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a b s t r a c t

We report herein a kinetic and thermodynamic study of the adsorption of azo-dye Orange II from aqueous
solutions onto titania aerogels. Aerogels structure was confirmed by FTIR and N2 adsorption revealed their
specific surface area (500 m2/g), pore volume (2.86 cm3/g) and pore size (mean 13.9 nm). Adsorption tests
were conducted in batch reactors under various conditions where the effect of pH, temperature, contact
time, dye concentration, and adsorbent dose were studied. Experiments performed at pH 2 show the opti-
mal adsorption due to the best surface charge interactions. The temperature shows a weak influence with
a decrease in the adsorption uptake as the temperature increases. Adsorption kinetics is shown to be very
fast and follows a pseudo second-order indicating the coexistence of chemisorption and physisorption
with the intra-particle diffusion being the rate controlling step. The experimental data fit perfectly with
zo-dye

range II Sips isotherms and reveal the ability of titania aerogel to adsorb 420 mg of Orange II per gram of adsorbent
at the optimal conditions. The thermodynamic study reveals the activation energy (42.1 kJ mol−1) and the
changes in Gibbs free energy (1.2 kJ mol−1), enthalpy (−16.4 kJ mol−1), and entropy (−58 J mol−1 K−1). The
entire regeneration of the titania aerogel adsorption sites at pH 11 and 30 ◦C shows a total recovery of the
dye and the efficient reusability and the economic interest of these adsorbing materials for environmental

purposes.

. Introduction

Dyes containing azo-aromatic groups are highly dispersible
ollutants. They contribute to water toxicity and represent an

ncreasing danger for the environment and human beings. These
ffluents discharged from various industries (e.g. textile, paper,
eather, food, etc.) are known to be toxic [1], carcinogenic [2], muta-
enic [3], teratogenic [4], and their release in the environment is a
onsiderable source of non-aesthetic pollution since the existence
f low concentrations of dyes is clearly visible. Thus, the removal
f these colored compounds from wastewater is an important tar-
et from the environmental point of view. However, this process
aces a major problem represented in the high stability of these azo-
yes in aqueous media and their resistance to light and oxidation
gents [5]. Conventional treatment methods for the removal of dyes
n wastewater include physical, chemical and biological processes
uch as adsorption [6], coagulation [7], oxidation [8], reduction [9],

ltration [10], and biological treatment [11]. The physical adsorp-
ion process at solid-liquid interface is known to be a powerful

ethod for decreasing the concentration of soluble dyes in efflu-
nts and has the advantage of being efficient and economic. A large
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number of adsorbing materials for soluble dyes have been stud-
ied such as activated carbon [12], alumina [13], clay [14], silica
xerogel [15], titania [16], titania–silica mesoporous materials [17],
waste materials [18–20] and many other materials. In this study
we investigate for the first time the adsorption kinetics and ther-
modynamics of dyes from aqueous solutions onto highly porous
titania aerogels. Well-known Orange II azo-dye whose molecular
structure is shown in Fig. 1 was used as a model molecule for
this purpose. This dye has been chosen as it is inexpensive and
widely used in textile, pulp and paper industries. Table 1 regroups
the results obtained in some recent research works where the
adsorption of Orange II onto various adsorbents has been studied
[21–28].

Aerogels obtained through the low-temperature sol–gel process
[29] and dried under supercritical conditions [30] are excep-
tionally porous solids showing high specific surface areas (up
to 1000 m2/g), an extraordinarily large surface-to-volume ratio
(∼2 × 109 m−1) and low densities (0.003–0.35 g cm−3) [31–33].
These materials deserve particular interest due to their surface
properties as well as the chemical reactivity of their surface

groups.

The adsorption kinetics and thermodynamics were studied
under various conditions and the adsorption equilibria were inves-
tigated to find out which isotherm model shows the best fitting to
the experimental data. The effects of the adsorbate concentrations,

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:Houssam.Rassy@aub.edu.lb
dx.doi.org/10.1016/j.cej.2009.01.019
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Fig. 1. Chemical structure of Orange II.

emperature, pH and adsorbent quantity were studied in order to
etermine the optimal adsorption conditions.

. Experimental

.1. Materials

The chemicals were used in this study as received and with-
ut further purification. Titanium isopropoxide (Ti(OC3H7)4, TIP)
as purchased from Sigma–Aldrich. Orange II (C16H11N2OSO3Na,
.I. 15510, C.I. Acid Orange 7, M.W. 350.32, certified pure) was pro-
ided from Acros Organics. Isopropanol and nitric acid (65%) were
rom Lab-Scan and Panreac, respectively. Double deionized water
as prepared in our laboratory.

.2. Synthesis of titania aerogels

Titania aerogels were prepared after the supercritical drying of
et alcogels synthesized through a one-pot sol–gel process. Tita-
ium isopropoxide was mixed for 1 min in a polypropylene vial
ith isopropanol to which is added a nitric acid solution (65%).
fter stirring for another minute, deionized water is added and
tirred together for 30 s before the stirring was stopped. The gela-

ion of the sol was observed in the next few minutes and obtained
els were kept for aging for one day. The mixing steps as well as
he gelation were performed at room temperature. The drying of
he wet alcogels under supercritical carbon dioxide (Tc = 31.1 ◦C;
c = 73.7 bar) led to the final titania aerogels. This terminal step was

able 1
omparison of the maximum monolayer adsorption capacities of Orange II onto various a

dsorbents M

hitosan bead 1
ommercial activated carbon fibers—generated from pitch 1
ommercial activated carbon fibers—made with polyacrylonitrile 2
ludge adsorbent 3
ctivated carbon 4
uFe2O4/activated carbon composite 3
ctivated carbon cloths 9
hitosan 11
pent brewery grains 2
nmodified zeolite 0
urfactant-modified zeolite 3
ottom ash 1
e-oiled soya 9
eering Journal 150 (2009) 403–410

preceded by a 24 h-solvent exchange step, where the residual water
and isopropanol in the alcogel were exchanged by acetone pre-
senting a higher miscibility with liquid carbon dioxide. The final
molar ratio TIP:Isopropanol:H2O:HNO3 for the synthesized titania
aerogels was 1:20:4:8 × 10−2.

2.3. Titania aerogels characterization

The textural properties were determined by using the nitrogen
sorption technique. The nitrogen adsorption–desorption isotherms
were measured using a Nova 2200e high-speed surface area and
pore size analyzer (Quantachrome Instruments). Prior to the mea-
surement, titania aerogels were degassed for 5 h at 70 ◦C. The
specific surface area was calculated according to the BET theory
[34] while the pore size and pore volume were calculated by the
BJH method [35] based on the desorption branch of the isotherm.
The structural characterization of the titania aerogels was carried
out using a Thermo Nicolet 4700 Fourier Transform Infrared Spec-
trometer equipped with a Class 1 Laser. The experiment was done in
the range between 4000 and 400 cm−1 using the transmission KBr
pellet technique where 1% in weight aerogel powder-containing
potassium bromide pellets were used.

2.4. Adsorption studies

Several adsorption experiments were carried out in different
experimental conditions. All experiments were performed in glass
vials placed in a controlled-temperature shaking water bath operat-
ing at 200 rpm. In typical adsorption experiments, 30 mg of titania
aerogel were added to 15 mL of 50 mg/L dye solution at 30, 40, and
50 ◦C. Aliquots were carefully withdrawn from the solution at pre-
determined time intervals over 24 h and the solution absorbance
was measured in the UV–visible range at the maximum absorption
(� = 483 nm) using a JASCO V-570 UV/VIS/NIR spectrophotometer.
Centrifugations performed on several samples showed that the
aliquots were particle free and therefore there is no need to carry
out centrifugations for taken aliquots. The amount of adsorbed dye
on titania aerogels was calculated according to the following equa-
tion:

qe = Ci − Ce

m
V (1)

where qe is the amount of dye adsorbed (mg/g), Ci and Ce are the
initial and equilibrium liquid-phase concentrations of dye (mg/L),

respectively, V is the volume of solution (L) and m is the amount of
adsorbent (g).

The effect of pH was studied after the adjustment of the dye
solutions pH between 1 and 12 using dilute HCl and NaOH solutions;
A Corning Pinnacle 542 pH conductivity meter with a combined pH

dsorbents.

aximum monolayer adsorption capacities (mg/g) References

940 (30 ◦C) [21]
260 (30 ◦C) [22]
30 (30 ◦C) [22]
50 (30 ◦C) [22]
04 (25 ◦C) [23]
92 (25 ◦C) [23]
0 (30 ◦C) [24]
6 (20 ◦C); 113 (60 ◦C) [25]

8.54 (20 ◦C); 30.47 (30 ◦C) [26]
.63 (25 ◦C) [27]
.62 (35 ◦C) [27]
3.24 (50 ◦C); 12.68 (40 ◦C); 12.50 (30 ◦C) [28]
.58 (50 ◦C); 9.18 (40 ◦C); 8.87 (30 ◦C) [28]
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lectrode was used for this purpose. The initial dye concentration
as studied between 10 and 1500 mg/L and the dosage of titania

erogel was studied in the 10–150 mg range.

. Results and discussion

.1. FTIR characterization

The FTIR spectrum of the titania aerogel (Fig. 2) shows a broad
and at 3447 cm−1 that corresponds to the overlapping of the O H
tretching bands of hydrogen-bonded water molecules (HO H· · ·H)
nd TiO· · ·H stretching of surface titanol hydrogen-bonded to
olecular water (TiO H· · ·H2O) [29]. The sharp bands appearing

t 1635 and 1384 cm−1 are easily attributed to the adsorbed water
olecules deformation vibrations [36] and to the C–H symmetric

eformation of –CH2 groups [37], respectively. This latter vibration
eveals the existence in the titania network of some unhydrol-
sed Ti–O–CH3 surface groups [37]. The weak shoulder at around
060 cm−1 is attributed to the stretching vibration of the TiO–C
ond and the broad band appearing at 520 cm−1 with a shoulder at
round 780 cm−1 corresponds to the Ti–O–Ti stretching vibrations
38].

.2. Surface area and pore size distribution

The nitrogen adsorption–desorption isotherms (not shown)
eveal a type IV isotherm according to the IUPAC classification of
orption isotherms [39]. This isotherm is typical for mesoporous
aterials and the hysteresis loop, which is a characteristic fea-

ure of these isotherms, is associated with the occurrence of pore
ondensation [40]. The specific surface area of the titania aerogels
alculated according to the BET theory was found to be 500 m2/g.
hese materials show also a very high pore volume (2.86 cm3/g).
he pore size distribution calculated according to the BJH method
howed that the pore diameters are in the mesoporous range with
n average pore diameter equal to 13.9 nm.

.3. Effect of pH on adsorption

The pH is a noteworthy parameter in this study as it has a major
ffect on the protonation and deprotonation of the adsorbent and
dsorbate functional groups. The electrostatic attraction or repul-

ion between the adsorbent and adsorbate depend on the surface
harges of both entities.

The effect of the dye solution initial pH on the adsorption was
tudied in the pH range 1–12. The initial Orange II concentration was
0 mg/L, the pH was adjusted using dilute HCl and NaOH solutions

Fig. 2. FTIR spectrum of the titania aerogel.
Fig. 3. Effect of pH on adsorption of Orange II on titania aerogels. Initial dye
concentration = 50 mg/L; contact time = 24 h; mass of adsorbent = 30 mg; solution
volume = 15 mL.

and the temperatures studied were 30, 40, and 50 ◦C. pH measure-
ments showed stable values along the various experiments. It is
worth to note that the UV–vis absorption spectra of this dye at dif-
ferent pH were identical. Measurements done after 24 h showed
the maximum adsorption to be at pH 2 for the three temperatures
with a significant decrease of the adsorption capacity of the tita-
nia aerogels as pH increased (Fig. 3). Since the point of zero charge
of titanium oxide is 6.0 [41], the adsorbent exhibits a positive zeta
potential at pH values lower than 6.0 due to the formation of posi-
tive Ti–OH2

+ surface groups that increased as pH decreases. In the
other side, Orange II molecules have two pKa values (10.6 and 1) and
thus three different forms of the azo-dye could exist in the aqueous
solution depending on the pH of the medium, noted H2L (doubly
protonated, dominant for pH lower than 1), HL− (mono protonated,
dominant in the pH range between 1 and 10.6), and L2− (non-
protonated, dominant for pH values greater than 10.6), where L2− is
the Orange II molecule in the following form C16H11N2OSO3

2− [16].
Consequently, H2L and HL− coexist with dominancy for HL− for pH
values between 1 and 2 while only HL− is practically present in the
solution for pH values between 2 and 9.6. HL− and L2− coexist in the
pH range between 9.6 and 11.6 with HL− dominant between 9.6 and
10.6, and L2− dominant between 10.6 and 11.6. For pH greater than
11.6, only L2− is practically present. In the experiments performed at
pH between 2 and 6, the increase in positively charged titania sites
as pH decreases led to the increase of the electrostatic attraction
between the surface positive charges and the negatively charged
dye molecules (HL−) and therefore to the increase of the adsorption
capacity of the adsorbent. It is clear that a significant competition
took place at low pH between the anionic dye molecules and the
hydroxyl ions (OH−) present at low concentration in order to coun-
terbalance the positive charge of the adsorbent sites (Ti–OH2

+). As
H2L and HL− coexist when the pH is between 1 and 2, this results in
a partial adsorption of the dye (only HL−) onto the titania surface.
This explains the decrease of the adsorption capacity at pH 1 com-
pared to what is obtained at pH 2. On the other hand, the titania
aerogel surface becomes negatively charged at pH greater than 6.0
and the negatively charged surface groups (TiO−) increase as pH
increases. Accordingly, an electrostatic repulsion between the neg-
atively charged dye and the surface groups took place and led to a
significant decrease of the adsorption capacity of titania aerogels.
3.4. Effect of contact time

The effect of contact time between Orange II and 30 mg of tita-
nia aerogel was studied for solutions where the concentration of
the dye was 50 mg/L. The experiments were performed at 30, 40,
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The adsorption isotherm experimental data collected at differ-
ent dye concentrations and various temperatures were fitted with
three common adsorption models: Langmuir [43], Freundlich [44],
and Sips (also known by Langmuir–Freundlich) [45] isotherm mod-
ig. 4. Variation of adsorbed amount of Orange II with time. Initial dye concentra-
ion = 50 mg/L; mass of adsorbent = 30 mg; solution volume = 15 mL; pH 2.

nd 50 ◦C and the pH was adjusted to 2. We observed the adsorp-
ion of a large quantity of dye onto the aerogels after a very short
ontact time (Fig. 4) where the uptake of approximately 50% of the
olecules was noticed within the first 30 min of the experiments. A
eak dependence on the temperature was observed for the exper-

ments carried out at 30 and 40 ◦C where both samples showed
pproximately the same adsorbed quantities at specific contact
imes. However, the experiment done at 50 ◦C showed smaller
dsorbed quantities. The difference in the adsorption ability of the
itania aerogel and its dependence on the temperature could be
ue to the decrease of the adsorption equilibrium constant while

ncreasing the temperature. Further experiments were performed
ith 24 h contact time to guarantee the maximum adsorption and
complete equilibrium condition.

.5. Effect of dye concentration

Although dye–dye hydrophobic interactions and self-
ssociation or aggregation of dye molecules are known, Orange II
hows a very high solubility in aqueous solutions (116 g/L at 30 ◦C)
nd an aggregation mean number equal to 1 for dye concentrations
ower than 0.01 M [42]. Accordingly, the dye molecules are con-
idered to be none aggregated in all performed experiments even
ith those carried out with high concentration as they did not

vercome the critical aggregation concentration. The maximum
ptake of titania aerogel after 24 h has been studied as a function
f the initial dye concentrations between 10 mg/L and 1500 mg/L.
he pH of the solutions was adjusted to 2 and the experiments
ere performed at 30, 40, and 50 ◦C. The percent removals were

ound to have maxima for the solutions where the dye concen-
rations were around 200 mg/L (Fig. 5). The adsorption percentage
xceeded 95% at these conditions although it was noticed that,
or all studied conditions, the amount of titania aerogel used
30 mg) was able to adsorb more than 50% of the dye molecules
xisting in the aqueous solutions. By comparing the adsorbed
uantities of dye after 24 h (qe) for the experiments performed
ith different initial concentrations, we noticed the linearity of the
ptake capacity of the aerogel for dye concentrations smaller than
00 mg/L. This means that the dye concentration has no effect on
he adsorption mechanism when the dye concentration is lower
han 400 mg/L. The measured uptake capacity of the aerogel is

pproximately 175 mg/g for a 400 mg/L solution regardless the
dsorption temperature. For greater concentrations, this uptake
apacity increases to 331, 382 and 407 mg/g when the dye concen-
ration was 1500 mg/L for the experiments performed at 50, 40,
nd 30 ◦C, respectively.
Fig. 5. Effect of initial dye concentration on adsorption of Orange II. Initial dye con-
centration = 50–1500 mg/L; contact time = 24 h; mass of adsorbent = 30 mg; solution
volume = 15 mL; pH 2.

3.6. Effect of adsorbent dose

The effect of the aerogel quantity used for adsorption was tested.
The adsorbent masses were between 10 and 150 mg per exper-
iment. 15 mL of 50 mg/L dye solutions were used, the pH was
adjusted to 2, and the studied temperatures were 30, 40 and 50 ◦C.
The UV–visible spectroscopic measurements showed that a min-
imum of 94% of the initial dye amount was adsorbed onto the
titania aerogel in all experimental conditions. The plot of the rela-
tive adsorbed amount of dye qe (in mg of dye per g of adsorbent)
versus the quantity of adsorbent (Fig. 6) shows a decrease in qe as
the quantity of adsorbent increases, with no effect of temperature.
The plot of 1/qe versus the adsorbent quantity shows a linear plot
revealing the availability of the adsorption sites when large adsor-
bent quantities are used as well as in the experiments where very
small quantities were tested. Therefore, 10 mg of titania aerogel are
able to remove more than 94% of Orange II molecules existing in
15 mL of a 50 mg/L dye solution.

3.7. Adsorption isotherms
Fig. 6. Influence of titania aerogel loadings on amount of Orange II adsorbed
after 24 h. Initial dye concentration = 50 mg/L; contact time = 24 h; solution vol-
ume = 15 mL; pH 2.
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Table 2
Langmuir, Freundlich, and Sips isotherms coefficients for adsorption of Orange II onto titania aerogels.

T ( ◦C) Langmuir isotherm Freundlich isotherm Sips isotherm

qmax KL R2 n KF R2 n qmax KS R2

3 2.74
4 8.03
5 0.95
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where k2 is the pseudo second-order rate constant (mg g min ).
The results show that the pseudo second-order kinetic model
fits perfectly the experimental data with linear regression coef-
ficients greater than 0.9976 (Fig. 8). Experimentally calculated
k2 values at 30, 40 and 50 ◦C are 9.66 × 10−4, 1.43 × 10−3 and
0 402.82 0.0301 0.9721 2.7218 4
0 387.10 0.0235 0.9877 2.7012 3
0 332.29 0.0221 0.9827 2.6738 3

ls. The Langmuir equation is given as

e = Ce

(1/qmaxKL) + (Ce/qmax)
(2)

here qmax is the monolayer capacity of the adsorbent (mg/g) and
L is the Langmuir equilibrium constant (L/g).

The Freundlich equation is given as

e = KF C1/n
e (3)

here n is the heterogeneity factor and KF is the Freundlich constant
L/g). n and KF are generally temperature dependent. The parameter
could be considered as the parameter characterizing the system
eterogeneity which could be related to the solid, to the adsorbate
r to a combination of both. n is usually greater than unity and the
arger is its value, the adsorption isotherm becomes more nonlinear
nd the system becomes more heterogeneous [46].

The Sips equation is given as

e = C1/n
e

(1/qmaxKs) + (C1/n
e /qmax)

(4)

here Ks is the Sips equilibrium constant (L/g). Sips isotherm is
roposed as an extension of the Freundlich equation, but it has a
nite limit when the pressure is sufficiently high [46].

The graphically calculated qmax, KL, and R2 (Langmuir isotherm),
, KF, and R2 (Freundlich isotherm), n, qmax, KS, and R2 (Sips

sotherm) are regrouped in Table 2. The Freundlich model reveals
thermodynamically favorable adsorption of Orange II onto the

erogel surface as the Freundlich constants n are greater than 2
47]. The comparison of the three adsorption models (Fig. 7) shows
he Sips isotherm to be the best with a high similarity with the
angmuir isotherm. The Sips constants n range between 1.01 and
.09, extremely close to 1 for which the Sips model is reduced to the
angmuir one. Theoretically calculated qmax that are the maximum
onolayer capacities of the adsorbent are 420, 388, and 340 mg/g

or the experiments performed at 30, 40, and 50 ◦C, respectively. The
omparison of the adsorption capacity of titania aerogel to previous
tudies (regrouped in Table 1) shows that the titania aerogel used
n this work has a large adsorption capacity and ranges within the
est and most efficient adsorbents of Orange II. The experimentally
dsorbed amounts of Orange II for dye solutions at 1500 mg/L (407,
82, and 331 mg/g for 30, 40, and 50 ◦C respectively; Section 3.5)
orrespond to 97% or more of the monolayer capacity of the tita-
ia aerogels. The calculation based on the monolayer capacities of
he adsorbent at 30 ◦C (420 mg/g) and the calculated specific sur-
ace area of the titania aerogel (500 m2/g) reveals that the average
urface available for the adsorption of one molecule of Orange II is
9 Å2.

.8. Adsorption kinetics

The adsorption kinetics was studied at 30–50 ◦C range. The

dsorption rate was monitored by studying the contact time up
o 24 h and compared to theoretical models. Pseudo first-order
nd pseudo second-order kinetic models were tested in this study
here the experimental data obtained for various contact time
ere used.
0.9048 1.0886 420.43 0.0346 0.9728
0.9077 1.0084 388.47 0.0240 0.9877
0.9197 1.0466 339.54 0.0243 0.9829

The pseudo first-order equation is

ln(qe − qt) = ln qe − k1t (5)

where qe is the adsorption capacity of the titania aerorgel at equi-
librium (mg/g), qt is the amount of dye adsorbed at time t (mg/g)
and k1 is the pseudo first-order rate constant (min−1).

The pseudo second-order equation is

t

qt
= t

qe
+ 1

k2q2
e

(6)

−1 −1
Fig. 7. Langmuir (a), Freundlich (b), and Sips (c) isotherm plots for adsorption
of Orange II on titania aerogels. Initial dye concentration = 50–1500 mg/L; contact
time = 24 h; mass of adsorbent = 30 mg; solution volume = 15 mL; pH 2.
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solids involves several steps: (i) transport in the solution; (ii) diffu-
sion through the liquid film surrounding the solid particle, known
by external diffusion or boundary layer diffusion; (iii) diffusion
within the liquid included in the pore, known by internal diffusion
or intra-particle diffusion; (iv) adsorption or desorption on the sur-
ig. 8. Pseudo second-order kinetic plots for adsorption of Orange II on titania
erogels. Initial dye concentration = 50 mg/L; mass of adsorbent = 30 mg; solution
olume = 15 mL; pH 2.

.73 × 10−3 mg−1 g min−1, respectively. A pseudo second-order
uggests that this adsorption depends on the adsorbate as well as
he adsorbent and involves chemisorption process in addition to
hysisorption. The chemisorption might be the rate limiting step
here valency forces are involved via electrons sharing or exchange

etween the adsorbent and the adsorbate [48].

.9. Adsorption thermodynamics

The activation energy (Ea) for the adsorption of Orange II onto
he surface of the aerogel was calculated from the rate constants
k2) obtained for reactions performed at 30, 40 and 50 ◦C where
0 mg/L dye solutions were used. Arrhenius equation was used for
his purpose:

= Ae−Ea/RT (7)

here A is the Arrhenius frequency factor, R is the ideal gas con-
tant (8.314 J mol−1 K−1) and T is the adsorption temperature in
elvin. The activation energy calculated from the slope of the lin-
ar plot of ln k versus the inverse of the temperature (not shown)
as found to be 42.1 kJ mol−1. This value existing at the interface
etween the physisorption (5–40 kJ mol−1) and the chemisorption
40–800 kJ mol−1) ranges [49], revealed both physisorption and
hemisorption to take place. This is in an excellent agreement with
hat was found in the adsorption kinetics (Section 3.8) where we

ound that the adsorption involves chemisorption in addition to
hysisorption.

The change in Gibbs free energy �G◦ of the adsorption was cal-
ulated according to the following equation:

G◦ = −RT ln KC (8)

here KC is the equilibrium constant. KC is the ratio of the concen-
ration of the dye on adsorbent at equilibrium (qe) to the remaining
oncentration of the dye in solution at equilibrium (Ce). We consid-
red the equilibrium to be reached after 24 h.

C = qe

Ce
(9)

e noted a slight decrease of KC with the increase of the temper-
ture, suggesting that the adsorption is thermodynamically stable

50].

In the other hand, �G◦ is determined from the following equa-
ion:

G◦ = �H◦ − T �S◦ (10)
Fig. 9. Intra-particle diffusion plots. Initial dye concentration = 50 mg/L; mass of
adsorbent = 30 mg; solution volume = 15 mL; pH 2; T = 40 ◦C.

where �H◦ is the change in the enthalpy of adsorption and �S◦

is the change in the entropy. The combination of Eqs. (9) and (10)
leads to the van’t Hoff equation written as follows:

ln KC = −�H◦

R

1
T

+ �S◦

R
(11)

�H◦ and �S◦ were calculated from the slope and intercept of the
linear plot of ln KC versus 1/T (not shown). The results show that
the enthalpy of adsorption �H◦ was −16.4 kJ mol−1 and �S◦ was
−58 J mol−1 K−1. Using the Eq. (10), the standard free energy change
(�G◦) was found to be 1.2 kJ mol−1 at 30 ◦C. This value indicates that
the adsorption is not spontaneous at this temperature. However the
negative values of �H◦ and �S◦ indicate that the adsorption will be
spontaneous at lower temperatures [51]. The negative value of �H◦

reflects an exothermic adsorption and indicates that the adsorption
is favored at low temperature. The negative entropy states that the
Orange II molecules were orderly adsorbed on the surface of the
titania aerogel.

3.10. Adsorption mechanism

The dye adsorption process from aqueous solution onto porous
Fig. 10. Effect of consecutive experiments on the adsorption of Orange II onto titania
aerogels (zoom in is done for the first hour). Initial dye concentration = 50 mg/L; mass
of adsorbent = 30 mg; solution volume = 15 mL; pH 2.
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ig. 11. Scheme of the Orange II adsorption on the titania aerogel surface; (a–c) Yos
xygen atoms in the dye molecule, respectively. (d) The electrostatic interaction bet

ace of the interior sites [52]. The first step has no rate limitation
ffect as the experiments were performed at rapid shaking condi-
ions. In addition, previous studies showed that the last step is a very
ast process for the adsorption of organic molecules onto porous
dsorbents [53]. Accordingly, we suspect the boundary layer diffu-
ion or the intra-particle diffusion to be the rate controlling factors.
ased on Fick’s second law, Weber and Morriss [54] indicated that if
he adsorption process is influenced by the intra-particle diffusion,
he uptake of the dye qt should vary linearly with the square root
f time t. This dependence could be expressed as follows:

t = kipdt0.5 + C (12)

here kipd is the intra-particle diffusion rate constant
mg g−1 min−0.5) and C is the intercept.

The plot of the experimental data obtained at 40 ◦C (Fig. 9)
howed that the plots are not linear over the whole time range;
owever, they exhibit a tri-linearity revealing the existence of three
uccessive adsorption steps [50] (similar trends were obtained at
0 and 50 ◦C—not shown). The first stage being faster than the
econd is attributed to the external surface adsorption correlated
o the boundary layer diffusion. Consequently, the second linear
art attributed to the intra-particle diffusion states that this lat-
er is highly involved in the rate control of this mechanism. The
hird linearity is attributed to the equilibrium stage. It is worth to
ote the fact that the second linear plots did not pass by the ori-
in which indicates that the intra-particle diffusion is involved in
he adsorption process but it is not the only rate controlling step.
ther mechanisms such as complexation or ion-exchange could
lso control this adsorption [50].

.11. Recovery of dye and reusability of adsorbent

The recovery of the dye from the titania aerogel was carried out
t 30 ◦C. pH 11 was selected for this purpose where, according to the
ffect of the pH on surface charges and adsorption (Section 3.3), no
ttraction between the titania aerogel and the dye takes place and
herefore the ability of the aerogel to adsorb Orange II molecules
s negligible. Hence, the desorption is expected to be maximal. The
ye recovery experiment showed a complete desorption of the dye
100% of what was adsorbed) after 30 min (not shown). The adsor-
ent was collected by filtration, washed several times with double

eionized water, and left to dry at 40 ◦C for 24 h. The adsorption
apacity of the regenerated titania aerogel (2nd and 3rd runs) was
ested under similar conditions as in Section 3.4 and compared to
he first use (1st run). 30 mg of the regenerated adsorbent were
dded to a 50 mg/L Orange II solution at pH 2. The experiment was
-bonding between the titanol groups and the aromatic rings, nitrogen atoms, and
the protonated surface groups and the anionic dye.

performed at 30 ◦C. The comparison of the uptake capacity of the
recycled adsorbent (Fig. 10) showed an excellent adsorption ability
where, by comparing the 2nd and 3rd runs to the 1st, approximately
80% of the adsorption capacity of the adsorbent was maintained
after 10 min contact time in the 2nd run and approximately 45% in
the 3rd run, and therefore a decrease in the initial adsorption rates
is observed when increasing the number of runs. However, approx-
imately 100% of the initial dye amount was completely adsorbed
on the titania aerogels after 6 h of solid–liquid contact for the three
compared runs.

4. Conclusions

An adsorption study of Orange II from aqueous solutions onto
porous titania aerogel was performed where the effect of various
parameters was tested and kinetic and thermodynamic models
were suggested. The characterization of these sol–gel materials
revealed the abundance of surface titanol groups available for
adsorption. The adsorbents exhibit also a high porosity with a pore
volume equal to 2.86 cm3/g, a pore size distribution centered at
13.9 nm, and a surface area around 500 m2/g. The adsorption study
showed the titania aerogel as highly efficient adsorbent of Orange
II. At pH smaller than the titania PZC (i.e. pH < 6.0), the adsorbent’s
surface is partially protonated, favoring the electrostatic interac-
tion with the dye existing at this pH in its anionic form. In addition,
Orange II molecules are attracted by the titania surface due to
Yoshida hydrogen bonding between the titanol groups and the aro-
matic rings, the nitrogen atoms and the oxygen atoms. A schematic
presentation of the adsorption process is given in Fig. 11. The opti-
mum uptake capacity was found at pH 2. Fast adsorption of the
dye was noticed within the first 30 min of the experiment where
more than 12 mg of Orange II (50% of the initial dye amount) were
adsorbed onto 1 g of titania aerogel. A weak influence of the tem-
perature on the adsorption was observed with the experiments
performed at 50 ◦C revealing the lowest adsorption. The modifi-
cation of the adsorbent dose indicated that 10 mg or less of titania
aerogel are able to remove more than 94% of the dye molecules
existing in the solution. The uptake capacity of 30 mg of titania
aerogel was the maximum for dye concentrations around 200 mg/L.
The calculation based on this latter conclusion revealed that 7.5 mg
(less than 10 mg) of titania aerogel is the optimal adsorbent dose

for the purification of 15 mL of 50 mg/L Orange II aqueous solution.
The adsorption experimental data fitted with theoretical models
met the Sips adsorption isotherm model and showed that the tita-
nia aerogel is able to adsorb up to 420 mg of Orange II per gram of
adsorbent. The experiments showed also that the adsorption fol-
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ows a pseudo second-order kinetics model that indicates that the
dsorption involves chemical reactions in addition to physisorption.
e suggest an adsorption mechanism based on a fast diffusion of

he dye within the solution to reach the surface of the adsorbent. In
he boundary layer the diffusion is slower than the previous step to
low down to the minimum within the particle. Accordingly, we
uspect the intra-particle diffusion to be the main factor in the
ate control of this mechanism. The thermodynamic study revealed
n exothermic and ordered adsorption process. The recovery of
range II from the titania aerogel, carried out at pH 11 and 30 ◦C,
as complete (100%) after 30 min and the regenerated aerogel was

eused for adsorption three times and showed high adsorption effi-
iency. This study showed the titania aerogel to be highly efficient
dsorbing material, economically attractive, easily regenerated and
eusable several times.
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