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a b s t r a c t

Natural tannin-based adsorbent has been prepared on the basis of the gelification of Quebracho bark
extract. The resulting product, Quebracho Tannin Gel (QTG) was tested as cationic dye adsorbent with
Methylene Blue (MB). Kinetics of adsorption process were studied out and a period of 15 days was
determined for reaching equilibrium. The influences of pH and temperature were evaluated. As pH or
temperature raise q capacity of QTG increases. Theoretical modelization of dye-QTG adsorption was
eywords:
uebracho
annin
ethylene Blue
ye removal

carried out by multiparametric adjustment according to Langmuir’s hypothesis. Values of the kl1, kl2 and
activation energies were calculated.

© 2009 Elsevier B.V. All rights reserved.
atural adsorbents
elification

. Introduction

Textile industry involving dye production and usage is one of the
argest in the world, and the implications to economic and social
onditions in many countries are very important [1]. There are a
umber of dye substances that may differ attending to various fac-
ors such as fiber class, colour or industrial process. Almost all of
hem could be highly polluting if released into the environment.

Over 50,000 tonnes of dye, containing hazardous substances
hich can damage aquatic and vegetal life, are discharged via

ffluent into the environment annually [2]. Researchers have been
orking on ways of removing dyes from wastewater for many years

esearchers. Therefore, different procedures have been developed:
dsorption onto materials such activated carbon [3,4] or waste

roducts [5,6], physical and chemical degradation [7,8] in addi-
ion to a large number of other techniques: Fenton’s oxidation,
lectrocoagulation [9], ozonization. . .[10,11].
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Dyes may be classified into several different groups, according
to their usage in dyestuff. Regarding to this fact, there are acid,
basic, disperse, direct . . . dyes (family names that have to do with
when and how dyes are used). Regarding, on the other hand, to
their chemical structure, lots of compounds are included as dye.

Industrial pollution involving dyes leads to coloured water that
can destroy environmental equilibrium. Many dyes are toxic and
even carcinogenic. Although some of them are used in pharmaceu-
tical production, large exposure to them can cause several harmful
effects. Methylene Blue (MB) (structure showed in Fig. 1), which is
the one selected in the current investigation, can cause increased
heart rate, vomiting, shock, cyanosis, jaundice and many other dan-
gerous injuries [12].

The remediation of several pollution problems is a target of
many researchers nowadays. Technical ways of solving environ-
mental concerns and menaces such as the dumping of surfactants,
dyes, pharmaceuticals and other hazards are available long time
ago, but making them cheaper and sustainable is still a challenge.
Natural raw materials are a possible source of low-cost adsorbents
that could provide a successful solution [13–15].

Under tannins denomination there are lots of chemical families.

Tannins have been used traditionally for animal skins process, but
it is possible to find several products that are distributed as floccu-
lants. Tannins come from vegetal secondary metabolites [16]: bark,
fruits, leaves. . . Tannin-rich barks come from trees such as Aca-
cia, Castanea or Schinopsis. However, it is not needed to search for

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jsanmar@unex.es
mailto:mvelasco@unex.es
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Fig. 1. Chemical structure of Methylene Blue.

ropical species: Quercus ilex, suber or robur have also tannin-rich
ark.

Many few authors have investigated about tannins water treat-
ent capacity, although their ability in removing heavy metals is
ell demonstrated [17]. Zhan and Zhao [18] tried to remove lead

rom water by using an adsorbent, tannin-based gel. Process of
etal removal is improved by tannin gelification. In the same sense,

here are other works ([19,20] and recently [21]).
Palma et al. [22] used tannins extracted in situ from Pinus radi-

ta bark in order to polymerize a solid which is used in heavy
etals removal. Bark itself was combined with a tannin solid into

dsorption columns.
The specific removal of heavy metals and several kinetics stud-

es have been developed recently by Sengil and Özacar [23] by using
annin resin from valonia. The results showed very interesting con-
lusions, and tannin resin seems to be a novel adsorbent that may
e used in remediation and recovery of wastes. Other authors have
esearched in the same sense [24,25]

Schinopsis balansae, commonly known as Quebracho, is a tree
hat comes from South America. It was considered the first source
f tannins until Acacia mearnsii de Wild replaced it because its
igh percentual tannin content and its relatively easy reproduc-
ion procedure. However, Quebracho is an important feedstock for
annin production [26]. Its content in tannins has been thoroughly
etermined [27].

Tannins from Quebracho have been thoroughly characterized by
everal researchers [28]. About Quebracho composition it can be
aid that is mainly based on combinations of resorcinol, catechol
nd pyrogallol building blocks [29]. In fact, Quebracho tannins have
een used in resin synthesis and its usage in biosorption of Pb(II)
30].

The main aim of this paper is to investigate this novel adsor-
ent that have been thoroughly tested in metal removal in the new
eld of cationic dyes removal. Firstly, we have focused our research
ctivity in kinetics of QTG–MB adsorption. Then, we have developed
theoretical modelization of QTG–MB adsorption equilibrium tak-

ng into account MB concentration in bulk solution, according to
angmuir equation.

. Materials and methods

The reagents and the procedures we have used in this investi-
ation are referred below.

.1. Buffered solution

All assays were done in a pH-stable medium. A pH 7-buffered
olution was prepared by mixing 1.2 g of NaH2PO4 and 0.885 g of
a2HPO4 in 1-L flask. Assays with different pH were carried out
y adjusting this buffered solution to the specific pH by using HCl
.5 M and NaOH 0.5 M. All reagents were supplied by PANREAC in
nalytical purity grade.
.2. QTG preparation

QTG was prepared according to Nakano et al. [19]. 5 g of Que-
racho bark extract (supplied by TANAC, Brazil) were dissolved
rdous Materials 174 (2010) 9–16

in 32 mL of NaOH (PANREAC) 0.125 mol L−1 and 30 mL of dis-
tilled water at 353 K. When mixture was homogeneous, 2 mL of
formaldehyde (SIGMA) 37% (v/v) were added and reaction was
kept at the same temperature for 8 h until polymerization was
considered completed. Then, the apparent gummy product was
lead to complete evaporation of water remain and dried in oven
(65 ◦C) overnight. After gelation, QTG was crushed and sieved to
produced 38–53 �m diameter particles. They were washed suc-
cessively with distilled water and HNO3 0.1 mol L−1 (PANREAC) to
remove unreacted formaldehyde. Finally, QTG was dried again in
oven. Differences are found between this preparation way and the
description made by Yurtsever and Sengil [30], mainly concerning
the amount of formaldehyde (10 mL instead of 2 mL).

For characterizing Quebracho tannin before and after gelifica-
tion, FTIR spectra were recorded on a Thermo-Nicolet FTIR 300
spectrophotometer. A sample of Quebracho extract and QTG were
dried at 60 ◦ C and stored under vacuum. Potassium bromide disk
was prepared by mixing 1 mg of tannin with 250 mg of KBr (Merck,
spectrometry grade) at 10,000 kg cm−2 pressure for 5 min under
vacuum. The spectra were recorded from 4000 to 400 cm−1.

The spectra of both samples are shown in Fig. 2. Wide bands in
the range of 3600–3100 cm−1 correspond to –OH bridging groups
in all systems and are attributed to O–H stretching (phenolic or
alcoholic group) and to water molecules hydrogen bonded with
–OH groups. The small peaks in the region of 2950–2850 cm−1 are
associated with the methylene (–CH2–) bridges. Also, stretching
vibrations of C–H groups in the aromatic rings give absorption
bands in this region. The absorption bands between 1620 and
1450 cm−1 are characteristic of the elongation of the aromatic
–C C– bonds. The deformation vibration of the C–C bonds in
the phenolic group absorbs in the region of 1500–1400 cm−1. The
peak at 1390–1370 cm−1 is associated with the O–H deformation
vibration of phenolic or alcoholic group. The peaks in the region
1280–1210 cm−1 are associated with the –CO stretchings of the
aromatic ring and the methylene ether bridges formed by reaction
with formaldehyde. The peaks at 1160–975 cm−1 are due to asym-
metrical C–O–C stretching and C–H deformation. The deformation
vibrations of the C–H bond in the aromatic rings give absorption
bands in the range of 835–650 cm−1.

2.3. General dye removal assay

A Methylene Blue (SIGMA) 1000 mg L−1 solution was prepared
by adding 0.250 g in 250 mL. Different volumes of this initial solu-
tion were put into 100 mL-flask, and a fixed quantity of QTG was
added (20 mg). Magnetic stirring was applied for 15 days in a
magnetic multistirrer (SELECTA), until equilibrium was achieved.
Kinetics are studied by collecting samples at regular periods of time.
Then, a sample was taken and it was centrifuged. Photometric anal-
ysis was carried out in a 1-cm glass cell. The maximum absorbance
wavelength was 665 nm and a linear relationship of absorbance
versus dye concentration was determined at this wavelength. An
HE�IOS UV/vis spectrophotometer was used for photometric mea-
sures.

2.4. Mathematical and statistical procedures

Linear data adjustment were carried out by using Origin v. 7.0 for
Windows. Non-linear multiparametric data adjustment was carried
out by using SPSS 15.0.1 for Windows.
3. Results and discussion

This investigation may be divided into two big parts: kinet-
ics and equilibrium studies. We have also researched on variables
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Fig. 2. FTIR spectra of raw

nfluence and theoretical modelization. We present these results in
he following sections.
.1. Kinetics of dye removal

As a first step in the research process, a kinetic study
as carried out. A series of assays was performed with a
elified Quebracho tannin.

fixed initial dye concentration (IDC) (100 mg L−1) and with
different proportions of QTG and MB (mmol per g of adsor-

bent). Fig. 3 reports the decreasing concentration of dye in
six experiments with 1.5, 1.8, 2.2, 2.5, 2.8 and 3.7 mmol g−1.
A rather rapid dye removal is achieved in the first 150 h,
although complete equilibrium dye concentration is reached at
350 h.
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Fig. 3. Kinetics of dye removal.

Firstly, adsorption capacity (q) has been determined, defined as:

= (C0 − Cl) · V

W
(1)

here C0 is initial dye concentration (mmol L−1), Cl is equilibrium
ye concentration in bulk solution (mmol L−1), V is the volume of
olution (L), and W is adsorbent mass (g).

For the kinetic of adsorption process three theoretical models
ave been considered: Lagergren first order [31]; Ho second order
32] and Elovich model [33].

.1.1. First order: Lagergren model
The Lagergren equation (2) is one of the most widely used

dsorption rate equations for the adsorption of solute from a liquid
olution. The modified first order kinetic model of Lagergren may
e represented by the following equation:

dq

dt
= kl · (qe − q) (2)

here q is the adsorption capacity defined according to Eq. (1)
mmol of dye (g of QTG)−1); kl is the first order Lagergren constant
h−1); qe is the equilibrium q capacity (mmol of dye (g of QTG)−1);
nd t is the contact time (h).

Integrating this equation with the boundary conditions t = 0 to
= t and consequently q = 0 to q = q, gives (3):

= qe − qe · e−k1·t (3)

hich can be used in a non-linear adjustment in order to determine
e and k1.

.1.2. Second order: Ho model
The second order kinetic model is expressed as (4):

dq

dt
= kh · (qe − q)2 (4)

earranging the variables and taking into account similar boundary
onditions as in Eq. (2), second order model can be represented by
he Eq. (5):

= t

(1/h) + (t/qe)
(5)
here h is the initial adsorption rate, defined as Eq. (6)

= kh · q2
e (6)

nd kh is the second order constant (g mmol−1 h−1).
Fig. 4. Kinetic data adjustment.

3.1.3. Elovich model
The Elovich model is presented by the following equation (7):
q = 1
ˇE

· ln(˛E · ˇE) + 1
ˇE

· ln t (7)
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Table 1
Theoretical kinetic models parameter. Units in text.

Lagergren
Initial dye mmol g−1 1.5 1.8 2.2 2.5 2.8 3.1 3.3 3.7 Average a

kl 7.88 × 10−3 9.36 × 10−3 5.20 × 10−3 6.70 × 10−3 6.11 × 10−3 5.44 × 10−3 7.53 × 10−3 5.55 × 10−3 6.70 × 10−3

qe 4.13 × 10−1 1.54 × 10−1 1.84 1.63 1.73 1.88 1.56 1.70
r2 0.98 0.99 0.98 0.99 0.98 0.98 0.98 0.95 0.98
Linear regression r2 0.99 0.99 0.96 0.97 0.96 0.96 0.99 0.93 0.97

Ho
Initial dye mmol g−1 1.5 1.8 2.2 2.5 2.8 3.1 3.3 3.7
h 3.6 × 10−3 1.69 × 10−2 9.80 × 10−3 1.21 × 10−2 1.15 × 10−2 1.10 × 10−2 1.30 × 10−2 1.01 × 10−2

qe 5.74 × 10−1 2.06 2.80 2.34 2.56 2.83 2.20 2.56
kh 1.11 × 104 3.95 × 103 1.24 × 103 2.19 × 103 1.74 × 103 1.36 × 103 2.67 × 103 1.53 × 103

r2 0.96 0.98 0.97 0.98 0.97 0.97 0.97 0.94 0.97
Linear regression r2 0.93 0.99 0.89 0.97 0.96 0.94 0.98 0.86 0.94

Elovich
Initial dye mmol g−1 1.5 1.8 2.2 2.5 2.8 3.1 3.3 3.7
˛E 7.32 × 10−3 3.36 × 10−2 2.29 × 10−2 2.64 × 10−2 2.51 × 10−2 2.45 × 10−2 2.66 × 10−2 2.46 × 10−2

ˇE 7.40 2.06 1.82 1.97 1.81 1.78 1.95 2.05 2.60
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ing the temperature. Several references are found in this sense,
as adsorption processes are enhanced by increasing the mobility
of adsorbate molecules [40]. This aspect is also observed in the
equilibrium studies (Section 3.4.2).
r2 0.98 0.99 0.97 0.98
Linear regression r2 0.97 0.99 0.97 0.98

a When appropriate.

here ˛E is the initial adsorption rate (mmol g−1 h−1) and ˇE is the
esorption constant (g mmol−1).

The application of these three models have been carried out by a
on-linear adjustment and results are presented in Fig. 4. As it can
e appreciated, the three of them fit reasonably well to the exper-

mental situations, so regression coefficient r2 may be considered
n order to discriminate the goodness of each data fit. Table 1 refers
hese data of parameters and r2.

The validity of the different models can be checked by each
inearized plot, which is possible in the three cases. Linearized
xpressions of Eqs. (3), (5) and (7), as well as the corresponding
inear plot may be found in supplementary data.

According to r2 values of each model, the three models explain
ather well the adsorption process, as r2 values are over 0.97. With
ittle differences, Lagergren model gives a 0.98 regression coef-
cient. Due to its simplicity and to the goodness of the linear
orrelation, not only the non-linear regression, this hypothesis may
e assumed as the best theoretical model in this adsorption case.
imilar phenomena have been reported in MB adsorption on other
atural products [34].

Bearing in mind these kinetic data, further experiments were
arried out for the duration of 15 days in total to guarantee the
hemical equilibrium was achieved.

.2. pH influence

Previous studies have shown that pH has an important role in the
dsorption process [35,36]. Because of this fact, several assays with
ifferent pH values have been carried out, varying the pH between
and 10, with an IDC of 0.320 mmol L−1 and with fixed amount

f 0.125 mg L−1 of QTG. Fig. 5 shows the experimental results as a
ercentage of dye removal versus pH. As it is reported, decreasing
H values leads to a dramatic loss of efficiency. q values also report
he same behaviour.

pH is one of the most important variables controlling the adsorp-
ion of MB onto QTG. The removal of dye increased with pH change
f solution from 4 to 10. The pH of the solution affects the sur-
ace charge of the adsorbent as well as the degree of ionization of
he dye. Change of pH affects the adsorptive process through dis-

ociation of functional groups (phenolic, carboxylic, alcoholic, etc.)
n the adsorbent surface active sites. This subsequently leads to a
hift in kinetics and equilibrium characteristics of adsorption pro-
ess. As the pH increases, it is usually expected that the cationic dye
dsorption also increases due to increasing of the negative surface
0.98 0.97 0.99 0.90 0.97
0.98 0.97 0.99 0.90 0.97

charge of adsorbents. With increasing pH values the adsorption of
MB on tannin gel tends to increase, which can be explained by the
electrostatic interaction of cationic dye species with the negatively
charged adsorbent surface.

Although the loss of effectivity in low values was acute, pH range
must be observed to be wide and this parameter can be easily fit into
the operating values that are, in every case, more flexible than those
reported in other investigations [37], where pH is more influential
and changes along the assay.

3.3. Temperature influence

Evaluation of temperature was carried our with the scope of
testing the ability of QTG in dye removal in the case of different
kinds of effluents, bearing in mind the specific circumstances of
dyestuff wastes [38,39]. Data were collected at four temperatures:
from 10 to 40 ◦C. A fixed dosage of coagulant and IDC was used, both
equal to 100 mg L−1 (which corresponds approximately to a ratio of
3.1 mmol of dye per g of QTG) and q capacity was determined at pH
level of 7 and according to the standard assay referred in Section 2.3.

As it is reported in Fig. 6, removal efficiency is increased by rais-
Fig. 5. pH influence.
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to similar magnitude order, as it can be appreciated according to
the adjustment of experimental to predicted data (Fig. 8).
Fig. 6. Temperature influence.

.4. Theoretical adsorption equilibrium modeling

In order to characterize even more the adsorption phenomenon,
t is pretended to propose a theoretical model which explains the
ye removal by the action of this product.

.4.1. Langmuir model
Langmuir adsorption model has been considered in the present

ork. It assumes that the molecules striking the surface have a
iven probability of adsorbing. Molecules already adsorbed simi-
arly have a given probability of desorbing. At equilibrium, equal
umbers of molecules desorb and adsorb at any time. The proba-
ilities are related to the strength of the interaction between the
dsorbent surface and the adsorbate [41]. That is the physical mean-
ng of the Eq. (8):

= kl1
Cl

1 + kl2 · Cl
(8)

here kl1 is the first Langmuir adsorption constant (L [g of
dsorbent]−1) and kl2 is the second Langmuir adsorption constant
L [mmol of dye]−1).

The linear form of Langmuir model can be expressed by Eq. (9):

Cl

q
= 1

kl1
+ kl2

kl1
· Cl (9)

y combining data series of previous sections it is possible to look
or a theoretical model that fits rather well to experimental data.

For each temperature, Eq. (9) has been applied to experimental
ata. Linear correlations have been achieved, as expressed in Fig. 7.
s it is showed, in the studied interval of 283–313 K four linear
xpressions are found, so Langmuir model fits with an average r2

f 0.99.

.4.2. Multiparametric adjustment
By generalizing Langmuir hypothesis, temperature can be

ncluded in the modelization by considering Langmuir constants
ccording to Arrhenius expressions. That assumes that kl1 and kl2
ay have the following form:

= k0 · exp
(

− E

R · T

)
(10)
here k0 is the basic constant, whose units are equal to k, E is
he activation energy (J mol), R is the universal constant for perfect
ases, 8.314 (J (mol K)−1) and T is the temperature of the adsorption
rocess (K).
Fig. 7. Linear adjustments of equilibrium studies.

The inclusion of definition (10) into Langmuir expression (Eq.
(8)) leads to the expression (11):

q =
k01 · exp

(
− E1

R·T
)

· Cl

1 + k02 · exp
(
− E2

R·T
)

· Cl

(11)

The adequacy of the multiparametric adjustment is given by a spe-
cific r2, which is equal to 0.86. It stands near to the average value
of r2 in the case of non-linear individual adjustments for each tem-
perature (0.84). Both non-linear procedures gives a more accurate
idea of the goodness of the model, while linear regression checks
the adequacy of Langmuir’s hypothesis in this adsorption pro-
cess. In addition, multiparametric adjustment gives us two more
data: activation energies. According to the mathematical results,
the first of these parameters (E1), which corresponds to adsorp-
tion energy (while E2 corresponds to desorption energy) is equal
to 9973.4 J mol−1. E2 is equal to zero, so desorption process is not
temperature-depending. In every case, the values of each k belongs
Fig. 8. Data fit of multiparametric, non-linear and linear adjustments of Langmuir
equation.
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Table 2
Comparison of the maximum capacity adsorption of MB onto adsorbents from dif-
ferent sources.

Adsorbent Origin qmax (mg g−1) Reference

Activated carbon Sunflower oil cake 15.8 (25 ◦C) [38]
Salsola vermiculata (desert
plant)

130 (24 ◦C) [39]

Commercial (Merck) 140 (20 ◦C) [42]
Bamboo 143 (30 ◦C) [36]
Ground nut shell 165 (30 ◦C) [36]
Coconut shell 278 (30 ◦C) [36]
Rice husk 343 (30 ◦C) [36]
Vetiveria zizanioides
(vetiver roots)

423 (25 ◦C) [13]

Coconut husk 435 (30 ◦C) [3]
Straw 472 (30 ◦C) [36]

Passiflora edulis (yellow
passion fruit peel)

2.17 (25 ◦C) [15]

Biomass Azadirachta indica (neem
leaf powder)

8.76 (27 ◦C) [40]

Hazelnut shell 56.9 (30 ◦C) [34]
Picea abies (spruce wood) 58.8 (20 ◦C) [35]
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Tea waste 85.2 (25 ◦C) [12]
Schinopsis balansae
(Quebracho tannin)

483 (20 ◦C) This work

.5. Comparison with other similar materials

QTG seems to be a very interesting agent in the removal of
ationic dyes as it is demonstrated above. Several references have
een researched in order to analyse how relevant the capability
f QTG is in this task. Table 2 lists the comparison of maximum
onolayer adsorption capacity of MB using various adsorbents

f different origins. The adsorbent prepared in this work from
uebracho tannin extract had a very large adsorption capacity of
83 mg g−1 if compared to some data obtained from the literature.
he highest adsorption capacity of QTG could be due to numer-
us functional groups present in its structure (phenolic, carboxylic,
lcoholic, ether, aromatic rings, etc.)

. Conclusions

This investigation has the following conclusions:

Quebracho tannin is a good candidate to be gelificated in
a formaldehyde-sodium hydroxide process. QTG so obtained
presents a very interesting adsorbent capacity for cationic dye
removal.
Kinetics of this adsorption process may be correlated according
to Lagergren, Ho or Elovich hypotheses. r2 values are over 0.97 in
every case.
Increasing pH raises q, inside a range of 4–10 pH values, maybe
due to the fact higher pH values make the dye appear in a higher
cationic degree. pH also affects to surface phenomena so electro-
static interactions are enhanced.
Temperature enhances the adsorption process, so its increase
leads q to raise, surely due to the increasing of the molecular
mobility.
Langmuir hypothesis is adequate to explain adsorption equilib-
rium process. Linear and non-linear adjustment gives the values
of different parameters, such as activation energies and Langmuir
constants.
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