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a b s t r a c t
This investigation presents the advantages and limitations of tartrazine azo dye sorption on oxygen 
functionalized multiwalled carbon nanotubes (O-MWCNTs) synthesized by catalytic-CVD technique 
in LEREC laboratory, Algeria. Our adsorbent was characterized by FESEM, HR-TEM micrographs, 
Raman spectroscopy, ATG, XPS and specific surface area measurements (SBET). The effects of different 
operational parameters like contact time, initial concentration of tartrazine, adsorbent amount, pH 
and temperature on the sorption processes were studied in batch mode. Experiments showed that the 
O-MWCNT was efficient for the removal of tartrazine and the equilibrium can be reached in 60 min. 
The removal efficiency was found to be dependent on the initial dye concentration and there is no sig-
nificant effect of temperature on the adsorption process. Also, acidic pH was found to be favorable for 
dye removal, while the adsorption capacity decreases with the O-MWCNTs amount. For comparison, a 
similar study has been performed with a commercial activated carbon (CAC) and it was found out that 
the functionalized MWCNT has a shorter equilibrium time and higher dye adsorption capacity than 
CAC, so that O-MWCNTs can be considered as potential adsorbents for dye removal from wastewater. 
The models of Langmuir and Freundlich isotherms are applicable to describe the process of tartrazine 
adsorption on the O-MWCNTs and also on the CAC conventional adsorbent.

Keywords:  Multiwalled carbon nanotubes; Activated carbon; Functionalized MWNT; Specific surface 
area; Adsorption kinetic; Azo dye

1. Introduction

Synthetic dyes are a relatively large group of organic 
chemical compounds found practically in all spheres of daily 
life. Their world production is estimated at 700,000 ton/year 
of which 140,000 is discarded into effluent during the various 

application and manufacturing steps [1,2], which creates 
a real danger for environment, human and animals. 
Furthermore, main dyestuff wastes are known to be toxic 
[3], carcinogenic [4], mutagenic [5] and teratogenic [6]. Dyes 
are generally resistant to light, water, oxidizing agents and 
many chemical processes; consequently, they are difficult to 
be degraded once released into the aquatic systems. 

Azo dyes are the largest and the most versatile class of 
organic dyes. They contain one or more azo bonds (–N=N–) 
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as a chromophore group in association with aromatic struc-
tures containing functional groups such as –OH and –SO3H. 
The complex aromatic structures of azo dyes make them 
more stable and more difficult to be removed from the aque-
ous effluents [7]. Thus, the removal of these dyes from waste-
water is an important target from the environmental point of 
view. Tartrazine (TA) (known as E-102 or SIN-102) is one of 
the synthetic anionic azo dyes; it is the most commonly used 
substance in many industries, such as textiles, leather, paper, 
foodstuffs and cosmetics.

The adsorption process is an effective and attractive 
proposition for the treatment of the dye contaminated waste-
water and can be considered as an economical alternative 
since it does not require any additional pre-treatment step 
if low-cost adsorbents are employed. A number of adsor-
bents, including activated carbon [8], pure multiwalled car-
bon nanotubes (MWCNTs) [9], acid activated red mud [10], 
fly ash [11], clay materials (montmorillonite [12], bentonite 
and zeolite [13]), biomaterials (peanut hull [14], orange peel 
[15] and rice husk [16]), inorganic metal oxides (ZnO [17,18], 
Fe3–xLaxO4 ferrites [19] and c-Fe2O3 modified TiO2 [20]) as well 
as polymers [21] has been studied for dye removal. These 
adsorbents usually suffer from some disadvantages such as 
high cost, low adsorption capacity, multistep synthesis pro-
cedures or inability. Therefore, it is necessary to develop new 
low-cost adsorption materials with high adsorption capacity. 

The discovery of carbon nanotubes (CNTs) in 1991 by 
Iijima [22] brought revolutionary changes into the field of 
nanoadsorbents during the last decades as evidenced from 
the huge number of paper reported in the literature. The 
application of carbon nanomaterials such as CNTs in the field 
of adsorption is one of the emerging trends for the removal 
of dyes from wastewater, even at very low concentrations. 
The nano-one-dimensional nature of the CNT, and MWNT 
structure, is characterized by a quite high surface area, and 
a relatively easy attachment of numerous chemical func-
tional groups on their walls can be investigated (and also 
their decorating CNTs with nanoparticles) giving them inter-
esting adsorption properties [23–26]. MWCNT and oxygen 
functionalized MWCNT (O-MWCNT) can be a real choice 
because of their low-cost production and their lower impact 
on the environment compared with SWNTs.

In this report, we investigate the adsorption process of 
TA as one of complicated structure dyes on the basis of the 
equilibrium adsorption capacity, pH effect, adsorbent dos-
age, ion concentrations, medium temperature and contact 
time. Therefore, our study focuses on TA organic pollutant 
adsorption on CAC and nanostructured carbon (O-MWCNT) 
in order to compare the efficiency of those two adsorbents.

2. Experimental procedure

2.1. Reagents and solutions

2.1.1. Macrostructured and nanostructured sorbent

The used macrostructured adsorbent support was a CAC 
purchased from Riedel de Haen AG, Germany. The MWCNT 
used as nanostructured adsorbent support was synthesized 
at LEREC Laboratory in Algeria by catalytic-CVD technique 
at 750°C using acetylene and nitrogen as, respectively, car-
bon source and carrier gas [27,28] using Fe3O4 deposited on 

alumina as catalyst. They were functionalized according to 
our previous works by an acidic treatment (HCl:HNO3 = 1:3) 
at 80°C for 2 h and then washed and filtered using extensive 
deionized water until no residual acid was detected. Finally, 
they were dried at 100°C for 20 h.

2.1.2. Sorbate

TA (trisodium-5-hydroxy-1-(4-sulfonatophenyl)-4-(4-sul-
fonatophenylazo)-H-pyrazole-3-carboxylate) is an azo dye 
(CI number = 19140, EEC number = E-102) with molecular for-
mula C16H9N4Na3O9S2 and molecular weight of 534.36 g/mol 
was obtained from Fluka and used without further purifica-
tion. The structure of this dye is displayed in Fig. 1. A stock 
solution of 500 mg/L was prepared and working solutions 
with the desired concentrations were obtained by successive 
dilutions. 

2.1.3. Analytical method

A well-known procedure for determining TA concen-
trations, based on Lambert–Beer law calibration plots, was 
applied using UV–visible spectrophotometer (Jenway 6705). 
The wavelength resolution and the bandwidth were, respec-
tively, 1 and 0.5 nm. The maximum adsorption wavelength 
was determined equal to 428 nm. The calibration curve 
was then constructed. The linearization of this plot usually 
provided determination of the coefficient closed to 99.99%. 
These data were used to calculate the azo dye concentration 
after adsorption to determinate the sorption capacity.

2.2. Adsorption studies

Batch adsorption studies were carried out at constant 
temperature using a water bath. The initial concentration of 
TA solution was 50 mg/L for all experiments, except those 
carried out to determine the effect of the initial dye concentra-
tion. Each type of adsorbent was put in the contact of 100 mL 
of the selected dye solution, and the suspension was then 
vigorously agitated (the stirring speed was kept constant at 
500 rpm). Flask was kept at a temperature of 25°C, except in 
the case for which the effect of the temperature was studied.

The experiments were performed at the pH that resulted 
from solving the dye in water (around 6) without further 
adjustment, except those conducted to examine the effect of 
the solution pH. Batch studies were performed as a function 
of both kinds of adsorbent dosage ranging from 0.0125 to 

Fig. 1. Tartrazine molecule schema.
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0.5 g, pH solution from 2 to 12 and adsorbate concentrations 
from 5 to 50 mg/L. The pH solution was adjusted using HCl 
(0.1 N) or NaOH (0.1 N) in separate experiments.

The amount of dye adsorbed on the surface of O-MWCNT 
and CAC, Qt, expressed in milligrams of dye adsorbed per 
gram of carbon (mg/g) was calculated using the following 
relation:

Q
C C
w

Vt
t=

−0  (1)

where C0 − Ct is the difference between the initial and equilib-
rium concentration of the dye in solution (mg/L), respectively, 
W is the mass of the adsorbent (mg) and V is the volume of 
the solution that was in contact with the adsorbent (L).

The relation between the amount of dye adsorbed on the 
carbon and the equilibrium concentration of the dye solution 
is described in the Langmuir isotherm equation.

2.3. Characterization techniques

Pristine and functionalized MWCNT were characterized 
using FESEM (Jeol 6700-FEG microscope) and HR-TEM (Jeol 
2100F) working under an accelerated voltage of 200 kV with 
a point-to-point resolution of 0.23 nm in order to control the 
quality, structure and overall morphology of the adsorbent 
supports.

Raman spectroscopy was carried out on a microRaman 
Renishaw spectrometer (Ramascope 2000 with a spot size 
of 1 µm2 and 1 cm–1 resolution) working with a He–Ne laser 
beam with 632.8 nm wavelength. The MWNT spectrum shows 
mainly two bands: ~1,350 cm–1 (D band) and ~1,576 cm–1 
(G band). The G band originates from the Raman active E2g 
mode explaining the in-plane atomic displacements, oth-
erwise, the origin of D band explains the disorder features. 
The D/G peak intensity ratio was calculated to determine the 
defects to graphitic carbon ratio present in the O-MWCNT. 
TG analyses were carried out with a Q5000 apparatus (TA 
instrument) under 20 sccm airflow. The temperature was 
increased from room temperature to 1,000°C with a heating 
rate of 10°C/min. 

XPS spectroscopy analyses were performed with a 
MultiLab 2000 (Thermo) spectrometer equipped with Al Kα 
anode (hn = 1,486.6 eV) during 10 min of acquisition in order 
to achieve a good signal-to-noise ratio. XPS peak decon-
volutions were made with the “Avantage” program from 
Thermoelectron Company. The C1s photoelectron binding 
energy was set at 284.6 ± 0.2 eV relatively to the Fermi level 
and used as reference for calibrating the other peak positions. 
The XPS spectroscopy was used to examine the chemical 
composition of the functional groups and their concentration.

Specific area surface measurements were carried out 
with a TriStar (Micromeritics) sorptometer using nitrogen as 
adsorbent at liquid nitrogen temperature. Before measure-
ments, the samples were systematically out-gassed at 250°C 
during 3 h in order to remove impurities and moisture.

Absorbance measurements were performed with a dou-
ble-beam Jenway 6705 (UV–Vis) spectrophotometer (Japan) 
with a spectral bandwidth of 4 nm. The pH solution has 
been measured with a pH meter model HI 8014, Hanna 
Instruments (Italy).

3. Results and discussion

3.1. Adsorbents characterization

The representative low and high magnification FESEM 
micrographs of the tubes synthesized during 1 h by 
catalytic-CVD technique with a yield of 97% (ratio carbon/
catalyst) are presented in Figs. 2(a)–(d). The higher magnifi-
cation images clearly indicate that CNT structures are rather 
linear and present a high aspect ratio (length to width).

The above analyses also indicate the absence of carbon 
nanoparticles or other impurities in the sample, which con-
firms the high selectivity of the synthesis method toward 
CNTs formation. These MWCNTs with an average outer 
diameter of about 17 nm and several microns length were 
next treated with acid mixture in order to remove the cata-
lysts and also to functionalize the surface of their walls with 
oxygen groups. 

Raman spectra recorded on the MWCNT samples con-
firms the high crystalline graphitized structure according 
to Raman G peak form and the presence of some functional 
groups/defects/disorder according to the ID/IG peaks intensity 
ratio of about 0.8 (Fig. 3(b)). These results are in agreement 
with TGA results (Fig. 3(a)) where the combustion tempera-
ture was centered at around 582°C. The TGA results also con-
firm the high selectivity of MWCNT synthesis.

In addition, the recorded C1s XPS spectrum of nanostruc-
tured MWCNTs shows the significant presence of function-
alized oxygenated groups O–H, C=O and COOH (typically 
6–8 wt%), respectively, as reported in Fig. 4, due to the acid 
purification step following the CCVD synthesis.

The specific surface area values of the O-MWCNT and 
CAC are 373 and 2,482 m2/g, respectively, as shown in 
Table 1, and Fig. 5 indicates their pore size distribution. As 
can be seen, O-MWCNTs are only mesoporous (pore size 
> 2 nm) while activated carbons have on one hand a large 
microporous surface area (2,482–1,582 = 900 m2/g) and on 
another hand a pore size ranged around 3 nm.

3.2. Investigations of the adsorption process

3.2.1. Effect of azo dye initial concentration

The effect of initial TA dye concentration in the range of 
5–50 mg/L on adsorption efficiency using functionalized nano-
structured carbon (O-MWCNT) and CAC was investigated 
and is reported in Fig. 6. We can observe that the removal 
rate from the solution increases with increasing initial con-
centration of TA until the adsorption reaches a dynamic equi-
librium. The adsorption capacity for O-MWCNT increases 
from 4.39 to 79.33 mg/g as the TA concentration increases 
from 5 to 50 mg/g. Similarly, for CAC, it increases from 2.43 
to 77.60 mg/g. A higher initial dye concentration led to the 
increase in the mass gradient between the liquid solution and 
the adsorbent, which is a driving force for the transfer of TA 
molecules from the bulk solution to the adsorbent surface.

However, at high initial dye concentration, dye molecules 
tend to aggregate or to make micelles [29–31], and this aggre-
gation inhibits their diffusion through the adsorbent pores.

It is also noted that the adsorption rate on O-MWNT is 
comparable to that of CAC despite the large difference of their 
specific surface area. This is due to the MWCNT structure as 
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Fig. 2. Low and high magnification FESEM micrographs of: (a) and (b) pristine MWCNTs, (c) oxygen functionalized MWCNTs and 
(d) high resolution TEM micrograph of pristine MWCNTs.
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Fig. 3. (a) Thermal analysis and (b) Raman spectroscopy of oxygen functionalized MWCNT.
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well as the functional groups existence and consequently the 
presence of different kinds of available adsorption sites on 
O-MWCNT such as innerwalls in tube channel and on the 
MWCNT surface.

Furthermore, we have also to take into account the low 
pore size distribution in the case of the CAC, pores which 
are inaccessible. It’s also shown that the removal of TA was 
found to be fast in the initial period (less than 10 min for 
O-MWCNTs and 30 min for CAC) and then tends to become 
slow and to stabilize with increasing contact time (30–60 min 
for O-MWCNTs and 60–90 min for CAC). This is due to the 
fact that the O-MWCNTs have a “favorable” porosity com-
pared with the CAC (higher diameter size and accessibility). 
The kinetic results show that the curves of contact time are 
single, smooth and continuous leading to equilibrium. 

3.2.2. Effect of the amount of adsorbent 

The mass of sorbents was varied in the range from 
0.0125 to 0.5 g for the removal of TA from aqueous solution 
by O-MWCNTs and CAC. In these series of experiments, 
the concentration of TA in solution was fixed at 50 mg/L. 
The effect of sorbent amount on the sorption kinetics of 
TA is shown in Fig. 7. The amount of dye sorbed per unit 
mass of sorbent decreases with an increase of the sorbent 
amount. The increase of the sorbent amount at constant 
dye concentration and volume will lead to unsaturation of 
sorption sites through the sorption process. At higher sor-
bent amount to solute concentration ratios, there is a fast 

superficial sorption onto the sorbent surface that produces 
a lower solute concentration in the solution than when the 
sorbent to solute concentration ratio is lower. This is because 
a fixed mass of O-MWCNTs or CAC can only sorb a certain 
amount of dye. 

We also note that the quantity adsorbed on the CAC 
ranges from 2.3 to 357.4 mg/g, while for the O-MWCNT it 
ranges from 4.2 to 79.5 mg/g for adsorbent mass ranging 
from 0.0125 to 0.5 g. This is certainly due to the high specific 
surface of CAC compared with the O-MWCNTs.

However, we find that the mass equal to 0.0125 g for 
the O-MWCNTs and 0.05 g for the CAC and we can obtain 
almost the same amount of adsorption 77.3 and 79.5 mg/g, 
respectively, for O-MWCNTs and CAC. Therefore, we took a 
0.05 g CAC rate and 0.0125 g O-MWCNT rate to investigate 
the effect of the remaining parameters.

3.2.3. Effect of pH on the adsorption process

The pH of the solution is an important factor in the 
adsorption process; it governs both, the surface chemistry 
of the adsorbent and of the adsorbate. The effect of the pH 
on the uptake of TA was monitored in the pH range from 2 
to 12 (Fig. 8). As shown in this figure, we can note that the 
removal efficiency of TA was favored in acidic solution and 
that it decreases from pH = 2 up to pH = 12 in the case of the 
O-MWCNTs. A higher adsorption capacity (88,795 mg/g) at 
lower pH values can be explained by the protonation prop-
erties of the adsorbent (O-MWCNT) which promotes the 
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Fig. 4. C1s-XPS spectrum of O-functionalized MWCNT.

Table 1
Specific surface area SBET, pore surface area, volume and size of the adsorbent supports used in this investigation

Adsorbent supports Specific surface area (SBET) (m2/g) Pore surface areaa (m2/g) Pore volumeb (cm3/g) Pore sizec (nm)

CAC 2,482 1,582 1.28 3.24
O-MWCNT 343 369 0.98 10.60

aBJH adsorption cumulative surface area of pores.
bBJH adsorption cumulative volume of pores between 1.7000 and 300.0000 nm diameter.
cBJH adsorption average pore diameter (4 V/A).
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electrostatic attractions between the positive charges of the 
selected O-MWCNT and the negative charges of TA “anionic 
azo-dyes” as shown in the reaction (B):

X O H OH X O H O− − + → − +− −
2  (A)

X − − + →+ +O H H XOH2  (B)

The presence of the oxygen groups, O–H, COOH and 
C=O, allow also the formation of covalent bonds, hydro-
gen bonds and van der Waals forces. Similar relations have 
been reported in the literature [18,32–34]. When the pH 
increases, TA becomes charged positively, while the tubes are 
not enough charged negatively and this causes a repulsion 
between the adsorbent and the adsorbate (pH > pKa) which 
leads to the decrease of the removal rate. Whereas for the 
CAC, it is noted that the pH is not an important parameter to 
be considered during the adsorption process regarding that 
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it has no significant impact on the amount of adsorbed dye 
(Qt,max = 77.682 mg/g and Qt,min = 75.603 mg/g).

3.2.4. Effect of temperature

Fig. 9 presents the sorptive removal of TA as a function 
of time at two different temperatures (25°C and 35°C) on the 
two kinds of adsorbents. Similar shape of the kinetic curves is 
observed for the two temperatures and the sorption kinetics 
increase with increasing temperature. This indicates that the 
sorption process is endothermic. As it is known, the rate of 
diffusion of the sorbed molecules is increased with increasing 
the temperature, owing to the decrease of the viscosity of the 
solution. This enhancement is due to the acceleration of the 
sorption process by the increased movement of dye molecules 
from the bulk solution to the surface of the solid particles at 
higher temperatures. On the other hand, there is no significant 
effect of temperature on the equilibrium sorption capacity.

3.3. Adsorption isotherms

Adsorption isotherms describe how adsorbate interacts 
with adsorbents and the equilibrium is established between 
adsorbed dye on the adsorbent and the residual dye in the 
solution during the surface adsorption. So, the equilib-
rium isotherms are carried out to determine the capacity of 
the adsorbent as solid phase dye extraction. The sorption 
capacity of O-MWCNTs toward TA is found to be 80 mg/g. 
Consequently, we can see that the obtained amount is higher 
than the ones reported for most of the other adsorbents as 
chitin, sawdust but lower than the one for chitosan and acti-
vated carbons prepared from lignocellulosic wastes (Table 2). 

The most common kinds of isotherm models describing 
this type of system are the Langmuir and Freundlich iso-
therms. The Langmuir isotherm assumes monolayer coverage 
of adsorbate over a homogeneous adsorbent surface. While 
the Freundlich isotherm superposes a heterogeneous surface 
with a non-uniform distribution of adsorption heat over the 
surface and a multilayer adsorption can be expressed [37]. 

The Langmuir isotherms can be expressed as:

Q Q
K C
K Ce m
L e

L e

=
+











1
 (2)

where Ce is the equilibrium concentration (mg/L); Qe is 
the product quantity adsorbed per unit mass of adsor-
bent (mg/g); Qm is the theoretical maximum adsorption 
capacity (mg/g) and KL is the thermodynamic equilibrium 
constant. 

The Freundlich equation can be expressed as [38]:

log log logQ K
n

Ce F e= +
1  (3) 

where KF and 1/n are Freundlich isotherm constants related to 
adsorption capacity and adsorption intensity, respectively. If 
Eq. (3) is applied, a plot of logQe vs. logCe will give a straight 
line of slope 1/n and intercept KF. The results obtained for the 
two type of adsorbent (O-MWCNTs and CAC) are illustrated 
in Fig. 10.

It is noted in Table 3 that the correlation coefficient 
R2 (R2 = 0.99) by Langmuir model is almost equal to one. 
This good correlation between the adsorption data and the 
Langmuir model indicates the homogeneous nature of the 
surface of the two kinds of adsorbents [39]. The maximum 
adsorption capacities are found to be 158.73 and 285.74 mg/g 
for functional O-MWCNTs and CAC, respectively. We also 
noted that the RL is less than 1 (RL < 1), therefore, the adsorp-
tion is favorable for both of them.

So, for Freundlich isotherms, the value of 1/n gives 
an indication of the validity of the adsorption mode in the 
adsorbent–adsorbate system. A value of 1/n between 0 and 
1 indicates a favorable adsorption [40] and this indicates 
that the adsorption is favorable for the O-MWCNTs and 
CAC. Regarding also the Freundlich model, n and KF values 
for the CAC adsorption is higher than those obtained with 
O-MWCNTs. This may indicate that the adsorption process 
on CAC is more favorable than in the case of O-MWCNTs; 
however, the affinity of the solute (TA) is substantially the 
same regarding that the value of 1/n is nearly equal (0.7384 
for O-MWCNTs and 0.782 for CAC).
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Table 2
Comparison of the O-MWCNTs adsorption capacity toward 
tartrazine with various adsorbents cited in the literature

Adsorbent Qe (mg/g) Reference

O-MWCNTs 80.00 This study
CNTs 52.24 [33]
Ag/CNTs 84.04 [33]
Nickel-doped zinc oxide 35.90 [17]
Chitin 30.00 [34]
Sawdust 4.71 [35]
Activated carbons prepared 
from lignocellulosic wastes

300.00 [36]

Chitosan 350.00 [34]
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4. Conclusions

On the basis of the above studies, the following conclu-
sion can be drawn:

• Functionalized MWCNTs with much lower specific sur-
face area than the CAC was found to be an alternative 
adsorbent to remove hazardous dyes.

• This adsorbent presents an important adsorption capacity.
• The functionalized MWCNTs have a shorter equilibrium 

time than activated CAC.
• The adsorption capacity is strongly dependent on the 

dyes concentration and the adsorbent dosage, while the 
temperature does not significantly affect the process.

• The pH of the solution is an important factor in the 
adsorption process and the acidic pH was found favor-
able for dyes removal on MWCNTs.

• The models of Langmuir and Freundlich isotherms are 
applicable to describe the process of TA adsorption on the 
O-MWCNTs.
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