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a b s t r a c t

The three-parameter Sips adsorption model was successfully employed to modeled equilibrium adsorp-
tion data of a yellow and a red dye onto a mesoporous aminopropyl-silica, in the presence of the surfactant
sodium dodecylbenzenesulfonate (DBS) from 25 to 55 ◦C. The results were evaluated in relation to the
previously reported surface tension measurements. The presence of curvatures of the vanı̌t Hoff plots
suggested the presence of non-zero heat capacities terms (�adsCp). For the yellow dye, it is observed that
the values of �adsH are almost all positive and they decrease in endothermicity, in the absence and in the
presence of DBS, from 25 to 55 ◦C. For the red dye, there is an increase in endothermicity in relation to the
temperature increase. The negative �adsG values indicate spontaneous adsorption processes. Almost all
adsorption entropy values (�adsS) were positive. This suggests that entropy is a driving force of adsorp-
tion. The adsorption thermodynamic parameters were also evaluated using a new 23 full factorial design
Chemometrics analysis. The multivariate polynomial modelings indicated that the thermodynamic parameters are also
affected by important interactive effects of the experimental factors and not by the temperature changes
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. Introduction

The treatment of wastewater has long been a major concern in
he environmental field. The total dyes consumption of the textile
ndustry worldwide is in excess of 107 kg per year, and approxi-

ately one million kilograms per year of dyes are discharged into
ater streams by the textile industry [1]. Unless properly treated,

he dyes present in wastewaters can affect photosynthesis activ-
ty due to reduced light penetration and may also be toxic to
ertain forms of aquatic life [2]. The chemical structure of dyes
aries enormously, and some have complicated aromatic struc-
ures that resist degradation in conventional wastewater treatment
rocess because of their stability to sunlight, oxidizing agents and
icroorganism [1,2]. Methods for removing dyes from wastewaters
sing the adsorption technique provide effective and economical
emovals [1–3].

Adsorption techniques have found many practical applications
or separation and purification of gaseous and liquid mixtures.
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any micro–mesoporous, crystalline, and amorphous families of
dsorbents, such as zeolites, activated carbons, silica and alumina
els, ion-exchange resins, and polymeric sorbents, with a wide
pectrum of surface chemistry and pore structure, have been used
o carry out the desired separations [4–6]. In the design of improved
dsorbents for specific substances, surface modification is very
elpful for the improvement of the adsorption capacity and selec-
ivity of the adsorbents by taking advantage of specific interactions
etween the adsorbents and the adsorbates [7].

Silica gel is a mesoporous adsorbent of particular interest due to
ts stability, possible reuse, and relative rapidity in reaching equilib-
ium, high mechanical resistance, and high surface area. Its relative
igh surface area allows the binding of a large number of surface
roups, and the large pore channels allow a selective adsorption
f specific adsorbates [7,8]. Silica surfaces modified with specific
hemical functional groups are capable of selective interactions
ith various chemical compounds in solution [8]. Applications of

odified silicas are found, for example, in HPLC retention of poly-

romatic-hydrocarbons [9], immobilization of electrochemically
ctive Ru complexes [10] and catalytic applications for flavanone
yntheses [11]. The mesoporous silica with terminal amino groups
nd the aminopropyl-silica synthesized by using the emulsion

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cestari@ufs.br
dx.doi.org/10.1016/j.jhazmat.2008.03.091
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oute technique have also been used as coupling agent in pigment
r organic dye systems [12,13–15].

When a surfactant is present in aqueous solution, attractive
orces between dye/surfactant result in the formation of micellar
pecies of different sizes and stabilities. The micellar species create
counterbalancing mechanism against dye-fibre attractive forces,

nd control the adsorption of the dye on the fibre [1–4]. So, the
trength and stability of dye–surfactant interactions are of great
mportance for dyeing processes [16].

After the dyeing process, surfactants are released into wastew-
ters in high amounts. The adsorption of dyes onto solid sorbents
s influenced dramatically by the presence of surfactants. However,
lmost nothing is known about the adsorption behavior of dyes at
he solid/solution interface in the presence of surfactants.

In this work, a three-parameter equilibrium adsorption model
the Sips model – was used to evaluate the interactions of two

elected anionic dyes with a mesoporous aminopropylsilane-silica
n aqueous medium. The influence of temperature and the pres-
nce of the anionic surfactant sodium dodecylbenzenesulfonate
DBS) on the adsorption thermodynamic parameters, using a 23

ull multivariate analysis were also presented and discussed.

. Materials and methods

.1. Materials

Silica gel 60 (Merck), for column chromatography, presenting
article size and average pore size of 60–230 mesh and 60 Å, respec-
ively, was used in the present work. Before use, it was heated
t 150 ◦C for 12 h on a vacuum line. All chemicals used were
eagent grade. The silylating agent 3-(trimethoxysilyl)propylamine,
9% pure (hereafter called APTS for simplicity), from Aldrich, and
odium dodecylbenzenesulfonate, 97% pure (hereafter called DBS
or simplicity), from Sigma, were used without purification.

The dyes, commercially available as Reactive Yellow GR (here-
fter called yellow dye) and Reactive Red RB (hereafter called red
ye) were gifts from Santista Textile Industries (Sergipe/Brazil), and
ere from the Dystar Dyes Company. Fig. 1 shows the chemical

tructures of the dyes. The purity of both dyes is 55%, due to the
resence of inert materials in the commercial samples of the dyes.
.2. Synthesis and characterization of the aminated-silica

The synthesis of the aminopropyl-silica followed the procedure
escribed elsewhere [17]. Briefly, about 50 g of activated silica was

ig. 1. Chemical structures of the reactive dyes yellow dye (A, above), and red dye
B, below).
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mmersed in 200 mL of dry xylene and 20 mL of APTS was added.
he suspension was mechanically stirred under solvent reflux for
8 h. The resulting alkoxysilane-modified silica gel (hereafter called
s Sil-NH2 for simplicity), was filtered, washed with xylene, ethanol
nd ethylic ether, and conditioned in a dark air-free flask, in order to
revent interactions between the immobilized amino groups and
tmospheric CO2 [18].

The thermogravimetric analyses (TG) were made using about
0 mg of the unmodified silica and Sil-NH2, in separated runs, under
ynthetic-air atmosphere at 10 ◦C min−1, from 25 to 1000 ◦C, in a
DT 2960 thermoanalyzer, from TA Instruments.

The amount of nitrogen of the Sil-NH2 was made by the Kjeld-
al method and checked by TG [16]. The surface areas of the silicas
ere determined in a FlowSorb 2300 surface area analyser from
icromeritics Instruments, using the BET N2 adsorption method-

logy [19,20].

.3. Equilibrium adsorption of anionic dyes on the
minopropyl-silica

Acetic acid/sodium acetate buffered solutions at pH 4.0 were
sed as solvent, because the adsorption of anionic dyes is max-

mized at this pH value [21]. In addition, the silica-attached
minopropyl molecule can be affected, even removed from the sil-
ca surface, when very acidic solutions (pH less than 3.5) are used
21]. The adsorption experiments were performed by batch pro-
edures, from 25 to 55 ± 0.1 ◦C, using dyes aqueous solutions from
0.0 to 800 mg L−1. In each adsorption experiment, 50 mL of the dye
olution was added to 100 mg of the Sil-NH2 in a 150 mL polyethy-
ene flask, and stirred continuously at a determined temperature.
he shaking time of 200 min was established earlier as sufficient for
he establishment of all adsorption equilibria [17]. At equilibrium
imes samples were taken and the dye concentration was deter-

ined spectrophotometrically at 430 and 530 nm, for the yellow
nd red dye, respectively.

In order to evaluate the role of the DBS surfactant, the adsorp-
ion experiments were also carried-out with the presence of the
BS surfactant, using the proportions dye/DBS of 1:1, in mg L−1.
his proportion was chosen in order to check possible adsorption
ompetitions of the dyes and the DBS for the adsorption sites of
he Sil-NH2. The maximum absorbances of the dyes solutions were
hecked for each solution with a specific DBS concentration.

The adsorbed dye quantities were calculated using the expres-
ion [17]:

e = (Ci − Ceq)V
m

(1)

here Qe is the fixed quantity of dye per gram of Sil-NH2 at equi-
ibrium in mg g−1, Ci is the initial concentration of dye in mg L−1,
eq is the concentration of dye present at equilibrium in mg L−1, V

s the volume of the solution in L and m is the mass of Sil-NH2 in g.
The equilibrium non-linear modeling of the adsorption data,

s well as the multivariate calculations (t-tests, F-tests, analysis of
ariance (ANOVA), multiple regressions and Pareto charts) was per-
ormed using the software packages ORIGIN® and Statistica®, both
elease 7.0.

. Results and discussion

.1. Preliminary considerations
The dyes and DBS micellar species interactions on the Sil-NH2
urface are principally electrostatic in nature [22].

The TG curves of the unmodified and Sil-NH2 silicas are shown
n Fig. 2. The first mass losses steps, from about 25 to 120 ◦C, are
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Fig. 2. TG curves of unmodified and Sil-NH2 silicas.

ue to the loss of physically adsorbed water on the surfaces [23].
he second mass losses steps, from 120 to about 980 ◦C, are due to
he loss of immobilized aminopropyl groups for the Sil-NH2. The
uantities of mass losses (second stages) are 3.35% and 11.67%, for
he unmodified and Sil-NH2 silicas, respectively. However, since the
ilica silanization reaction use about 50% of the total content of the
ilanol groups of the silica [18], the second mass loss stage for Sil-
H2 is also attributed to the loss of water from the condensation
f the residual unreacted silanol groups [18]. From the TG quan-
itative analysis methodology [18] of the second stage mass loss
quantity of 5.00% (28.5 mg of N g−1 of Sil-NH2) of amine groups

error analysis of ±0.15%) was found. The Kjeldhal analysis of the
il-NH2 showed the presence of 30.0 mg of N g−1 of Sil-NH2.

The Kjeldhal analysis of the Sil-NH2 showed the presence of
0.0 mg of N g−1 of Sil-NH2. The surface area analyses were 300
nd 190 m2 g−1 of material, for the unmodified silica and Sil-NH2,
espectively. The decrease of the surface areas reflects the occupa-
ion of small pores of the silica by the APTS molecules [18,19].

Surfactants are used very often to modify the surface properties
f various materials, such as their surface charge or hydrophobic-
ty/hydrophilicity. In this way, the sorption of various substances
typically organic compounds) can be supported (coadsorption), or
ven the sorption of normally non-retained species may be enabled
adsolubilization) [16,22]. However, a prediction of the effects of
urfactants on sorption is not easy, as several simultaneous and
ompetitive mechanisms may be operating during the sorption
rocess. In general, at low DBS concentrations, the dye sorption

ncreased with increasing surfactant concentration. At high DBS
oncentrations, on the other hand, the dye sorption was suppressed
teeply as a result of the complete micelle formation and dye solu-
ilization [16,22]. The schema of Fig. 3 represents a general view of
he possible interactions that occur with the Sil-NH2 and the dyes
n the presence of DBS. The interactions of the dyes with the Sil-NH2
re represented by the “free dyes” in solution and by the dyes/DBS
ggregates, according to references [17].

The critical aggregation concentration (cac) values for each
ye/DBS system were presented and discussed earlier [17]. Briefly,

t is observed that the cac values of the yellow dye increase from
5 to 45 ◦C (from 41.37 to 50.32 mg L−1) and decrease from 45 to
5 ◦C (from 50.32 to 38.72 mg L−1). This behavior has been related
o difficulties of the dye/surfactant interactions at low tempera-
ures due to the relative high hydrophilic/hydrophobic ratio for

lanar molecules, such as the yellow dye. So, the dye/surfactant
ydrophobic interactions do not occur at higher magnitudes. At
igh temperatures, the relative dehydration of the hydrophobic
arts of the yellow dye carbonic chains enables easier yellow
ye/DBS interactions [17]. On the other hand, the cac results for

t
r
t
f
a

ig. 3. Schematic representation of the interactions of the dyes with the Sil-NH2
ilica in the presence of an anionic surfactant.

he red dye/DBS aggregates decrease (from 124.52 to 88.50 mg L−1)
ith the temperature increasing. The higher cac results, in relation

o the yellow dye, seem to be related to the more ramified chemical
tructure of the red dye, which do not allow the formation of the
ye/DBS hydrophobic interactions cited above in a high extension.

The cac of the DBS was 95.50 mg L−1. This value did not show
lterations in relation to the temperature increasing. The differ-
nces of the cac values of the dyes-DBS aggregates have been related
o the different interactions of the hydrophobic microdomains of
he dyes with the surfactant micelles [17]. In the present study,
he hydrophobic interactions of the aggregates yellow dye/DBS
eem to be higher than the red dye/DBS due to, probably, the rel-
tive small chemical structure of the yellow dye [17]. The lower
ffinity suggested for the red dye/DBS aggregates may also due to
egative charge–charge repulsions of the sulfonate groups of the
ed dye chemical structure. On the other hand, the differences of
he cac values may also be due to a combination of interactions
n the hydrophobic region of the mixed micelles and the polar

icelle–water interface [17].

.2. Adsorption of the anionic dyes on Sil-NH2

We have used the yellow and the red dye because their chem-
cal structures present significant differences to each other. The
ellow dye presents a planar structure and the red dye presents
more ramified chemical structure. This criterion has been used

n our adsorption studies. The results have been shown that the
ifferences cited in the chemical structures of the dyes have been
rovided significant differences in the amounts adsorbed, as well
s in the kinetic and thermodynamic parameters [17,18].

The adsorption data were tentatively adjusted to the three-
arameter Sips adsorption model, shown in Eq. (2). In this model, it

ncorporates the features of the classical Langmuir and Freundlich
dsorption models [24]:

e = qmb(Ceq)1/nS

1 + b(Ceq)1/nS
(2)

here Ceq is the final concentration (mg/L) in the supernatant
t equilibrium for each initial concentration, qm is the maximum
dsorption capacity at a given temperature, b is a constant related

o the energy of the adsorption, and 1/nS is the Sips parameter
elated to the intensity of the adsorption. The Sips isotherm con-
ains three parameters adjustable (qm, b and 1/nS) and these were
ound from non-linear procedures. The Sips adsorption parameters
re presented in Table 1.
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Table 1
The Sips adsorption parameters of the interaction for the yellow and red dyes in the absence and in the presence of the anionic surfactant DBS

Dye T (◦C) In the absence of DBS In the presence of DBS

qm (mg g−1) b/10−3(L mg−1)
1/nS 1/nS qm (mg g−1) b/10−3(L mg−1)

1/nS 1/nS

Yellow 25 21.1 9.60 2.25 92.9 7.20 1.11
35 22.8 108 1.15 81.6 1.60 1.95
45 26.9 93.0 1.00 69.6 0.60 2.58
55 30.5 100 1.06 64.3 0.98 2.57
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ed 25 11.1 0.23
35 14.0 9.70
45 11.8 100
55 11.9 155

In order to quantitatively compare the applicability of the Sips
odel, Table 1 shows normalized standard deviations (�Qe), which

re obtained as follows [17]:

Qe(%) = 100
N

∑∣∣∣∣
Qe,exp − Qe,calc

Qe,exp

∣∣∣∣ (3)

here Qe,calc are the calculated adsorption values from the Sips
dsorption model and N is the number of experimental points on a
iven adsorption curve.

It is observed that the Sips isotherms have good fits (in general,
Qe ≤ 10%) for the interactions of both dyes in the absence and in
he presence of DBS at various temperatures.
The adsorption plots are shown in Figs. 4 and 5. In the absence

f DBS, it is observed that the adsorption of both dyes increases
ith the increase in temperature from 25 to 55 ◦C. However, the

uantitative adsorption plot profiles present different aspects in

ig. 4. Adsorption profile of the yellow dye in the absence (upper part) and in the
resence (lower part) of the surfactant DBS at different temperatures. Experimental
ata are reported as points and the calculated data from the Sips model parameters
s curves.

b
t
t
b

F
p
d
a

2.02 37.8 51.0 3.00
1.14 54.5 39.0 2.70
1.00 62.4 79.0 1.90
1.00 60.8 192 1.98

elation to the type of dye. For the yellow dye adsorption, its rela-
ively smaller and planar chemical structure seems to contribute to
ts diffusion into the large-size pores of Sil-NH2. On the other hand,
he quantitative interaction of the red dye is lower than that of yel-
ow dye. So, the adsorption of the red dye, which presents both a
elatively larger size and asymmetric chemical structure, occurs, in
eneral, with the adsorption sites on the surface of the Sil-NH2. The
ole of the presence of DBS in solution in the quantitative adsorption
f the dyes was discussed previously [17].

Adsorption at the solid/solution interface is expected to take
lace both on the external and on the internal surface. In case of
dsorption at the external surface, the adsorption rate is controlled

y the diffusion of the surfactant species from the bulk solution
owards the external surface of the solid. The adsorption of surfac-
ant species (monomers and/or micelles) into the internal adsor-
ent surface is also controlled by internal diffusional processes.

ig. 5. Adsorption profile of the red dye in the absence (upper part) and in the
resence (lower part) of the surfactant DBS at different temperatures. Experimental
ata are reported as points and the calculated data from the Sips model parameters
s curves.
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hose latter diffusion processes depend on the pore size of the
dsorbent through which the surfactant molecules (in the complete
icelle form, above both the cmc of the surfactant and the cac of the

ye-surfactant aggregates) move to the internal adsorption sites.
In the presence of DBS, the adsorption values for the yellow

ye decrease and for the red dye increase within the tempera-
ure range from 25 to 55 ◦C. These results reflect the differences
f the dye–DBS aggregates. As shown earlier from the cac values of
he dye–DBS aggregates, the interaction yellow dye–DBS is greater
han the interaction red dye–DBS. So, the yellow dye–DBS micel-
ar structures seem to adsorb, in general, using the adsorption sites
f the Sil-NH2 surface. Thus, a temperature increase reduces the
dsorption values for the yellow dye, due to the weakness of the
lectrostatic interactions as the temperature increases. The tem-
erature adsorption profiles of the red dye in the presence of DBS
re similar to those in absence of the surfactant. However, the addi-
ional solubilization of this dye in the presence of DBS also seems
o contribute to increase its adsorption amounts as the adsorption
emperature increases.

.3. Thermodynamics of adsorption of the reactive dyes on
il-NH2

The equilibrium constants (K) were calculated as recommended
y Limousin et al. [21] using Eq. (7), in relation to the general chem-
cal equilibrium as follows [21]:

il-NH2(s) + dye(eq)(aq) � Sil-NH2/dye(s)

= (Sil-NH2/dye)
(Sil-NH2)(dye)

(4)

= �

(1 − �)
1

Ceq
(5)

here � is the fraction of adsorption sites that are occupied by
dsorbate (free dye and/or dye/DBS aggregates), and (1 − �) is the
raction of unoccupied adsorption sites. Ceq is the equilibrium con-
entration (mol L−1) of dye in solution.

For a given isotherm, the fraction of adsorption sites is defined
s � = Qe/Q max

e , where Q max
e is the maximum adsorption capacity.

hus, the equilibrium constants can now be expressed as:

= Qe/Q max
e

1 − (Qe/Q max
e )

1
Ceq

(6)

r equivalently:

= Qe

Q max
e − Qe

1
Ceq

(7)

The values of K were found as average values of the first ten
oints of each isotherm, due to the high dispersion of K values
S.D. more than 20%) when the last four points of the isotherms
ere used. In the presence of DBS, the average K values were cal-

ulated after the cac values for each dye/DBS aggregates, where the
resence of DBS monomers is supposed to be negligible [16,17,22].

The thermodynamic parameters, namely the enthalpy of
dsorption (�adsH), the Gibbs free energy of adsorption (�adsG)
nd the entropy of adsorption (�adsS) were calculated as shown in
qs. (8)–(10) [17]

∂(ln K) � H
∂(1/T)
= − ads

R
(8)

adsG = −RT ln K (9)

adsG = �adsH − T�adsS (10)

m
p
m
t
D

ig. 6. The vanı̌t Hoff plots of the interactions of the dyes with Sil-NH2 in the absence
nd in the presence of the surfactant DBS.

is the solution temperature (Kelvin) and R is the gas constant
8.314 J K−1 mol−1).

The enthalpies of the dye-Sil-NH2 adsorption (�adsH) are found
rom the van’t Hoff plots: ln K × 1/T (Fig. 6). The use of the van’t Hoff
lots is an indirect, but accurate methodology to calculate ther-
odynamical adsorption parameters at solid/solution interfaces,

s showed earlier using comparative data from direct isothermal
itration calorimetry [25,26]. In general, adsorption enthalpies are
ssumed to be invariable in relation to temperature. However, diffi-
ulties arise from this assumption, which is often not the case [23].
aking into account the curvatures of the van’t Hoff plots suggested
n Fig. 6, a second-order polynomial regression analysis of the van,t
off plots was used. The general equation of this type of analysis

s: ln K = A + B (1/T) + C (1/T)2, where A, B and C are the regression
oefficients. The −(�adsH/R) values were found from derivation of
ach individual regression functions. It was found that the poly-
omial regression produced better fits (r2 values from 0.990 to
.999) in relation to the traditional van’t Hoff plots linear regres-
ions (less than 0.900). Thus, the curvatures indicate temperature
ependences of �adsH, characterized by non-zero �adsCp terms,
sed to describe the change in heat capacity. The �adsCp values
ere calculated, in a simplified manner, as follows [26]:

adsCp = �adsHT2 − �adsHT1

(T2 − T1)
(where T2 > T1) (11)

The thermodynamic parameters are shown in Table 2. The
ariation of the thermodynamic parameters with the adsorption
emperatures is shown in Figs. 7–9. For the yellow dye, it is observed
hat the values of �adsH are almost all positive and they decrease
n endothermicity, in the absence and in the presence of DBS, at
he temperatures 25 and 55 ◦C. For the red dye, the opposite sit-
ation for �adsH behavior is observed, i.e., there is an increase in
ndothermicity in relation to the temperature increase. One pos-
ible explanation of the general tendency for the �adsH values is
he well-known fact that dyes and silicate surfaces are both well
olvated in water. In order for the dyes to be adsorbed, they have to
ose part of their hydration shell. The dehydration processes of the
yes and the adsorbent surface require energy. So, in general, the
ehydration processes supersede the exothermicity of the adsorp-
ion processes. In summary, we may say that the removal of water
rom the dyes and the Sil-NH2 surface is essentially an endother-
ic process and it appears that endothermicity of the desolvation
rocesses, in most cases in this study, exceeds that of the exother-
icity provided by the heat of adsorption. The values and analysis of

he previously reported adsorption energy parameter (E), from the
ubinin–Radushkevick equation, seem to confirm the general ion-



312 A.R. Cestari et al. / Journal of Hazardous Materials 161 (2009) 307–316

Ta
b

le
2

Th
er

m
od

yn
am

ic
p

ar
am

et
er

s
fo

r
th

e
in

te
ra

ct
io

n
of

th
e

ye
ll

ow
an

d
re

d
d

ye
s

in
th

e
ab

se
n

ce
an

d
in

th
e

p
re

se
n

ce
of

th
e

an
io

n
ic

su
rf

ac
ta

n
t

D
B

S

D
ye

T
(◦

C
)

In
th

e
ab

se
n

ce
of

D
B

S
In

th
e

p
re

se
n

ce
of

D
B

S

ln
K

�
ad

sH
(k

Jm
ol

−1
)

−�
ad

sG
(k

Jm
ol

−1
)

�
ad

sS
(J

K
−1

m
ol

−1
)

�
ad

sC
p

(k
JK

−1
m

ol
−1

)
ln

K
�

ad
sH

(k
Jm

ol
−1

)
−�

ad
sG

(k
Jm

ol
−1

)
�

ad
sS

(J
K

−1
m

ol
−1

)
�

ad
sC

p
(k

JK
−1

m
ol

−1
)

Ye
ll

ow
25

10
.4

0
38

.1
8

25
.8

21
5

−1
.2

2
8.

76
60

.4
7

21
.7

27
6

−3
.6

7
35

10
.8

6
25

.1
5

27
.9

17
2

9.
37

21
.3

5
23

.9
14

7
45

11
.0

8
12

.9
3

29
.2

13
2

9.
29

−1
7.

76
24

.6
21

55
11

.1
6

1.
46

30
.5

98
9.

0
0

−4
9.

77
24

.5
−7

7

R
ed

25
9.

21
52

.7
2

22
.8

25
3

2.
11

10
.2

5
−7

.7
7

25
.4

59
4.

21
35

9.
85

75
.1

8
25

.2
32

5
10

.4
0

42
.5

7
26

.6
22

4
45

11
.2

1
96

.2
2

29
.6

39
6

11
.3

3
89

.7
4

29
.9

37
6

55
12

.2
2

11
6.

0
33

.3
45

5
12

.5
4

13
4.

0
34

.2
51

3

F
r
s

e
H
v
i
s
t
t
u
t
t
f
p
o
[

a
e
I

F
a
o

ig. 7. Profiles of adsorption enthalpies (�adsH) of the yellow (upper figure) and the
ed dye (lower figure) in the absence (squares) and in the presence (triangles) of the
urfactant DBS.

xchange character of the adsorption processes of this work [17].
owever, we are unable to point out the extension of those desol-
ation processes, as well as the degree of solvation of each dye used
n this work. We think that additional computational calculations
hould be used in future, in order to obtain more specific informa-
ion concerning the adsorption thermodynamic data in relation to
he type of dye and temperature. Difficulties also arise from the
nderstanding of the correct fraction of solvent released from both
he dyes molecules in solution and the Sil-NH2 surface at a given
emperature. The unreacted silanol groups present on Sil-NH2 sur-
ace can also contribute to adsorption and release of the water
resent on these silanols to the solution. The endothermic enthalpy
f dehydration of silica can reach values of about 30–100 kJ mol−1

27].

From the inspection of Table 2, the signs of the �adsCp values

re negative for the yellow dye, in the absence and in the pres-
nce of DBS. However, positive values are found for the red dye.
n general, negative (often large) values of �adsCp, coupled with

ig. 8. Profiles of adsorption Gibbs free energies (�adsG) of the yellow (upper figure)
nd the red dye (lower figure) in the absence (squares) and in the presence (triangles)
f the surfactant DBS.
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Fig. 9. Profiles of adsorption entropies (�adsS) of the yellow (upper figure) and the
red dye (lower figure) in the absence (squares) and in the presence (triangles) of the
surfactant DBS.

Table 3
Factors and levels used in the 23 factorial design study

Factors Levels

(−) (+)

(D) = Dye type Yellow Red
(S) = Presence of surfactant DBSa No Yes
(

t

f
o
t
i
d
a

I
n
o

t
D
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e
s
b
t
m
T
u

T
R

E

1
2
3
4
5
6
7
8

Table 5
Effect values for the thermodynamic parameters of the interactions of the anionic
dyes with Sil-NH2

Effects �adsH (kJ mol−1) �adsG (kJ mol−1) �adsS (J K−1 mol−1)

Average 43.16 ± 1.28 −27.25 ± 0.50 224 ± 5

Principal
D 61.16 ± 2.56 −3.25 ± 1.00 193 ± 10
S −17.85 ± 2.56 1.70 ± 1.00 −63 ± 10
T 14.53 ± 2.56 −6.75 ± 1.00 46 ± 10

Interactions

w
t

3
a

t
t
l

f
E

E

w
l
a
o
l
o
t
t
i
s
h
i
i

E

w
t

t

T) = Temperature, (◦C) 25 55

a The proportion of DBS/dye was 1:1 in relation to the dye concentration in solu-
ion.

avorable positive entropy changes, have been used as an indicator
f intense hydrophobic interactions [26]. On the other hand, posi-
ive �adsCp values, as observed for the red dye, in the absence and
n the presence of DBS, are often related to the presence of thermal
ehydration-stable species in solution, as observed in thermophilic
nd hyperthermophilic proteins [26].

The �adsG values are all negative and very similar to one another.
n general, binding of an adsorbate in solution is favored if �adsG is
egative. This general tendency was not changed by the presence
f DBS and the temperature increase.

The positive adsorption entropy values for almost all values for
he interaction of the dyes, in the absence and in the presence of
BS, indicate an increase of disorder. The �adsS values are almost
ll positive for adsorption of dyes in the absence and in the pres-
nce of DBS. Thus, from the thermodynamic viewpoint, entropy
eems to be a driving force of adsorption [28]. The entropic factor

ecomes relatively more important than enthalpy when adsorp-
ion is evaluated at high coverages of the solid adsorbent. This fact

ay be related to the extent of hydration of the dye molecules.
he reorientation or restructuring of water around the dyes is very
nfavorable in terms of entropy, because it disturbs the existing

able 4
esults of the adsorption thermodynamics of the 23 factorial design for the interactions o

xperiment D S T �ads

−1 −1 −1 38.1
1 −1 −1 52.7

−1 1 −1 60.4
1 1 −1 −7.7

−1 −1 1 1.4
1 −1 1 116.0

−1 1 1 −49.7
1 1 1 134.0

e
i
t
b
c

D–S −3.39 ± 2.56 −3.35 ± 1.00 −7 ± 10
D–T 87.99 ± 2.56 −3.00 ± 1.00 280 ± 10
S–T 1.23 ± 2.56 −0.10 ± 1.00 5 ± 10
D–S–T 38.01 ± 2.56 0.85 ± 1.00 123 ± 10

ater structure and imposes a new and more ordered structure at
he solid–solution interface during dye adsorption [26–28].

.3.1. Evaluation of adsorption thermodynamics by multivariate
nalysis

A full 23 factorial design was performed to evaluate the impor-
ance of the type of dye, the presence of the surfactant DBS and
emperature. Table 3 summarizes these factors and their respective
evels.

Principal and interaction effect values are easily calculated from
actorial design results. Both types of effects are calculated using the
q. (2) [29].

ffect = R̄+,i − R̄−,i (12)

here R̄+,i and R̄−,i are the average values of Qe for the high (+) and
ow (−) levels of each factor. For principal or main effects the above
verages simply refer to the results at the high (+) and low (−) levels
f the factor whose effect is being calculated independent of the
evels of the other factors. For binary interactions R̄+ is the average
f results for both factors at their high and low levels whereas R̄− is
he average of the results for which one of the factors involved is at
he high level and the other is at the low level. In general, high-order
nteractions are calculated using the above equation by applying
igns obtained by multiplying those for the factors involved, (+) for
igh and (−) for low levels. If duplicate runs are performed for each

ndividual measurement, as done in this work, standard errors (E)
n the effect values can be calculated by [29]:

= {˙(di)
2/8N}1/2

(13)

here di is the difference between each duplicate value and N is
he number of distinct experiments performed.

The results obtained in a factorial design depend, in part, on
he ranges of the factors studied. The chosen levels should be large
f the anionic dyes with the Sil-NH2

H (kJ mol−1) −�adsG (kJ mol−1) �adsS (J K−1 mol−1)

5 25.8 215
2 22.8 253
7 21.7 276
7 25.4 59
6 30.5 98
0 33.3 455
7 24.5 −77
0 34.2 513

nough to provoke response changes that are larger than exper-
mental error. However, these differences should not be so large
hat quadratic or higher order effects due to the individual factors
ecome important and invalidate the factorial model. Under these
onditions factorial designs are particularly efficient for evaluating
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ig. 10. Pareto chart (upper figure) and the observed vs predicted values confronta-
ion (lower figure) for �adsH in relation to the 23 factorial design.

he principal effects of each factor and their interactions on adsorp-
ions at the solid/solution interfaces, as well as those for academic
nd industrial processes [29,30].

The factorial design results are in Table 4 and the respective
rincipal and interaction effects for the first factorial design study
re presented in Table 5. The effects errors were 2.56 kJ mol−1,
.00 kJ mol−1 and 10 J K−1 mol−1, for �adsH, �adsG and �adsS,
espectively. If the interaction terms are left out of the models (data
ot shown) the errors increase significantly.

On average, the use of the red dye causes a significant increase
n �adsH and �adsS. This is indicated by the effect for dye type
f 61.16 kJ mol−1 (�adsH) and 193 J K (�adsS). The presence of DBS
ecreases the principal effects of both �adsH and �adsS. This
ecrease in the enthalpy has been attributed to the hydrophobic
haracteristics of the dye/micelle aggregates in solution [31]. On
his sight, individually solvated surfactant molecules with the polar
roups (SO3

−) close to the sites occupied by water molecules on sur-
ace (step I). At the start of adsorption, the –SO3

− groups occupy the
ites from which the water molecules are replaced and simultane-
usly driven to the edges of alkyl chains closed to polar heads. The
artial surface hydrophobic interactions between the alkyl chains

f adsorbed DBS proceed (step II). In general, the adsorbed sur-
actant layer was built up primarily by the patchwise formation
f essentially bilayer aggregates [31,32]. Indeed, the assembly and
dsorption of surfactants at the silica/water interface is a compli-

�

�

ig. 11. Pareto chart (upper figure) and the observed vs predicted values confronta-
ion (lower figure) for �adsG in relation to the 23 factorial design.

ated process. Besides the electrostatic interaction, which is usually
xothermic between the –SO3

− anions and positively charged Sil-
H2 surface, some unknown interactions which predominately
xhibit endothermic may exist.

The reorientation or restructuring of water around is very unfa-
orable in terms of entropy, since it disturbs the existing water
tructure and imposes a new and less ordered structure on the sur-
ounding water molecules. Therefore, the positive values of almost
ll �adsS in the multivariate analysis suggest the increased ran-
omness at the solid–solution interface during the adsorption of
yes on Sil-NH2. The principal effect of the presence of DBS is only
arginally important in relation to the other multivariate results

howed in Table 5.
The variations of the factors did not produce significant effects in

adsG values, which are ruled, mainly, by the temperature changes
f the factorial design.

A quantitative reduced model for each thermodynamic param-
ter of absorbed dyes can be written in terms of the statistically
ignificant effects in Table 5 [29],

adsH = 43.16 + 30.58 x1 − 8.93 x2 + 7.26 x3 + 44.00 x1x3

+ 19.00 x1x2x3 (14)
adsG = −27.25 − 1.63 x1 − 3.38 x3 − 1.67 x1x2 − 1.50 x1x3 (15)

adsS = 224 + 97 x1 − 31.7 x2 + 22.7 x3 + 140 x1x3 + 61.6 x1x2x3

(16)
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ig. 12. Pareto chart (upper figure) and the observed vs predicted values confronta-
ion (lower figure) for �adsS in relation to the 23 factorial design.

here x1, x2 and x3 are codified (±1) values of dye type, presence
f DBS and temperature, respectively.

The Pareto charts and the predicted vs observed graphical
orrelations for each thermodynamic parameter are shown in
igs. 10–12. In general, good correlations were observed for �adsH
nd �adsS. In the case of �adsG, the lack of fit is due to the absence
f the principal effect value of DBS, as well as the three-factor inter-
ction in the model of Eq. (12). This led to a lower statistic degree
f correlation in relation to �adsH and �adsS.

. Conclusion

The three-parameter Sips adsorption model was successfully
mployed to modeled previously published adsorption data of two
eactive dyes onto a mesoporous aminopropyl-silica, in the absence
nd in the presence of the surfactant DBS from 25 to 55 ◦C. It is
bserved that the Sips model is a good suitable model to evaluate
he adsorptions of the dyes, both in the absence and in the presence
f DBS.

The presence of curvatures of the plots ln K vs 1/T suggested

hat the thermodynamic parameters are characterized by non-zero
eat capacities terms. This finding is rather unusual for adsorption
henomena at solid/solution interfaces. For the yellow dye, it is
bserved that the values of �adsH are almost all positive and they
ecrease in endothermicity, in the absence and in the presence of

[

[

s Materials 161 (2009) 307–316 315

BS, from 25 to 55 ◦C. For the red dye, the opposite situation is
bserved, i.e., there is an increase in endothermicity in relation to
he temperature increase.

The negative values of �adsG indicate that the interactions of
he dyes with the Sil-NH2 silica are spontaneous processes in the
bsence and in the presence of DBS. The positive adsorption entropy
alues (�adsS) for the interaction of the dyes also suggest that
ntropy is a driving force of adsorption.

The temperature dependence of the thermodynamics parame-
ers was also evaluated using a new factorial design analysis. The

ultivariate polynomial modelings indicated that the thermody-
amic parameters �adsH, �adsG and �adsS are also affected by

mportant interactive effects of the experimental factors and not
y the temperature changes alone.
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