
A

(

c
w
c
i

o

b
a

B
©

K

1

t
t
i
o
c
1
l
T
m
c
u

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 152 (2008) 765–777

Reactive dyes remotion by porous TiO2-chitosan materials

Carolina E. Zubieta, Paula V. Messina ∗, Carina Luengo,
Mariana Dennehy, Olga Pieroni, Pablo C. Schulz

Departamento de Quı́mica, Universidad Nacional del Sur, 8000 Bahı́a Blanca, Argentina

Received 18 March 2007; received in revised form 16 July 2007; accepted 16 July 2007
Available online 20 July 2007

bstract

In this work, the aim was to evaluate the remotion (adsorption plus degradation) of two reactive dyes, Methylene Blue (MB) and Benzopurpurin
BP), from aqueous solutions by the utilization of TiO2-chitosan microporous materials.

Two different TiO2-chitosan hybrid materials were synthesized: TiO2-Chit A with 280 mg chitosan/gTiO2 and TiO2-Chit B with 46.76 mg
hitosan/g TiO2. Adsorption data obtained at different solution temperatures (25, 35, and 45 ◦C) revealed an irreversible adsorption that decrease
ith the increment of T. Langmuir, Freundlich and Sips isotherm equation were applied to the experimental data. The obtained parameters and

orrelation coefficient showed that the adsorption of both dyes on TiO2-Chit A at the three work temperatures was best predicted by the Langmuir
sotherm, while Sips equation adjusted better to adsorption data on TiO2-Chit B.

The adsorption enthalpy was relatively high and varied with T, indicating that interaction between adsorbent and adsorbate molecules was not
nly physical but chemical. There is a change in the adsorption heat capacity, (ΔadsCp < 0), related with intense hydrophobic interactions.

The kinetic adsorption data were processed by the application of Lagergren and Avrami models. It was found that adsorption of both dyes on
oth adsorbents under the operating conditions was best predicted by Avrami model. The variation of kinetic order, n, and kav with T are related to

pore followed by intra particle diffusion control of the adsorption rate.
MB photodegradation on both TiO2-chitosan hybrid materials was of 91 (in A) and 41% (in B) and augmented with the chitosan content. For

P can be seen that the process in darkness resulted in a high remotion capacity than in UV light presence.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Reactive dyes are the largest single group of dyes used in
he textile industry. Being highly water-soluble, it is estimated
hat 10–20% of reactive dyes remains in the wastewater dur-
ng the production process of these dyes [1] and nearly 50%
f reactive dyes may be lost to the effluent during dying pro-
ess of cellulose fibers [2]. Furthermore, it is projected that
0–20% of dyes in the textile sector will be lost in residual
iquors through incomplete exhaustion and washing operations.
he rate of loss is approximated to be 1–2 and 10% for pig-

ents and leather dyes. Effluent treatment process for dyes are

urrently able to get rid of about half of the dyes lost in resid-
als liquors. Therefore, about 400 tonnes daily [3] find their

∗ Corresponding author. Tel.: +54 291 4551447; fax: +54 291 4551447.
E-mail address: pau423ve@yahoo.com.ar (P.V. Messina).
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ay into the environment, primarily dissolved or suspended in
ater.
Adsorption is a physicochemical wastewater treatment pro-

ess, which is gaining prominence as a means of producing high
uality effluents, which are low in concentrations of dissolved
rganics.

The requirements of an adequate adsorptive capacity restrict
he choice to microporous adsorbents with pore diameter ranging
rom a few Angstroms to a few tens of Angstroms. This includes
oth traditional microporous adsorbents such as activated carbon
nd the more recently developed crystalline alumino silicates or
eolites. Activated carbon is the most popular used adsorbent in
astewater treatments [4] and it is widely used for the removal
f color [5]. However, activated carbon has to be regenerated

ff sites with losses of about 10% in the thermal regeneration
rocess. Other tested adsorbents, such as eucalyptus bark and
lay that are throwaway products, can only be used once and
ave to be disposed of afterwards [6].

mailto:pau423ve@yahoo.com.ar
dx.doi.org/10.1016/j.jhazmat.2007.07.043
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Semiconductor photocatalysis has attracted a great deal of
ttention in recent years. The strong oxidative power of photo-
enerated holes on semiconductor surface has made them a most
uitable photocatalytic material in environmental remediation.
hotoexitation of semiconductors generates electron-holes pair
apable of attracting organic dyes either directly or indirectly by
eans of highly reactive species during their reaction with the

olvent and/or additives [7–9].
In general TiO2 is recognized as the most efficient, non-toxic,

nd stable photocatalyst. Mechanistically, the photocatalyst
iO2 is first exited by UV light and subsequently initiates the
hotodegradation process.

In this work, the aim was to evaluate the remotion (adsorp-
ion plus degradation) of reactive dyes from aqueous solutions
y the utilization of TiO2-chitosan microporous materials. Sev-
ral reports have recently been devoted to this problem and
ndicated that such materials are one of the most important
f the new advanced oxidation technologies to be applied to
ater purification [10]. Chitosan is obtained by N-deacetylation
f chitin, the next most abundant natural polysaccharide after
ellulose [11]. It is an invaluable renewable natural resource
hose technological importance is becoming increasingly evi-
ent. Numerous reports on the applications of chitosan, ranging
rom wastewater treatment [12] to biomedical and pharmaceu-
ical applications [11] can be found in literature. Chitosan is
xtremely attractive due to its biocompatibility, biodegradability
nd no toxicity [11,12] along with its fungistatic and antibacte-
ial activity [12–14]. Recent applications of chitin and chitosan
re found, for instance, in studies of the removal of metal ions
15] and dyes [16,17] from aqueous solutions. In aqueous solu-
ions, the amine groups of chitosan are much easier to cationize
nd they adsorb dye anions strongly by electrostatic attraction.
owever, pure chitosan has some disadvantages such as unsat-

sfactory mechanical properties, severe shrinkage, deformation
fter drying, solubility under acidic conditions, and compress-
bility at high operating pressure. Several methods to overcome
hese disadvantages have been performed by coating or impreg-
ating chitosan on rigid porous materials such as silica gel [18].

The cationic polyelectrolyte at the TiO2 surface incorpora-
ion, possibilities the adsorption of both acid and basic dyes.
ince the deacetylated amino groups in chitosan can be proto-
ated, the polycationic properties of the polymer can be expected
o contribute to the charged interaction with anionic dyes and
t the same time decreased the adsorption capacity of TiO2
aterial for the basic dye adsorption. To evaluated both last

ffects and obtain the best material which would provide the
ajor adsorption capacity for both dyes simultaneously, two

ifferent TiO2-chitosan material were synthesized: TiO2-Chit
with 280 mg chitosan per gram of TiO2 and TiO2-Chit B with

6.76 mg chitosan/g TiO2.
On the other hand, the employ of a photocatalytic TiO2 adsor-

ent provides a destructive oxidation process utilizing the more
ffective, inexpensive and inexhaustive solar energy that reaches

he earth surface to treat the dye-containing wastewaters. In
uch process, there is no consumption of expensive oxidizing
hemicals, the oxidant is atmospheric oxygen and the catalyst
s non-hazardous.

w
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t
w

us Materials 152 (2008) 765–777

. Experimental

.1. Materials and methods

The TiO2 material synthesis was performed by a surfactant
emplate route as follows [19]: 11.6 ml of Ti (IV) Isopropoxide
Ti (IV) (iPrO)4) was mixed with 2 ml double distilled water
nd stirred by 2 min at 500 rpm. Then a solution of 7.65 g of
exadecyltrimethylammoniun bromide (HTAB, also known as
TAB) in 38 ml water was added to the first one. The resulting
el was stirred by 3 min and left 48 h in hydrothermal treat-
ent at 100 ◦C in autoclave. The obtained gel was filtered,
ashed several times with double distilled water and left to dry

t room temperature. Then it was calcined by 7 h at 540 ◦C under
ir flux.

Chitosan [�(1–4) 2-amino 2-deoxy �-d glucan] was kindly
upplied by The Chitin basic and applied research labora-
ory (LIBAQ) of Universidad Nacional del Sur, Bahı́a Blanca,
rgentina. Chitosan is soluble in weak acids like acetic

cid. The pKa is 6.3. The following characterizations were
erformed (details not shown), in order to check some impor-
ant aspects, concerning the purity and structural aspects of
he chitosan sample: the degree of deacetylation (75%) was
etermined by UV spectrophotometry [20]. Solid-state 1H
MR spectroscopy, XRD and FT-IR were used to verify

he purity of chitosan sample. The total quantity of nitro-
en (% and mol g−1) was determined by the Kjeldhal method
20,21].

Two reactive dyes, methylene blue (MB, cationic) and ben-
opurpurin (BP, anionic,) were chosen as adsorbates. MB
s a basic blue dyestuff, C.I. classification number 52015,
max = 661 nm, Mw = 373.9 g mol−1. BP is an anionic dye, C.I.
lassification number 23,500, Direct Red 2, λmax = 500 nm,

w = 724.73 g mol−1.
All reagents, including acetic acid, were obtained from

ldrich and were of analytical grade (99%). Both dyes were
tilized without further treatment. For aqueous dye solutions
nly double-distilled water was used. Solution pH was kept
onstant and equal to 8.0 by the employ of a phosphate
Na2HPO4/NaH2PO4) buffer.

Two hundred milligrams of the TiO2 material were kept in
ontact with 20 mL of different concentrations chitosan acetic
olutions, (0.1–2) wt.%, during 48 h with continuous stirring at
00 rpm. Then, the mixture was centrifuged and the supernatant
as separated. The solid residue (TiO2 plus adsorbed chitosan)
as filtered to avoid acetic acid excess, drying under vacuum
ntil constant weight and calcined by 7 h at 540 ◦C under air
ux. The amount of chitosan adsorbed is computed by the mass
ifference between the non-calcined and the calcined material.
his procedure was done at three different temperatures (25, 35,
5 ◦C).

For the dye adsorption and degradation experiments, two chi-
osan solutions (0.5 and 1 wt.%) were chosen. The TiO2 material

as kept in contact with chitosan (as it was mentioned above),
ltered and washed several times with double distilled water

o avoid the acetic excess and dry under air flux until constant
eight.
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from 4 to 10 in textile industry, the stability of chitosan layers
adsorbed on TiO2 material was studied.

The ATR-FTIR spectrum of elution samples is shown in
Fig. 2. As it was in solution, the chitosan characteristic band (due
C.E. Zubieta et al. / Journal of Ha

The synthesized TiO2-chitosan material characterization was
erformed by the techniques usually employed in porous
aterials.

.1.1. Nitrogen adsorption isotherms
The nitrogen adsorption isotherms at 77.6 K were mea-

ured with a Micrometrics Model Accelerated Surface Area and
orosimetry System (ASAP) 2020 instrument. Each sample was
egassed at 373 K for 720 min at a pressure of 10−4 Pa.

.1.2. Transmission electron microscopy
Transmission electron microscopy was performed using a

EOL 100 CX II transmission electron microscope, operated
t 100 kV with magnification of 100,000×. Observations were
ade in a bright field. Powdered samples were placed on cooper

upports of 2000 mesh.

.1.3. FT-IR spectroscopy
FT-IR experiments were recorded in a Nicolet FT-IR Nexus

70 Spectrophotometer. To avoid co-adsorbed water the samples
ere dried under vacuum until constant weight was achieved

nd diluted with KBr powder before the FT-IR spectra were
ecorded.

.1.4. X-ray powder diffraction
Powder X-ray diffraction (XRD) data were collected via
Philips PW 1710 diffractometer with Cu K� radiation

λ = 1.5418 Å) and graphite monochromator operated at 45 kV;
0 mA and 25 ◦C.

The material stability under different pH conditions was
valuated according to the industrial pH effluents (pH 4–10).
iO2-chitosan material was packed in a chromatographic col-
mn and eluted with different pH (4, 6, 8, and 11) solutions (pH
as regulated by the addition of the property amounts of HCl

nd NaOH concentrated solutions (1 M)). The eluted fraction
as studied by ATR-FTIR spectroscopy using a ZnSe crystal, to

valuate the presence of desorbed chitosan. Experiments were
erformed with a Nicolet Magna 560 FTIR equipped with a
TGS detector. Each spectrum is the result of 256 co-added

nterferograms. The spectral resolution was 2 cm−1 in all cases.
he working temperature in these experiments was 25 ± 2 ◦C.

Adsorption experiments (in darkness to avoid photodegra-
ation) were carried out in 5 ml glass-stopped round bottom
asks immersed in a thermostatic shaker bath. For this, 50 mg
f adsorbent were mixed with 5 ml of aqueous dye solutions
ith (0.00834–0.048) mmol/L concentration range. The flasks
ith their content were shaken at 25, 35 and 45 ◦C. The stirring

peed was kept constant at 90 rpm. At the end of the adsorption
eriod, the supernatant was centrifuged for 1 min at a speed of
000 min−1. The supernatant MB and BP concentration before
nd after adsorption was determined using a Spectronic −20
V–vis spectrophotometer at 664 and 504 nm, respectively.

To study the effect of the photodegradation, the same exper-

ments were carried out in presence of UV light at T = 25 ◦C. A
ESAGA UV 131000 lamp (λ = 366 nm) was applied as a radia-

ion source for the photodegradation of dyes. Light intensity was
F
a
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stimated as Ia = 2.7 × 10−6 mol photon s−1 [22]. To discrim-
nate between both effects (adsorption and photodegradation)
he results of the experiments without light were subtracted from
hose carried out under irradiation. The photodegradation effect
n dye solutions was confirmed by the application of ATR-FTIR.

Equation fitting were done from non-linear procedures using
RIGIN®computer package (release 7.0).

. Results and discussion

.1. Chitosan-TiO2 material characterization

Fig. 1 shows the chitosan adsorption isotherms on the TiO2
aterial. The isotherms show the typical form of type F [23]

sotherms indicating an interaction between adsorbate molecules
tronger than that between adsorbate and adsorbent. In this case,
he uptake of chitosan molecules is initially slow until surface
overage is sufficient so that interactions between adsorbed and
ree molecules begin to dominate the process. One might say that
he process is autocatalytic in terms of the adsorption process
24]. The polyelectrolyte adsorption increased with the incre-
ent of T, which is associated with an endothermic process. The

eat of adsorption is lower than the heat of condensation [23].
o practical differences could be appreciated from the chitosan

dsorption at 35 and 45 ◦C.
The quantity of adsorbed chitosan on TiO2 material at the

onditions employed in the dye degradation were 280 mg chi-
osan/g TiO2 (TiO2-Chit A) and 46.76 mg chitosan/g TiO2
TiO2-Chit B) for the material in contact with chitosan acetic
olution 0.5 and 1 wt.%, respectively. More than 1 wt.% con-
entrated chitosan solution were too much viscously to work
nd less than 0.5 wt.% represent a minor chitosan adsorption at
he TiO2 surface.

In consideration to the industrial effluents pH which varies
ig. 1. Chitosan adsorption isotherms on the TiO2 material at different temper-
tures.
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ig. 2. ATR-FTIR spectrum of chitosan and elution samples. From the top:
hitosan acetic solution (reference), pH 4, 8 and 6 elutions.

o –NH2 and –OH groups stretching vibrations at 3400 cm−1)
annot be considered. For the chitosan identification only could
e considered the N–H for primary amine band at 1600 cm−1. It
an be seen that this band it is not present at eluted collected sam-
les, so we discarded the chitosan desorption from the porous
orbent due the pH media variation.

The FT-IR spectra of the TiO2-chitosan material are shown
n Fig. 3. Adsorptions at 3428 and 1627 cm−1 are attributed to
NH2 and –OH groups stretching vibrations and N–H for pri-
ary amine in the chitosan structure. The prominent band with

eak at ≈516 cm−1 corresponds to the TiO2 lattice vibrations
25].

The titania crystalline phase plays an important role in the
hysical and chemical behavior of the material because all the
pecific surface area, the chemical stability and the chemical

eactivity of the material are correlated with the particle size.

The XRD pattern of chitosan-titania composed materials
Fig. 3, insert) indicated that main peaks were ascribable to

ig. 3. FT-IR spectra of the TiO2-chitosan material. Insert: XRD pattern of
hitosan-titania composed material.
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ig. 4. The N2 adsorption/desorption isotherms of the TiO2-chitosan material.
nsert: t-plot of chitosan-titania composed material.

iO2 (anatase and brookite), no obvious peaks were observed
egarding rutile, implying that the TiO2 component in the porous
ubstances was dominantly present as anatase. Some peaks that
orrespond to TiO, Ti5O9 and Ti7O13 appeared too, but they
ere negligible.
The analysis of N2 adsorption isotherms (Fig. 4) indicated

hat both systems (TiO2 and TiO2-chitosan) presented the typ-
cal Type II [26] isotherm. The t-plots (Fig. 4, insert) show the
ppearance of the materials having slit-shaped pores [27]. The
otal area (Attot), the exterior area (Atext), the pore surface area
estimated from the difference between Attot and Atext), the pore
nd the core volume (Vtp, Vc) were computed from the t-plot
26,27] and the results were summarized in Table 1. The TEM
icrophotographs obtained for the calcined porous TiO2 and

he non-calcined TiO2-chitosan materials confirmed the exis-
ence of a lamellar structure with slit-shaped pores (Fig. 5A and
).

.2. Dye adsorption

Three isotherms equations are tested in this work. One is the
angmuir equation, which has been widely applied to describe
xperimental adsorption data based on the assumption that the
aximum adsorption corresponds to a saturated monolayer of

dsorbate molecules on the adsorbent surface with constant
nergy and no transmigration of adsorbate in the plane of adsor-
ent surface [28].

e = qmonKLCe

1 + KLCe
(1)

here KL is the Langmuir constant related to the energy of
dsorption and qmon is the maximum amount of adsorption
orresponding to complete coverage on the surface.

The equilibrium adsorption capacity, qe (mmol/g), was cal-

ulated with the equation [29]:

e = (C0 − Ce)V

m
(2)
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Table 1
Analysis of adsorption results

Sample Asp

(m2/g)
ABET

(m2/g)
Atext

(m2/g)
ABJHac

(m2/g)
ABJHdc

(m2/g)
Daap

(nm)
DaBJH

(nm)
DdBJH

(nm)
Vspat

(cm3/g)
VBJHacvp

(cm3/g)
VBJHdcpv

(cm3/g)

TiO2 30.58 34.9 55.60 16.69 39.80 17.59 33.40 16.87 0.0153 0.0164 0.0168
TiO2-chitosan 103.07 113.8 170.06 58.56 124.67 15.24 21.10 14.95 0.0433 0.0452 0.0461

Nitrogen adsorption data of the different samples. Asp: single point surface area at P/P0 = 0.2002, ABET: BET surface area, Atext: t-plot external surface area, ABJHac:
BJH adsorption cumulative surface area of pores between 3.4 and 600 nm diameter, ABJHdc: desorption cumulative surface area of pores between 3.4 and 600 nm
d verag
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iameter,. 2lmolec: twice the length of the surfactant molecule, Daap: adsorption a

dBJH: BJH desorption average pore diameter, Vspat: single point adsorption t

BJHdcpv: desorption cumulative volume of pores.

here C0 is the initial concentration (mmol/dm−3), Ce the resid-
al concentration at equilibrium (mmol/dm−3), V the solution
olume (dm−3), and m is the adsorbent mass (mg).

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

1

qe
= 1

qmon
+ 1

KLqmon

1

Ce
. (3)

The Freundlich isotherm [30] is the earliest known
elationship describing the sorption equation. This fairly satis-
actory empirical isotherm can be used for non-ideal sorption
hat involves heterogeneous surfaces energy systems and is
xpressed by the equation.

e = KFC1/n
e , (4)

here KF is roughly an indicator of adsorption capacity and 1/n is

he adsorption intensity. In general, as KF increases the adsorp-
ion capacity of an adsorbent for a given adsorbate increases.
he magnitude of the exponent 1/n gives an indication of the

avorability of adsorption.

b
b
m

ig. 5. Electron transmission micrograph of (A) TiO2 material after calcination, sm
ay be seen (B) TiO2-chitosan material without calcination, it may bee appreciated a

espectively.
e pore diameter by BET (8V/A), DaBJH: BJH adsorption average pore diameter,
ore volume of pores, VBJHacvp: BJH adsorption cumulative volume of pores,

Eq. (4) may be linearized by taking logarithms:

ogqe = logKF + 1

n
logCe (5)

The third equation applied corresponds to Sips adsorption
odel; here, some of the features of the classical Langmuir and
reundlich models were incorporated [31,32].

e = qmbC
1/ns
e

1 + bC
1/ns
e

(6)

here b (dm3 mmol−1)1/ns is a constant related to the adsorption
nergy, and 1/ns is the Sips parameter related to the adsorption
ntensity.

In order to determine the mechanism of dye adsorption and
valuate the temperature effect on the adsorption capacity, the
xperimental data (Figs. 6 and 7) were fitted to Langmuir,
reundlich and Sips equation; the obtained parameters are sum-
arized in Table 2.

The obtained results showed that for both acid (BP) and

asic (MB) dyes the adsorption on TiO2-Chit A material was
est predicted by Langmuir Isotherm. The Langmuir adsorption
odel assumes that the adsorbed layer is one molecule thick

all irregular lamellae superimposed and some granules (probably by Titania)
n irregular lamellae superimposed structure. The bar represents 106 and 85 nm,
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Table 2
Parameters of the Langmuir, Freundlich and Sips isotherm applied to experimental data for the adsorption of MB and BP on TiO2-Chit A and TiO2-Chit B at different
temperatures

T (◦C) MB + TiO2-Chit A

Langmuir Freundlich Sips

qmon (mmol g−1) KL (dm3 mmol−1) R2 n KF R2 qm (mmol g−1) b (dm3 mmol−1)1/ns 1/ns R2

25 0.0038 ± 0.0004 16.75 ± 0.08 0.992 1.17 ± 0.05 0.21 ± 0.05 0.990 0.003 ± 0.011 54.132 ± 3.125 1.16 ± 0.23 0.978
35 0.0019 ± 0.0001 28.91 ± 0.02 0.998 1.40 ± 0.10 0.14 ± 0.08 0.986 0.247 ± 0.012 0.128 ± 0.050 0.96 ± 0.15 0.962
45 0.0016 ± 0.0002 16.49 ± 0.03 0.997 0.81 ± 0.10 0.13 ± 0.08 0.986 0.055 ± 0.006 0.766 ± 0.023 1.09 ± 0.05 0.990

MB + TiO2-Chit B

Langmuir Freundlich Sips

qmon (mmol g−1) KL (dm3 mmol−1) R2 n KF R2 qm (mmol g−1) b (dm3 mmol−1)1/ns 1/ns R2

25 1.590 ± 0.311 0.0116 ± 0.0012 0.88 ± 0.23 0.981
35 4.506 ± 0.512 0.0027 ± 0.0005 0.87 ± 0.15 0.910
45 192.03 ± 12.12 0.0007 ± 0.0002 0.97 ± 0.05 0.926

BP + TiO2-Chit A

Langmuir Freundlich Sips

qmon (mmol g−1) KL (dm3 mmol−1) R2 n KF R2 qm (mmol g−1) b (dm3 mmol−1)1/ns 1/ns R2

25 0.0161 ± 0.0004 6.45 ± 0.08 0.998 1.27 ± 0.06 0.24 ± 0.05 0.997 0.013 ± 0.005 9.625 ± 3.125 1.06 ± 0.23 0.996
35 0.0183 ± 0.0001 5.27 ± 0.02 0.998 1.28 ± 0.11 0.24 ± 0.08 0.994 0.012 ± 0.005 16.396 ± 2.050 1.17 ± 0.16 0.992
45 0.0074 ± 0.0002 13.63 ± 0.03 0.997 1.37 ± 0.12 0.21 ± 0.08 0.994 0.005 ± 0.001 82.963 ± 10.233 1.35 ± 0.05 0.990

BP + TiO2-Chit B

Langmuir Freundlich Sips

qmon (mmol g−1) KL (dm3 mmol−1) R2 n KF R2 qm (mmol g−1) b (dm3 mmol−1)1/ns 1/ns R2

25 0.0046 ± 0.011 6.257 ± 2.125 0.716 ± 0.33 0.973
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nd the sites are homogeneous. The strength of the intermolec-
lar attractive forces is believed to fall off rapidly with distance.
verall, the Langmuir isotherm has the highest coefficient of

orrelation for the adsorption of both dyes suggesting that the
dsorption process was probably dominated by a monolayer for-
ation rather than a multilayer. The formation of a monolayer

but not necessarily a compact one) may be assumed and the
hermodynamic data obtained from the Langmuir equation are
rustworthy.

The amino groups in the adsorbed chitosan layers were pro-
onated and subsequently interacted with the sulfonyl group
f the BP molecule to form the electrostatic organic complex
NH3

+. . .−OOS–R as observed in adsorption of humic acid onto
hitosan-coated granules [33] as well as in adsorption of dyes
uch as indigo carmine [34] and RR189 [35] onto chitosan.

On the other hand, for the basic dye adsorption on chitosan
ayers it was supposed to be by a kind of electrostatic attraction
etween the �-electronic cloud in the MB molecule and the
dsorption sites (–NH3

+) of chitosan. Nevertheless, it can be

oticed that the BP adsorption is major than MB. This last fact is
ue to the repulsive interactions that are present between positive
harge in the MB molecule and the (–NH3

+) of chitosan during
dsorption process.

�

�

0.0651 ± 0.012 0.024 ± 0.006 0.023 ± 0.13 0.966
0.277 ± 0.006 0.005 ± 0.003 0.112 ± 0.17 0.982

In comparison with TiO2 material without chitosan, the
ationic polyelectrolyte presence augmented notably de BP and
ot decreased excessively the MB adsorption capacity.

The adsorption of both dyes on TiO2-Chit B material, on
ontrary, was best predicted by the Sips equation. This means
hat adsorbent surface is not homogeneous and that the different
dsorption sites at the surface are not energetically equivalent,
hich is in agreement with the presence of TiO2 and –NH3

+

roups in the adsorbent structure due to the TiO2 incomplete
over with Chitosan.

.3. Thermodynamic of adsorption

From adsorption isotherm data at different temperatures, the
nthalpy (�H◦

ads), entropy (�S◦
ads) and free energy of adsorption

�G◦
ads) can be calculated using the following equations:

∂(ln KL)

∂(1/T )
= −�H◦

ads

R
(7)
G◦
ads = −RT lnKL (8)

G◦
ads = �H◦

ads + T �S◦
ads (9)



C.E. Zubieta et al. / Journal of Hazardous Materials 152 (2008) 765–777 771

F
C
w

w
t

f
t
c
i
�

t

p
p
o

h
a

Δ

i
n

F

b
� ads

For MB adsorption, the �S◦
ads and �H◦

ads values augment
with the increment of temperature. Adsorption goes from an
exothermic to an endothermic process, so it was enthalpically
ig. 6. Adsorption isotherms on TiO2-Chit A material of (A) BP and (B) MB.
ontinuous line represents the adsorption isotherm of the same dyes on TiO2

ithout chitosan.

here KL is the Langmuir adsorption equilibrium constant, T
he solution absolute temperature and R is the gas constant.

The enthalpies of the dye-TiO2 chitosan adsorption are found
rom the van’t Hoff plots: ln KL versus 1/T (Fig. 8). The use of
he van’t Hoff plots is an indirect, but accurate method to cal-
ulate thermodynamic adsorption parameters at solid–solution
nterfaces. However, difficulties arise from the assumption that
H◦

ads does not change with the temperature, which is often not
he case.

Taking into account the curvature of the obtained van’t Hoff
lot (Fig. 8) a second order polynomial regression analysis of the
lots was used. The �H◦

ads/R values were found from derivation
f individual regression functions.

The dependence of �H◦
ads is due to a change in the adsorption

eat capacity (ΔadsCp), which was calculated in a simple manner
s follows [36]:

adsCp = (�H◦
ads(T2) − �H◦

ads(T1))

T2 − T1
, where T2 > T1 (10)
Thermodynamic parameters were summarized in Table 3.
The negative adsorption values of �G◦

ads for both dyes
ndicated that the adsorption on TiO2-Chit A is a sponta-
eous process. The values of �S◦

ads and �H◦
ads suggest that
ig. 7. Adsorption isotherms on TiO2-Chit B material of (A) BP and (B) MB.

oth enthalpy and entropy are responsible for making the
G◦ < 0.
Fig. 8. ln KL vs. 1/T plot for MB and BP adsorption TiO2-Chit A.
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Table 3
Thermodynamic parameters of dye adsorption on TiO2-Chit A material

T (◦C) BP + TiO2-Chit A

�H◦
ads (kJ mol−1) �G◦

ads (kJ mol−1) �S◦
ads (kJ mol−1 K−1) ΔadsCp (kJ mol−1 K−1)

25 128.879 −4.637 0.4465 −303.817
35 35.289 −4.260 0.1284
45 −69.998 −6.911 −0.1984

MB + TiO2-Chit A

�H◦
ads (kJ mol−1) �G◦

ads (kJ mol−1) �S◦
ads (kJ mol−1 K−1) ΔadsCp (kJ mol−1 K−1)
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t

dt
2,s e t

where k2,s is the pseudo-second-order rate constant.
5 −94.306 −7.0098
5 −6.119 −8.619
5 93.090 −7.414

isfavored with the augment of T. At the same time an augment
f �S◦

ads indicated a randomness augment at the solid–solution
nterface confirming a diminution of the adsorption capacity. For
P adsorption, on contrary, there was a decrease of �S◦

ads and
H◦

ads values with the augment of T. The process is enthalpically
avored and �G◦

ads < 0. However, experimental results show
hat adsorption capacity diminished with the increment of T.
his fact would be possible due to a chitosan desorption from
iO2 surface. With temperature growth there is an increase of
nergy of adsorbed polyelectrolyte which possible allows some
f their moieties to leave adsorbent active centers. As a result,
he amount of adsorbed dye decreases.

From inspection of Table 3, the signs of ΔadsCp values are
egative for both dye adsorptions. In general negative (often
arge) values of ΔadsCp coupled with favorable positive entropy
hanges, have been used as an indicator of intense hydrophobic
nteractions [37].

.4. Adsorption kinetic

Figs. 9 and 10 show the dependence with time of MB and
P adsorbed amounts on the TiO2-chitosan material. It can be

een that the adsorption equilibrium were observed after 400 and
00 min for both dyes, without difference on TiO2-Chit A and
iO2-Chit B, respectively, irrespective on the nature of the dye
nd the adsorbent. The kinetic adsorption data were processed
o understand the dynamic of adsorption process in terms of the
rder, n, and of the rate constant, k [37].

Traditionally, the adsorption kinetics is described following
he expressions originally given by Lagergren, which are special
ases for the general Langmuir rate equation [38]. A simple
inetic analysis of adsorption is the pseudo-first order equation
n the form:

dqt

dt
= k1,s(qe − qt) (11)

here k1,s is the pseudo-first-order rate constant and qe denote

e amount of adsorption at equilibrium. Integrating Eq. (11) for
he boundary conditions t = 0 to t and qt = 0 to qt gives:

n(qe − qt) = ln(qe) − k1,st (12)
F
A

−0.2919 −303.2008
0.00811
0.3160

In addition, a pseudo-second-order equation based on adsorp-
ion equilibrium capacity may be expressed in the form:

dqt = k (q − q )2 (13)
ig. 9. (A) BP and (B) MB adsorbed amounts time dependence on the TiO2-Chit
material.
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ig. 10. (A) BP and (B) MB adsorbed amounts time dependence on the TiO2-
hit B material.

By integrating, applying the initial conditions and rearranged
o obtain a linear form we have:

t

qt
= 1

k2,sq2
e

+ 1

qe
t (14)
The fitting validity of these models is traditionally checked
y the linear plots of ln(qe − qt) versus t and t/qt versus t,
espectively. The slope and intercept of the obtained straight line
rovide the respective kinetic constant and the qe parameters.

w
O
a

able 4
inetic adsorption parameters obtained using Avrami equation

(◦C) MB + TiO2-Chit A

qmon (mmol g−1) kav (min−1) n R2 �qt (%)

5 0.0060 ± 0.004 0.0040 ± 0.0006 0.99 ± 0.14 0.988 3.93
5 0.0046 ± 0.002 0.0057 ± 0.0002 1.42 ± 0.23 0.989 4.02
5 0.0036 ± 0.001 0.0063 ± 0.0012 1.56 ± 0.62 0.988 1.085

BP + TiO2-Chit A

qmon (mmol g−1) kav (min−1) N R2 �qt (%)

5 0.0013 ± 0.0004 0.0060 ± 0.0004 1.52 ± 0.43 0.985 0.340
5 0.0008 ± 0.0002 0.0069 ± 0.0032 1.72 ± 0.31 0.986 1.259
5 0.0006 ± 0.0001 0.0085 ± 0.0032 2.12 ± 0.62 0.982 0.594
us Materials 152 (2008) 765–777 773

Despite the Lagergren kinetic equations has been used for the
ost adsorption kinetic works, determination of some specific

inetic parameters, as possible changes of the adsorption rates
n function of the contact time and temperature represent still
acks and a change in the kinetic adsorption model.

Experimental data were further treated with both the above-
entioned models; the obtained results (not shown) indicated

hat those models do not agree with experimental values. In this
ay, an alternative kinetic equation was used, Avrami kinetic

quation:

t = qe(1 − exp−[kavt]n ) (15)

here kav is the Avrami kinetic rate constant and n is the reaction
rder.

In order to quantitatively compare the applicability of the
pplied kinetic model, the normalized standard deviation (�qt)
ere calculated as follows [39]:

qt(%) = 100 ×
√∑

[(qt,exp − qt,calc)/qt,exp]2

(a − 1)
(16)

here qt,calc are the adsorption capacity calculated values from
oth the Lagergren and the Avrami models and a is the number
f experimental points of the kinetic curve. The obtained kinetic
arameters are summarized in Table 4. From inspection of this
able, it can be seen that the order (n) and the Avrami kinetic
ate constant (kav) augment with the increment of T for both
ye adsorption on TiO2-Chit A. This fact agrees with the exis-
ence of different process controlling the adsorption rate. For

B adsorption on TiO2-Chit B, n and kav were not affected by a
hange of T, while for BP adsorption on the same material such
arameters diminished.

The Lagergren and the Avrami kinetic models cannot give
nteraction mechanisms, so another model to test dye diffusion
nto the TiO2-Chit hybrid material was also used. A pore diffu-
ion model, described by Eq. (17), was used here and in most
olid/solution interaction studies [40].

1/2
here kdiff is the pore diffusion rate constant and I is the intercept.
n the other hand, if the intra particle diffusion is involved in the

dsorption process, then a plot of q × t versus t1/2 would result

MB + TiO2-Chit B

qmon (mmol g−1) kav (min−1) n R2 �qt (%)

0.00064 ± 0.0003 0.0858 ± 0.0216 0.364 ± 0.2 0.973 1.02
0.00063 ± 0.0002 0.0853 ± 0.0132 0.451 ± 0.1 0.976 0.701
0.00036 ± 0.0001 0.0736 ± 0.0052 0.399 ± 0.3 0.982 2.835

BP + TiO2-Chit B

qmon (mmol g−1) kav (min−1) n R2 �qt (%)

0.0023 ± 0.00013 0.1098 ± 0.0346 0.601 ± 0.15 0.986 1.232
0.0012 ± 0.00002 0.0708 ± 0.0162 0.388 ± 0.09 0.986 0.708

0.00124 ± 0.0001 0.0523 ± 0.0212 0.286 ± 0.13 0.985 1.356
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Table 5
Kinetic adsorption parameters obtained using pore and intra particle diffusion models

T (◦C) Pore diffusion qt = kdiff t1/2 + I Intra particle diffusion qt t = kdifft1/2 + I

Kdiff (mmol g−1 min−1/2) I (mmol g−1) t1/2 (min−1/2) R2 Kdiff (mmol g−1 min1/2) I (mmol g−1min) t1/2 (min−1/2) R2

BP + TiO2-Chit A
25 (2.513 ± 0.031) × 10−4 (−3.43 ± 0.03) × 10−4 (0–21.910) 0.993 0.425 ± 0.031 −6.93 ± 0.63 (21.91–37.73) 0.999
35 (2.189 ± 0.056) × 10−4 (4.05 ± 0.08) × 10−4 (0–17.791) 0.994 0.296 ± 0.063 −4.19 ± 0.09 (17.79–37.73) 0.998
45 (2.008 ± 0.011) × 10−4 (1.58 ± 0.06) × 10−3 (0–14.373) 0.997 0.212 ± 0.021 −2.67 ± 0.012 (14.37–37.73) 0.997

MB + TiO2-Chit A
25 (5.087 ± 0.051) × 10−5 (2.78 ± 0.33) × 10−4 (0–16.43) 0.997 0.078 ± 0.021 -1.11 ± 0.86 (16.43–37.73) 0.999
35 (3.540 ± 0.048) × 10−5 (1.57 ± 0.25) × 10−4 (0–16.43) 0.998 0.046 ± 0.013 -0.61 ± 0.09 (16.43–37.73) 0.998
45 (4.030 ± 0.081) × 10−5 (9.19 ± 0.06) × 10−5 (0–10.86) 0.997 0.034 ± 0.001 −0.41 ± 0.01 (10.86–37.73) 0.992

BP + TiO2-Chit B
25 (9.20 ± 0.32) × 10−5 (1.32 ± 0.53) × 10−3 (0–10.94) 0.990 0.045 ± 0.005 −0.562 ± 0.063 (10.94–37.73) 0.997
35 (8.57 ± 0.86) × 10−5 (1.73 ± 0.25) × 10−5 (0–12.89) 0.970 0.074 ± 0.003 −0.874 ± 0.190 (12.89–37.73) 0.992
45 (9.31 ± 1.12) × 10−5 (1.85 ± 0.65) × 10−4 (0–10.72) 0.964 0.065 ± 0.001 −0.655 ± 0.112 (10.72–37.73) 0.989

MB + TiO2-Chit B
25 (7.07 ± 1.123) × 10−5 (−1.38 ± 0.33) × 10−4 (0–8.94) 0.991 0.039 ± 0.011 −0.473 ± 0.86 (8.94–37.73) 0.998
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35 (4.54 ± 0.23) × 10 (1.51 ± 0.26) × 10 (0–8.94)
45 (2.46 ± 0.181) × 10−5 (7.98 ± 0.07) × 10−5 (0–8.94)

n a linear relationship, and the particle diffusion would be the
ontrolling step if this line passed through the origin. Obtained
esults are exposed in Table 5.

Figs. 11 and 12 show the pore and intra particle diffusion
lots for BP and MB adsorption on TiO2-Chit A material. It
an be seen that all adsorption process posses a diffusion (pore
ollowed by intra particle diffusion) rate control. Similar results
ere obtained for dye adsorption on TiO2-Chit B material.
For BP and MB adsorption on TiO2-Chit A, the pore diffusion

emained for a major time that intra particle diffusion control.
he interval where pore diffusion control existed decreased with

he increment of temperature leading to an augment of the intra

article diffusion control.

In contrast when dyes adsorbed on TiO2-Chit B material, the
ntra particle diffusion prevailed over pore diffusion control. In

ig. 11. Pore (insert) and intra particle diffusion plots for BP adsorption on
iO2-Chit A material.

d
s
r

F
T

96 0.039 ± 0.013 −0.484 ± 0.12 (8.94–37.73) 0.999
88 0.020 ± 0.001 −0.239 ± 0.131 (8.94–37.73) 0.998

hese cases there was not an appreciable temperature effect on
uch processes.

When the plots do not pas through the origin, as in our case,
s indicative of some degree of boundary layer control and this
hows further that the intra particle diffusion is not only rate-
ontrolling step, but other processes may also occurs at the same
ime, all of which may be operating at the same time. The values
f the intercept give an idea about the boundary layer thickness:
he larger the intercept, the greater the boundary layer effect. The
oundary layer resistance is affected by the rate of adsorption
nd increase in contact time, which reduces the resistance and
ncrease the mobility of dye during adsorption.

Intra particle diffusion is also usually controlled by the

imensions of the particle pores. The grater the particle pore
izes, the smaller the contribution of the intra particle diffusion
esistance in the control of the sorption kinetic. So, the increase

ig. 12. Pore (insert) and intra particle diffusion plots for MB adsorption on
iO2-Chit A material.
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ig. 13. Photodegradation of MB on both TiO2-chitosan hybrid materials. C is
he amount of MB removed expressed in mmol/dm−3.

f the chitosan pores with the increase of temperature [41] seems
o decrease the effect of the boundary layer effect. For BP adsorp-
ion on TiO2-Chit B where the content of chitosan is minor than
n TiO2-Chit A the boundary layer resistance is not decreased
ith the increase of chitosan pores, so non-temperature effect
as appreciated.

.5. Photodegradation properties

Fig. 13 shows photodegradation of MB on both TiO2-
hitosan hybrid materials. The photodegradation is about of 91%
TiO2-chitosan A) and 41% (TiO2-chitosan B) and augmented
ith the chitosan adsorbent content. For acid dye BP (Fig. 14) it

an be seen that the process in darkness resulted in a high remo-
ion capacity than in UV light presence. Similar results were
btained for the adsorption in both porous materials. These facts
re related with the effect of UV light on chitosan layers. The

ction of ionizing radiation on chitosan resulted in the polymer
hain scission, accompanied by the induction of carboxyl groups
n the residue [42–44]. Even though irradiation induced chain
cission, the chemical structure of chitosan (including the degree

ig. 14. Adsorption of BP on TiO2-Chit A material in presence and in absence
f UV light.
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f acetylation) did not change significantly [45]. The generation
f negative carboxyl groups attracted MB molecules, so adsorp-
ion of basic dye in UV-light presence is notably augmented.
he same effect decreased the acid dye adsorption.

. Summary

The remotion of a basic, methylene blue (MB), and an acid,
enzopurpurin (BP), dyes from aqueous solution onto TiO2-
hitosan hybrid material was studied in this work.

The variation of adsorption capacity (qe) indicated a great
ependence of the adsorption mechanism on the adsorbent struc-
ure, the dyes’ molecular configuration, chitosan content and the
emperature conditions.

In general, for all systems (dye + adsorbent), there was a
iminution of qe with the augment of T and with the diminution
f the material chitosan content. It was clear that the adsorption
f BP was higher than that of MB. This fact is due to repul-
ive interaction between positive charges in MB molecules and
he (–NH3

+) of chitosan during adsorption process. Neverthe-
ess, even if these repulsive interactions existed the adsorption of

B is considerable and chitosan amount dependent and would
e possible due attractive interaction between �-electron cloud
n the dye molecule and the cationic chitosan groups. In com-
arison with TiO2 material without chitosan, the presence of
he cationic polyelectrolyte augmented notably de BP and not
xcessively decreased the MB adsorption capacity.

To determine the mechanism of dye adsorption and evaluate
he effect of temperature on adsorption capacity, the experi-

ental data were treated with Langmuir, Freundlich and Sips
sotherm equations. The analysis of the obtained parameters and
orrelation coefficient showed that the adsorption of both dyes
n TiO2-Chit A material at the three work temperatures was
est fitted by the employment of the Langmuir model, while
ips equation adjusted better to adsorption data on TiO2-Chit B
aterial.
The change of temperature affected dye adsorption. The anal-

sis of thermodynamic parameters suggested that the adsorption
s mainly chemical because of the high adsorption enthalpy
alues. There is a change in the adsorption heat capacity
ΔadsCp < 0) related with intense hydrophobic interactions.

The kinetics of adsorption was also studied and the results fol-
owed Avrami kinetic model. The variation of the reaction order,
, and kav with T suggested different interactions mechanism
uring adsorption process. From the analysis of the obtained data
uch mechanism would be assumed related to a pore followed
y intra particle diffusion control of the adsorption rate.

Finally the material photodegradation properties were eval-
ated. MB photodegradation on both TiO2-chitosan hybrid
aterials was of 91% (TiO2-chitosan A) and 41% (TiO2-

hitosan B) and augmented with chitosan content. For BP it
as noticed that the process in darkness resulted in a high remo-

ion capacity than in UV-light presence. These last facts are

elated with the induction of –COO− groups on chitosan lay-
rs due to the effect of ionizing radiation. The generation of
COO− attracted the positive MB and rejected the negative BP
olecules.
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Consequently, from the analysis of the experimental obtained
ata summarized in this work, we are able to say that TiO2-
hitosan materials are efficient for the simultaneous remotion of
asic and acid dyes. The adsorption capacity of negative dyes in
uch materials are superior to that in others adsorbents like pure
iO2 or SiO2 without decreasing too much the adsorption capac-

ty for positive dyes. Moreover, such efficiency augments with
he chitosan content. On the other hand the application of UV-
ight increased the adsorption of basic dyes, by the generation
f –COO− groups on the adsorbent and subsequent degradation
f both dyes due to the existence of TiO2.
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