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ABSTRACT

A comparative study of liquid-phase adsorption of two dyes on several inorganic materials
was carried out. The adsorbents used were bentonite, Fuller’s earth, kaolinite, hydrotalcite and
high-purity hydrotalcite Syntal HSA 696. The experimental results described the equilibrium
adsorption capacity and were fitted to different isotherm equilibrium models. The effect of tem-
perature, pH and surface modification were also studied. Bentonite, Fuller’s earth and kaolinite
presented higher adsorption capacity for methylene blue (MB), and hydrotalcite and Syntal
HSA 696 were better for OII (orange II) adsorption.
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1. Introduction

The discharge of dyes wastewaters into natural
streams and rivers from the textile, paper, leather, and
printing industries poses severe problems, as dyes
impart toxicity to the aquatic life and they are also dam-
aging to the aesthetic nature of the environment. There-
fore it is important to search methods to treat them.
Physical, chemical, and biological methods are available
for the treatment of wastewaters discharged from these
industries. In recent years, advanced oxidation processes
(AOPs) have been intensively investigated. Homoge-
neous and heterogeneous Fenton reaction is already in
use for industrial wastewater purification processes.
However, many of the dyes used in these industries are
stable to light and oxidation, as well as being resistant to
aerobic/anaerobic digestion.

Adsorption has been found to present advantages in
front of other techniques for treating wastewater: low-cost,
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simplicity, easy to perform and non-sensitive to toxic
substances. On the environmental and economic side,
the selection of the best adsorbent is a key issue that
receives large attention. The solid should be cheap, sus-
ceptible to regeneration, inert, mechanically, chemically
and thermally stable; besides it should present the ade-
quate conformation (pellets, powder, granular) for the
process in which it is going to be used. These are the
reasons why the search of new adsorbents is carried out
so vehemently. Many reviews have appeared lately in
literature studying new adsorbents [1-4].

Methylene blue (MB), cationic dye, and orange II
(Oll), anionic dye, were selected as model compounds
in order to evaluate the capacity of several materials for
their removal from aqueous solutions in batch mode
[5-7]. In this sense, the purpose of the present study was
to investigate the effect of solution variables (tempera-
ture, pH) and surface solid modifications on the adsorp-
tion process of two dyes with different ionic character
on five different inorganic materials including bentonite,
kaolinite, Fuller’s Earth, hydrotalcite and Syntal HSA 696.
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The characterizations of the solids were also carried out.
The equilibrium data of the adsorption processes were
then evaluated to find a model that properly reproduced
the experimental data.

2. Materials and methods
2.1. Materials

Five kinds of inorganic powder materials were
used in this study: bentonite (supplied by TOLSA
S.A.), kaolinite (Fluka), Fuller’s Earth (Sigma-Aldrich),
hydrotalcite (Sigma-Aldrich) and Syntal HSA 696 (Siid-
Chemie). All the materials were used as received with
no further purification.

2.2. Dye

The basic dye, MB was purchased from Alfa Aesar
and the acidic dye, OII from Sigma-Aldrich. Both were
used without further purification. The main character-
istics of dyes used in this work and their structures are
shown in Table 1. The solutions of dyes were prepared
by dissolving accurately weighed amounts of MB and
OII respectively in distilled water.

2.3. Analytical techniques

The dye was made up in solutions of concentra-
tion 300 mg 1!, or 500 mg 1™! when needed. Calibration
curve was prepared by recording the absorbance values
for a range of known concentrations of MB solution at
631 nm. This wavelength (A) was selected because the
calibration was linear in a wider wavelength range
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than using A__ . The OII solutions were measured at
A, 482 nm. All measurements were made on a UV/

Vis spectrophotometer (Shimadzu spectrophotometer
UV-2401 PC).

2.4. Characterization of adsorbents

Textural characterization of clays was done by
using N, adsorption-desorption at 77 K in a Micromer-
itics ASAP 2010 apparatus, and mercury intrusion
porosimetry in a Thermo Finnigan Pascal 140-440.
Scanning electron microscopy (SEM) was conducted
at 15 kV using a JSM-6700F field emission scanning
microscope and used to analyze the morphology of the
solid samples; sample preparation involved dispers-
ing them onto a carbon film supported by copper grids
and sputtered with gold. Thermogravimetric analysis
(TGA) experiments were performed with a heating rate
of 10°C min™' in inert atmosphere on a Seiko EXSTAR
6000 TGA Instrument, from 20°C to 900°C, at an helium
flow rate of 30 ml min™'. FTIR spectra were collected
using a Nicolet Nexus-670 FTIR spectrophotometer at a
resolution of 4 cm™ in KBr tablets (2 mg of clay/98 mg
KBr). X-ray Fluorescence (XRF) measurements were
performed using a BRUKER S4 EXPLORER system,
with software for data acquisition and analysis.

2.5. Adsorbents modifications

The solids were modified in order to improve their
adsorption capacities, as it can be seen in Table 2. The ref-
erences in which these treatments are deeply described
are also included.

Table 1
Main characteristics of the dyes tested in this study
Dye Structure Chemical C.IL ClL Molecular  Molecular A, (nm)
class name number weight formulae
(g mol™)
Methylene N\ Cationic Basic 52015 319.2 C, H,CIN,S 631
blue (MB) H;C CH. dye blue 9
N ~ ek
) s
CH, or CH,
Orange II Anionic Acid 15510 350.3 C, H,N,NaO,S 485
(OII) dye Orange
A

O
N ‘
NN
Na*
:?:0

o
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Table 2
Activation treatments tested
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Material Reference Thermal treatments Chemical treatments
Bentonite [18] Calcination Calcination 15 g of bentonite were mixed 15 g of bentonite were mixed
450°C for4,5h 200°C for 2h. with 100 ml of H,SO, 5 M at with 100 ml of NaOH 5 M at
30°C for 4.5 h. Afterwards 30°C for 4.5 h. Afterwards
the solid sample was washed  the solid sample was washed
several times with ultrapure  several times with ultrapure
water water
Fuller’s earth  [19] Calcination - A portion of sample weighting A portion of sample weighting
450°C for4,5h 2.5 g was mixed with 250 ml 2.5 g was mixed with 250 ml
of 6 M HCl at 95°C ina Pyrex of 6 M NaOH at95°Cina
flask with reflux for 24 h Pyrex flask with reflux for 24 h
Kaolinite [20] Calcination - Samples of 6 g of raw kaolinite Samples of 6 g of raw kaolinite
450°C for4.5h were shaken with 100 ml of were shaken with 100 ml of
1 M HNGQO, for 4 h in a Pyrex 1M NaOH for 4 h in a Pyrex
flask with reflux flask with reflux
Hydroalcite - - - - -
Syntal [21] Calcination - - -
HSA 696 450°C for4.5h
Table 3 Table 4

Experimental conditions in adsorption batch equilibrium
experiments to study the influence of the pH

pH C,mg'lt Vml' Wg' T/°C
Bentonite 3-5-7-9 300 25 0.03 30
Fuller’s earth 3-5-79 300 25 0.05 30
Syntal HSA 696 3-5-7-9 300 25 0.05 30
Syntal HSA 696 3-5-7-9 500 25 0.05 30

calcined

2.6. Adsorption experiments

Batch equilibrium experiments with the adsorbents
were conducted using conical flasks immersed in a ther-
mostatic bath. The samples were agitated to reach equi-
librium. At the end of the contact time, a known volume
of the solution was removed and centrifuged for the
analysis of the supernatant.

The effect of pH on the adsorption of the dye on
adsorbents was investigated by varying the initial pH
solution from 3.0 to 9.0. The pH solution was adjusted
with diluted solutions of strong acid (HCI) and/or
strong base (NaOH) and recorded with a pH meter (Cri-
son 2002). The experimental conditions for these experi-
ments are described in Table 3.

3. Results and discussion
3.1. Characterization of adsorbents

Table 4 shows the results of N, and Hg porosimetries.
The external surface (the corresponding to macro- and

Results of the porosimetry analysis

N, porosimetry Hg porosimetry

SBET Sext € pbulk

mZ g—l mZ g—l 0/0 Cm3 g—l
Bentonite 826 18.14 72.61 0.8464
Fuller’s earth 775 639 82.81 04844
Kaolinite 71 44 79.78  0.6589
Hydrotalcite 134 134 - -
Syntal HSA 696 120 120 69.69  0.4006
Syntal HSA 696 calcined 136.8 757 82.61 04379

mesopores) was calculated applying the t-plot method
to the experimental N, adsorption data. Fig. 1 shows the
differential thermogravimetric analysis (DTG) curves
obtained from the five solid samples under inert
conditions.

All the solids possess good thermo stability in the
range of temperature they were used (30-65°C). Hydro-
talcite, Syntal HSA 696 and kaolinite presented lower
humidity content than bentonite and Fuller’s earth.

The results of XRF measurements are presented in
Table 5. The analyses were carried out with the solids
in the powder form, analysing them as if they were lig-
uids. Hence the results included the humidity content
of the material. Due to the technical characteristics of
the analysis, the carbon could not be measured. As it
was expected, the main elements presented in benton-
ite, Fuller’s earth and kaolinite were oxygen and silicon.
However, other species could be found in the solids, and
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Fig. 1. DTA curves of the adsorbents at 10°C min™ under 30 sccm helium flow rate.

Table 5
X-ray fluorescence results (%)

Bentonite Fuller’s earth Kaolinite Hydrotalcite Syntal HSA 696
Al 2.71 5.6 19.96 31.72 25.28
Ba - - 0.07 - -
Ca 0.19 7.05 0.05 0.02 0.7
Cu - - 0.04 - -
Fe 1.45 32 0.46 - -
K 0.9 0.75 171 - -
Mg 15.1 5.63 - 24.04 30.33
Mn 0.07 0.07 - - -
Na 0.83 - - - -
O 48.21 4741 49.69 4414 44.24
P 0.01 0.4 0.27 0.01 0.11
Pb - - 0.41 - -
Rb 0.01 0.01 0.01 - -
S - 0.04 - - -
Si 30.28 29.44 27.02 0.07 0.32
Sr 0.01 0.02 0.04 - -
Ti - 0.35 0.27 - -
Zn 0.01 0.01 - 0.01 0.01

Zr 0.01 0.02 - - -
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Fig. 2. FTIR of the adsorbents.

they were Al for kaolinite; Mg, Al and Fe for benton-
ite; and Ca, Mg, Al and Fe for Fuller’s earth. However
hydrotalcite and Syntal HSA 696 were high purity mixed
oxides of Mg and Al The content of Al in hydrotalcite is
higher than the content in Syntal HSA 696.

The FTIR spectrums of the five solids are presented
in Fig. 2. They were divided in two groups due to their
similarities: bentonite, Fuller’s earth and kaolinite in
a group (cationic clays), and hydrotalcite and Syntal
HSA 696 in another (anionic clays). The main peaks in
every spectrum had been identified and described in the
Table 6.

The SEM images of the five solids are shown (Fig. 3),
just to show that most of the particles used were of
similar sizes. In Fuller’s earth image it could be seen
two types of materials, probably montmorillonite and
paligorskite [8]. Kaolinite is composed by different sizes
planar sheets. Both hydrotalcite and Syntal HSA 696
presented very similar appearance.
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3.2. Adsorption experiments

The equilibrium time between the adsorbate in lig-
uid phase and the adsorbed on the solid is reached with
a rate which depends not only on the diffusion of the
components in the adsorbent but also on the adsorbent/
adsorbate interaction. Therefore the adsorption experi-
ments were as long as necessary to reach a constant dye
liquid-phase concentration (equilibrium times longer
than 2 h in all the systems adsorbent-adsorbate).

3.2.1. Effect of surface modifications and of the pH
of the solution

Surface modification is a key step concerning the
application of clays in adsorption. The solids were mod-
ified in order to improve their adsorption capacities. It
has been stated that the structural changes of benton-
ite, Fuller’s earth, Kaolinite and Syntal HSA 696 with
thermal treatment affect the specific surface area and
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1090-922-772

Table 6
FTIR peaks identification
Material Wavelength number/cm™ Assignement
Bentonite [22] 3640 Al-Mg-OH stretching
3430 H-O-H stretching (for H20)
1630 H-O-H bending
1010 Si-O stretching
523 Al-Si-O bending
461 Si-O-Si bending
Kaolinite [23,24] 3694-3620 O-H stretching band (Typical of kaolin gruoup)
1630 Presence of water
1110 Quartz
1033-1005 Si-O
910 Al OH deformation (internal surface OH)
794-757 Si-O-Si
695 Si-O-Si
538 Al-O-Si
469-432 SiO,
Fuller’s earth [25,26] 3616 Al OH groups (Typical of paligorskite)
3400 H-O-H stretching
1635 H-O-H bending
1425 Calcite impurity
1040 band Silica amorphous
910 Al-Al-OH deformation
881 Al-Fe-OH deformation
800 Three dimensional amorphous silica phase
517 Si-O-Al (octahedral) bending vibrations
470 Si-O-Si bending vibration
Hydrotalcite and Syntal HSA 696 [27] 3400 band Interlaminar water
1640 H-O-H deformation
1360, 875, 670 Carbonate ions

Al-OH bonds

adsorption capacity of these clays. On the other hand,
the chemical treatments (Table 2), affect the adsorption
capacity in several aspects. In the next paragraph, we
show these effects on adsorption capacity. The refer-
ences in which these treatments are deeply described are
in Table 2.

Also, the pH of the solution had a significant effect
on the adsorption capacity reached in most of the sys-
tems adsorbate-adsorbent. The results of each pair dye-
adsorbent are described next:

* Bentonite: the results in Fig. 4a show that MB could be
adsorbed on bentonite. Adsorbent modifications did
not increase the adsorption capacity, but the thermal
ones did not modify the capacity, which can be useful
if a thermal regeneration of the bentonite was searched.

However, the chemical treatments decreased the affin-
ity of bentonite towards the MB, specially the acid one,
which reduced the adsorption capacity, compared
with the raw ones, more than a 90%. As the maximum
capacities were reached for the raw solid, this was the
adsorbent selected to continue the study. Consequently,
it was important to focus on the tendency of adsorption
capacity with pH and, as it can be seen in Fig. 4a, the
pH analyzed that maximizes g, was pH = 7. Bagane and
Guiza in 2000 [9] stated that the capacity of adsorption
reached a maximum at pH = 7 due to the compromise
value got at this pH between the Columbians and the
van der Waals forces. However, the bentonite did not
adsorb at all OlI, neither raw nor activated (Fig. 4b).

Fuller’s earth. Using MB as adsorbate (Fig. 5a), the
raw sample and the activated ones by means of basic
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Fig. 3. SEM micrograph showing general appearance of the adsorbents: (a) Bentonite, (b) Fuller’s earth, (c) Kaolinite,

(d) Hydrotalcite, (e) Syntal HSA 696.
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Fig. 4. Effect of pH on adsorption capacity on Bentonite: (a) MB and (b) OIL
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chemical as well as thermal treatments showed almost
the same capacity, and the acid activated suffered a
decrease in its capacity of 100%. The activation treat-
ments did not significantly increase the capacity
and the raw material at pH = 5 was selected to con-
tinue the study. If the adsorbate considered is the OII
(Fig. 5b), it can be seen that, as occurred with MB, the
acid treated sample did not adsorb it at all. But in this
case, the basic treated sample showed the maximum
adsorption capacity at pH = 3, reaching a value of q, =
30 mg g!, versus the g, = 12 mg g™ obtained with the
non treated clay. Hence, if the effluent contained both
dyes, it may be useful to modify Fuller’s earth with
NaOH to get both adsorbed, despite of the reduction
of the affinity of this solid towards MB.

Kaolinite. The results of the adsorption of MB on
kaolinite are shown in Fig. 6a. The maximum capacity
is reached for the raw kaolinite and pH = 3, and took
a value of almost 18 mg g™'. The adsorption of OII on
kaolinite was assayed but the results indicated that it
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was adsorbed at all, neither on the raw clay nor in the
activated ones. As the equilibrium capacity is quite
low compared with the ones obtained for benton-
ite and Fuller’s earth, the study of the systems dye-
kaolinite continued no longer.

Hydrotalcite. Fig. 6b shows that this sample did not
adsorb MB but did OII, with a maximum capacity at
pH = 3 of almost 30 mg g'. The study of the systems
dye-hydrotalcite did not continued due to the low
capacities showed in these experiences.

Syntal HSA 696. The results are shown in Figs. 7a and
7b. In both figures it can be seen that the adsorption
capacities of the dyes were enhanced after calcination.
The affinity of this solid is higher for OII than for MB,
as it was expected due to the behaviour of the hydro-
talcite, which essentially is the same material than
Syntal HSA 696.

The results obtained in this work were compared

with values found in literature. It can be seen in Table 7

Fig. 5. Effect of pH on adsorption capacity on Fuller’s earth: (a) MB and (b) OIL
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Fig. 6. Effect of pH on adsorption capacity: (a) Kaolinite-MB and (b) Hydrotalcite.
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Table 7

Adsorption capacities of MB on different solids

Reference Adsorbate: Methylene blue

Adsorbent Adsorption capacity mg g™
[28] Montmorillonite 830
[5] Bamboo based activated carbon 454
[12] F-400 (commercial activated carbon) 425
[29] Composite of chitosan and activated clay 340
This study Bentonite 315
[30] Diatomaceous silica 110
[11] Sepiolite 80
[11] Pansil 70
This study Fuller’s earth 70
[31] Clay 60
[32] Zeolite MCM-22 57.5
[33] Carbon nanofibres 55
[33] Carbon nanotubes 45
[10] Perlite 6.4

Adsorbate: Orange II

Adsorbent Adsorption capacity mg g™
Present study Syntal HSA 696 calcined 900
[34] Titania aerogel 400
[35] Commercial activated carbon 400
[33] F-400 (commercial activated carbon) 380
[35] Sludge adsorbent 180
[35] Activated carbon fiber 150
Present study Syntal HSA 696 120
[33] Carbon nanofibres 80
[33] Carbon nanotubes 70
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that carbonaceous materials presented good affinity
towards the cationic dye, besides, cationic clays pre-
sented good results. The carbonaceous materials also
adsorbed large amounts the anionic dye (OII); and the
anionic clays referred also retained this compound. Acti-
vated carbon is a good option to remove, either anionic
or cationic dyes from wastewater. However, clays usu-
ally are cheaper than activated carbon, so bentonite or
sepiolite might be used as adsorbents to remove cationic
dyes.

3.2.2. Effect of temperature on adsorption capacity

In this work several systems adsorbate-adsorbent
were studied. One of the most important information
of an adsorption system is the isotherm equilibrium
data, which relate equilibrium capacity g, understood
as the adsorbate concentration in the solid phase, with
the equilibrium concentration in liquid phase, C_. These
data may be obtained at a constant temperature. Tem-
perature had a very important effect on adsorption.
Usually, and above all, in gas phase, adsorption is exo-
thermic; it means that the adsorption capacity decreases
with increasing temperatures. However, in liquid phase,
the contrary tendency may be found. Increasing the tem-
perature is known to increase the rate of diffusion of the
adsorbate molecules across the external boundary layer
and in the internal pores of the adsorbent particle, due

A. Rodriguez et al. / Desalination and Water Treatment 45 (2012) 191-205

to the decrease in the viscosity of the solution. In addi-
tion, changing the temperature will change the equilib-
rium capacity of the adsorbent for a particular adsorbate
[10]. Besides, as we demonstrated above, the pH of the
solution had a significantly influence in the sorption
capacity. The experimental conditions used to obtain the
experimental data are listed in Table 8.

Figs. 8a and 8b show the results of adsorption capacity
experiments carried out using MB as adsorbate, and
bentonite and Fuller’s earth as adsorbents at different
temperatures (30°C, 40°C and 65°C). As it can be seen,
temperature in the range assayed had no effect on the
adsorption capacity on bentonite. Bagane and Guiza
in 2000 [9] suggested that this phenomenon is due to
no change in the structure of the clay was observed
between 5°C and 30°C, not was the stability of the colo-
rant. Looking at the DTG curves, it can be stated that
no significant changes in the structure of the bentonite
occurred heating from 30°C to 65°C (see Fig. 1). How-
ever, we propose that these insignificant changes in the
adsorption capacity of MB on bentonite are related to
the low values of heat interchanged during the sorption
process.

Nevertheless, when the adsorbent used is Fuller’s
earth, the influence of temperature in adsorption capac-
ity was clear: increasing temperatures led to increasing
capacities. This was also observed in literature for the

Table 8
Experimental conditions in adsorption batch equilibrium experiments to obtain the isotherm experimental data
Adsorbate pH C,mg'I"! V ml! Wg T/°C
Bentonite MB 7 500 25 0.006-0.056 30. 40. 65
Fuller’s earth MB 5 300 25 0.020-0.135 30. 40. 65
Syntal HSA 696 oIl 7 300 25 0.01-0.12 30. 65
Syntal HSA 696 calcined oIl 7 500 25 0.0002-0.002 30. 65
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Fig. 8. Adsortion capacity at different temperatures: (a) Bentonite-MB and (b) Fuller’s earth-MB.
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same system [10] and for systems MB-clays [11] and MB-
carbonaceous materials [12].

The MB adsorption capacity of bentonite is three
times higher than the presented by Fuller’s earth, with
maximum values of capacity at 30°C of 315 mg g for
the former versus 70 mg g for the later. These values
were similar to the ones found in literature for the same
adsorbate MB [13].

The experimental isotherms obtained for both sys-
tems might be classified according to Giles classification
[14] as type H-2. This is a special case of the L curve,
in which the affinity of the solute towards the solid is
so high that in dilute solutions (or with high loads of
adsorbents) it is completely adsorbed, or at least there is
no measurable amount remaining in the solution. There-
fore, the initial part of the isotherm is vertical. Beyond,
the inflection, the curve followed a common L form.

Figs. 9a and 9b show the results of the systems Syntal
HSA 696-Oll, raw and calcined respectively. At naked
eye, it might be assured that the thermal treatment led
to a significant adsorption capacity increase that might
be due to the change in the Syntal HSA 696 structure.
Crystalline degree decreased with calcination accord-
ing to the observations in X-ray diffractograms of the
clays. However the main structure of the material was
not destroyed. Besides, the N, adsorption data at 77 K
indicated that the porosity of the solid was developed
after calcinations, it specific surface increased almost
tenfold, what might explain the increase in adsorp-
tion capacity. Even more, the tendency of the adsorp-
tion capacity of OII on Syntal HSA 696 depends on the
previous treatment of the solid. If the Syntal HSA 696
is used as received, g, decreased with increasing tem-
peratures (exothermic), but if it was previously calcined,
g, increased with rising temperatures (endothermic), as
occurred in the system Fuller’s earth-MB. This led to the
conclusion that the behaviour of the isotherm experi-
mental data did not only depend on the adsorbate but
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also on the adsorbent. Therefore, the greatest adsorption
capacities were obtained for the calcined Syntal HSA 696
using OIlI as adsorbate.

3.2.3. Adsorption isotherms modelling

From a design point of view it was necessary to find
models fit experimental data. In adsorption, empiri-
cal or theoretical models either may be found. These
models represent the relationship between the amount
of solute adsorbed per unit of adsorbent mass once the
equilibrium is reached (g,) and the concentration of sol-
ute in solution (C,). The most common models used in
liquid phase adsorption are Freundlich and Langmuir
equations. However in this study, not only those mod-
els were used but also Sips and Redlich-Peterson (R-P)
equations [15].

Langmuir isotherm:

_ GsatbCe 1)

¢ 1+0bC,
whereq_ (mg.g™") and b (1. mg™) are Langmuir constants,
which are indicators of the maximum adsorption capac-
ity and the affinity of the binding sites, respectively.
Freundlich isotherm:

1
o = KeCL @)

where K (mg.g™") and n (dimensionless) are the Freun-
dlich constants, indicating adsorption capacity and
adsorption intensity, respectively.

Sips equation (Langmuir-Freundlich):

Recognising the problem of the unlimited increase in
the adsorbed amount with an increase in concentration
in Freundlich’s equation, Sips proposed an equation
with a finite limit when the concentration is sufficiently
high:
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Fig. 9. Adsortion capacity at different temperatures: (a) Syntal HSA 696-OII and (b) Syntal HSA 696 calcined-OIL
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e = sat

where q_ (mg g™) is the saturation capacity, and can be
either taken as a constant or temperature dependent, b (1
mg') is the affinity constant, # (—) is the parameter char-
acterising the system heterogeneity. If n = 1. Langmuir
equation would be recovered.

Redlich-Peterson:

The R-P isotherm is more versatile than the Lang-
muir and Freundlich isotherms, because can be applied
either in homogeneous or heterogeneous systems. R-P
equation is represented by Eq. (4) where k, (1 g') and
a, (1 mg™) are the parameters of the model, and B is an
exponent which changes between 0 and 1. This isotherm
combines elements from both the Langmuir and Freun-
dlich equations, and the mechanism of adsorption is a
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hybrid and does not follow ideal monolayer adsorption.
The isotherm has a linear dependence on concentration
in the numerator and an exponential function in the
denominator:

_ kRCe

= 4
1+ﬂRCE ( )

e

The results of these fittings are shown in Table 9. It
can be seen that the highest correlations coefficients were
the corresponding to Sips and R-P as it was expected
because these models have three adjusting parameters
instead of two, as Langmuir and Freundlich models.
However it was important to determine if this better fit-
ting deserved the more complicate calculus. For this rea-
son two more error indicators were calculated. One of
them is the standard deviation (S.D. %). calculated using
the following equation:

Table 9
Adsorption isotherms model parameters
Pair dye-adsorbent T°C Langmuir Freundlich
. b r? K, n r?
mgg? lmg? lg?
Methylene blue Bentonite 30 303 27.6 0.967 265.5 32.8 0.9857
40 308 23 09762  268.5 289 0.9852
65 309.2 54 0.982 255.8 23.5 0.9806
Fuller’s earth 30 69.1 1.5 0.9964 58.4 309 0.989
40 77.6 045 09765 46.7 9.9 0.8519
65 100.1 0.57 09404 55.7 7 0.9946
Orange II Syntal HSA 696 30 1104 105 09168 10.16 922 09807
65 8832  0.34 09959 58.3 12.37 09766
Syntal HSA 696 calcined 30 893.8 29 09942 685 18 0.9386
65 979.3 052 09915  795.06 274 0.787
T°C Sips Redlich-Peterson
Gt b n r? kg ag B r?
mgg?’ lmg™ lg? I mg™
Methylene blue Bentonite 30 3237 1998 331 0.9946 21651  78.7 098  0.9901
40 3301 1223 31 0.9935 149276 53 097 09907
65 325.1 182 23 0.9904 2834 1006 098 09877
Fuller’s earth 30 694 2 1.2 0.9966 1092 1.6 099 09964
40 74.63 041 0.61 0.9934 263 027 105 09866
65 185.6 0.03 375 0.9965 3879 6.5 0.87 09959
Orange II Syntal HSA 696 30 119.3 171 2.26 0.9935 11222 154 09 0.9813
65 86.7 0.26  0.75 0.9971 2365 023 1.02 09971
Syntal HSA 696 calcined 30 889.2 2.64 0.87 0.995 23058 248 101 09951
65 968 0.31 0.68 0.9927 3406 0.3 1.02  0.9937




A. Rodriguez et al. / Desalination and Water Treatment 45 (2012) 191-205

[(qexp = Jeal )/qexp ]2

S.D. (%) = {| =L —

100

©)

where the subscripts exp and cal refer to the experimen-
tal and the calculated data, and n is the number of data
points [16]. With the aim to compare models with dif-
ferent number of parameters, the hybrid error function
(HYBRID) was studied:

100 i (Qexp = feal )2

n—=pii

HYBRID (%) = (6)

qexp

where 71 is the number of data points and p the num-
ber of parameters within the equation, S.D. takes into
account the number of experimental data points. How-
ever, HYBRID is already considering, not only the num-
ber of experimental data points, but also the model. The
values are listed in Table 10.

From the results in Table 10 several conclusions can
be deduced. For the system MB-bentonite, despite of the
correlation coefficients obtained for Sips and R-P were
very similar, the values of S.D. and HYBRID for Sips
were quite lower than the ones for R-P model. How-
ever, for the system MB-Fuller’s Earth, Langmuir and
Sips equations could be comparable. In the adsorption
system OII-Syntal HSA 696, Sips was the model that bet-
ter fitted the experimental data, but if the adsorbent was
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previously calcined, all the models tested, but Freun-
dlich, could be properly used to reproduce the experi-
mental data. It is important to remark that, despite of the
larger degree of complexity of Sips model, the advan-
tage was clear: it reproduced much better the adsorption
systems assayed. However, if the Sips model is going to
be used, is recommendable to fit in advance the experi-
mental data to Langmuir and Freundlich with the aim
to calculate previous values of q_, b and n. These val-
ues could be used as initial values for the parameters
of Sips equation, because the non-linear fitting is easier
for those models due to they only have two adjusting
parameters instead of the three presented by Sips.

3.2.4. Adsorption thermodynamics

To calculate the thermodynamic parameters, Sips
equation was used due to it provided the best experi-
mental data fit. Q in the Langmuir equation is the iso-
steric heat, invariant with the surface loading, but in the
Sips equation the parameter Q is only the measure of the
adsorption heat and can be calculated from the depen-
dence of b (affinity constant) with temperature:

b=0. exp(%)

The parameter Q defined in the affinity constant b
is the isosteric heat at the fractional loading of 0.5 [17].
Plotting, In (b) versus 1/T the slope correspond to Q/R.

7)

Table 10
Calculated errors comparing experimental data and isotherm models predictions
Methylene blue Orange II
Bentonite Fuller’s Earth Syntal HSA 696 Syntal HSA
696 calcined
30°C  40°C 65°C 30°C 40°C 65°C 30°C 65°C 30°C 65°C
Langmuir r? 09670 09762 09820 0.9964 09765 0.9404 09168  0.9959 0.9942 09915
SD (%) 5.7 5.2 4.6 1.8 141 94 7.8 19 2.6 2.7
HYBRID (%) 924 877 69 24 128.3 69 56.7 3.1 59 80
Freundlich r? 09857 09852 09806 09890 0.8519 0.9946 09807  0.9766 09386 09787
SD (%) 3.5 41 3.6 3.3 10.2 24 39 4.8 10.2 4.6
HYBRID (%) 37.5 56.7 411 79 78.6 5.5 16.1 18.5 748.2 210
Sips 2 0.9946 09935 0.9904 09966 09934 0.9965 0.9935 0.9971 0.9950 0.9927
SD (%) 21 2.6 24 19 17.6 2 3.5 1.6 2.6 2.6
HYBRID (%) 154 26.7 21.1 2.7 2219 41 16.2 24 60.6 80.7
Redlich-Peterson 72 0.9901 09907 09877 0.9964 09866 0.9959 09813 09971 0.9951 0.9937
SD (%) 3.2 41 3.2 3.6 15.7 2.3 3.6 4.6 2.5 4.3
HYBRID (%) 34.7 65.3 40.7 10.8 176.4 5.5 15.2 209 58 215.3
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Table 11
Calculated Q (kJ.mol™) for the four systems tested
Q kJ' mol™
MB Bentonite 59.8
Fuller’s Earth 100.6
oIl Syntal HSA 696 459
Syntal HSA 696 calcined 52.2
12

M MB + Bentonite
[0 MB + FullersEarth
8 A Oll + Syntal HSA 696

T T T T T T T T T T
0.00296 0.00304 0.00312 0.00320 0.00328
1/T/k

Fig. 10. Isosteric heats of adsorption.

The values of Q (KJ.mol™) are listed in Table 11. The
plots are presented in Fig. 10.

From Fig. 10, the isosteric heats were calculated. As
it was expected, Q in MB-bentonite system was lower
than Q in MB-Fuller’s Earth, indicating that the effect of
temperature in adsorption capacity would be sharper in
the latest system.

4. Conclusions

Following conclusions can be drawn from the pres-
ent study of adsorption of MB and OII (cationic and
anionic dye respectively) on several adsorbents. First
of all, and as it was expected, the cationic clays mainly
adsorbed the cationic dye (MB) and the anionic clays
did adsorb the anionic one (OII). The different chemi-
cal surface treatment did not significantly enhance the
adsorption capacity, but Fuller’s Earth capacity for the
OIl increased when it was subjected to a treatment with
NaOH. Besides the capacity of Syntal HSA 696 increased
significantly when it was calcined at 450°C. The experi-
mental adsorption capacities measured varied in the
next way:

* MB: bentonite > Fuller’s Earth > Syntal HSA 696 cal-
cined > kaolinite > Syntal HSA 696 raw > hydrotalcite.

e OIL: Syntal HSA calcined > Syntal HSA 696 raw >
Hydrotalcite > Fuller’s Earth + NaOH > kaolinite =
bentonite (= 0 mg g™).

The adsorption capacity depended not only on
the adsorbate but also on the adsorbent. In the system
MB-bentonite any influence of the temperature was
observed. However in the system MB-Fuller’s Earth,
the adsorption process was endothermic: increasing
temperatures led to higher adsorption capacities. In
the case of the OIl, when the Syntal HSA 696 was used
as received the adsorption of the dye was exothermic
(increasing temperatures meant decreasing capacities),
but if the solid was previously calcined at 450°C, the
adsorption resulted in an endothermic process.

All the experimental data were fitted to the differ-
ent adsorption equilibrium isotherm models, such as
Freundlich, Langmuir, Sips and Redlich-Peterson. The
study of the errors indicated that the model that best
reproduced the experimental data measured was Sips in
every system dye-solid.
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