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Abstract

This paper presents a study on the adsorption of two basic dyes, methylene blue (MB) and rhodamine B (RhB), from aqueous solution onto
mesoporous silica–titania materials. The effect of dye structure, adsorbent particle size, TiO2 presence, and temperature on adsorption was inves-
tigated. Adsorption data obtained at different solution temperatures (25, 35, and 45 ◦C) revealed an irreversible adsorption that decreased with the
increment of T . The presence of TiO2 augmented the adsorption capacity (qe). This would be due to possible degradation of the dye molecule
in contact with the TiO2 particles in the adsorbent interior. The adsorption enthalpy was relatively high, indicating that interaction between the
sorbent and the adsorbate molecules was not only physical but chemical. Both Langmuir and Freundlich isotherm equations were applied to the
experimental data. The obtained parameters and correlation coefficients showed that the adsorption of the two reactive dyes (MB and RhB) on the
adsorbent systems at the three work temperatures was best predicted by the Langmuir isotherm, but not in all cases. The kinetic adsorption data
were processed by the application of two simplified kinetic models, first and second order, to investigate the adsorption mechanism. It was found
that the adsorption kinetics of methylene blue and rhodamine B onto the mesoporous silica–titania materials surface under different operating
conditions was best described by the first-order model.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Colored organic effluents are produced in the textile, pa-
per, plastic, leather, food, and mineral processing industries [1].
Wastewater containing pigments and/or dyes can cause serious
water pollution problems.

Reactive dyes are the largest single group of dyes used in in-
dustry. Being highly water-soluble, it is estimated that 10–20%
of reactive dye remains in wastewater during the production [2]
of these dyes and nearly 50% of reactive dyes may be lost to
the effluents during dyeing of cellulose fibers [3]. Such highly
colored wastes not only are aesthetically displeasing but also
hinder light penetration and may in consequence disturb bio-
logical processes in water bodies. In addition, dyes are toxic to
some organisms and hence harmful to aquatic animals.
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Furthermore, the expanded uses of dyes have shown that
some of them and their reaction products, such as aromatic
amines, are highly carcinogenic [4,5]. Therefore, removal of
dyes before disposal of wastewater is necessary.

Reactive dye wastewater is characterized by poor biodegrad-
ability, thus conventional wastewater treatment is not suit-
able [6]. Other approaches, such as flocculation, chemical oxi-
dation, membrane separation, and adsorption, have gained favor
due to their efficiency and relatively simple equipment.

A wide variety of materials, such as clay minerals [7], acti-
vated carbon, bagasse pith [8], wood [9], maize cob [10], and
peat [11], are being evaluated as viable adsorbents to remove
dyes from colored effluents.

Semiconducting titania materials are currently attracting at-
tention due to their marked photocatalytic effect in removing
pollutants [12–14].

TiO2 exists in three different crystalline phases: anatase, ru-
tile and brookite [15,16]. Although both rutile and anatase have
been studied for their photocatalytic activity, anatase is gener-
ally more active in photocatalysis than rutile [17].
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Anatase titania nanocrystals were obtained by the coopera-
tive self-assembly of surfactants to wrap titania particles once.
The combination of anatase titania nanocrystals with meso-
pores leads to the construction of nanostructured titania film
with mesostructure, larger surface area, and quantum size ef-
fects [17].

It is advantageous for pollutants to react on the surface of
mesoporous titania films, and diffuse within the mesopores for
heterogeneous photocatalytic reaction.

In this work, adsorption on titania–silica mesoporous mate-
rials from aqueous reactive dye solutions has been studied. The
focus in the present research is on characterizing the sorption
properties of these materials.

Titania mesosized particles were obtained by TiCl4 hydrol-
ysis in aerosol OT/water/n-hexane emulsion and then incorpo-
rated into surfactant templated silica mesoporous materials of
MCM-41 and MCM-50 structures. Their syntheses were re-
ported in a previous work [18].

2. Experimental

In this study three different mesoporous silica–titania ma-
terials were used: hexadecyltrimethylammonium bromide tem-
plate material (HTAB + TiO2), which retained the honey-
comb structure of the MCM-41, and dodecyltrimethylammo-
nium bromide (DTAB + TiO2) and didodecyldimethylammo-
nium (DTAB + TiO2) template materials, which had a lamellar
structure. Materials syntheses and surface, and porosity charac-
terizations were described in a previous work [18].

The synthesis of TiO2 nanoparticles was via an inverse
AOT/hexane/water microemulsion. The silica: titania (4:1) ma-
terials were prepared by addition of dry AOT–TiO2 material
obtained without calcination to the surfactant solution (HTAB,
DTAB, or DDAB) in water and then sonicated to complete
material suspension. The resulting solution was added to a
tetraethylorthosilicate (TEOS) solution. The system was treated
as common MCM-41 material [19].

As adsorbates, two cationic dyes, methylene blue (MB) and
rhodamine B (RhB), were chosen.

MB is a basic blue dyestuff, CI classification number
52015. The chemical formula is C16H18NSCl; molar weight
373.9 g/mol. RhB is a basic dye, C28H31ClN2O3, molar weight
479.02 g/mol. For reference, the dye structures are shown in
Fig. 1.

All reagents were obtained from Aldrich and were of analyt-
ical grade. Both dyes were utilized without further treatment.
For aqueous dye solutions only double-distilled water was used.

Adsorption experiments were carried out in 5-ml glass-
stoppered round-bottom flasks immersed in a thermostatic
shaker bath. For this 50 mg of adsorbent was mixed with 5 ml
of aqueous dye solutions of (0.1–2.5) mmol/L concentration
range. The flasks with its contents were then shaken for the dif-
ferent adsorption times at 25, 35, and 45 ◦C. In the experiments,
the stirring speed was kept constant at 90 rpm. At the end of ad-
sorption period, the supernatant was centrifuged for 1 min at a
speed of 3000 min−1.
(A)

(B)

Fig. 1. Molecular structure of (A) methylene blue, (B) rhodamine B.

Table 1
Characteristics of the adsorbents are ABET, BET surface area; Atmp, t -plot mi-
cropore; Atext, t -plot external surface; Daap, adsorption average pore diameter
by BET

Adsorbent
system

ABET

(m2/g)

Atmp

(m2/g)

Atext

(m2/g)

Daap
(nm)

Structure Wall
thickness
(nm)

HTAB + TiO2 272.38 7.85 264.53 6.61 Honeycomb 0.31
DTAB + TiO2 55.95 17.29 38.65 9.54 Lamellar +

granular
4.31

DDAB + TiO2 43.35 4.07 39.27 9.67 Lamellar 4.88
HTAB 238.6 4.55 Honeycomb 0.91
DDAB 17.32 3.30 14.02 5.75 Lamellar 3.86

The concentration of MB and RhB in the supernatant before
and after adsorption was determined using a Spectronic-20 UV–
vis spectrophotometer at 661 and 543 nm, respectively.

3. Results and discussion

Adsorbent structure analysis, mesopore size distribution,
and surface area determination were done in a previous
work [18]. Several of the obtained results are shown in Table 1.

3.1. Adsorption isotherm

An adsorption isotherm describes how adsorbates interact
with adsorbents. Thus, the correlation of equilibrium data by
either a theoretical or an empirical equation is essential to the
practical design and operation of an adsorption system.

Two isotherm equations are tested in this work. One is the
Langmuir isotherm equation, which has been widely applied to
describe experimental adsorption data based on the assumption
that maximum adsorption corresponds to a saturated monolayer
of adsorbate molecules on the adsorbent surface with constant
energy and no transmigration of adsorbate in the plane of adsor-
bent surface. The theoretical Langmuir isotherm equation can
be represented as [20]

(1)qe = qmonKLCe

1 + KLCe
,

where KL is the Langmuir constant related to the energy of
adsorption and qmon is the maximum amount of adsorption
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corresponding to complete monolayer coverage on the sur-
face.

The equilibrium adsorption capacity, qe (mg/g), was calcu-
lated with the equation [21]

(2)qe = (C0 − Ce)V

m
,

where C0 is the initial concentration (mg/L), Ce the resid-
ual concentration at equilibrium (mg/L), V the solution vol-
ume (L), and m the adsorbent mass (mg).

The constants KL and qmon can be determined from the fol-
lowing linearized form of Eq. (1),

(3)
1

qe
= 1

qmon
+ 1

KLqmon

1

Ce
.

The Freundlich isotherm [21] is the earliest known relation-
ship describing the sorption equation. This fairly satisfactory
empirical isotherm can be used for nonideal sorption that in-
volves heterogeneous surface energy systems and is expressed
by the equation

(4)qe = KFC
1/n
e ,

where KF is roughly an indicator of adsorption capacity and
1/n is the adsorption intensity. In general, as KF increases
the adsorption capacity of an adsorbent for a given adsorbate
increases. The magnitude of the exponent 1/n gives an indica-
tion of the favorability of adsorption. The Freundlich equation
can be derived from the Langmuir one by supposing that the
variation in θ = qe/qmon and KL may be attributed entirely to
variation in the heat of adsorption �Hads because of the hetero-
geneity of the adsorbent surface [22].

Equation (4) may be linearized by taking logarithms:

(5)logqe = logKF + 1

n
logCe.

In order to determine the mechanism of dye adsorption and
evaluate the effect of temperature on adsorption capacity, the
experimental data, Figs. 2–5, were represented following Lang-
muir and Freundlich isotherm equations.

The adsorption capacity variation vs concentration for the
different adsorption systems is shown in Figs. 2 and 3.

The parameters and correlation coefficients calculated for
the models are given in Tables 2 and 3.

From the obtained data, it was clear that dyes’ adsorption
mechanisms depend on the adsorbent structure, on the dyes
molecular structure, and on the temperature.

To determine which of the adsorption isotherms better repre-
sents the experimental data, the difference between correlation
coefficients (�r = rLangmuir − rFreundlich) was fitted as a func-
tion of temperature for both dyes in Figs. 6 and 7. In general
it may be seen that �r is positive, which means that the Lang-
muir representation is better than the Freundlich one, but there
are some exceptions, and the temperature dependence of �r

also varies with the kind of adsorbent and the dye nature.
For both MB and RhB, �r is positive for adsorption on the

material synthesized with HTAB + TiO2 at 25 and 35 ◦C but
negative at 45 ◦C. The same behavior may be seen in the ad-
sorption on the DTAB + TiO2 templated material.
For the DDAB + TiO2 templated material, the behavior is
different. For the adsorption of RhB, �r is negative at 25 ◦C,
and thus the Freundlich adsorption isotherm is favored, but be-
comes strongly positive at higher temperatures. For MB �r is
always positive and has a maximum at 35 ◦C.

For the HTAB without addition of titania-templated ma-
terial, �r is always positive and insensitive to temperature
changes for RhB adsorption, while MB shows a small depen-
dence on temperature, being positive at 25 ◦C and negative at
higher temperatures. For the adsorbent templated with DDAB
without addition of titania, �r is always positive for both dyes
and only slightly dependent on temperature.

When �r is positive, the formation of a monolayer (but not
necessarily a compact one) may be assumed and the thermo-
dynamic data obtained from the Langmuir equation are trust-
worthy. When �r is negative the Freundlich equation fits the
data better. This means that the adsorbent surface is not ho-
mogeneous and that the different adsorption sites at the sur-
face are not energetically equivalent, which is in agreement
with the presence of both SiO2 and TiO2 groups in the ad-
sorbent structure. It also must be taken into account that both
oxides may be ionized (e.g., silica may be as siliceous acid) or
not.

For the HTAB + TiO2 and DTAB + TiO2 templated ma-
terials the inversion in the sign of �r may be associated
with the expositing of heterogeneous surface groups to the
dyes when temperature increases. This may be caused by a
combination of pore diameter expansion, surface group hy-
drolysis, and increase of dye diffusivity and/or reactivity. The
adsorption behavior of MB on the adsorbent templated with
HTAB and without titania suggests that the latter factor may
be the main explanation. RhB adsorption is almost insensi-
tive and it cannot enter into the small pores of this adsorbent
(see below), whereas the HTAB + TiO2 adsorbent has larger
pores and probably allows the penetration of the dye into the
pores.

The behavior in the DDAB + TiO2 templated material
is rather different: �r for RhB indicates that the Freundlich
isotherm is a better fit to the data at 25 ◦C, but Langmuir be-
comes better when the temperature is increased. Because the
lamellar structure makes it improbable that the surface exposed
to adsorption increases with temperature, exposing new adsorp-
tion sites, a possible explanation may be that the difference in
adsorption energy between the different sites is not very great
and becomes negligible when the thermal energy increases.
This possible interpretation is supported by the fact that �r is
almost insensitive to the temperature in the DDAB templated
system without added titania.

As a consequence of this discussion, the thermodynamic
data of the systems having an inversion of the �r sign must
be considered as average values.

Lamellar structure materials with and without titania pre-
sented higher adsorption with respect to the honeycomb struc-
ture adsorbents. The presence of TiO2 particles in the hon-
eycomb structure material increased the dye adsorption at all
temperatures. Comparing the results obtained from the MB ad-
sorption experiments on adsorbents with and without titania
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Fig. 2. Adsorption isotherms of methylene blue (MB) at (A) 25, (B) 35, and (C) 45 ◦C. Adsorbent materials templated with (a) DTAB, (2) HTAB, and (!) DDAB,
(∗) mesoporous DDAB-templated lamellar silica material without titania, (1) mesoporous silica honeycomb material synthesized with HTAB without titania.
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Fig. 3. Adsorption isotherms of rhodamine B (RhB) at (A) 25, (B) 35, and (C) 45 ◦C. Adsorbent materials templated with (a) DTAB, (2) HTAB, and (!) DDAB,
(∗) mesoporous DDAB-templated lamellar silica material without titania, (1) mesoporous silica honeycomb material synthesized with HTAB without titania.
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Fig. 4. Adsorption capacity variation, qe (mmol/m2), with initial methylene blue (MB) concentration at (A) 25, (B) 35, and (C) 45 ◦C. Adsorbent materials templated
with (a) DTAB, (2) HTAB, and (!) DDAB, (∗) mesoporous DDAB-templated lamellar silica material without titania, (1) mesoporous silica honeycomb material
synthesized with HTAB without titania.
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Fig. 5. Adsorption capacity variation, qe (mmol/m2), with initial rhodamine B (RhB) concentration at (A) 25, (B) 35, and (C) 45 ◦C. Adsorbent materials templated
with (a) DTAB, (2) HTAB, and (!) DDAB, (∗) mesoporous DDAB-templated lamellar silica material without titania, (1) mesoporous silica honeycomb material
synthesized with HTAB without titania.
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Table 2
Parameters of the Langmuir isotherm applied to the experimental data for the
adsorption of MB and RhB on mesoporous adsorbents, templated with HTAB,
DTAB, and DDAB, with and without titania at different temperatures

Adsorbate Adsorbent
system

qmon
(mmol/g)

KL
(l/mmol)

R2

25 ◦C
MB HTAB + TiO2 4.79 ± 0.07 0.021 ± 0.002 1

DTAB + TiO2 6.27 ± 0.10 0.032 ± 0.001 1
DDAB + TiO2 0.07 ± 0.01 1.39 ± 0.02 0.999
HTAB 0.07 ± 0.03 1.44 ± 0.02 0.998
DDAB 0.19 ± 0.07 0.53 ± 0.02 0.992
HTAB + TiO2 0.11 ± 0.02 0.94 ± 0.02 0.945

RhB DTAB + TiO2 0.025 ± 0.001 4.13 ± 0.02 0.996
DDAB + TiO2 0.009 ± 0.007 11.21 ± 0.03 0.985
HTAB 0.046 ± 0.008 2.24 ± 0.02 0.999
DDAB 0.079 ± 0.012 1.29 ± 0.02 0.999

35 ◦C
MB HTAB + TiO2 0.06 ± 0.01 1.84 ± 0.02 0.991

DTAB + TiO2 0.11 ± 0.06 0.91 ± 0.01 0.998
DDAB + TiO2 0.019 ± 0.002 5.36 ± 0.06 0.992
HTAB 0.08 ± 0.04 1.27 ± 0.02 0.993
DDAB 0.042 ± 0.005 2.37 ± 0.03 0.997
HTAB +TiO2

RhB DTAB + TiO2 0.038 ± 0.003 1.58 ± 0.07 0.997
DDAB + TiO2 0.045 ± 0.005 0.16 ± 0.01 0.963
HTAB 0.05 ± 0.01 2.23 ± 0.02 0.999
DDAB 0.12 ± 0.04 0.81 ± 0.01 0.999

45 ◦C
MB HTAB + TiO2 0.02 ± 0.02 5.15 ± 0.02 0.992

DTAB + TiO2
DDAB + TiO2 0.056 ± 0.001 1.84 ± 0.02 0.998
HTAB 0.07 ± 0.03 1.44 ± 0.02 0.998
DDAB 0.033 ± 0.005 4.80 ± 0.82 0.993
HTAB + TiO2

RhB DTAB + TiO2 0.035 ± 0.003 2.91 ± 0.02 0.999
DDAB +TiO2 0.024 ± 0.004 4.45 ± 0.02 0.998
HTAB 0.042 ± 0.007 2.46 ± 0.03 0.999
DDAB 0.12 ± 0.03 0.87 ± 0.01 0.999

Note. KL and qmon correspond to Eq. (3), and R2 is the square of the correla-
tion coefficient.

particles, it can be seen that without increasing the pore diame-
ter or the adsorbent surface area the presence of TiO2 augments
the adsorption capacity (qe).

This fact is due to possible degradation of the dye mole-
cule in contact with the TiO2 particles in the adsorbent interior.
The degradation of dyes or other pollutants on TiO2 particles
or films is well documented in the literature [23,24]. Often this
process is associated with UV photoinduction [25,26]. In this
work the application of light was not done; the confinement
of the TiO2 particles on the silica mesoporous structure was
enough to provoke the same effect.

In general, for all systems (dye + adsorbent), there was a
diminution of the adsorption capacity, qe, with the augmenta-
tion of temperature.

From the analysis of qe vs C plots, Figs. 2–5, it was clear
that the adsorption of MB in all the studied adsorbent systems
is higher than of RhB. This may be due to the different mole-
cular sizes of the two dyes. The bigger RhB molecule offers
major resistance to penetration into the adsorbent mesoporous
structure.
Table 3
Parameters of the Freundlich isotherm applied to the experimental data at dif-
ferent temperatures

Adsorbate Adsorbent
system

KF n R2

25 ◦C
MB HTAB + TiO2 0.09 ± 0.08 1.02 ± 0.01 0.999

DTAB + TiO2 0.18 ± 0.12 1.04 ± 0.02 0.995
DDAB + TiO2 0.03 ± 0.01 1.50 ± 0.03 0.998
HTAB 0.054 ± 0.002 1.08 ± 0.07 0.984
DDAB 0.032 ± 0.001 1.45 ± 0.08 0.987
HTAB + TiO2 0.05 ± 0.02 1.24 ± 0.01 0.951

RhB DTAB + TiO2 0.04 ± 0.01 1.43 ± 0.03 0.968
DDAB + TiO2 0.015 ± 0.001 1.62 ± 0.06 0.980
HTAB 0.038 ± 0.001 1.36 ± 0.07 0.993
DDAB 0.026 ± 0.001 1.66 ± 0.08 0.997

35 ◦C
MB HTAB + TiO2 0.09 ± 0.01 1.02 ± 0.01 0.990

DTAB + TiO2 0.07 ± 0.02 1.00 ± 0.03 0.997
DDAB + TiO2 0.022 ± 0.001 1.44 ± 0.03 0.978
HTAB 0.054 ± 0.001 1.17 ± 0.05 0.993
DDAB 0.032 ± 0.002 2.07 ± 0.02 0.993
HTAB + TiO2 0.033 ± 0.001 0.72 ± 0.01 0.995

RhB DTAB + TiO2 0.019 ± 0.001 1.08 ± 0.02 0.996
DDAB + TiO2 0.006 ± 0.001 1.50 ± 0.05 0.958
HTAB 0.056 ± 0.003 1.65 ± 0.03 0.969
DDAB 0.05 ± 0.01 1.25 ± 0.06 0.988

45 ◦C
MB HTAB + TiO2 0.070 ± 0.005 1.01 ± 0.01 0.978

DTAB + TiO2 0.044 ± 0.001 0.70 ± 0.01 0.995
DDAB + TiO2 0.019 ± 0.002 1.38 ± 0.05 0.989
HTAB 0.052 ± 0.003 1.17 ± 0.01 0.992
DDAB 0.030 ± 0.005 2.89 ± 0.03 0.973
HTAB + TiO2 0.010 ± 0.001 0.69 ± 0.01 0.979

RhB DTAB + TiO2 0.010 ± 0.001 0.82 ± 0.01 0.993
DDAB + TiO2 0.0019 ± 0.0002 0.59 ± 0.01 0.961
HTAB 0.024 ± 0.004 1.69 ± 0.05 0.969
DDAB 0.048 ± 0.003 1.26 ± 0.01 0.988

Note. KF and n correspond to Eq. (5), and R2 is the square of the correlation
coefficient.

When large molecules (which also have peripheral dipoles
and polar groups) are adsorbed, the dispersion forces energy
is greater than the electrostatic interaction energy. As a conse-
quence, the adsorbed molecule presents a forced dipolar orien-
tation, since the molecule dipole axis is oriented at a certain
angle with respect to the adsorbent surface electrostatic field.

The Freundlich equation predicts that the adsorption will
increase monotonically with the increase of the solution dye
concentration.

The Freundlich parameters, Table 3, show that the adsorp-
tion conditions in almost all cases are favorable (n > 1), with
a higher adsorption capacity (KF) for the MB sorption. Tem-
perature changes altered dye adsorption. It can be seen that the
increase of temperature reduces the values of n and KF, so both
adsorption capacity and favorability diminish with the temper-
ature increment.

The adsorbent characteristics also play an important role in
the adsorption process, especially if there are significant differ-
ences in their specific surface areas and porosity. Table 3 shows
that the adsorption capacities for MB at 25 ◦C have the follow-
ing order: DTAB + TiO2 > HTAB + TiO2 > DDAB + TiO2.
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Fig. 6. Difference (�r = rLangmuir − rFreundlich) between the correlation coefficient of the Langmuir and Freundlich fittings to the experimental data for MB and
the different adsorbents as a function of the temperature.

Fig. 7. Difference (�r = rLangmuir − rFreundlich) between the correlation coefficients of the Langmuir and Freundlich fittings to the experimental data for RhB and
the different adsorbents as a function of the temperature.
When temperature increases to 35 ◦C the order changes: DTAB
+ TiO2 ≈ HTAB + TiO2 > DDAB + TiO2. At 45 ◦C the or-
der is HTAB + TiO2 > DTAB + TiO2 > DDAB + TiO2. With
the temperature augment, the adsorption is less favored and the
effect of the adsorbent specific surface becomes more evident,
so the adsorbent system HTAB + TiO2 with the greater spe-
cific surface area (272.38 m2/g) shows the higher adsorption
capacity.

For RhB adsorption the order at 25 and 35 ◦C, was DDAB +
TiO2 > DTAB + TiO2 > HTAB + TiO2, and at 45 ◦C it was
DTAB + TiO2 > HTAB + TiO2 ≈ HTAB + TiO2. In this
case the effect is different. Even though the HTAB + TiO2
adsorbent system has a greater specific surface area, its aver-
age pore diameter is smaller. Thus RhB is a reactive dye with
a large molecular size, so its adsorption is favored by high-
pore-diameter adsorbents, such as DTAB + TiO2 and DDAB +
TiO2.

3.2. Effect of temperature on the adsorption isotherm

From the adsorption isotherm data at different temperatures,
the enthalpy (�H 0 ), entropy (�S0 ) and free energy of ad-
ads ads
sorption (�G0
ads) can be calculated using the equations [27]

(6)lnKL = �S

R
− �H

RT
,

(7)�G = �H − T �S,

where KL is the Langmuir equilibrium constant, T is the solu-
tion temperature, and R is the gas constant. The (�H 0

ads) and
(�S0

ads) values were calculated from the slope and y-intercept
of the van ’t Hoff plots of lnK vs 1/T .

The results are presented in Table 4. As seen from this table,
the enthalpy of adsorption is relatively high, indicating that in-
teraction between sorbent and adsorbate molecules is not only
physical but chemical. There is a kind of chemical interaction
between the adsorbent structure and dye molecules. Similar re-
sults were observed for the adsorption of MB onto anatase,
which indicate a very strong interaction [28].

Such interactions depend on the type of surfaces and the
compound of interests.

Dyes molecules as an organic material can adsorb via sev-
eral different mechanisms because they can be either polar or
nonpolar in all or part of the compound and because they may
or may be not charged.
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Table 4
Thermodynamic parameters of dye adsorption on the different mesoporous adsorbents

Adsorbate Adsorbent
system

(�H 0
ads)

(kJ mol−1)

(�S0
ads)

(kJ mol−1)

R2 (�G0
ads) (kJ mol−1)

25 ◦C 35 ◦C 45 ◦C

MB HTAB + TiO2 −11.64 ± 2.04 −0.0287 ± 0.002 0.991 −3.08 ± 0.46 −2.80 ± 0.42 −2.51 ± 0.37
DTAB + TiO2 −56.78 ± 10.40 −0.175 ± 0.020 0.988 −4.63 ± 0.85 −2.88 ± 0.57 −1.13 ± 0.20
DDAB + TiO2 −21.89 ± 1.37 −0.065 ± 0.004 0.957 −2.52 ± 0.15 −1.87 ± 0.12 −1.22 ± 0.07

RhB HTAB + TiO2 −21.04 ± 7.17 −0.060 ± 0.014 0.948 −3.16 ± 0.79 −2.56 ± 0.64 −1.96 ± 0.49
DTAB + TiO2 −32.94 ± 5.14 −0.098 ± 0.013 0.956 −3.74 ± 0.56 −2.76 ± 0.41 −1.77 ± 0.26
DDAB + TiO2 −81.31 ± 10.75 −0.251 ± 0.030 0.998 −6.51 ± 0.86 −4.00 ± 0.60 −1.49 ± 0.22
The high adsorption enthalpy values are a result of num-
ber of chemical interactions involving electrostatic attraction,
covalent bonding, nonpolar interaction, water bridging, and
hydrogen-type bonding between the dye molecules and the ad-
sorbent structure and between adsorbed dye molecules [29].

Electrostatic interaction forces between dye molecules and
the adsorbent structure are clearly involved because the dyes’
molecules have a positive net charge and the adsorbent SiO–
TiO has a negatively charged surface (mainly due to oxygen or
hydroxyls).

In addition to electrostatic interaction, there is the possibil-
ity of H-bond and water-bridge formation between the amine,
carboxylate, and heterocyclic N or O groups in the adsorbate
organic structure and OH group which is present at the silica–
titania adsorbent surface. Hydroxyl groups are bonded to Si
atoms at the Si–O–Si framework and as a consequence of the
incomplete electronic Si d layer, the electronic density distribu-
tion in the OH groups presents a negative charge density highly
displaced throughout the O atom. So a dipole is formed with
the positive center located at the H atom.

Moreover, dye molecules which have highly periphery elec-
tronic displacements (peripheral dipoles, quadrupoles, and
π -electronic clouds) could form H-bonds with the adsorbent
surface.

The existence of H-bonds and water bridges between the ad-
sorbent and the adsorbate augments the total interaction energy,
leading to a high enthalpy of adsorption.

Furthermore, the presence of the TiO2 semiconducting par-
ticles in the silica adsorbent structure produced a manifestation
of specific electron donation interactions between the dye mole-
cules and the mesoporous material. These interactions often
give rise to other more specific and stronger ones with the pos-
sible formation of superficial chemically adsorbed complexes.

The formation of bonds between the metal atoms of the ad-
sorbent and the adsorbed molecules produces heat, providing
energy to loosen the bonds between the metal atom and its
neighbors. This allows it to move from its original position and
thus strengthens the chemical bond between the adsorbed mole-
cule and the metal [30].

Figs. 8 and 9 show a schematic representation of the possible
interaction between the two dye molecules and the adsorbent
structure.

A last contribution to the adsorption enthalpy would be due
to the adsorbate–adsorbate molecular attraction. The dipoles
and quadrupoles in dye structures can orientate and favored in-
teraction between the adsorbed molecules.
In general, for both dye molecules, the �H 0
ads values (Ta-

ble 4) are higher for the lamellar adsorbents. Due to the planar
structure of the dye molecules, they could intercalate between
the lamellar arrangements of the adsorbent material templated
with DTAB and DDAB. This fact leads to a best interaction be-
tween the adsorbent and the adsorbate, which is not possible
during the adsorption on the honeycomb-structured material.

The values of �H 0
ads are more negative for RhB than for

MB adsorption, probably due to the possibility of RhB forming
H-bonds with the adsorbent structure and with other adsorbed
molecules.

The adsorption process is exothermic and this fact explains
the diminution of adsorption capacity with the augment of T .

The positive adsorption entropy indicates a decrease of dis-
order. This fact may be related to the extent of hydration of
cationic dye molecules. The reorientation or restructuring of
water around dyes is very unfavorable in terms of entropy, be-
cause it disturbs the existing water structure and imposes a new
and more ordered structure at the solid–solution interface dur-
ing the dye adsorption [31].

Negative values of �S0
ads suggests that enthalpy is respon-

sible for making the �G0
ads negative, so that the adsorption

process is spontaneous though the enthalpy contribution is
much larger than that of the entropy.

To analyze the entropy values, a rough computation of the
entropy involved in the adsorption was made. The adsorption
was assumed as change transference of qe moles of the ad-
sorbate from the initial solution having a concentration C0

to a concentrated solution having qe moles of the adsorbate
in a volume equal to the surface of the adsorbent multiplied
by the height H or the adsorbate molecule. With a model of
the MB molecule, and supposing that the plane of the mole-
cule is perpendicular to the adsorbent surface and its longest
axis parallel to the same surface, H = 7.04 Å. We made
the computations for the HTAB + TiO2 system with an in-
termediate concentration C0 = 0.006 mol dm−3, with qe =
0.03481 mmol g−1. Computations gave the concentration at the
adsorbed monolayer Cads = 0.182 mol dm−3. Thus the change
in entropy because of the change of concentration was �Sads =
−R lnCads/C0 = −28.6 J/(K mol). Some computations with
other experimental data gave similar results. Note that this is
the more conservative supposition, because if the MB molecule
is assumed to have its plane parallel to the adsorbent surface,
then the width of the monolayer is about 2.9 Å and �Sads =
−35.7 J/(K mol). This means that the very small experimen-



P.V. Messina, P.C. Schulz / Journal of Colloid and Interface Science 299 (2006) 305–320 315
Fig. 8. Schematic representation of (A) MB and (B) RhB interaction with the surface of a lamellar adsorbent. Gray circles correspond to Si, white circles to O, and
black circles to Ti. The black continuous arrow symbolizes electrostatic interaction and the noncontinuous arrow indicates H-bond.

Fig. 9. Schematic representation of (A) MB and (B) RhB interaction with the surface of a honeycomb adsorbent. Symbols are the same as in Fig. 8.
tal entropies of adsorption indicate that the dye adsorption is
probably accompanied by a dehydration that liberates water
molecules, thus increasing the overall entropy change and com-
pensating for the loss of freedom caused by the dye adsorption.

To compute the area occupied by a dye molecule (amolec)

with its plane parallel to the adsorbent surface, a scale model
of each dye molecule was made. The area occupied by a MB
molecule was calculated to be about 61.5 Å2 and that of a RhB
molecule to be about 144.3 Å2. The effective area per molecule
for each dye/adsorbent combination and at the three temper-
atures employed was computed at the maximum coverage of
adsorbent

(8)amolec = madsorbentABET/qmonNA,

where NA is the Avogadro constant. Results for MB are plot-
ted for each adsorbent as a function of temperature in Figs. 10
and 11 for RhB. For comparison, the area per molecule esti-
mated from the dyes structure is also represented in the figures.
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Fig. 10. Area per adsorbed MB molecule on the different adsorbents as a function of temperature.

Fig. 11. Area per adsorbed RhB molecule on the different adsorbents as a function of temperature.
Fig. 10 shows the diverse behavior of MB in the different ad-
sorbents. HTAB-templated adsorbent seems not to modify the
adsorption with temperature. The monolayer is not compact.
This may be caused by the heterogeneity of the surface, formed
by negatively charged and uncharged groups. Another explana-
tion may rely on the small size of some pores. From Table 1,
the average pore diameter of the HTAB-templated mesoporous
material is 4.55 Å, whereas the smaller dimension of the MB
molecule is H = 7.04 Å. So a large proportion of the BET sur-
face area may be unattainable for the MB molecules and the
situation may be that the external surface is completely covered
by dye molecules while the cylindrical pores remain free of MB
molecules. The experimental amolec values are compatible with
MB molecules being situated with their planes parallel to the
adsorbent surface. The same situation is compatible with the
amolec values for the system DDAB + TiO2 at all temperatures,
and the other systems at 35 and 45 ◦C. However, at 25 ◦C some
systems show amolec values that are incompatible with the MB
molecules packing image at the monolayer. These systems have
larger pores than the HTAB-templated ones. Moreover, in the
DDAB, DDAB + TiO2, and DTAB + TiO2 systems, the pores
are slit-shaped. In these systems, the MB molecules may be sit-
uated with their planes perpendicular to the adsorbent surface.
This situation may not be more energetically convenient and
the increase of temperature may cause a partial desorption rest-
ing at the interface with only the most energetically anchored
molecules.

Fig. 11 shows the amolec results for RhB. Except for the
DDAB-templated system, all the adsorbents show a noncom-
pact monolayer compatible with the molecule resting with
its plane parallel to the adsorbent surface. The DDAB sys-
tem is lamellar and the RhB molecules may be situated sand-
wiched between the silica lamellae with their plane perpen-
dicular to the adsorbent surface. It also must be remembered
that the RhB molecules are bigger than MB ones. The small-
est axis of the molecule in the plane is H = 15.3 Å, which
is larger than all the measured pore diameters. So these sys-
tems may have the external surface completely covered by
dye molecules while their pores remain free of dye mole-
cules.
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(A) (B)

Fig. 12. Variation of qe vs time for (A) MB and (B) RhB adsorption at 25 ◦C. Silica–titania composed adsorbent materials templated with (a) DTAB, (2) HTAB,
and (!) DDAB.
3.3. Adsorption kinetic

Fig. 12 shows the influence of contact time on dye removal
by the three adsorbent systems at 25 ◦C; similar plots were ob-
tained for 35 and 45 ◦C. Three consecutive mass transport steps
are associated with the adsorption of solute from solution by
porous adsorbent [32]. First, the adsorbate migrated thought
the solution to the external surface of the adsorbent particles
by molecular diffusion, i.e., film diffusion, followed by solute
movement from the particles surface into internal sites by pore
diffusion and finally the adsorbate is adsorbed onto active sites
at the interior of the adsorbent particles. This phenomenon takes
relatively long contact time.

The kinetic adsorption data were processed to understand the
dynamics of the adsorption process in terms of the order, n, and
of the rate constant, k, according to the equation

(9)v = dqe

dt
= −kqn

e ,

(10)logv = logk − n logq,

where v is the rate of adsorption and qe the adsorption capacity.
The logarithmic variation of v vs logqe was shown for the

MB adsorption in Fig. 13, n and k were calculated from the
slope and y-intercept of the graph. Similar results were ob-
tained for RhB adsorption.

According to the obtained values of n, Table 5, kinetic data
were treated with the pseudo-first-order kinetic model [33]

(11)
dqt

dt
= k1(qe − qt ),

where qe and qt refer to the amount of dye adsorbed (mmol/g)
at equilibrium and at any time t (min), respectively, and k1
is the equilibrium rate constant of pseudo-first-order sorption
(min−1). Integrating Eq. (11) for the boundary conditions t = 0
to t and qt = 0 to qt gives

(12)log
qw = k1

t,

qe − qt 2.303
Fig. 13. Variation of the MB adsorption rate at 25 ◦C. Silica–titania adsorbent
materials templated with (a) DTAB, (2) HTAB, and (!) DDAB. Similar re-
sults were obtained for the RhB adsorption.

which is the integrated law for a pseudo-first-order reaction.
Equation (12) can be rearranged to obtain a linear form:

(13)log(qe − qt ) = logqe − k1

2.303
t,

Values of the rate constant, k1, equilibrium adsorption capac-
ity, qe, and correlation coefficient, r2

1 , were calculated from the
plots of log(qe − qt) vs t , Fig. 14, for both dye solution sam-
ples and summarized in Table 6. The adsorption kinetic is not
significantly affected by the variation of T .

The correlation coefficients for MB and RhB adsorption on
the three adsorbent systems are found to be higher than 0.98
and the calculated equilibrium adsorption capacities are agreed
with experimental values.

The obtained k1 values for MB adsorption indicates that the
adsorption rate increases as the adsorbent surface area aug-
ments (HTAB > DTAB > DDAB templated materials).
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Table 5
Kinetic adsorption parameters obtained using Eq. (11)

Adsorbate Adsorbent
system

n k1

(min−1)

R2

T = 25 ◦C
MB HTAB + TiO2 1.33 ± 0.18 0.016 ± 0.001 0.984

DTAB + TiO2 0.91 ± 0.24 0.0072 ± 0.0010 0.996
DDAB + TiO2 1.26 ± 0.19 0.006 ± 0.002 0.986

T = 35 ◦C
HTAB + TiO2 1.23 ± 0.16 0.012 ± 0.001 0.994
DTAB + TiO2 1.11 ± 0.22 0.0070 ± 0.0010 0.986
DDAB + TiO2 1.16 ± 0.10 0.0051 ± 0.0021 0.989

T = 45 ◦C
HTAB + TiO2 1.32 ± 0.15 0.010 ± 0.001 0.994
DTAB + TiO2 0.97 ± 0.21 0.0068 ± 0.0010 0.996
DDAB + TiO2 0.96 ± 0.16 0.0062 ± 0.0012 0.996

T = 25 ◦C
RhB HTAB + TiO2 0.64 ± 0.02 0.0288 ± 0.003 0.998

DTAB + TiO2 1.32 ± 0.24 0.0127 ± 0.002 0.969
DDAB + TiO2 0.95 ± 0.15 0.0095 ± 0.0010 0.982

T = 35 ◦C
HTAB + TiO2 0.74 ± 0.01 0.020 ± 0.002 0.981
DTAB + TiO2 1.12 ± 0.24 0.016 ± 0.001 0.986
DDAB + TiO2 0.90 ± 0.11 0.010 ± 0.001 0.983

T = 45 ◦C
HTAB + TiO2 0.94 ± 0.02 0.0235 ± 0.003 0.981
DTAB + TiO2 1.02 ± 0.24 0.0157 ± 0.0001 0.988
DDAB + TiO2 0.95 ± 0.25 0.0095 ± 0.0004 0.987

For RhB adsorption process, the k1 values are bigger than
the obtained for MB. This fact is probably due to the possibility
of H-bond formation between RhB molecules and the adsorbent
surface. Furthermore, being RhB a big molecule its adsorption
is limited by it size, so the effect of the adsorbent surface area
is in this case not very evident.

Kinetic data were further treated with a pseudo-second-order
kinetic model [33,34]. The obtained results, not shown, indi-
cated that this model does not agree with experimental values.

4. Summary

The sorption of two basic reactive dyes, methylene blue
(MB) and rhodamine B (RhB), from aqueous solution onto
three different mesoporous adsorbent systems containing TiO2
particles was studied in this work.

The variation of adsorption capacity (qe), Eq. (2), indicated
a great dependence of the adsorption mechanisms on the ad-
sorbent structure, the dyes’ molecular configuration, and the
temperature conditions.

In general, for all systems (dye + adsorbent), there was a
diminution of the adsorption capacity, qe, with the augment of
temperature. The effect was higher for the adsorption on the
DTAB templated material.

It was clear that the adsorption of MB in all the proved ad-
sorbent systems was higher than that of RhB. The effect may be
due to the larger molecular size of RhB than MB, which may
render unattainable the pore interior of adsorbents for the dye
molecules. So, in many cases, the external surface may be cov-
ered with dye molecules, whereas the pores may remain free of
adsorbate.
(A)

(B)

Fig. 14. Kinetic first-order model representation of (A) MB and (B) RhB ad-
sorption at 25 ◦C. Silica–titania adsorbent materials templated with (a) DTAB,
(2) HTAB, and (!) DDAB.

To determine the mechanism of dye adsorption and evaluate
the effect of temperature on adsorption capacity, the experi-
mental data were treated with the Langmuir and Freundlich
isotherm equations. The analysis of the obtained parameters
and correlation coefficients for both models showed that the ad-
sorption of the two reactive dyes (MB and RhB) on the three
proved silica–titania adsorbent systems at the three work tem-
peratures was best fitted by the employment of the Langmuir
model. The Freundlich parameters showed that in general the
adsorption conditions were favorable (n > 1), with a higher ad-
sorption capacity (KF) for the MB sorption.

The change of temperature affected dye adsorption. The in-
crease of temperature reduced the values the n and KF, so ad-
sorption capacity and favorability diminished. In the particular
case of RhB adsorption, the augmentation of T leads to unfa-
vorable adsorption with n < 1, Table 3.

The temperature effect was also used to calculate the en-
thalpy, entropy, and free energy of adsorption. The analysis of
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Table 6
Kinetic adsorption parameters obtained using Eq. (10)

Adsorbate Adsorbent
system

Order qe
(mmol/g)

qe
*

(mmol/g)
k1

(min−1)

R2

T = 25 ◦C
MB HTAB + TiO2 1 0.17 0.140 ± 0.002 0.011 ± 0.001 0.986

DTAB + TiO2 1 0.30 0.210 ± 0.010 0.0068 ± 0.0030 0.985
DDAB + TiO2 1 0.041 0.046 ± 0.001 0.0039 ± 0.0010 0.997

T = 35 ◦C
HTAB + TiO2 1 0.174 0.151 ± 0.004 0.0108 ± 0.002 0.982
DTAB + TiO2 1 0.14 0.200 ± 0.009 0.007 ± 0.001 0.985
DDAB + TiO2 1 0.045 0.045 ± 0.001 0.0041 ± 0.0001 0.991

T = 45 ◦C
HTAB + TiO2 1 0.18 0.17 ± 0.04 0.0105 ± 0.001 0.981
DTAB + TiO2 1 0.136 0.16 ± 0.01 0.0066 ± 0.001 0.992
DDAB + TiO2 1 0.054 0.047 ± 0.003 0.0039 ± 0.0004 0.985

T = 25 ◦C
RhB HTAB + TiO2 1 0.088 0.030 ± 0.002 0.014 ± 0.001 0.989

DTAB + TiO2 1 0.047 0.041 ± 0.001 0.0157 ± 0.002 0.983
DDAB + TiO2 1 0.024 0.014 ± 0.002 0.0095 ± 0.0010 0.982

T = 35 ◦C
HTAB + TiO2 1 0.13 0.14 ± 0.005 0.012 ± 0.002 0.981
DTAB + TiO2 1 0.035 0.040 ± 0.001 0.016 ± 0.001 0.986
DDAB + TiO2 1 0.029 0.016 ± 0.003 0.010 ± 0.001 0.983

T = 45 ◦C
HTAB + TiO2 1 0.089 0.029 ± 0.004 0.0135 ± 0.003 0.981
DTAB + TiO2 1 0.034 0.038 ± 0.001 0.0157 ± 0.0001 0.988
DDAB + TiO2 1 0.026 0.014 ± 0.004 0.0095 ± 0.0004 0.987

* Calculated from kinetic data.
these thermodynamic parameters suggested that the adsorption
is mainly chemical because of the high adsorption enthalpy, and
that it is accompanied by strong dehydration of the adsorbate
because of the low negative value of the adsorption entropy.

The kinetics of adsorption was also studied and the results
followed a first-order model. The obtained k1 values for MB
adsorption indicated that the adsorption rate increased as the
adsorbent surface area augmented (HTAB > DTAB > DDAB-
templated materials).

For RhB adsorption process, the k1 values were higher than
those obtained for MB. This fact was probably due to the pos-
sibility of H-bond formation. Furthermore, RhB being a big
molecule, its adsorption was limited by its size to the external
surfaces of the adsorbent, so the effect of the adsorbent surface
area was in this case not very evident.

The adsorption kinetic was not significantly affected by the
variation of T .
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