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Multi-walled carbon nanotubes and powdered activated carbon were used as adsorbents for the success-
ful removal of Reactive Red M-2BE textile dye from aqueous solutions. The adsorbents were characterised
by infrared spectroscopy, N, adsorption/desorption isotherms and scanning electron microscopy. The
effects of pH, shaking time and temperature on adsorption capacity were studied. In the acidic pH region
(pH 2.0), the adsorption of the dye was favourable using both adsorbents. The contact time to obtain
equilibrium at 298 K was fixed at 1 h for both adsorbents. The activation energy of the adsorption process
was evaluated from 298 to 323 K for both adsorbents. The Avrami fractional-order kinetic model provided
the best fit to the experimental data compared with pseudo-first-order or pseudo-second-order kinetic
adsorption models. For Reactive Red M-2BE dye, the equilibrium data were best fitted to the Liu isotherm
model. Simulated dyehouse effluents were used to check the applicability of the proposed adsorbents for
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1. Introduction

Dyes are one of the most hazardous chemical compound classes
found in industrial effluents and need to be treated since their
presence in water bodies reduces light penetration, precluding the
photosynthesis of aqueous flora [1,2]. They are also aesthetically
objectionable for drinking and other purposes [3]. Dyes can cause
allergy, dermatitis, skin irritation [4] and also provoke cancer [5]
and mutation in humans [6].

The most efficient method for the removal of synthetic dyes
from aqueous effluents is the adsorption procedure [7-9]. This pro-
cess transfers the dyes from the water effluent to a solid phase,
thereby keeping the effluent volume to a minimum [10-12]. Sub-
sequently, the adsorbent can be regenerated or stored in a dry place
without direct contact with the environment [13].

Different adsorbents have been proposed for the removal of dyes
from aqueous solutions [14-20]. Among these, carbon nanotube
(CNT) materials have been proposed for the successful removal of
dyes from aqueous effluents [21-26]. CNTs have attracted increas-
ing research interest as a new adsorbent [21,22]. They are an
attractive alternative for the removal of dye contaminants from
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aqueous effluents because they have a large specific surface area,
small size as well as hollow and layered structures. CNTs have been
found to be efficient adsorbents with a capacity that exceeds that
of activated carbon [21]. However, up to the best of our knowledge,
there are only six papers in the literature, reporting the use of CNTs
for dye removal from aqueous effluents [21-26]. Therefore, the use
of CNT for dye adsorption requires new studies on this topic.

In the present work, multi-walled carbon nanotubes (MWCNT)
were compared with commercial powdered activated carbon (PAC)
and these materials were used as adsorbents for the successful
removal of Reactive Red M-2BE (RRM) textile dye from aqueous
solutions. This dye is largely used for dyeing textiles in the Brazilian
cloth industry.

2. Materials and methods
2.1. Solutions

De-ionised water was used throughout the experiments for
solution preparation. The textile dye, Reactive Red M-2BE (RRM;
C.1.18214; CAS23354-52-1; C37H;gN;7016S5CINay; 984.21 gmol 1)
was furnished by Dynasty Colourants Co.at 80% purity. The dye
was used without further purification. The RRM dye has three
sulphonate groups and one sulphato-ethyl-sulphone group (see
Supplementary Fig. 1). These groups present negative charges even
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Nomenclature

A Arrhenius constant

Ce dye concentration at the equilibrium (mgL-1)

G dye concentration at ending of the adsorption
(mgL-1)

Co initial dye concentration put in contact with the
adsorbent (mgL-1)

Eq activation energy (k] mol—1)

Ferror error function

h the sorption rate (mgg=1h-1)

kay is the Avrami rate constant (h—1)

K equilibrium adsorption constants of the isotherm
fits

KF the Freundlich equilibrium constant [mgg~!
(ng—l )1/nF]

kr the pseudo-first order rate constant (h—!)

K the Langmuir equilibrium constant (Lmg~1)

K the Liu equilibrium constant (Lmg~1)

ks the pseudo-second order rate constant (gmg~1 h-1)

n number of experiments performed

Nay is a fractional reaction order (Avrami) which can be
related, to the adsorption mechanism

ng dimensionless exponent of the Freundlich equation

ny dimensionless exponent of the Liu equation

p number of parameters of the fitted model

q amount adsorbed of the dye by the adsorbent
(mgg1)

Qe amount adsorbate adsorbed at the equilibrium
(mgg™')

Qimodel  €ach value of q predicted by the fitted model

Qiexp each value of g measured experimentally

Gexp average of ¢ measured experimentally

Qmax the maximum adsorption capacity of the adsorbent
(mgg™1)

qt amount of adsorbate adsorbed at time (mgg~!)

R universal gas constant

R%adj determination factor

time of contact (h)
absolute temperature (K)
adsorbent mass (g)
volume of adsorbate (L)

SR

in highly acidic solutions due to their pKa values lower than zero
[27]. The stock solution was prepared by dissolving the dye in dis-
tilled water to a concentration of 5.00 g L-1. Working solutions were
obtained by diluting the dye stock solutions to the required con-
centrations. To adjust the pH of the solutions, 0.10 mol L~! sodium
hydroxide or hydrochloric acid were used. The pH of the solutions
was measured using a Schott Lab 850 set pH meter.

2.2. Adsorbents

MW(CNTs with purity of 95% were prepared by catalytic chem-
ical vapour deposition (CCVD). This method of synthesis has been
described previously [28]. The PAC was furnished by Merck. Both
adsorbents were used without further purification.

The MWCNT and PAC adsorbents were characterized by vibra-
tional spectroscopy in the infrared region with Fourier Transform
(FTIR) using a Varian spectrometer, model 640-IR. The spectra were
obtained with a resolution of 4cm~! with 100 cumulative scans.

The surface analyses and porosity were carried out with a
volumetric adsorption analyser, Nova 1000, from Quantachrome
Instruments, at 77 K (the boiling point of nitrogen). For area and

pore calculations, the multi-point BET (Brunauer, Emmett and
Teller) and BJH (Barret, Joyner and Halenda) [29] methods were
used.

The adsorbent samples were also analysed by scanning electron
microscopy (SEM) in a Jeol microscope, model JSM 6060 [30].

The point of zero charge (pHp,c) of the adsorbent was deter-
mined according to the literature [10,31].

2.3. Adsorption studies

Adsorption studies for the evaluation of the MWCNT and PAC
adsorbents for the removal of the RRM dye from aqueous solutions
were carried out in triplicate using the batch contact adsorp-
tion method. For these experiments, 30.0 mg of adsorbents placed
in 50.0 mL cylindrical high-density polypropylene flasks (height
117 mm and diameter 30 mm) containing 20.0 mL of the dye solu-
tion (100.0-1000.0 mg L~1) [32], which were agitated for a suitable
time (2 min to 6 h in the kinetic experiments; and 1 h in the equilib-
rium isotherms) at different temperatures (298-323 K). The pH of
the dye solutions ranged from 2.0 to 10.0. Subsequently, in order to
separate the adsorbents from the aqueous solutions, the flasks were
centrifuged at 16,000 rpm for 5 min using a Unicen M Herolab cen-
trifuge (Stuttgart, Germany) in the equilibrium isotherm or filtered
in a 0.2 wm membrane in the kinetic experiments, and aliquots of
1-10 mL of the supernatant were properly diluted with an aqueous
solution fixed at a suitable pH value.

The final concentrations of the dye which remained in the
solution were determined by visible spectrophotometry using a
T90+ UV-VIS spectrophotometer furnished by PG Instruments
(London-England) provided with quartz optical cells. Absorbance
measurements were made at the maximum wavelength of RRM
dye at 505 nm.

The amount of dye taken up and the percentage of removal of
the dye by the adsorbent were calculated by applying Egs. (1) and
(2), respectively:

(G -G)
q= “m 4 (1)
(G -G)

%Removal = 100 -
Go

(2)
where q is the amount of dye taken up by the adsorbent (mgg-1),
C, is the initial dye concentration put in contact with the adsor-
bent (mgL~1), Gy is the dye concentration (mgL~!) after the batch
adsorption procedure, m is adsorbent mass (g) and V is the volume
of the dye solution (L).

The experiments of desorption were carried out according to the
procedure: a 200.0 mg L~ of RRM dye was shaken with 50.0 mg of
each MWCNT and PAC for 1 h. Then, the loaded adsorbents were fil-
tered in 0.2 wm cellulose acetate and they were firstly washed with
water for removing non-adsorbed dye. Then, the dye adsorbed on
the adsorbents were agitated with 20.0 mL of: ethanol; n-heptane;
n-propanol; methanol; NaOH aqueous solutions (1.0-3.0mol L-1);
and mixture of methanol + NaOH (1.0-7.0 molL~1) for 15-60 min.
The desorbed dye was separated and estimated as described above.

2.4. Kinetic and equilibrium models and its statistical evaluation

The Avrami fractional-order [33], pseudo-first-order [34],
pseudo-second-order [35] and intra-particle diffusion [36] kinetic
equations are given in Supplementary Table 1. The Langmuir [37],
Freundlich [38] and Liu [39] isotherm equations are given in
Supplementary Table 2.

The kinetic and equilibrium models were fitted by employing
a nonlinear method, with successive interactions calculated by the
method of Levenberg-Marquardt. Interactions were also calculated
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Fig. 1. Infrared spectra of adsorbents: (A) MWCNT; (B) MWCNT + RRM; (C) PAC; (D) PAC + RRM.

by the Simplex method, using the nonlinear fitting facilities of the
software Microcal Origin 7.0. In addition, the models were also eval-
uated by the adjusted determination factor (R2adj), as well as by an
error function (Ferror) [40] which measured the differences in the
amount of dye taken up by the adsorbent predicted by the models
and the actual g measured experimentally. Rzadj and Fepror are given
below, respectively [40]:

dye-loaded adsorbent samples, before and after the adsorption
process, were recorded in the range 4000-400 cm~! (Fig. 1). As pre-
viously observed for an activated carbon [41] after the adsorption
procedure, the functional groups that interact with the dye suf-
fered a shift to lower wavenumbers when the adsorbate withdrew
electrons of the adsorbent group. On the other hand, when the

n-1

i = =
“ Z?(Qi,exp - Qi,exp)z

1 n 2
Ferror = \/(n _p . Zi (Qi,exp - Qi,model)> (4)

where gj mogel is each value of q predicted by the fitted model, g; exp
is each value of ¢ measured experimentally, Gexp is the average of
q measured experimentally, n is the number of experiments per-
formed and p is the number of parameters of the fitted model [40].

2.5. Simulated dyehouse effluent

Two synthetic dyehouse effluents containing five representative
reactive dyes used for coloring fibers and their corresponding aux-
iliary chemicals were prepared in two different pH values, using
a mixture of different dyes most often applied to textile fibers
industries. According to the practical information obtained from
a dyehouse, typically 20% of the reactive dyes and 100% of the
dyebath auxiliaries remain in the spent dyebath, and its compo-
sition suffer a 5-30-fold dilution during subsequent washing and
rinsing stages [10]. The concentrations of the dyes and auxiliary
chemicals selected to imitate the exhausted dyebath are given in
Supplementary Table 3.

3. Results and discussion
3.1. Characterisation of the adsorbents
The FTIR technique was used to examine the surface groups of

adsorbents (MWCNT and PAC) and to identify the groups respon-
sible for dye adsorption. Infrared spectra of the adsorbents and

R2 {1 B |:] _ <Z?(Qi,exp - E[i,exp)z - Z?(Qi,exp - qi,model)2> ' (

n_p)“ 3)

adsorbate furnished electrons to the adsorbent, the FTIR vibration
bands shifted to higher wavenumbers [41].

Fig. 1A and B shows the FTIR vibrational spectra of the
MWCNT before the adsorption and loaded with the dye RRM
(MWCNT+RRM) after the adsorption, respectively. The intense
absorption bands at 3439 and 3433 cm~! were assigned to O-H
bond stretching, before and after interaction, respectively [41,42]
indicating that this group plays a role in the adsorption of the
RRM dye. The CH, stretching bands at 2922 and 2855 cm~! were
assigned to asymmetric and symmetric stretching of CH, groups
[41,42], respectively, which presented the same wavenumbers
before and after adsorption, indicating that these groups did not
participate in the adsorption process [32]. Small bands at 1737 and
1731 cm™1, before and after absorption, respectively, were assigned
to the carbonyl groups of carboxylic acid [41,42]. Sharp intense
peaks observed at 1638 and 1633 cm~!, before and after absorption,
respectively, were assigned to the asymmetric carboxylate stretch
[42]. The bands at 1545 and 1446 cm~"! presented on the MWCNT
that were assigned to the aromatic rings modes [42] shifted to
higher wavenumbers (1549 and 1457 cm~!, respectively), and also
the relative intensity of these bands was remarkably diminished
after the adsorption of the RRM dye. These FTIR bands changed
after adsorption (Fig. 1B) of the dye, indicating that the mecha-
nism of interaction of the RRM dye with the MWCNT should also
occur by the -7 interaction of the dye with the aromatic rings
of the carbon nanotube [41], in addition to interactions with other
functional groups (OH, COOH). In addition, strong bands ranging
from 1112 to 1067 cm~! and 1109 to 1055 cm~! before and after
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Table 1
Textural properties of MWCNT and PAC adsorbents.

Adsorbents Surface area (m?/g) Total pore Average pore
volume (cm?3/g) diameter (nm)

MWCNT 180.9 0.345 7.62

PAC 728.7 0.641 3.52

adsorption, respectively, confirmed the presence of a C-O bond
(Fig. 1B) [41,42], reinforcing the interaction of the dye with car-
boxylate groups. Based on the FTIR bands, it could be concluded
that the adsorption of RRM dye on MWCNT occurred mainly on the
groups OH, COOH and at the aromatic rings.

The vibrational spectra of PAC and dye-loaded PAC adsorbent
(PAC+RRM) presented absorption bands at 3432 and 3426 cm™!
that were assigned to O-H bond stretching, before (Fig. 1C) and
after adsorption (Fig. 1D), respectively [42], indicating that this
group plays a role in the adsorption of the RRM dye on the PAC
adsorbent. The two CH; stretching bands at 2918 and 2850 cm™!
were assigned to asymmetric and symmetric stretching of the CH,
groups, respectively [41,42], which presented the same wavenum-
bers before and after adsorption, indicating that this group did not
participate in the adsorption process, as was also observed for the
MWCNT adsorbent. Small bands at 1734 and 1729 cm~!, before and
after absorption, respectively, were assigned to the carbonyl groups
of carboxylic acid [41,42]. Sharp bands at 1634 cm~! and 1632 cm™!
before and after the batch adsorption process, respectively, were
assigned to the carboxylate stretch band. It was observed that this
band was shifted to lower wavenumbers and that its relative inten-
sity was diminished after adsorption (Fig. 1D) of the dye. Therefore,
the mechanism of interaction of the RRM dye with the activated
carbon PAC should occur. The band at 1454cm~! present on the
PAC adsorbent that was assigned to the ring mode of the aromatic
ring [42] was shifted to higher wavenumbers (1465 cm~1), and the
relative intensity of this band was also remarkably diminished after
adsorption of the RRM dye. This FTIR band change after adsorption
(Fig. 1D) of the dye indicated that the mechanism of interaction
of the RRM dye with the PAC adsorbent should also occur by the
-7 interaction of the dye with the aromatic rings of the acti-
vated carbon [41], as was observed for MWCNT. In addition, strong
bands at 1112-1059 and 1109-1045 cm~!, before and after adsorp-
tion, respectively, confirmed the presence of a C-O bond (Fig. 1D)
[41,42], reinforcing the interaction of the RRM dye with carboxylate
groups present on the PAC adsorbent.

By the FTIR results presented in Fig. 1, it can be concluded that
the functional groups present on MWCNT were practically the same
observed on the PAC adsorbent, where the dye interacted through
the OH, COOH and aromatic rings of both carbon adsorbents.

The textural properties of the MWCNT and PAC adsorbents are
presented in Table 1. The average pore diameter of MWCNT adsor-
bent is relatively large, when compared with the activated carbons;
this could be attributed to the aggregated pores of MWCNT [43].
Carbon nanotubes form aggregated pores due to the entanglement
of tens and hundreds of individual tubes that are adhered to each
other as a result of van der Waals forces of attraction [43]. These
aggregated pores have the dimensions of a mesopore or higher [43].

The maximum diagonal length of the RRM dye (see
Supplementary Fig. 1) is 2.05nm. The ratios of average pore
diameter of the MWCNT and PAC adsorbents to the maximum
diagonal length of the dye are 3.7 and 1.7, respectively. Therefore,
the mesopores of MWCNT could accommodate up to 3 molecules
of RRM and the PAC adsorbent could accommodate only one dye
molecule.

Scanning electron microscopy of the adsorbents is presented on
Fig. 2. These micrographs suggest that MWCNT could be expanded
when immersed in aqueous solution, because this adsorbent is an

¢ .?\'

x5, BEB Skm

ZEkU

Fig. 2. SEM of adsorbents. (A) MWCNT, magnification 15,000x; (B) PAC, magnifica-
tion 5000 x.

entanglement of carbon tubes [43]. On the other hand, the PAC
material is a more compact material, which is composed of carbon
fragments [41].

Based on these textural characteristics explained above it is
expected that MWCNT would present higher sorption capacity than
the PAC for the RRM adsorption, besides of presenting a faster
kinetic. This behaviour will be confirmed at Sections 3.3 and 3.4.

3.2. Effects of pH on adsorption

One of the most important factors in adsorption studies is the
effect of acidity on the medium [44,45]. Different species may
present divergent ranges of suitable pH depending on which adsor-
bent is used. The effects of initial pH on the percentage of removal
of the RRM dye using MWCNT and PAC adsorbents were evaluated
within the pH range between 2 and 10 (Fig. 3). For these experi-
ments, all the solutions were prepared keeping the ionic strength
fixed with 0.050 mol L-1 NaCl solutions. For both adsorbents, the
percentage of dye removal decreased from pH 2.0 up to 10.0. For
MWCNT and the PAC adsorbent, the decrease in the percentage of
dye removal when the pH ranged from 2.0 to 10.0 was 6.87% and
4.23%, respectively.

The pHpzc values determined for MWCNT and PAC adsorbents
were 6.85 and 7.30, respectively. For pH values lower than pHp,,
the adsorbent presents a positive surface charge [10,31]. The dis-
solved RRM dye is negatively charged in water solution, because
it possesses three sulphonate groups and one sulphato-ethyl-
sulphone group [27]. The adsorption of this dye takes place when
the adsorbents present a positive surface charge. For MWCNT and
PAC, the electrostatic interaction occurs for pH<6.85 and 7.30,
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Fig. 3. Effect of pH on the adsorption of RRM dye on MWCNT and PAC. Conditions:
C, 350.0mgL~" of dye solution; mass of adsorbent of 30.0 mg; the temperature was
fixed at 298 K, ionic strength fixed with 0.050 mol L~ NaCl solutions.

respectively. However, the lower the pH value from the pHp,, the
more positive the surface of the adsorbent [10,32]. This behaviour
explains the high adsorption capacity of both adsorbents for the
RRM dye at pH 2. In order to continue the adsorption studies, the
initial pH was fixed at 2.0. It should be stressed that the final pH
of the adsorbate solution after the adsorption procedure did not
changed remarkably. The final pH values of the adsorbate solutions
were measured and its values attained up to 2.2.

3.3. Kinetic studies

Adsorption kinetic studies are important in the treatment of
aqueous effluents because they provide valuable information on
the mechanism of the adsorption process [45,46].

It is important to point out that the initial RRM concentrations
employed during the kinetic studies were relatively high (300.0
and 600.0mgL-1) when compared with other studies reported in
the literature [1-3,16,17,32]. MWCNT and PAC adsorbents have
very high adsorption capacities and adsorb practically all the RRM
dye when the initial adsorbate concentrations are lower than
150mgL-1.

In attempting to describe the adsorption kinetics of RRM dye
using the MWCNT and PAC adsorbents, three kinetic models were
tested, as shown in Fig. 4. The Avrami kinetic parameters are listed
in Table 2 for MWCNT and PAC. The pseudo-first order and pseudo-
second order kinetic models were not suitably fitted (see Fig. 4) and
by this reason these values were not reported on Table 2, because
these parameters have no physical meaning. Therefore, the kinetic
data were only suitably fitted by the Avrami fractional kinetic
model that presented low error function values and also high R? val-
ues, for the two initial concentrations of the dye using both MWCNT
and PAC adsorbents. The pseudo-first-order and pseudo-second-
order kinetic model presented Feror Values of at least 2.9 and 7.9
times higher, respectively, than the values obtained for the Avrami-
fractional kinetic adsorption model, using MWCNT adsorbent and
2.4 and 4.8 times higher for pseudo first-order and pseudo-second
order, respectively, in relation to Avrami fractional kinetic model
for PAC adsorbent. The lower the error function, the lower the dif-
ference of the g calculated by the model from the experimentally
measured q [9,32,45]. It should be pointed out that the Feror utilised
in this work took into account the number of the fitted parameters
(p term of Eq. (4)), since it has been reported in the literature [47]
that, depending on the number of parameters a nonlinear equation
presents, it has the best fitting with the results. For this reason, the
number of fitted parameters should be considered in the calculation
of Ferror.

In addition, only the Avrami fractional model showed an
increase on the kinetic rate constant (k) with the increase of
temperature from 298 to 323 K. For pseudo-first-order and pseudo-
second-order kinetic models, the values for the rate constants did

Table 2
Fractional kinetic parameters for RRM removal using MWCNT and PAC adsorbent. Conditions: pH 2.0; adsorbent mass 30.0 mg.
298 K 303K 308K 313K 318K 323K

MWCNT
300mgL-!
kay (h~1) 6.13 6.68 7.33 7.85 8.59 9.52
ge (mgg™1) 188.5 190.1 189.8 189.9 194.3 190.1
Ny 2.42 2.73 2.30 1.50 1.40 1.15
h(mgg'h™) 1156.6 1269.5 1391.7 1489.6 1668.9 1810.6
Adjusted R? 0.9980 0.9997 0.9994 0.9999 0.9998 0.9997
Ferror 2.94 1.16 1.53 0.697 0.717 0.949
600mgL-!
kay (h~1) 6.13 6.66 7.18 7.81 8.47 9.40
qe (mgg™1) 301.2 298.7 295.5 290.6 298.0 290.4
Ny 239 2.75 2.20 1.52 1.43 1.20
h(mgg'h) 1845.9 1988.8 21214 2269.4 2525.6 27285
AdjustedR? 0.9999 0.9997 0.9995 0.9998 0.9998 0.9995
Ferror 1.24 1.86 2.09 1.30 1.28 1.80
PAC
300mgL!
kay (h~1) 5.19 5.83 6.69 7.85 9.30 10.5
ge (mgg1) 1184 1193 119.8 119.7 120.0 1204
Nay 1.96 2.11 2.03 1.95 1.90 0.857
h(mgg'h1) 615.0 695.9 801.5 939.8 1115.3 1268.8
Adjusted R? 0.9997 0.9993 0.9997 0.9998 0.9997 0.9994
Ferror 0.736 1.09 0.685 0.537 0.601 0.803
600mgL-!
kay (h~1) 5.24 5.80 6.67 7.78 8.87 10.1
ge (mgg1) 221.5 222.2 236.2 235.9 237.6 238.2
Nay 1.99 2.03 1.99 1.93 1.84 1.06
h(mgg 'h1) 1159.3 1288.3 1575.2 1836.4 2107.0 2396.9
Adjusted R? 0.9999 0.9999 0.9998 0.9998 0.9999 0.9990
Ferror 0.910 0.928 1.22 0.940 0.632 2.05
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Fig. 4. Kinetic adsorption curves for RRM uptake at 298 K on MWCNT: (A) C, 300 mgL-1;

pH 2.0; mass of adsorbent 30.0 mg.

not follow a regular pattern. Taking into account that the Feror
values obtained by pseudo-first-order and pseudo-second-order
kinetic models were a little bit higher than the values obtained
with the Avrami fractional model, it can be inferred that this kinetic
model should better explain the adsorption kinetics of RRM on
MWCNT and PAC adsorbents.

The rate constant of the Avrami fractional model could be
expressed as a function of temperature by the Arrhenius relation-
ship using Eq. (5) [48,49]:

Ea
Lnk,qv =LnA — ﬁ (5)
where kay is the fractional Avrami constant rate (h~1), A is the
Arrhenius constant, Eq is the activation energy (k] mol=1), R is the
universal gas constant (8.314] K~1 mol~1) and Tis the absolute tem-
perature (K). The activation energy can be calculated from the slope
of a plot of Ln(kay) versus 1/T (see supplementary Fig. 2).

For the adsorption of RRM dye on the MWCNT adsorbent, the
values of activation energy calculated according to the Arrhenius
plot were 13.8 and 13.4k] mol~! for initial RRM dye concentrations
of 300 and 600mgL-!, respectively. For the adsorption of RRM
dye on the PAC adsorbent, the values of activation energy were
23.3 and 21.5k] mol~!, for RRM initial concentrations of 300 and
600mgL-! (see supplementary Fig. 2). Considering the values of
activation energy of RRM obtained with MWCNT and PAC adsor-
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bents, it can be concluded that the kinetics of adsorption of the dye
on MWCNT is much faster when compared to the PAC adsorbent.
This faster kinetics of adsorption of RRM dye on MWCNT could
be attributed to the textural properties of the carbon nanotube,
where the aggregated pores could be expanded when immersed
in an aqueous solution, increasing the volume of the aggregated
pores. On the other hand, the activated carbon is a more compact
material which presents pores that do not expand when in contact
with the RRM dye solution.

3.4. Equilibrium studies, desorption and mechanism of adsorption

An adsorption isotherm describes the relationship between the
amount of adsorbate taken up by the adsorbent (g.) and the adsor-
bate concentration remaining in the solution after the system has
attained equilibrium (C). In this work, the Langmuir [37], the Fre-
undlich [38] and the Liu [39] isotherm models were tested.

The isotherms of adsorption were carried out from 298 to 323 K
with RRM dye on the two adsorbents and were performed using
the best experimental conditions previously described (see Fig. 5).
Based on the Fepror, the Liu model was the best isotherm model for
both adsorbents at all the six temperatures studied. The Liu model
showed (Table 3) the lowest Ferror values, which means that the q fit
by the isotherm model was close to the g measured experimentally.
The Langmuir and the Freundlich isotherm models were not suit-

Table 3
Liu isotherm parameters for RRM adsorption, using MWCNT and PAC as adsorbents. Conditions: adsorbent mass of 30.0 mg; pH fixed at 2.0, contact time 1 h.
MWCNT PAC
298K 303K 308K 313K 318K 323K 298K 303K 308K 313K 318K 323K
Qmax (Mgg~') 3123 319.2 325.1 327.8 330.0 335.7 243.9 246.5 249.6 252.2 255.1 260.7
Ky (Lmg") 0.1179 0.1434 0.1803 0.2215 0.2692 0.3303 0.6315 0.8395 1.120 1.470 1.956 2.537
n 1.20 0.866 0.698 0.565 0.604 0.477 0.709 0.638 1.25 1.05 1.08 0.441
R? 0.9999 0.9998 0.9999 0.9998 0.9999 1.000 0.9999 0.9998 0.9994 0.9996 0.9996 0.9999
Ferror 0.2321 0.4146 0.3265 0.3364 0.2817 0.3029 0.3111 0.5375 0.5520 0.4529 0.5569 0.09022
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Fig. 5. Isotherm curves of RRM adsorption at 298 K on (A) MWCNT and (B) PAC. Conditions: pH was fixed at 2.0; the adsorbent mass was fixed at 30 mg; the contact time

was fixed at 1h.

ably fitted, presenting Ferror Values ranging from 3.77 to 56.4-fold
and from 2.31 to 54.1-fold higher than the Feror values obtained
by the Liu isotherm model, using MWCNT and PAC as adsorbents,
respectively. By this reason, the isotherm parameters of the Lang-
muir and the Freundlich were not presented on Table 3 because
these values have no physical meaning.

The maximum amounts of RRM uptake were 335.7 and
260.7mgg~! for MWCNT and PAC, respectively. These values indi-
cate that these adsorbents are very good adsorbents for RRM
removal from aqueous solutions.

Taking into account that is difficult to compare the sorp-
tion capacities of the dyes with different adsorbents, since the
dyes reported in the literature are given as commercial dyes,
and also considering that the same dye could present differ-
ent commercial trade names depending on its manufacturer, in
Table 4 [1-3,10,13,16,17,24,32,41,44,50-52] is presented a com-
parison of sorption capacities of different dyes adsorbed in different
adsorbents. Based on the Table 4 both MWCNT and PAC adsor-
bents presented good sorption capacities when compared with the
adsorption of different dyes on different adsorbents.

It should be highlighted that the maximum amount adsorbed of
RRM dye on MWCNT was 28.8% higher than the value obtained on
PAC. The textural characteristics of MWCNT discussed in Section
3.1 explain this difference.

A mechanism for adsorption of RRM on MWCNT is proposed (see
Fig. 6). In the first step, the MWCNT is immersed in a solution with
pH < pHp;c (pH 2.0), being the functional groups (OH, carboxylates,
please see Fig. 1) of the adsorbent protonated (see Fig. 3). This step
is fast. The second step is the separation of the agglomerates of dyes

in the aqueous solution. Dyes are in an organized state in the aque-
ous solution, besides being hydrated [32]. These self-associations
of dyes in aqueous solutions should be dissociated before these
dyes being adsorbed. Furthermore, the dyes should be dehydrated
before being adsorbed. For RRM dye, this step is relatively fast. The
third stage is the electrostatic attraction of the negatively charged
dyes by the positively surface charged MWCNT adsorbent at pH 2.
This stage should be the rate controlling step.

3.5. Thermodynamic studies

Thermodynamic parameters related to the adsorption process,
i.e., Gibb’s free energy change (AG°, kmol~1), enthalpy change
(AH°, kJmol~1) and entropy change (AS°, Jmol~1K-1) are deter-
mined by the following equations:

AGo = AH o -TASo (6)
AGo = —RTLn(K) (7)
The combination of Egs. (6) and (7), gives:
ASo  AHo 1
Ln(K) = R XT (8)

where R is the universal gas constant (8.314JK~" mol~1), T is the
absolute temperature (Kelvin) and K represents the equilibrium
adsorption constants of the isotherm fits. It has been reported in the
literature that different adsorption equilibrium constants (K) were
obtained from different isotherm models [9,10,13,17,41,53-57].
Thermodynamic parameters of adsorption can be estimated from

Table 4

Comparison of maxima adsorption capacities of different dyes using different adsorbents. The values were obtained at the best experimental conditions of each work.
Adsorbent Dye adsorbate Qmax (Mgg1) Ref.
Brazilian pine-fruit shell Reactive Red 194 20.8 1
Brazilian pine-fruit shell Methylene blue 252 2
3-trimethoxysilylpropylurea grafted on octosilicate Na-RUB-18 Reactive Black 5 76.8 3
Activated carbon prepared from Brazilian pine-fruit shell (physical activation) Reactive Red 120 275 10
Activated carbon prepared from Brazilian pine-fruit shell (chemical activation) Basic Green 1 219 13
OrganofunctionalizedKenyaite Sumifix Brilliant Orange 3R 70.7 16
1,4-diazoniabicyclo[2.2.2]octane grafted silica gel direct yellow 4 57.3 17
Multi-wall-carbon nanotube (MWCNT) Congo Red 140.1 24
Multi-wall-carbon nanotube (MWCNT) Reactive green HE4BD 1519 24
Multi-wall-carbon nanotube (MWCNT) Golden yellow MR 141.6 24
Cupuassu shell Reactive Red 194 64.1 32
Cupuassu shell Direct Blue 53 37.5 32
Activated carbon prepared from Brazilian pine-fruit shell (chemical activation) Remazol Black B 74.6 41
Acidic magadiite Methylene Blue 174 44
Iron complex of lignin Brilliant Red 2BE 73.6 50
chitosan hydrogel beads coated on multiwall carbon nanotube Congo Red 200 51
clay minerals of halloysite nanotubes (HNTSs) Methyl violet 113.6 52
Powered activatec carbon (PAC) Reactive Red M-2BE 260.7 This worrk
Multi wall carbon nanotube (MWCNT) Reactive Red M-2BE 335.7 This worrk
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Fig. 6. Mechanism of adsorption of RRM on MWCNT.

the K¢ (Liu equilibrium constant), as already reported in the litera-
ture [9,10,13,17,41].

The AH° and AS° values can be calculated from the slope and
intercept of the linear plot of Ln(K) versus 1/T.

The thermodynamic results are depicted in Supplementary
Table 4. The R? values of the linear fit were at least 0.999 indicating
that the values of enthalpy and entropy calculated for both adsor-
bents were confident. In addition, the magnitude of enthalpy was
consistent with an electrostatic interaction of an adsorbent with an
adsorbate [22], reinforcing the mechanism suggested at Fig. 6. The
kind of interaction can be classified, to a certain extent, by the mag-
nitude of enthalpy change. Physisorption, such as van der Waals
interactions, are usually lower than 20 k] mol~!. Electrostatic inter-
action ranges from 20 to 80 k] mol~! and these kind of interactions
are, frequently, classified as physisorption [22]. Chemisorption
bond strengths can be 80-450k]mol-! [22]. Enthalpy changes
(AH°) indicate that the adsorption followed endothermic pro-
cesses. Negative values of AG indicate that the RRM reactive dye
adsorption by MWCNT and PAC adsorbents was a spontaneous and
favourable process for all the studied temperatures. The positive
values of AS° confirmed a high preference of RRM molecules on the
carbon surface of MWCNT and PAC, and also suggested the possibil-
ity of some structural changes or readjustments in the dye-carbon
adsorption complex [58]. Besides, it is consistent with the dehydra-
tion of a dye molecule before its adsorption to carbon surface, and
the release of these water molecules to the bulk solution, as also
commented in the suggested mechanism discussed in Fig. 6. The
increase in the adsorption capacities of MWCNT and PAC at higher
temperatures may be attributed to the enhanced mobility and pen-
etration of dye molecules within the adsorbent porous structures

by overcoming the activation energy barrier and enhancing the rate
of intra-particle diffusion [58].

3.6. Treatment of a simulated dyehouse effluent

In order to verify the efficiency of the MWCNT and PAC as
adsorbents for removal of dyes from textile effluents, simulated
dyehouse effluents were prepared (see Supplementary Table 3).
The UV-VIS spectra of the untreated effluents (pH 2.0 and 5.0) and
treated with MWCNT and PAC were recorded from 350 to 800 nm
(Fig. 7). The area under the absorption bands from 350 to 800 nm
were utilized to monitor the percentage of dyes mixture removed
from the simulated dye effluents. The MWCNT adsorbent removed
99.8% (Fig. 7A) of the dye mixture at pH 2.0 and 98.7% at pH 5.0
(Fig. 7B). The PAC adsorbent removed 87.6% (Fig. 7A) of the dye
mixture at pH 2.0 and 90.8% at pH 5.0 (Fig. 7B). The efficiency of
MWCNT adsorbent for treating a simulated dyehouse effluent pre-
sented a slightly better performance at two different pH values
when compared with PAC adsorbent. This result is in agreement
with the previous results obtained in this work (please see Sec-
tion 3.4). However the PAC adsorbent presented a slightly lower
performance for treating a simulated dyehouse effluent, it can be
used as well as MWCNT for real textile wastewater treatment (see
Supplementary Fig. 3).

3.7. Desorption experiments
In order to check the reuse of the MWCNT and PAC as adsor-

bents for the adsorption of RRM dye, desorption experiments
were carried-out. Several eluents such as, ethanol; n-heptane; n-
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Fig. 7. UV-VIS spectra of simulated dye effluents before and after adsorption treat-
ment with PAC and MWCNT. (A) pH 2.0; (B) pH 5.0. The temperature was fixed at
298K.

propanol; methanol; NaOH aqueous solutions (1.0-3.0molL-1);
and mixture of methanol + NaOH (1.0-7.0 mol L-1) were tested for
regeneration of the loaded adsorbent (see Table 5). For MWCNT,
it should be mentioned that the mixture of methanol +aqueous
solutions of NaOH (1.0-7.0 mol L-")desorbed the dye uptaken by
the adsorbent immediately, on the other hand, the recoveries of
the adsorbent using aqueous NaOH of different concentrations as

Table 5

Desorption of RRM dye loaded on MWCNT and PACadsorbents. Conditions for
adsorption: initial RRM concentration 200 mgL-!; mass of adsorbent 50.0 mg, pH
2.0; time of contact 1 h.

Conditions for desorption % Desorption

MWCNT PAC
Ethanol 13.74 11.6
n-heptane 0.50 0.20
n-propanol 12.54 11.97
Methanol 10.96 9.70
1.0 mol L' NaOH (aqueous solution) 6.45 435
2.0mol L~ NaOH (aqueous solution) 7.52 453
3.0mol L~ NaOH (aqueous solution) 8.63 4.67
Methanol + 1.0 mol L-! NaOH 20.61 2.25
Methanol +2.0 mol L-' NaOH 35.58 2.54
Methanol +3.0 mol L-' NaOH 65.56 2.94
Methanol +4.0 mol L-! NaOH 87.50 2.57
Methanol +5.0 mol L-! NaOH 75.35 3.31
Methanol + 6.0 mol L-' NaOH 56.36 3.14
Methanol +7.0 mol L-! NaOH 32.25 2.94

regenerating solutions did not occurred efficiently even after 1h
of agitation (recoveries <9%). The organic solvents such as ethanol,
methanol, n-propanol and n-heptane were also not efficient for the
dye desorption from MWCNT (recoveries <14%). The best elution
efficiency was obtained with the mixture methanol +4.0 molL~!
NaOH. This result confirms the FTIR results and the pH studies
described above. The RRM dye at pH 2.0 is attracted electrostat-
ically by the MWCNT. This interaction was corrupted with the
NaOH solution. However, besides this electrostatic interaction,
there are also some interactions between the aromatic groups
present on the MWCNT with the aromatic rings of the dye. For
breaking this interaction, it was required methanol to improve
the elution efficiency (which attained up to 87.5% with the mix-
ture methanol +4.0 mol L~! NaOH). For PAC adsorbent, the elution
efficiency was lower than 12% for all the eluents tested, indicat-
ing that activated carbons could not be reutilized for adsorption
purposes. On the other hand the MWCNT, eluted with the mix-
ture methanol+4.0 molL~! was reutilized for the adsorption of
the RRM dye, attaining a sorption efficiency of about 83% in
the second cycle, 80% in the third cycle and 78% at the fourth
cycle of adsorption/desorption when compared with the first cycle
of adsorption/desorption. Therefore, the use of MWCNT for dye
adsorption could be economically viable since it allows its regen-
eration. In addition, there is a tendency for decreasing the prices of
CNT with their industrial production growth in the last years [59].

4. Conclusions

Multi-wall carbon nanotube (MWCNT) and powdered activated
carbon (PAC) were good adsorbents to remove Reactive Red M-2BE
(RRM) textile dye from aqueous solutions. The adsorbent materials
were characterised by FTIR spectroscopy, SEM and N, adsorp-
tion/desorption curves.

The RRM dye interacted with the MWCNT and PAC adsorbents
at the solid/liquid interface when suspended in water. The best
conditions were established with respect to pH and contact time
to saturate the available sites located on the adsorbent surface.
Three kinetic models were used to adjust the adsorption, and the
best fit was the Avrami fractional kinetic model. The activation
energy of the adsorption process was calculated by performing
kinetic analysis at different temperatures (298-323 K). The equi-
librium isotherm of the RRM dye was obtained, and these data fit
best to the Liu isotherm model. The maximum adsorption capaci-
ties were 335.7 and 260.7 mg g~ ! for MWCNT and PAC, respectively.
The thermodynamic parameters of adsorption (AH®; AS° and AG)
were calculated. For treatment of simulated industrial textile efflu-
ents, the MWCNT adsorbent presented very good performance for
removing at least 98.7% of the mixture of dyes in a medium con-
taining high saline concentrations. The MWCNT material loaded
with RRM dye could be regenerated efficiently using a mixture
methanol +4 mol L~! NaOH.
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