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H I G H L I G H T S

• Ponceau 4R, Congo Red and Allura
Red dyes were adsorbed on MWCNT
and AC.

• Adsorption of the dyes was en-
thalpically driven.

• Dyes preferentially interacted with the
most hydrophilic sites on the ad-
sorbents.

• Dye charge density and the adsorbent
structure determined the dye adsorbed
amount.
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A B S T R A C T

Carbonaceous materials have been extensively studied as highly efficient adsorbents for the removal of dyes
from wastewater. However, investigations of thermodynamic aspects of the interactions between these materials
and dyes remain scarce. This paper describes the thermodynamics of the interactions between the Ponceau 4R
(PR), Congo Red (CR), and Allura Red (AR) dyes and multi-walled carbon nanotubes (MWCNTs). The interac-
tions between the dyes and activated carbon (AC) were also evaluated for comparison. The investigation used a
combination of adsorption isotherms and isothermal titration nanocalorimetry (ITC) measurements, and a
thermodynamic approach provided full characterization of the adsorption process. For both MWCNT and AC, the
amount of adsorbed dye (ΓD) increased in the order ΓD (PR) < ΓD (AR) < ΓD (CR), and the adsorption capacity
normalized by the adsorbent specific area was up to 5.6 times higher for MWCNT. The maximum amount
adsorbed (ΓD,max) reached values of up to 2.00 μmol m−2 for CR adsorption on MWCNT. For both adsorbents, the
process of dye adsorption was enthalpically driven and entropically unfavorable. All the thermodynamic
parameters depended on the surface coverage and the structures of both dye and adsorbent. The adsorption
enthalpy change (ΔadsH) and entropy change (TΔadsSref) values were higher than −137.0 kJ mol−1 and
−114.2 kJ mol−1, respectively. In addition to the structural differences between MWCNT and AC, the ITC data
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suggested that the adsorption sites are heterogeneous and that the dyes preferentially adsorb on the more hy-
drophilic sites on the adsorbent surfaces.

1. Introduction

Most of the synthetic dyes used to give color to several products in
textile, leather, paper, and plastic industries, can accumulate in the
environment and have high toxicity to human health [1,2]. Thus, the
disposal of dyes into water bodies is a serious environmental problem,
making the removal of these compounds from wastewater a prominent
issue [3,4]. Adsorption is an attractive method for treating dye polluted
water. Despite the several types of adsorbents available for this purpose
(e.g. layered double hydroxides [5], biomass adsorbents [6], and
polymers [7]), carbonaceous materials have attracted great attention
due to their high efficiency to adsorb dyes [8–11]. However, most
studies investigating dye adsorption on carbonaceous materials, as ac-
tivated carbons and carbon nanotubes, have focused on determining the
adsorption capacities of these materials and/or on the kinetics aspects
of the adsorption processes. Thermodynamic aspects, which are very
important for fundamental understanding of those adsorptive processes,
have not been described in detail, making studies on this research field
necessary.

Historically, activated carbon (AC) is the most widely used ad-
sorbent for removing dyes from aqueous solutions [11–15]. AC contains
carbons with varying degrees of saturation and oxidation state, and has
a high specific surface area (500–2000 m2 g−1) [4]. Its surface has
many micropores of different sizes, which are available for dye ad-
sorption, as well as oxygen-containing functional groups that can be
chemically modified [16,17]. ACs for dye adsorption can be obtained
from various activation methods [11] and from different sources, such
as agricultural wastes [18], and bamboo [19]; but economic dis-
advantages of obtaining those adsorbents should still be overcome [4].

In the last two decades, carbon nanotubes (CNTs) have emerged as a
new adsorbent for removing dyes from wastewater [20–23]. Carbon
nanotubes, including single-walled carbon nanotubes (SWCNTs) and
multi-walled carbon nanotubes (MWCNTs), are cylindrical

nanostructures composed essentially of carbon atoms in sp2 hy-
bridization, which are arranged in a hexagonal lattice with a large
specific surface area (100–1000 m2 g−1) [24]. Adsorption of dyes on
CNT depends on the physical properties of the nanomaterial [25] and
on the adsorbed dye structure [26]. To improve the dye removal effi-
ciency of those adsorbents in practical applications, chemical mod-
ification of CNT surface [27–29] and preparation of CNT-based com-
posites [30–32] have been proposed.

Recent studies comparing the adsorption of dyes by different car-
bonaceous materials [8,27,33,34] showed that the adsorption capacity
of CNT can exceed that of AC. However, the application of CNT as
adsorbent in environmental remediation applications is still uncertain
because of its probable toxicity [35], although the cytotoxic nature of
CNT itself can play an important role in the microbial sorption effi-
ciency for treating drinking water [36].

Thermodynamic comprehension of adsorption of dyes on carbo-
naceous materials could provide important knowledge to develop new
cost effective, higher efficient, and environmental friendly carbon-
based adsorbents. However, thermodynamic aspects that determine the
differences among the behaviors of dye adsorption on CNT and AC have
still been poorly investigated. Additionally, most studies have been
restricted to obtaining adsorption enthalpies using the van’t Hoff ap-
proach [9,21,22,34,37], with adsorption constants being obtained from
isotherm models describing the system under investigation. In this
context, calorimetric measurements arise as a powerful tool to de-
termine adsorption enthalpies.

Calorimetric measurements have been successfully applied to ex-
amine the adsorption of both complex biomolecules, such as proteins
[38,39], and simple solutes [40–43], including dyes on MWCNT [44]. A
comparative study on adsorption of different dyes on AC and CNT
surface using calorimetric studies can provide important information
about the dye adsorption mechanisms on the surfaces of carbonaceous
materials.
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Fig. 1. Chemical structures of the dyes (a) Congo Red, (b) Allura Red, and (c) Ponceau 4R.
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Here, we investigated the thermodynamics of the adsorption of
Ponceau 4R (PR), Congo Red (CR), and Allura Red (AR) azo dyes
(Fig. 1) on the surfaces of MWCNT and AC in aqueous solutions. Ad-
sorption molar enthalpy changes (ΔadsH) associated with the dye-ad-
sorbent interactions were determined by isothermal titration nanoca-
lorimetry (ITC) as a function of the surface coverage of the adsorbents.
Thermodynamic parameters for adsorption at infinite dilution (ΔadsH∞,
ΔadsS∞, and ΔadsG∞) were also determined.

2. Experimental

2.1. Chemicals

The multi-walled carbon nanotubes (CTUBE 100 MWCNT) used in
this study were obtained from CNT Co. Ltd. (Korea). Activated carbon
was purchased from Sigma-Aldrich Chemicals (USA). The dyes Allura
Red (E129) (84%, 496.24 g mol−1) and Ponceau Red (E124) (92%,
604.42 g mol−1) were supplied by Gemacom (Brazil). Congo Red (99%,
696.66 g mol−1) was purchased from Merck (Germany). Analytical
grade hydrochloric acid and sodium hydroxide, supplied by Vetec
(Brazil), were utilized for pH adjustment of the aqueous solutions. All
chemicals were used as received, without further purification.
Deionized water (Milli-Q) was used to prepare all solutions.

2.2. Characterization of the adsorbents

The specific surface areas of the adsorbents were determined using
the Brunauer-Emmett-Teller (BET) equation [45], with values of 188.0
and 868.8 m2 g−1 obtained for MWCNT and AC, respectively. The
points of zero charge (pHPZC) for AC and MWCNT were determined by
the solid addition method [46], where 20.0 mg portions of adsorbent
were transferred to flasks containing 20.0 mL of 0.01 mol L−1 NaCl
aqueous solution. The initial pH (pHi) of the solution was previously
adjusted to values between 1.0 and 11.0 by adding either 0.10 mol L−1

HCl or 0.10 mol L−1 NaOH. The systems obtained were stirred and the
final pH values (pHf) of the solutions were measured after 30 h. For
each system, the difference between the initial and final pH values
(ΔpH = pHi − pHf) was calculated and plotted againstpHi. The pHPZC

was obtained by determining the intercept of the ΔpH versus pHi curve
with the abscissa.

2.3. Adsorption isotherms

Adsorption isotherms were obtained using 10.0 mg of adsorbent (AC
or MWCNT) dispersed in 10.0 mL of the dye solution in 30.0 mL cy-
lindrical glass flasks. The dye concentration in the solutions ranged
from 0 to 900.0 mg L−1. The systems were manually stirred for 15 min
and then placed in a temperature-controlled bath for 24 h, where they
remained at rest. This time was enough for the systems reaching the
thermodynamic equilibrium. Subsequently, the supernatant was col-
lected for analysis of the dye concentration. When activated carbon was
used as the adsorbent, the systems were centrifuged at 10,000 rpm for
40 min in a Heraeus Megafuge 11R centrifuge (Thermo Scientific) in
order to separate the adsorbent from the aqueous solution.

The equilibrium concentrations of the dyes in the supernatants were
determined by spectrophotometry, using a digital double-beam spec-
trometer (UV-2550, Shimadzu). Absorbance measurements were made
at 332, 498, and 314 nm for PR, CR, and AR, respectively. The amount
of dye adsorbed (ΓD), in μmol m−2, was calculated using the following
equation:

= −Γ C C V
m A

( )·
·D

e0
(1)

where C0 and Ce are the initial and equilibrium concentrations, re-
spectively, of dye in the supernatant (in μmol L−1), m is the mass of the
adsorbent (in kg), V is the volume of the supernatant (in L), and A is the

BET specific surface area of the adsorbent (in m2 kg−1).
The effect of the initial pH on the amount of dye adsorbed was

evaluated in the pH range between 1.0 and 12.0 for the PR and AR dyes,
and between 5.0 and 12.0 for CR. The CR dye was unstable and/or
insoluble at pH values below 4.0, at the concentrations evaluated. For
these experiments, the dye concentrations were fixed at 200 mg L−1 for
PR and AR, using both adsorbents. For CR, the concentrations evaluated
were 100 and 200 mg L−1 using AC and MWCNT, respectively.

All the measurements were carried out at 298.15 K. The experi-
ments were performed in duplicate and the ΓD values were the averages
of the two determinations. The relative standard deviations were lower
than 5%.

2.4. Adsorption thermodynamic parameters

Thermodynamic analysis of dye adsorption was conducted by de-
termining the adsorption Gibbs free energy change (ΔadsGref), the ad-
sorption enthalpy change (ΔadsH), and the adsorption entropy change
(ΔadsSref). The superscript “ref” was used to designate the reference
state.

2.4.1. Adsorption Gibbs free energy change
To obtain ΔadsGref, a thermodynamic approach was used in which

the dye adsorption process was considered to involve partitioning of the
dye between the liquid phase and the liquid-solid interface. The equi-
librium thermodynamic constant (Kads) for the dye adsorption is given
by:

= ⎛

⎝
⎜

⎞

⎠
⎟K

γ Γ
γ Cads

D
S

D

D
sol

e (2)

where γD
S and γD

sol are the activity coefficients of the dye in the adsorbent
surface and in the solution, respectively. The molar Gibbs free energy
change of adsorption for the transfer of the dye between two reference
states, ΔadsGref, can be obtained from the Kads value, according to Eq.
(3):

= − = −G μ μ RTlnKΔads
ref

D
ref S

D
ref sol

ads
, , (3)

where μD
ref S, and μD

ref sol, are the chemical potentials of the dye at the
adsorbent surface and in the solution, respectively, in the reference
state; T is the absolute temperature of the system, and R is the universal
gas constant.

Considering that at infinite dilution the dye activity coefficient is
equal to unity, the hypothetical reference state of the dye can be de-
fined as that where the dye activity coefficient tends to unity when the
dye concentration approaches unity. Eq. (2) can then be used to de-
termine Kads at infinite dilution, according to Eq. (4):

=
→

K Γ
C

limads
c

D

e0e (4)

where ΓD is given in mg g−1 and Ce is in mg L−1. Therefore, Kads values
can be easily obtained from the isotherm data, enabling determination
of ΔadsG∞, where the superscript ∞ refers to the reference state at in-
finite dilution. The ΔadsG∞ parameter expresses the change in the Gibbs
free energy of the system when one mol of solute moves from the liquid
solution to the adsorbent surface in the standard state under infinite
dilution conditions (i.e., when there are no dye-dye interactions at the
adsorbent surface or in the solution).

Blaschke et al. [47] proposed a thermodynamic approach that al-
lows ΔadsGref to be obtained for different reference states, where a new
reference state was established at a defined (but arbitrary) point on the
adsorption isotherm, with concentration Ce

ref . The equilibrium constant
(K *ads) and ΔadsGref can then be obtained using Eqs. 5 and 6:

⎜ ⎟= ⎛
⎝

⎞
⎠→

K Γ
C

* limads
C C

D

ee e
ref (5)
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= −G RT KΔ ln *ads
ref

ads (6)

A detailed discussion of this procedure is provided by Blaschke et al.
[47]. Using this approach, ΔadsGref can be obtained for any solute
concentration.

2.4.2. Adsorption molar enthalpy change
The adsorption molar enthalpy change (ΔadsH) associated with dye-

adsorbent interaction was determined using a TAM III Isothermal
Titration Nanocalorimeter (TA Instruments) controlled by dedicated
TAM Assistant™ software. This calorimeter is equipped with two reac-
tion cells (sample and reference cells) with volumes of 4.00 mL. The
calorimetric procedure was based on a previous report [48] and the
titrations were carried out by stepwise 15 μL injections of a con-
centrated aqueous dye solution into the sample cell containing 4.00 mg
of adsorbent (MWCNT or AC) and 2.70 mL of deionized water. The
injections were made using a Hamilton syringe (500 μL) controlled by a
3810 syringe pump (TA Instruments). The time interval between two
consecutive injections was 60 min, and a stirrer helix operated at
180 rpm was used in the sample cell to ensure homogenization during
the titration. Blank experiments were also performed, with (i) addition
of dye solution in deionized water in the absence of the adsorbents, and
(ii) addition of deionized water to 4.00 mg of each adsorbent plus
deionized water. The latter procedure revealed negligible thermal ef-
fects. For all experiments, the reference cell was filled with deionized
water and the measurements were performed at a temperature of
25.0000 ± 0.0001 °C. Each experiment was carried out in duplicate.

The adsorption enthalpy change at different ΓD values (for the i-th
injection of the dye solution in the sample cell), ΔadsH, was determined
using Eq. (7):

=
−

H
q q

n
Δads

i ads i dil

i

, ,

(7)

where qi,ads and qi,dil are the heat absorbed or released in the sample
cell, with and without adsorbent, respectively, for the i-th injection of
the aqueous dye solution, and ni is the amount of dye that adsorbs on
the MWCNT (or AC) surface for the same injection. The ni values were
determined directly from the adsorption isotherms. The relative stan-
dard deviations for ΔadsH were lower than 10%.

The integral adsorption enthalpy change (ΔadsHintegral) was also de-
termined, using the following equation:

∑
∑

=
−

H
q q

n
Δ

( )
ads integral

i i ads i dil

i i

, ,

(8)

where qi,ads, qi,dil, and ni have the same meanings as in Eq. (7). The
ΔadsHintegral parameter contains the energetic contributions of all occu-
pied adsorption sites to the enthalpy change of the adsorption process
(for each surface coverage). The relative standard deviations for
ΔadsHintegral were lower than 6%.

2.4.3. Adsorption entropy change
Adsorption molar entropy changes for each defined reference state

(ΔadsSref) were calculated from the classic thermodynamic relationship:

= −G H T SΔ Δ Δads
ref

ads ads
ref (9)

3. Results and Discussion

3.1. Adsorption isotherms

The adsorption of a solute on a surface depends on a delicate bal-
ance between the interactions that the solute establishes with the
components in the solution and at the interface. Some aspects of these
interactions can be understood by evaluating the equilibrium data
presented by an adsorption isotherm. Fig. 2 shows the adsorption

isotherms of the red dyes on the MWCNT surface, at 25 °C and
pHi = 6.0.

For all dyes, the ΓD values increased as the Ce values increased, until
reaching a maximum value (ΓD,max) that indicated saturation of the
MWCNT surface. However, for each dye equilibrium concentration, the
ΓD values depended strongly on the structure of the dye molecule, in-
creasing in the order ΓD (PR) < ΓD (AR) < ΓD (CR). The highest ob-
served ΓD values ranged from 0.598 ± 0.026 μmol m−2

(67.9 ± 2.9 mg g−1) for PR to 1.96 ± 0.01 μmol m−2 (256 ± 2 mg
g−1) for CR, and were on the same order of magnitude as the values
obtained for other dyes on the MWCNT surface [8].

Despite the larger molecular size of CR (Fig. 1), this dye showed a
ΓD,max value 3.3 times higher than obtained for PR. The CR dye mole-
cule has more benzene rings in its structure (six, three, and four ben-
zene rings are present in the structures of CR, AR and PR, respectively),
making it the most hydrophobic dye, with the greatest capacity to bind
to the aromatic structure of MWCNT by π-π stacking interactions. The
results therefore suggest important contributions of π-π stacking and
hydrophobic interactions in azo dye adsorption on the MWCNT surface.

Hydrophobic and π-π stacking interactions have been proposed
previously as the main forces responsible for the adsorption of organic
molecules on CNTs [49]. However, other important contributions to
this process that have been proposed are electrostatic interactions and
the molecular conformation of the adsorbed molecules [17,26]. The
latter effect provides an explanation for the fact that the PR dye, which
has a greater number of benzene rings than AR, presented slightly lower
ΓD values. The π-π interactions are favored when the dye approaches
the MWCNT in a face-to-face conformation, which is more likely for AR
than PR because the steric hindrance caused by the extra sulfonate
group in the PR structure prevents coplanarity of the four aromatic
rings of PR. According to Almeida et al. [50], the two naphthol rings in
the PR molecule are found up to 12.8° out-of-plane relative to one
another.

A better understanding of the adsorption of the red dyes on the
MWCNT surface can be obtained by examining the differences between
the adsorption processes of the dyes on the surfaces of different car-
bonaceous materials. Activated carbon (AC) was used for this purpose,
because its surface possesses a large quantity of functional groups
containing oxygen atoms, making it less hydrophobic than MWCNT. In
addition, AC contains carbon atoms with varying degrees of saturation
and different oxidation states, and has a low content of graphitized
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Fig. 2. Adsorption isotherms of red dyes on the MWCNT surface, at 25.0 °C and
pHi = 6.0.
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structures [17]. The adsorption isotherms of the CR, PR, and AR dyes on
the AC surface, at 25.0 °C and pHi = 6.0, are presented in Fig. 3.

Considering the effect of the dye structure on the amount adsorbed,
the ΓD values for AC also followed the order ΓD (PR) < ΓD (AR) < ΓD

(CR), showing that the interactions that governed the adsorption of the
dyes on this adsorbent were similar to those that influenced adsorption
on the MWCNT surface. However, the ΓD values were higher for
MWCNT than for AC, at all equilibrium concentrations, and the ΓD,max

values were at least 2.7 times greater when MWCNT was used as the
adsorbent. These results suggest that the hydrophobic and π-π stacking
interactions between the dye and the adsorbent are more favorable for
MWCNT than AC.

In an additional analysis, the ΓD,max (AR)/ΓD,max (PR) and ΓD,max

(CR)/ΓD,max (AR) ratios were calculated for MWCNT and AC, using the
experimental data. The ΓD,max (AR)/ΓD,max (PR) ratio remained almost
constant when MWCNT was replaced by AC, with values of 1.04 and
1.13, respectively. The ΓD,max (CR)/ΓD,max (AR) ratio decreased by half,
from 3.14 for MWCNT to 1.52 for AC. These results suggest that the AC
has a high percentage of the surface area unavailable for dye

adsorption, notably in the case of CR, which has a larger molecular size
than the other dyes studied.

The ΓD value depends on the surface area available for dye ad-
sorption. AC is a porous material with a large quantity of narrow mi-
cropores that are inaccessible for various chemicals including dyes
[17,51]. On the other hand, the pores of MWCNT are formed by the
entanglement of individual tubes that interact due to van der Waals
forces. These pores have dimensions of mesopores or higher, so they are
more accessible to the adsorbate, compared with the pores of AC
[34,52]. Hence, the ΓD,max (CR)/ΓD,max (AR) ratio decreased when
MWCNT was replaced with AC, because some pores of AC could not be
accessed by CR molecules, due to their larger size relative to AR. This
pore size effect did not affect the ΓD,max (AR)/ΓD,max (PR) ratio, prob-
ably because the AR and PR molecules are similar in size and could
therefore access the same numbers of sites on the adsorbents. When the
ΓD values were expressed in mmol kg−1, the adsorption capacities for
PR and AR were higher for AC, because the specific surface area of this
adsorbent was higher (AAC ≈ 4.6AMWCNT). However, for CR, the ad-
sorption capacity remained higher for MWCNT, showing that the effect
of pore size on the adsorption was more pronounced for this dye.

The adsorption capacities of AC and MWCNT surfaces have been
compared for other dye molecules. Machado et al. [34] evaluated the
adsorption of Reactive Red M-2BE on MWCNT and AC and reported
maximum dye uptakes of 335.7 mg g−1 (1.9 μmol m−2) and 260.7 mg
g−1 (0.4 μmol m−2), respectively. Li et al. [27] studied the adsorption
capacities of CNT and AC for Methylene Blue and found ΓD,max values of
1.23 and 0.16 mg m−2, respectively. In both studies, the authors pro-
posed that the difference between the adsorption capacities was due to
the larger pore diameter of the CNT when compared with AC.

Although the pore diameter of the adsorbent is important in terms of
adsorption capacity, here we are more interested in the thermodynamic
aspects of the binding of the dyes on the surfaces of the adsorbents. In
order to understand these aspects, it is important to evaluate the con-
tribution of electrostatic interactions in the adsorption process.

3.2. Influence of pH on dye adsorption

The pH of the system can have a major influence on the adsorptive
uptake of a solute on a surface. This is because the hydrogen ion con-
centration can govern the net charge of the adsorbent and the degree of
ionization/dissociation of the solute, which determine the electrostatic
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Fig. 3. Adsorption isotherms of red dyes on the AC surface, at 25.0 °C and pHi = 6.0.
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interaction between the dye and the adsorbent. Hence, evaluation of
the effect of pH on the adsorption of the red dyes can provide valuable
information about the importance of electrostatic interactions in this
process. Fig. 4 shows the effect of the initial pH of the system on the
amount of adsorbed dye for the MWCNT and AC surfaces.

The profiles of the ΓD versus pHi curves were slightly affected by the
structures of the dye and adsorbent, suggesting that the electrostatic
forces acting in the adsorption process were equally affected by pH for
all the systems evaluated. In the case of CR, when pHi was increased
from 5.0 to 12.0, the ΓD values increased slightly from 0.15 to 0.17
μmol m−2 for AC and from 1.40 to 1.50 μmol m−2 for MWCNT. For AR
and PR, the ΓD values decreased when pHi was increased from 1.0 to
6.0, followed by a slight increase when the pHi was raised to 12.0.

In the pHi range evaluated, the red dyes are always negatively
charged, due to the presence of sulfonate groups (sulfonic acid has pKa

near 0), while the charge on AC and MWCNT surfaces depends on the
pH. At pH lower than the point of zero charge (pHPZC), the adsorbents
have positive surface net charge, while at pH higher than pHPZC they
have negative net charge. The pHPZC of the MWCNT and AC adsorbents
were estimated to be 7.5 and 8.6, respectively (Fig. S1).

For AR and PR, at pHi 1.0 there were electrostatic attractions be-
tween the positively charged surfaces of the adsorbents (pH<pHPZC)
and the anionic dyes. As the pH of the system increased up to the pHPZC,
the positive surface charge on the adsorbent was reduced. Therefore,
the electrostatic attraction between the dyes and the adsorbents became
weaker and the ΓD values decreased, reaching the lowest values at
around pHPZC. However, the ΓD values remained high, confirming that
non-electrostatic interactions also participated in the adsorption pro-
cess.

At pHi 12.0 (pH>pHPZC), the negative surface charge density on
the MWCNT and AC increased, intensifying the repulsive electrostatic
interactions between the adsorbents and the anionic dyes. A decrease in
the ΓD values would therefore be expected at this pH. However, this was
not observed and there was a slight increase in the ΓD values, suggesting
electrostatic shielding between the dyes and the adsorbent surfaces.
This shielding resulted from the increase in the ionic strength caused by
Na+ ions from the NaOH used to adjust the pH of the solution.

3.3. Adsorption thermodynamic parameters

3.3.1. Adsorption of AR on MWCNT
Until now, we have characterized the dye-adsorbent interaction

from a qualitative perspective. However, quantitative information is
needed in order to better understand the driving forces governing dye
adsorption on the surfaces of carbonaceous materials. Therefore, the
thermodynamic parameters (ΔadsGref, ΔadsHref, and ΔadsSref) for dye ad-
sorption on the MWCNT and AC surfaces were determined for different
surface coverage of the adsorbents.

Fig. 5 shows plots of ΔadsGref, ΔadsHref, and TΔadsSref against ΓD for AR
adsorption on the MWCNT surface, at 25.0 °C and pHi equal to 6.0. The
ΔadsXref values for higher ΓD could not be calculated, because the dif-
ference between the calorimetric signals obtained from the dilution of
the dye and from the adsorption experiments was equal to the equip-
ment noise, which could be attributed to the small amount of dye that
adsorbed on the MWCNT for each injection, when the adsorbent surface
was almost saturated.

The ΔadsGref values for AR adsorption on MWCNT were always ne-
gative, indicating that the dye was concentrated on the MWCNT surface
under equilibrium conditions. The ΔadsH and TΔadsSref values were also
negative, within the ΓD range evaluated, showing that the dye ad-
sorption process was enthalpically driven for the entire range of surface
coverage. However, the ΓD increase resulted in the ΔadsH and TΔadsSref

values becoming less negative, suggesting that the AR-MWCNT inter-
action occurred at different adsorption sites and/or that the AR mole-
cules began to interact strongly among themselves, on the adsorbent
surface and in the bulk solution, as the dye concentration increased.

Analysis of the profile of the ΔadsH versus ΓD curve provided in-
formation about the interactions that dominated the adsorption process
as the surface coverage increased. At ΓD of 8.69 × 10−2 μmol m−2,
corresponding to the first injection in the calorimetric titration ex-
periment, ΔadsH was −124 kJ mol−1, indicating that hydrogen bonds,
electrostatic and dipole-dipole interactions were involved in the ad-
sorption process.

To explain the profile of the plot of ΔadsH against ΓD, and the
magnitude of the ΔadsH values (Fig. 5), ΔadsH was considered to be the
sum of terms associated with four independent sub-processes occurring
during the dye adsorption. These different contributions are shown in
Eq. (10):

= + + +− − −H H H H HΔ Δ Δ Δ Δads ads
des

ads
D S

ads
D D Sur

ads
D D Sol, , (10)

In Eq. (10), ΔadsHdes is the enthalpy change associated with the
desolvation process of the dye and adsorbent, involving (i) the breaking
of water-dye and water-adsorbent interactions, (ii) the creation of
water-water interactions, and (iii) the change in the solvation shell
structure of the adsorbent due to the dye adsorption. This term can be
positive or negative, depending on the energetic balance between the
interactions formed and disrupted during the process. ΔadsHD−S is the
enthalpy change for the interaction between the dye and the surface
adsorption sites, and is always negative. The terms ΔadsHD−D,Sur and
ΔadsHD−D,Sol are the enthalpy changes resulting from dye-dye interac-
tions on the adsorbent surface and in the solution, respectively. During
the adsorption process, the term ΔadsHD−D,Sur should be positive be-
cause it involves the repulsive electrostatic interactions between the
negatively charged dye molecules on the adsorbent surface. On the
other hand, the sign of the term ΔadsHD–D,Sol can be positive or negative,
and this information can be obtained from the slopes of the ITC dilution
curves of the dyes. Our results showed that ΔadsHD–D,Sol should be po-
sitive for AR, becoming less positive for higher concentrations (see Fig.
S2 and discussion in supplementary material).

At low ΓD values, there were few AR molecules in the solution and
on the MWCNT surface. For instance, in the first injection during the
calorimetric experiment, the AR concentration in the solution in the
sample cell was 2.7 × 10−8 mol L−1 and the average area available for
each adsorbed AR molecule was about 19 nm2 (for comparison, the CR
molecule, which was the longest molecule studied here, has a maximum
extension of 2.5 nm [53]). Therefore, the AR-AR interactions in the
solution and at the interface were negligible, and the ΔadsHD−D,Sur and
ΔadsHD–D,Sol terms in Eq. 10 did not contribute to the magnitude of
ΔadsH. Hence, the ΔadsH values were negative because
ΔadsHdes + ΔadsHD–S < 0. Whereas ΔadsHD–S term was always negative,
the ΔadsHdes term could be either negative or positive, but

Fig. 5. Adsorption thermodynamic parameters versus ΓD curves for adsorption of AR on
MWCNT, at 25.0 °C and pHi = 6.0.
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HΔads
des < −HΔads

D S .
When the ΓD values increased, the dye-dye interaction became im-

portant and the ΔadsHD–D,Sur and ΔadsHD–D,Sol terms began to contribute
to the ΔadsH values; the higher the dye concentration, the more positive
was the ΔadsHD−D,Sur term, because the electrostatic repulsion increased
as a result of the decrease in the distance of interaction between the dye
molecules on the surface. On the other hand, an opposite tendency was
observed for the ΔadsHD−D,Sol term, which became less positive as the
AR concentration increased (Fig. S2). At the same time, the sites of the
adsorbent that interacted more favorably with the dye, releasing a
greater amount of heat (these were probably the less hydrophobic in-
teraction sites), became unavailable for dye adsorption, so the dye
started to interact with less favorable sites, making the ΔadsHD–S term
less negative. Therefore, the ΔadsH values became less negative as the
surface coverage increased due to the increase in the ΔadsHD–D,Sur and
ΔadsHD–S values and the decrease in the ΔadsHD–D,Sol term.

The change in the adsorption entropy can result from two main
events: (i) transfer of the dye from the solution to the solid-liquid in-
terface, which decreases the entropy of the system, due mainly to the
decrease in the configurational entropy of the dye on the adsorbent
surface; and (ii) the release of water molecules from the solvation layer
of both solute and adsorbent, which increases the entropy of the system.
Hence, the TΔadsSref values were negative because the entropy gain due
to the release of water molecules during the process of dehydration of
MWCNT and AR did not compensate the loss of entropy due to the
decrease in the degree of freedom of the dye. However, the entropy gain
due to the release of water molecules from the dehydration process
increased when ΓD increased because the hydrophobic interactions
between AR and MWCNT became more important at higher ΓD values,
as suggested from the ΔadsH calorimetric curves. Consequently, TΔadsSref

increased at higher surface coverage.

3.3.2. Effect of the dye structure
To investigate the effect of the dye structure on the adsorption

thermodynamic parameters and obtain more information about the
mechanism of interaction between MWCNT and the azo dyes, ΔadsGref,
ΔadsH, and TΔadsSref versus ΓD curves were also obtained for the CR and
PR dyes (Fig. 6).

For both CR and PR, the ΔadsGref values were also negative, and the
dependence of this parameter on ΓD was similar to that observed for the
AR dye. However, the profiles of the ΔadsH and TΔadsSref versus ΓD

curves were strongly dependent on the dye structure.
For the CR dye (Fig. 6a), the ΔadsH and TΔadsSref values increased

when the ΓD value changed from 0.11 to 0.24 μmol m−2. They then
remained almost constant when the ΓD values increased up to 0.94
μmol m−2, indicating that the occupied adsorption sites interacted with
the dye, releasing equal amounts of energy in this ΓD range. When ΓD

was greater than 0.94 μmol m−2, the ΔadsH and TΔadsSref values in-
creased as ΓD increased up to 1.36 μmol m−2, and then remained
constant again.

At ΓD of 0.11 μmol m−2, there was an important contribution of the
hydrophilic sites to CR adsorption, leading to a more exothermic pro-
cess due to the more negative ΔadsHD−S values. In the range from 0.24
to 0.94 μmol m−2, the different behavior of the ΔadsH versus ΓD curve
for CR, compared with the AR dye, was due to the low charge density
and high hydrophobicity of this dye, associated with the presence of
mainly hydrophobic sites on the MWCNT surface. Because of this, the
ΔadsHD–D,Sur term did not make a large contribution to ΔadsH, while the
ΔadsHD–S term was almost constant. Therefore, the ΔadsH values showed
little variation for this wide range of surface coverage.

As the ΓD values increased above 0.83 μmol m−2, the ΔadsHD–D,Sur

term became important and the ΔadsH term increased. Above 1.36 μmol
m−2, the CR concentration in the solution became higher than 48.7
μmol L−1, and beyond this concentration an important molecular event
contributed to the magnitude of ΔadsH. Fig. S2b shows the ITC dilution
curve of CR dye in the concentration range from 0 to 85 μmol L−1. The
sigmoid profile of this curve was due to the ability of CR to form dimers
[54]. The dimerization process occurs at 48.7 μmol L−1 and has an
energetic cost of 7.7 kJ mol−1 (details are showed in Fig. S2b). Con-
sequently, when ΓD was equal to 1.36 μmol m−2 in the calorimetric cell,
the CR dye molecules in the solution formed dimers, and as the ad-
sorption process occurred, the dimers were broken before adsorbing,
releasing enthalpic energy that compensated the contribution of
ΔadsHD–D,Sur and made the ΔadsH values constant again.

Comparison between the thermodynamic parameter versus ΓD

curves for AR and CR also provided valuable information about the
mechanisms involved in the adsorption of the dyes on MWCNT (an
easier comparison of the curves obtained for AR and CR is provided in
Figs. S3 and S4). Results suggested that the higher hydrophilic/hydro-
phobic balance of AR contributed to more negative ΔadsH values for this
dye than CR (see discussion in supplementary material).

Explanation of the relative magnitudes of the TΔadsSref values for AR
and CR requires consideration of the changes of entropy that occurred
in the bulk solution and at the interface when the dyes adsorbed.
However, this parameter cannot be directly compared in the graph of
TΔadsSref versus ΓD (Fig. S4), because at the same ΓD value the dye
concentrations in the solution were very different. For example, when
ΓD was equal to 0.46 μmol m−2, the Ce value for AR was about 6.5 times
higher than for CR. Therefore, when the dyes were transferred from the
solution to the adsorbent surface, the contributions of the configura-
tional entropy change to the TΔadsSref value were different for the two
dyes and no molecular information could be obtained.

For the PR dye (Fig. 6b), the process of adsorption on MWCNT was
also enthalpically driven. However, the profiles of the ΔadsH and

Fig. 6. Adsorption thermodynamic parameters versus ΓD curves for adsorption of (a) CR and (b) PR on MWCNT, at 25.0 °C and pHi= 6.0.
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TΔadsSref versus ΓD curves for this dye were very different from those
observed for AR and CR. As ΓD changed from 0.11 to 0.30 μmol m−2,
the ΔadsH and TΔadsSref values became less negative. Subsequently, in-
crease of ΓD from 0.30 to 0.37 μmol m−2 rendered the adsorption
process more exothermic and more entropically unfavorable. Finally,
above 0.37 μmol m−2, increase of ΓD led to slight increases of ΔadsH and
TΔadsSref. This behavior suggests that different molecular events during
the adsorption of PR modulated the enthalpic/entropic balance.

3.3.3. Effect of the adsorbent surface
The effect of the adsorbent surface on the thermodynamics of dye

adsorption was evaluated by constructing plots of ΔadsGref, ΔadsH, and
TΔadsSref against ΓD for AC (Fig. S5). In most cases, the replacement of
MWCNT by AC did not alter the curve profiles, except in the case of the
CR dye. Fig. 7 presents the curves for CR adsorption on MWCNT and
AC. The comparison between the adsorption thermodynamic para-
meters was limited to the range between 0.12 and 0.28 μmol m−2,
because the amounts of CR adsorbed on the MWCNT and AC surfaces
were very different.

Although the ΔadsGref values became less negative when MWCNT
was replaced by AC (Fig. 7a), the dye adsorption process remained
enthalpically driven (Fig. 7b). However, two differences in the ΔadsH
versus ΓD curves should be highlighted: (i) the difference between the
magnitudes of the Δ H(MWCNT)ads and Δ H(AC)ads values, and (ii) the
absence of a plateau in the curve for CR adsorption by AC. These fea-
tures were associated with the greater heterogeneity of the sites on the
AC surface, compared with those on MWCNT. Additionally, there was
strong dye-dye interaction on the AC surface, even at the beginning of
the adsorption process (low ΓD values), as shown by the steep slope of
the ΔadsH versus ΓD curve. Therefore, the −Δ H (AC)ads

D D,Sur value made
a substantial contribution to Δ H(AC)ads . This second hypothesis can be
explained by the inaccessible surface area of AC, with a smaller surface
area available for the adsorption of CR molecules.

3.4. Adsorption thermodynamic parameters under infinite dilution
conditions

The driving forces responsible for dye adsorption on AC and
MWCNT in the absence of dye-dye interaction were investigated by
determining the adsorption thermodynamic parameters under infinite
dilution conditions. The adsorption Gibbs free energy change for in-
finite dilution was determined using the equation:
ΔadsG∞ = − RTln Kads, where Kads was obtained using Eq. (4). The
adsorption enthalpy change for infinite dilution (ΔadsH∞) was obtained
from extrapolation of the integral adsorption enthalpy change
(ΔadsHintegral) versus ΓD curves for ΓD → 0 (Fig. S6). Finally, the ad-
sorption molar entropy change at infinite dilution (ΔadsS∞) was ob-
tained using Eq. (9). Table 1 shows the adsorption thermodynamic
parameters at infinite dilution for the systems studied.

The ΔadsG∞ values were negative for all the systems, indicating that

the dye was concentrated on the adsorbent surface at equilibrium under
infinite dilution conditions. Under these conditions, the adsorption
process was enthalpically driven (ΔadsH∞ < 0) and entropically un-
favorable (TΔadsS∞ <0), with both ΔadsH∞ and TΔadsS∞ values in-
creasing in the order PR<AR<CR.

For both adsorbents, the ΔadsG∞ values were dependent on the
structure of the dye. Despite the small change in ΔadsG∞ when the dye
structure was changed (ΔadsG∞ changed by a maximum of
9.42 kJ mol−1 for MWCNT when AR was replaced by PR), the ΔadsH∞

and TΔadsS∞ values varied over a wide range, with maximum changes
of 122.76 kJ mol−1 and 126.11 kJ mol−1, respectively, for MWCNT
when CR was replaced by PR.

The ΔadsH∞ parameter can be expressed as the sum of the same
terms in Eq. (10), with the exception of the terms associated with the
dye-dye interactions on the adsorbent surface (ΔadsHD–D,Sur) and in the
solution (ΔadsHD–D,Sol), which are absent at infinite dilution. Thus,
ΔadsH∞ = ΔadsHdes,∞ + ΔadsHD–S,∞, with both ΔadsHdes,∞ and ΔadsHD–S,∞

depending on the hydrophobicity and the charge density of the dye and
the adsorbent. The ΔadsHD–S,∞ term became more negative as the
electrostatic attraction between the dye and the adsorbent (which was
positively charged at the pH evaluated) increased, i.e., as the negative
charge density of the dye increased. Whereas the negative charge
density increases in the order CR < AR < PR, − ∞Δ H (PR)dds

D S, <
− ∞Δ H (AR)ads

D S, < − ∞Δ H (CR)ads
D S, , which is in the same order of the

ΔadsH∞ increase. On the other hand, the magnitude of the ΔadsHdes,∞

term depends on the water-dye interaction intensity and on the number
of water molecules released from the solvation shell of both adsorbent
and dye when the dye adsorbs. Whereas CR has a larger ionic volume
than PR and AR, it should interact with the adsorbent and release a
greater number of water molecules to the bulk solution. Consequently,
because of the highly hydrophobic nature of CR, the HΔads

des, term
should be less negative (or more positive), contributing to the less ne-
gative values of ΔadsH∞ for this dye. The greater number of water
molecules released to the bulk solution from the hydrophobic surfaces
of both the adsorbent and CR also explains the less negative TΔadsS∞

values for the CR adsorption.
Regarding the effect of the adsorbent structure on the adsorption

Fig. 7. Effect of adsorbent structure on (a) ΔadsGref, (b) ΔadsH, and (c) TΔadsSref for CR adsorption, at 25.0 °C and pHi = 6.0.

Table 1
Thermodynamic parameters under infinite dilution conditions for adsorption of red dyes
on AC and MWCNT, at 25.0 °C and pHi = 6.0.

Dye ΔadsG∞ (kJ mol−1) ΔadsH∞ (kJ mol−1)a TΔadsS∞ (kJ mol−1)

MWCNT AC MWCNT AC MWCNT AC

CR −27.24 −29.38 −76.02 −71.63 −48.78 −42.25
AR −33.31 −28.54 −132.72 −133.64 −99.41 −105.1
PRb −23.89 −22.09 −198.78 −182.32 −174.89 −160.23

a Relative standard deviations were lower than 4.0%.
b ΔadsH∞ and TΔadsS∞ were not obtained with accuracy for the PR dye due to the low

amount of data for the fitted model (Fig. S6).
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thermodynamic parameters, the ΔadsG∞ values were slightly more ne-
gative for the AR and PR dyes when MWCNT was used as the adsorbent.
Interestingly, the ΔadsH∞ values changed slightly when MWCNT was
replaced by AC. Considering the deviation of the measurements, the
differences between the ΔadsH∞ values obtained for MWCNT and AC,
for each dye, were smaller than 2.0 kJ mol−1 (less than 3%). This in-
dicated that the dyes interacted with similar sites on the surfaces of
both adsorbents under infinite dilution conditions (i.e., sites with si-
milar hydrophilicity). Consequently, the different adsorption capacities
of AC and MWCNT were mainly due to the different interactions that
occurred at higher ΓD values.

4. Conclusions

The adsorption of red azo dyes on MWCNT and AC surfaces was
utilized as molecular probes to highlight features of the adsorbent
surfaces. Adsorption isotherms of the dyes depended on the structures
of both the adsorbent and the dye. The driving force governing the
adsorption of the dyes on both MWCNT and AC was the same, with the
adsorption being enthalpically driven and associated with decreased
entropy of the system.

At low surface coverage of both adsorbents the dye-adsorbent in-
teractions occurred with a more negative enthalpy change, showing
that electrostatic attractions, hydrogen bonds and ion-dipole interac-
tions were involved in the adsorption process, besides π-π stacking. At
the same time, the most hydrophilic sites on the surfaces were pre-
ferentially occupied and the enthalpic energy released due to the in-
teraction between the hydrophilic sites and the dyes (at infinite dilution
condition) did not depend on the adsorbent structure. The main factor
responsible for determining the amounts of dye adsorbed on each ad-
sorbent was electrostatic repulsion between the adsorbed dye mole-
cules.
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free energy changes versus ΓD of red dyes (Figs. S3, S4 and S5); curves
of integral adsorption enthalpy change versus ΓD (Fig. S6).
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