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ABSTRACT

In this work, carbon nanotubes (CNTs) were synthesized from fly ash and used as adsor-
bent for the removal of congo red (CR) dye from aqueous solution. The as-synthesized
CNTs were exposed to UV radiation for improving the adsorption of dye. The produced
nanotubes were characterized by the scanning electron microscopy, transmission electron
microscope, X-ray photoelectron spectroscopy, and Raman and FTIR spectroscopies. UV
irradiation was found to be an effective tool for enhancing intensity of the observed func-
tional groups and could induce extra defects on the sidewalls of the CNTs. The obtained
results show that the adsorption of CR increases from 9.1 to 26.5 mg g−1 with increasing the
UV irradiation time from 0 to 30 min and maximum adsorption was found to be at pH 4.5.
The adsorption efficiency of the UV-irradiated CNTs was decreased from 99.14 to 53.5% by
increasing the initial dye concentration from 5 to 50 mg L−1. Langmuir and Freundlich mod-
els were fitted to the adsorption equilibrium data and the results reveled that the adsorption
of CR onto the CNTs followed the Langmuir isotherm and the maximum monolayer
adsorption capacity was found to be 25.61 mg g−1. The results suggest that the synthesized
CNTs, which contain naturally exist active groups, besides those induced by the UV
irradiation, might be useful for the removal of CR and other water pollutants.
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1. Introduction

In the last decades, carbon nanotubes (CNTs) have
drawn much attention due to their unique properties
[1,2]. The CNTs consist graphite sheets wrapped into
hollow cylinders consisting of single or many layers
with diameter ranges from a few to hundreds of
nanometers. Several methods were developed in order

to produce CNTs [3–11]. However, CNTs’ production
rates using previously reported methods are still lim-
ited due to the high cost of CNTs synthesis. The raw
materials, particularly the catalysts and precursors of
CNTs, are still costly.

Fly ash is a by-product that generates from various
sources such as coal combustion or heavy/crude oil as
a fuel mainly in power plants. The ash is often consid-
ered as a hazardous waste material that possesses
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serious environmental issues. Several studies have
proposed ways to utilize the fly ash, thereby decreas-
ing waste and amount in landfills, which could avoid
serious environmental challenges [12–15]. Recently,
Salah et al. have produced CNTs using carbon-rich fly
ash as a source of precursor and catalyst [16,17]. This
method seems to be a promising choice for mass pro-
duction of the CNTs at a very low cost. It also offers a
solution for reducing the landfilled fly ash.

The CNTs normally need to be functionalized,
which is an essential condition for improving the solu-
bility and dispersion of the CNTs in solutions and
incorporating them in new hybrid materials [18,19].
The functional groups attached on the sidewalls of the
CNTs carbon surface were found to be responsible for
various properties of the matter. These mainly include
physicochemical and catalytic properties. Such func-
tional group could be induced by different methods.
The most common methods are chemical [20],
mechanical [21], and electrochemical methods [22].
However, these methods have drawbacks such as (i)
need long time, (ii) consume high amount of chemi-
cals and energy, and (iii) effect the CNTs properties.
On the other hand, the UV irradiation is a powerful
tool used in many applications like sterilization and
disinfection, air purification, polymer processing and
modifications, etc. The use of this tool in surface graft-
ing of polymers for the functionalization of graphene
sheets along with graphene oxide reduction was also
reported [23,24]. In the present work, the CNTs pro-
duced from the fly ash were exposed to UV radiation
and evaluated for their application in the adsorption
of congo red dye.

Congo red (CR) is a synthetic benzidine-based azo
dye and is difficult to biodegrade due to its complex
aromatic structures. The major sources of this pollu-
tant are textile, printing, paper, and leather industries
[25]. A large number of research works have been
reported on different materials for the adsorption of
CR from aqueous solution [26–28]. However, there is
no report on a low-cost material that has the capability
of complete adsorption of CR. Some of the proposed
materials that showed a good result are very costly.
For example, Pal and Deb [26] have reported on the
removal of CR dye by the adsorption on coinage
nanoparticles (silver nanoparticles and gold nanoparti-
cles) coated activated carbon (AC). They reported that
88.0% of the CR was effectively removed from aque-
ous solution using gold nanoparticles beads as the
adsorption process. Moreover, the use of the CNTs for
the removal of CR is rarely appeared. Few reports
have studied the removal of other pollutants using
CNTs, like Jafari and Aghamiri [29], who reported on
the evaluation of the CNTs as a solid-phase extraction

sorbent for the removal of cephalexin from aqueous
solution.

In the present work, the CNTs produced from car-
bon-rich fly ash were evaluated for the adsorption of
CR from aqueous solution. The nanomaterials were
characterized by different techniques including scan-
ning electron microscopy (SEM), transmission electron
microscope (TEM), X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy, and FTIR spectroscopy.
Samples from these CNTs were irradiated by a high-
intensity UV light for different times. The adsorption
kinetics and isotherm studies were also performed

2. Materials and methods

2.1. Syntheses and characterization of CNTs

Fly ash powder sample was obtained from a water
desalination plant in Jeddah, Saudi Arabia. The CNTs
were synthesized from the ash using the method
described by Salah et al. [17]. The as-produced sam-
ples were characterized by a field emission scanning
electron microscopy (FESEM), JSM-7500 F (JEOL—
Japan) operated at 15 kV. They were also character-
ized by a high-resolution TEM (using Titan 80, 300 kv
(st), FEI). XPS measurement was performed by
utilizing a PHI 5000 VersaProbe, Japan, in the range of
275–290 eV. The obtained curve was fitted using Mul-
tipack v8.2c data analysis software provided with the
PHI 5000 VersaProbe ESCA instrument that made use
of a combination of Gaussian–Lorentzian peaks.
Raman spectra were measured using a DXR Raman
microscope, Thermo Scientific, using a 532-nm laser as
the excitation source at 6 mW power. FTIR spectra
were measured using Thermo Scientific Nicolet IS10
FT-IR spectrometer.

2.2. Adsorption studies

Batch adsorption studies were performed by taking
0.02 g of CNTs in 20 mL of dye solution at a fixed
temperature and concentration. The effect of solution
pH was studied by preparing various solution pHs
range from 4.5 to 9 in flasks containing 20 ml dye
solution of 50 mg L−1 concentration. The solution pH
was adjusted using 0.1 N HCl and 0.1 N NaOH. Then,
0.02 g of UV-irradiated CNTs was added to each flask
followed by sonication for 3 h at 30˚C. Kinetic study
was performed in a series of conical flasks by adding
0.02 g CNTs in 20 mL dye solution of 50 mg L−1 con-
centration at pH 4.5 and 30˚C. The solutions were son-
icated for the fixed time from 5 to180 min. For the
equilibrium isotherm studies, the adsorption was per-
formed by adding 0.02 g adsorbent into 20 mL CR
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solution with a concentration ranges from 5 to
50 mg L−1 at 30˚C for 3 h. After adsorption, the dye
solution was filtered through 0.22-μm pore size mem-
brane filter to eliminate the CNTs from solution and
the amount of dye remains in the solution was deter-
mined by HACH LANGE DR 6000 UV–vis spec-
trophotometer at 495 nm. The adsorption capacity of
UV-irradiated CNTs for the CR was calculated using
the following equation:

qe ¼ C0 � Ceð ÞV=m (1)

where qe is the amount of CR adsorbed per unit mass
of fiber (mg g−1), C0 and Ce are the initial and equilib-
rium CR concentrations (mg L−1), respectively, V is
the volume of CR solution (L), and m is the mass of
the CNTs (g).

2.3. Surface charge determination

Series of conical flasks were prepared for the deter-
mination of point of zero charge (pHpzc) of the CNTs.
Each flask contains 20 ml of 0.1 M KCl aqueous solu-
tion and the pH of the solution was adjusted between
2 and 11 using 0.1 M HCl or 0.1 M NaOH. Thereafter,
0.02 g UV-irradiated (30 min) CNTs were dispersed
into each flask and shaked for 24 h in water bath sha-
ker at 30˚C. The final pH (pHf) of the solution was
recorded and a graph was plotted between initial pH
(pHi) vs. difference in the initial and final pH
(ΔpH = pHi − pHf) for the determination of pHpzc.

3. Results and discussion

3.1. CNTs characterization

Fig. 1 shows SEM images ((a) and (b)) at different
magnifications for the CNTs produced using carbon-
rich fly ash. The images shows well-defined CNTs
interim of uniformity, diameters, and lengths. The
length of the obtained CNTs is in the micrometer
range and the diameter is in the range of 20–40 nm.
The figure (inset) shows SEM image for carbon-rich
fly ash that could be used to grow CNTs. Fig. 2 shows
transmission electron microscopy images ((a) and (b))
for the as-grown CNTs. These images clearly show the
CNTs along with some catalyst particles (Fig. 2(a)). A
high-resolution TEM image (Fig. 2(b)) shows the mul-
ti-layered structure indicating that the synthesized
tubes are multiwalled carbon nanotubes (MWCNTs).
This image shows nanotube with 11 inner and outer
walls. The thickness of each wall is around 0.35 nm.
These results are similar to that reported earlier by
Salah et al. [17].

XPS spectrum of the as-produced CNTs is pre-
sented in Fig. 3. The figure shows the peaks of sp2

and sp3 carbons [30]. The intensity ratio of sp2/sp3

carbons is around 7.5 eV. Deconvolution of this spec-
trum results in other two bands located at 288.2 and
290.5 eV. The first one might be assigned to –COO
(carboxyls, carboxylic anhydrides, and esters), while
the second one at 290.5 eV is π–π* transition carbon
(shakeup carbon in aromatic compounds) or COOH
group [31]. These groups might be quite useful for the
application of the produced nanotubes as an adsor-
bent for organic pollutants.

Raman spectra of un-irradiated and UV-irradiated
CNTs are shown in Fig. 4. The spectrum of un-
irradiated CNTs (curve a) clearly shows graphite (G)
and defect (D) bands at around 1,585 and 1,350 cm−1

Fig. 1. SEM images at different magnification of the
as-grown CNTs samples produced using fly ash. The
figure in the inset is SEM image for carbon-rich fly ash
used to grow CNTs.
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[31,32]. The intensity ratio of the D and G bands
(ID/IG) is often used as an indication of the level of
defect density on a graphitic carbon sample [33]. The
intensity ratio of G to D bands in the present CNTs is
around 1.2. However, the intensity and intensity ratio
of UV-irradiated samples were observed to vary
(curves b–d). By increasing the irradiation time, the
intensity of G band is significantly decreased. This
indicates that a major modification is induced in the
surface of the irradiated nanotubes.

Fig. 5 shows FTIR spectra of both un-irradiated and
UV-irradiated CNTs. The spectrum of un-irradiated

CNTs (curve a) shows major peaks at 2,900–2,970,
1,723, and 1,527 cm−1 besides smaller one at 1,461,
1,327, 1,299, 1,261 and 1,175 cm−1. FTIR spectra of the
UV-irradiated CNTs show similar, but enhanced bands
along with emergence of extra peaks located at
2,353–2,360 cm−1 (curves b–e). The broad peak at
2,900–2,970 cm−1 might be ascribed to the asymmetric
and symmetric stretching vibration of C–H side chain
group of the aromatic ring [34]. The second band at
1,723 cm−1 might be assigned to carbonyl (C=O)
stretching vibration of carboxyl groups [35], while that
at 1,527 cm−1 is the carbon double bonding (C=C) [34].
The two broad peaks located at 2,330 and 2,360 cm−1,
induced in the irradiated samples, might be due to the
atmospheric CO2 adsorbed on the sidewall of these
irradiated CNTs [36,37].

Fig. 2. (a) TEM image and (b) high-resolution TEM image
for the as-grown CNT samples produced using fly ash.
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Fig. 3. XPS spectrum of the as-grown CNT samples
produced using fly ash.

2000 1600 1200 800

0

4

8

12

16

20

24

d

cb
a

D

G

In
te

ns
ity

 (a
.u

.)

Raman Shift (cm-1)

a  Un-irradiated CNTs
b  UV Irradiated CNTs for 3 min
c  UV Irradiated CNTs for 10 min
d  UV Irradiated CNTs for 30 min

Fig. 4. Raman spectra of un-irradiated and UV-irradiated
CNTs for different times.

N. Salah et al. / Desalination and Water Treatment 57 (2016) 21534–21544 21537



3.2. Adsorption of CR dye on the synthesized CNTs

3.2.1. Effect of UV irradiation time

The effect of UV irradiation time onto the CNTs
was studied to optimize the effectiveness of adsorbent.
The CNT samples were irradiated for 3, 10, 20, and
30 min under UV light and the adsorption efficiency
of the irradiated CNTs was evaluated for the removal
of CR. As shown in Fig. 6, the adsorption capacity of
the CNTs for the CR increased with increasing the UV
exposure time from 3 to 30 min. This might be attribu-
ted to the fact that higher irradiation time could possi-
bly produce more defect and oxygenous functional
groups on the surface of the CNTs, which favor the

adsorption of dye [38]. Therefore, the CNTs irradiated
for 30 min under UV light were used for the brief
adsorption experiments.

3.2.2. Effect of solution pH and adsorption mechanism

Congo red is a highly pH sensitive dye, which
shows structural and color changes with the change in
the solution pH. In acidic solution (pH < 3), the CR
turns to blue color due to the ammonium–azonium
tautomerism, while in neutral and basic medium
(pH > 5), the CR retains its original red color [39,40].
Therefore, the effect of solution pH was studied on
the pH ranges from 4.5 to 9 as shown in Fig. 7. The
adsorption of CR decreases with the increase in solu-
tion pH; the maximum adsorption was found at pH
4.5. The adsorption mechanism can be explained on
the basis of surface chemistry of the CNTs and CR.
The point of zero charge of the CNTs was found to be
4.7. The surface charge of the CNTs is positive when
the solution pH is lower than 4.7. The CR is a nega-
tively charged acidic dye having two sulfonate groups
(−SO�

3 Na+). At low pH, negatively charged CR
molecules attracted electrostatically with positively
charged oxidized CNTs (CNTs−OHþ

2 + −SO�
3 →

CNTs−OHþ
2 –

−O3S−) [39–41]. On increasing the solu-
tion pH, the CR adsorption decreases through depro-
tonation of oxygenous functional groups of the CNTs
(over pHpzc). This is due to the electrostatic repulsion
between the negatively charged adsorbent surface and
the CR (CNTs−O− + −SO�

3 → CNTs−O− ↔ −O3S−)
[39–41]. However, a slight adsorption was observed at
higher pH which may be attributed to the synergetic
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Fig. 5. FTIR spectra of un-irradiated and UV-irradiated
CNTs for different times.

Fig. 6. Effect of UV irradiation time on adsorption of CR
dye.

Fig. 7. Effect of solution pH on CR adsorption onto
UV-irradiated CNTs (inset: plot for pHpzc determination).
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effect of π–π interactions, hydrogen bonding, and van
der Waals forces exist between the irradiated CNTs
and CR molecules [42]. The presence of oxygenous
functional groups such as carboxylic group (–COOH)
and hydroxyl group (–OH) have been confirmed by
the FTIR and XPS studies of the CNTs. These oxyge-
nous functional groups of adsorbent and amine, sul-
fonate groups of the CR dye are expected to be
mainly involved in the adsorption at solid–solution
interface. The following adsorption mechanisms can
be expected between irradiated CNTs and CR mole-
cules [43]: (i) hydrogen bonding between the nitrogen
and oxygen atoms containing functional groups of
adsorbent and adsorbate, (ii) π–π interaction between
the aromatic ring of the CNTs and CR molecules, and
(iii) hydrophobic interaction—the sidewall of the
CNTs are highly hydrophobic due to high π electron
density of sp2 carbons, which may interact with the
CR through hydrophobic interaction. A schematic
illustration of the possible interaction between the CR
and irradiated CNTs is shown in Fig. 8.

3.2.3. Kinetics study

The attainment of CR adsorption equilibrium onto
the CNTs is shown in Fig. 9. It can be seen that the
sharp increase in the CR adsorption with the increase
in contact time and equilibrium was established
within 2 h. Initially, fast adsorption of CR was may be
due to the adsorption on the vacant active surface

sites and, thereafter, equilibrium was established due
to saturation of active sites [44]. Moreover, to find the
rate for the CR adsorption onto the CNTs, pseudo-first
[45]- and pseudo-second-order kinetic [46] models
were applied. The pseudo-first- and pseudo-
second-order kinetic equations in linear form are:

log
qe
qt

¼ log� k1
2:303

t (2)

t

qt
¼ 1

k2q2e
þ t

qe
(3)

where k1 is the pseudo-first-order rate constant
(min−1), qe (mg g−1) and qt (mg g−1) are the CR adsorp-
tion capacity at equilibrium and after time t (min),
respectively, k2 is the pseudo-second-order rate con-
stant (g mg−1 min−1). The values of the pseudo-first-
order and pseudo-second-order kinetic parameters
were calculated from the plots log(qe − qt) vs. t and
t/qe vs. t, respectively. From the values in Table 1, the
calculated adsorption capacity (qcale ) for the pseudo-
second-order kinetic equation is much close to the
experimental CR adsorption capacity (qexpe ) than the
pseudo-first-order kinetic equation, indicating the fit-
ness of the pseudo-second order to the experimental
adsorption data. Moreover, the value of R2 for the
pseudo-second-order equation is much higher than
the pseudo-first-order equation, confirming the suit-
ability of the pseudo-second-order kinetic model to
describe the CR adsorption onto the CNTs [47]. Fur-
thermore, to determine the mass transfer rate of the
CR from solution to CNTs, Weber–Morris intra-parti-
cle diffusion model [48] was applied:

Fig. 8. Schematic illustration of the possible interaction
between CR and irradiated CNTs.

Table 1
Kinetic parameters for the removal of CR onto
UV-irradiated MWCNTs

Parameters Values

q
ðexpÞ
e (mg g−1) 25

Pseudo-first-order kinetic model
q
ðcalÞ
e (mg g−1) 37.385
k1 (min−1) 0.00368
R2 0.8108

Pseudo-second-order kinetic model
q
ðcalÞ
e (mg g−1) 27.100
k2 (g mg−1 min−1) 0.00316
R2 0.9985
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qt ¼ kidt
1=2 þ C (4)

where kid (g mg−1 min−1/2) and C (mg g−1) are the
intra-particle diffusion rate coefficient and constant
related to the thickness of the boundary layer, respec-
tively. A plot for the intra-particle diffusion with two
curved portions is show in Fig. 9 (inset). The first
straight portion indicates the adsorption of CR onto
the surface of the CNTs, while the second portion
indicates the attainment of equilibrium. These results
revalued that the CR adsorbed onto the CNTs through
boundary layers diffusion [44].

3.2.4. Adsorption isotherm studies

The efficiency of the UV-irradiated CNTs
decreased from 99.14 to 53.5% with increasing the ini-
tial dye concentration from 5 to 50 mg L−1 as shown
in Fig. 10. This was obvious because the numbers of
active sites for the adsorption are constant while the
concentration of the CR in solution increases. There-
fore, after equilibrium attainment, uptake of the dye
decreased. For better understanding of the distribution
of the CR molecules between the solution and solid
phase, isotherm models, namely Langmuir, Fre-
undlich, and Temkin, were used to fit the adsorption
equilibrium data. The Langmuir isotherm model [49]
is valid for the monolayer adsorption onto adsorbent
surface, which contains finite number of identical

active sites and there is no transmigration of the
adsorbate in the plane of the surface. The linear
equation for the Langmuir isotherm is as follows:

Ce

qe
¼ 1

qmbCe
þ Ce

qm
(5)

where qe (mg g−1) is the amount of CR molecules
adsorbed at equilibrium, Ce (mg L−1) is the equilib-
rium concentration of CR, qm (mg g−1) is the maxi-
mum monolayer adsorption capacity, and b (L mg−1)
is the adsorption equilibrium constant. The values of
the Langmuir isotherm constants were calculated from
plot of Ce/qe vs. Ce.

The Freundlich isotherm model [50] assumes that
the adsorption of adsorbate species takes place
through multilayer and heterogeneous system, charac-
terized by the heterogeneity factor 1/n. The linear
equation for the Freundlich isotherm is as follows:

ln qe ¼ ln KF þ 1

n
ln Ce (6)

where KF and n are the Freundlich constants, which
indicate the adsorption capacity and adsorption inten-
sity. The values of the Freundlich isotherm parameters
were calculated from plot of ln qe vs. ln Ce.

The Temkin isotherm model [51] is based on the
adsorbent–adsorbate interactions and along with the
saturation of adsorbent active sites, the adsorption
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energy decreases linearly rather than decreasing expo-
nentially. The linear equation for the Temkin isotherm
model is:

qe ¼ B ln Aþ B ln Ce (7)

where A and B are the Temkin isotherm parameters,
related to the equilibrium binding constant (L mg−1)
and the heat of adsorption (kJ mol−1), respectively.
The values of the Temkin constants were calculated
from plot of qe vs. ln Ce.

The values of the adsorption isotherm parameters
and constants, calculated from their respective plots,
are mentioned in Table 2. It is clear that the Langmuir
model shows better fit with the experimental equilib-
rium data than the Freundlich and Temkin isotherm
models. A value of higher correlation coefficient (R2:
0.995) was obtained for the Langmuir equation in

contrast to the Freundlich (R2: 0.975) and Temkin (R2:
0.928) isotherm equations [41,42]. The maximum
monolayer adsorption capacity of UV-irradiated CNTs
was found to be 25.64 mg g−1. Table 3 summarizes the
adsorption capacity of various kinds of materials used
for the removal of CR from aqueous solution and it
can be seen from Table 3 that UV-treated CNTs have
shown a better adsorption same as the previously
reported adsorbent.

4. Conclusions

The CNTs were synthesized from carbon-rich fly
ash and successively evaluated for the adsorption of
congo red dye in aqueous solution. These CNTs were
found to have active carboxyl groups on their side-
walls, besides extra defects formed by the UV irradia-
tion. The obtained results showed that the adsorption

Table 2
Adsorption isotherm parameters for the removal of CR onto UV-irradiated MWCNTs

Langmuir isotherm model Freundlich isotherm model Temkin isotherm model

qm (mg g−1) b (L mg−1) R2 KF (mg1−1/n L1/n g−1) n R2 A (L mg−1) B R2

25.64 0.740 0.995 10.990 3.745 0.975 48.589 3.287 0.928

Table 3
Adsorption capacities of various adsorbents used for the removal of congo red

Adsorbent Adsorption capacity (mg g−1) Refs.

AgNPs-coated AC 64.8 [26]
AuNPs-coated AC 74.05 [26]
Bael shell carbon 98.03 [40]
Graphene oxide/chitosan/silica nanocomposite 294.12 [41]
Rice husk ash 7.047 [52]
Polypyrrole–polyaniline nanofibers 222.22 [53]
Coir pith carbon 6.7 [54]
Fe3O4@graphene nanocomposite 33.66 [55]
Rice bran 14.6 [56]
Bentonite 19.9 [57]
4-Vinyl pyridine-grafted poly(ethyleneterephthalate) fibers 18.1 [58]
Activated carbon (Laboratory grade) 1.88 [59]
Bagasse fly ash 11.89 [59]
Montmorillonite 12.70 [60]
Sugarcane bagasse 38.2 [61]
PVC 10.75 [62]
PVC-GN 27.027 [62]
pTSA–Pani@GN–PVC 45.454 [62]
PVC@GN-Pani-b 26.315 [63]
PVC@GN-Pani-a 31.250 [63]
PVC@GN-Pani-s 40.00 [63]
CNTs 25.64 This study
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of CR increased by increasing UV irradiation time to
the CNTs, but it decreased with increasing initial dye
concentration. The Langmuir isotherm model is found
to fit well with the adsorption experimental results.
The produced nanomaterials with their naturally exist
active groups, besides those induced by the UV irradi-
ation, might be successively applied for the removal
of CR dye and other organic pollutants.
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