exp), and correlation coefficients under different
dye concentrations values were calculated from these
plots and are given in Table 3.

Data were applied to the pseudo-second-order
kinetics rate equation which is expressed as [41]:

L_L+<i)t
q ka2 \qe

where k, is the equilibrium rate constant of pseudo-
second order (g/mg/min).

To understand the applicability of the model, lin-
ear plots of t/g; vs. t for the adsorption of dyes in sin-
gle and binary system onto AFMCNT are plotted
(Fig. 6). The k;, the experimental ge ((4e)exp), and corre-
lation coefficients were calculated from these plots
and are given in Table 3.

(10)

The possibility of intraparticle diffusion resistance
affecting adsorption was explored by using the
intraparticle diffusion model as [42,43]:

g :kptl/2 +1 (11)
where k is the intraparticle diffusion rate constant.

To understand the applicability of the intraparticle
diffusion model, linear plots of g vs. 12 for the
adsorption of dyes in single and binary system onto
AFMCNT are plotted (Fig. 7). The k, I, and correla-
tion coefficients were calculated from these plots and
are given in Table 3.

The linear fit between the t/q; vs. contact time ()
and calculated correlation coefficients (R?) for pseudo-
second-order kinetics model show that the dye
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Fig. 5. The pseudo-first-order kinetics of dye removal by AFMCNT from single and binary systems.

113



114 N.M. Mahmoodi et al. | Desalination and Water Treatment 56 (2015) 107-120
Table 3
Linearized kinetics coefficients of dye removal using AFMCNT at different adsorbent dosages from single and binary sys-
tems
Intraparticle
Pseudo-first order ~ Pseudo-second order diffusion
Dye Adsorbent (g) (Go)exp (Go)car ki R? edcar k2 R? ko 1 R?
Single system AB92 0.025 313 353 0.050 0.866 259 0.0003 0.947 39 9  0.988
0.050 289 253 0.039 0.933 345 0.0002 0.949 35 13 0.981
0.075 248 168 0.045 095 286 0.0003 0.984 30 22 0.995
0.100 230 168 0.034 0.966 256 0.0003 0.981 26 29 0.975
AR14 0.025 358 230 0.050 0.924 385 0.0004 0988 1 123 0.953
0.050 337 200 0.026 0.946 345 0.0004 0.974 30 90 0.956
0.075 284 175 0.034 0.990 294 0.0005 0.991 25 90 0.955
0.100 241 130 0.048 0.962 256 0.0008 0.998 20 100 0.913
DR31 0.025 306 213 0.030 0.988 333 0.0003 0.974 31 54 0.987
0.050 282 214 0.030 0.996 312 0.0002 0.972 31 34 0.991
0.075 244 166 0.040 0.986 270 0.0004 0.990 25 53 0.975
0.100 228 178 0.050 0.991 333 0.0004 0.986 20 50 0.986
Binary system AB92+AR14 AB92 0.025 291 229 0.039 0964 345 0.0002 0.986 36 20 0.947
0.050 278 243 0.044 0.992 344 0.0002 0976 36 6  0.970
0.075 312 243 0.066 0.990 235 0.0002 0971 33 1 0.940
0.100 202 195 0.072 0.982 263 0.0002 0971 28 9  0.990
AR14 0.025 202 190 0.075 0.945 227 0.0006 0.989 22 49 0.888
0.050 196 152 0.069 0.950 213 0.0005 0.983 20 38 0.975
0.075 169 109 0.064 0978 179 0.0007 0.988 17 41 0.952
0.100 148 125 0.050 0.943 169 0.0006 0.986 17 25 0.988
AB92+DR31 AB92 0.025 228 206 0.056 0.941 263 0.0003 0.969 26 8 0,987
0.050 225 215 0.050 0.969 278 0.0002 0.983 29 11 0.989
0.075 217 202 0.061 0.954 270 0.0002 0.989 28 8  0.979
0.100 202 203 0.052 0.954 256 0.0002 0.995 30 7  0.967
DR31 0.025 297 114 0.030 0.896 270 0.0009 0.987 17 131 0.936
0.050 261 109 0.020 0.896 261 0.0009 0.987 17 124 0.932
0.075 252 135 0.020 0.909 256 0.0006 0.967 17 100 0.920
0.100 221 141 0.040 0.973 238 0.0007 0.984 19 74 0.980
removal kinetics can be approximated as pseudo-sec- 3.4.2. pH

ond-order kinetics (Table 3). In addition, the experi-
mental ge ((7o)exp) values agree with the calculated
ones ((§o)ca), obtained from the linear plots of
pseudo-second-order kinetics (Table 3).

3.4. Effect of operational parameters
3.4.1. Effect of adsorbent dosage

A given mass of AFMCNT can adsorb only a fixed
amount of dye. Thus, the initial dosage of AFMCNT is
very important. The effect of AFMCNT dosage on dye
removal from single and binary systems is shown in
Fig. 8. The percentage of dye removal increased with
the AFMCNT dosage up to a certain limit and then it
reached a constant value. The increase in adsorption
of dyes with AFMCNT dosage was due to the
availability of more active surface sites of AFMCNT
for dye adsorption [6].

The effect of pH on the adsorption of dyes onto
AFMCNT is shown in Fig. 9. The results showed that
the adsorption capacity increases when the pH is
decreased. Maximum adsorption of anionic dyes
occurs at acidic pH (pH 2). The electrostatic attraction
as well as the organic property and structure of dye
molecules and AFMCNT could play very important
roles in dye adsorption on AFMCNT. At pH 2, a
significantly high electrostatic attraction exists between
the positively charged surfaces of the adsorbent, due
to the ionization of functional groups of adsorbent
and negatively charged anionic dye. As the pH of the
system increases, the number of positively charged
sites decreases. It does not favor the adsorption of
anionic dyes due to the decrease of electrostatic
attraction. The effective pH was 2 and it was used in
further studies.
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Fig. 8. The effect of adsorbent dosage (g) on dye removal by AFMCNT from single and binary systems.



118

100 100
0 __ 80
g Mg
T 60 -2 T 60
—— 4 g
E 40 - .6 E 40 -
g‘ —E— A
S 30 109 5
U h T T T T D v T T T T
0 15 30 45 60 0 15 30 45 60
t (min) t(min)
AB92 (sin.) AB92 (bin.: AB92+AR14)
100 100
80 4 pH 20 -
z 5
E‘Q’ 60 —-—2 = 604
2 :
—— 4
g 40 - s 8 407
b —l— g
E 20 10 & g9+
0 : - . : 0 . . ; .
0 15 30 45 60 0 15 30 45 60
t (min) t(min)
AR14 (sin.) AR14(bin.: AB92+AR14)
100 100
g 80 - pH g0
T 60 —-2 2’ 60
E ——4 E
S 40- -6 g 401
& —-—10 =
20 1 a 20
D T T T G T T T T
0 15 30 45 60 0 15 30 45 60
t (min) t(min)
DR31 (sin.) AB92 (bin.: AB92+DR31)
. pH
&
® o
é ——4
2 —— 6
=3 —=—10
(=]

Fig. 9. The effect of pH on dye removal by AFMCNT from single and binary systems.

15 30 45 60
t (min)
DR31(bin.: AB92+DR31)

N.M. Mahmoodi et al. | Desalination and Water Treatment 56 (2015) 107-120

pH
— 7
——4
——6

—=— 10

pH

—- 7

——4

—8— 10

pH

—-2
——4
——6
——10



N.M. Mahmoodi et al. | Desalination and Water Treatment 56 (2015) 107-120 119

4. Conclusion

In this manuscript, the AFMCNT was synthesized
and used to remove anionic dyes from single and
binary systems. Acid Blue 92 (AB92), Acid Red 14
(AR14), and Direct Red 31 (DR31) were used as dye
models. AFMCNT exhibited adsorption capacity
towards anionic dyes. The equilibrium data were cor-
related reasonably well by Langmuir adsorption iso-
therm. The data indicated that the adsorption
kinetics of dyes on AFMCNT followed the pseudo-
second order. Dye removal increased with the AF-
MCNT dosage up to a certain limit and then it
reached a constant value. The adsorption capacity of
AFMCNT increases when the pH is decreased. The
results showed that AFMCNT can be effectively used
as an adsorbent for the removal of anionic dyes from
binary systems.
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