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Guest Editors Note

Dear Readers,

In recent years there has been considerable
interest in the removal of pollutants from water and
wastewater by using adsorption treatment. Adsorption
technique is an economical and effective method and
it has shown to be very attractive over traditional
treatment methods because of its several advantages,
including adsorption capacity and low cost. In fact,
the adsorption process has proven to be an excellent
way to treat industrial effluents, offering significant
advantages, especially from economic and
environmental viewpoints, such as. low cost,
accessibility, ease of operation and efficiency in
comparison with conventional methods. Various
waste products from industrial operations such as fly
ash, coal, oxides, lignocellulosic materids and
agricultural waste and natural materials such as shell
peanuts, coconut, sugar cane, clay, soil, among others,
are being applied as inexpensive adsorbents in
wastewater treatment. These adsorbents can be
applied as a sustainable technique for sorption of
many classes of organic and inorganic pollutants.

The Specia Issue; Low Cost Materials Used
to Sorption Process aimed to cover the recent
progress in all aspects of this important field of
Sorption Science. The thematic topics focused on:
sorption using inexpensive material, wastewater
treatment using alternative materials, low-cost

materials applied to air and water. Articles addressing
the use of various low-cost adsorbents- applied in the
removal of organic and inorganic substances found in
liquids-, provide a significant contribution on the
subject. The use of experiments as batch and fixed-
bed column, as well as various isotherm models was
applied to explain the sorption phenomena, which will
certainly be an improvement to this science field.

Currently, there is a great appeal for solutions
considered "clean" or "green" including the reuse of
waste materials, given the economic and
environmental context. The technology of low cost
material deserves further study and this special issue
presents a significant contribution about the basic
understanding of the theory and new scientific
approaches on the use of low cost adsorbents.

Rivelino Martins Cavalcante
(Universidade Federal do Ceard)

Ronaldo Ferreira do Nascimento
(Universidade Federal do Ceard)

Francisco Wagner de Sousa
(Instituto Federal do Ceard)

Carta dos Editores Convidados

Prezados Leitores,

Nos Ultimos anos tem havido um interesse
consideravel na remocdo de poluentes a partir de
aguas residudrias utilizando processos de adsorgéo. A
técnica de adsorg@o € um método econdémico e eficaz
gue tem se mostrado muito atraente em relacdo aos
meétodos tradicionais de tratamento por causa de suas
vérias vantagens, incluindo a capacidade de adsorcao
e 0 baixo custo. De fato, 0 processo de adsorcéo, tem

provado ser um excelente meio para o tratamento de
efluentes  industriais, oferecendo  vantagens
significativas, em especial do ponto de vista
econdmico e ambiental, tais como: baixo custo,
acessibilidade, facilidade de operacdo e eficiéncia em
comparagdo com 0s métodos convencionais. Varios
produtos residuais provenientes de operacdes
industriais tais como: cinzas, carv@o, Oxidos e

Orbital: Electron. J. Chem. 5 (3), 2013
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materiais lignocelulésicos e residuos agricolas e
materiais naturais como: casca de amendoim, coco,
cana-de-aclcar, argila, solos, entre outros, sdo
aplicados como adsorventes de baixo custo no
tratamento de efluentes industriais. Estes adsorventes
podem ser aplicados como uma técnica sustentavel
para sor¢do de muitas classes de poluentes orgénicos
einorganicos.

A Edicéo Especia: Materiais de Baixo Custo
Utilizado para Processos de Adsorcédo teve como
objetivo cobrir o0 recente progresso em todos os
aspectos deste importante campo da Ciéncia de
sor¢do. Os tépicos temdticos foram organizados e
focados em: sorcdo utilizando materiais de baixo
custo, tratamento de efluentes utilizando materiais
alternativos e materiais de baixo custo aplicados ao ar
e a aua. Os artigos referentes a0 uso de varios
adsorventes de baixo custo aplicados na remogdo de
compostos organicos e inorganicos encontrados em
efluentes  proporcionaram  uma  contribuicdo
significativa sobre o assunto. O uso de ensaios
experimentais em batelada e leito fixo (coluna) bem

como, os diversos mecanismos de adsor¢ao foram
aplicados para explicar os fendbmenos de adsorcéo, o
qual devera ser uma melhoria a este campo da ciéncia.

Atualmente, h4 um grande apelo para as
solucBes consideradas "limpas" ou "verdes', incluindo
areutilizacgo de residuos, dado o contexto econémico
e ambiental. A tecnologia de material de baixo custo
merece um estudo mais aprofundado e esta edicdo
especial apresenta uma contribuicdo significativa a
cerca do entendimento bésico da teoria e de novas
abordagens cientificas sobre o uso de adsorventes de
baixo custo.

Rivelino Martins Cavalcante
(Universidade Federal do Ceard)

Ronaldo Ferreira do Nascimento
(Universidade Federal do Ceard)

Francisco Wagner de Sousa
(Instituto Federal do Ceard)

Orbital: Electron. J. Chem. 5 (2), 2013
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Abstract: This study presents the kinetic and thermodynamic investigations of the adsorption of crystal violet
(CV) on used black tea leaves (UBTL) from agueous solution to evaluate the feasibility of the process. The
effects of concentration, solution pH and temperature on adsorption kinetics were carried out in batch
process. Kinetic studies have shown that the adsorption data partialy follow simple first order, second order
and pseudo second order kinetic equations for different initial concentrations at pH 2.0. The equilibrium
amount adsorbed, equilibrium concentration and rate constant were calculated from better fitted pseudo
second order kinetic plots for different initial concentrations. The equilibrium amount adsorbed (200 mg/g at
30 °C) increased with the increase of temperature, indicated endothermic nature of the adsorption. The
apparent activation energy of adsorption was determined from Arrhenius plot using pseudo second order rate
constant and the value, E, = 83.1 kJ/mol, revealed the process is chemisorption. Thermodynamic parameters:
AH®, AG°® and AS’, were determined from the equilibrium adsorption constant and the results obtained
confirmed that the adsorption process was feasible, less spontaneous and endothermic. The equilibrium
amount adsorbed was found to be increased with increase of solution pH from 2.0 to 6.0 indicating
electrostatic interaction between cationic CV with anionic surface of UBTL dominated at higher pH due to
the low zero point charge pH of UBTL.

Keywords: adsorption kinetics; crystal violet; used black tea leaves; adsorption thermodynamics

1. INTRODUCTION in living tissue, possibly leading to mutations and
cancer [3]. Thus crystal violet is a mutagen and

Environmental pollution by industria effluents  pitotic poison; therefore concerns exist regarding the

is am important issue in recent years. Different types
of dyes are common pollutants usualy found in
textile industries effluents in many developing
countries. Moreover, rapid industrialization has led to
disposal of synthetic dyes which are mostly used in
relevant industries such as textile, leather, paper,
plastic etc. to color their final products [1]. Most of
dyes are toxic and carcinogenic compounds posing a
serious threat to human and animal health which is
not only limited to themselves but may be passed onto
further generations [2]. Dyes from the wastewater of
these factories must be removed before discharging
into water. Crystal violet (CV) is one of the most
useful dye uses in textile and paper dyeing, and 15%
of such dyes produced worldwide are released to
environment in wastewater. Crystal violet destroys
cells and can be used as a disinfectant. Compounds
related to CV are potential carcinogens [3]. Crystal
violet binds to DNA which causes replication errors

" Corresponding author. E-mail: hossainabul @yahoo.com

ecological impact of the release of CV into the
environment. Numerous methods have been
developed to treat CV pollution. The most common
methods are chemical bleaching [4], biodegradation
[5-6], photodegradation [71, photocatalytic
degradation [8-10], electrochemical degradation [11-
12], cation exchange membrane [13], micellar
enhanced ultra filtration [14], fenton-biological
treatment [15] and adsorption [16] onto various solids
such as activated charcoa. Among the above
methods, adsorption has proven to be more versatile
and efficient for the removal of dyes from agueous
system.  Among them, adsorption is a cost affective
method for treatment of wastewater. Activated carbon
has been recognized as a highly effective adsorbent
for the treatment of heavy metals in wastewater [17].
However, high cost of activated carbon and
regeneration difficulties has deterrent in the utilization
of activated carbon in the developing countries [18].
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Therefore, there is increasing research interest in
using aternative low cost adsorbents. Recently, used
black tea leaves (UBTL) are interested due to their
high adsorption capacity, low cost and easy to recover
the adsorbate from adsorbed UBTL [19]. Crystal
violet was selected as a common basic dye available
in textile effluent for its removal study. Main focus of
the present study was to investigate the kinetics and
thermodynamics of adsorption of CV onto UBTL
under various operational conditions.

2. MATERIAL AND METHODS
21. Adsorbent

The used black tea leaves (UBTL) was
prepared by using same method described Alam [20].
In this process, tea liquor was completely removed
from fresh black tea leaves collected from local
market in Dhaka, Bangladesh. Leaves were dried at
room temperature and then dried in oven at 105 °C for
8 h. Dried leaves were sieved through the sieves of
mesh size 212-300 um and the particles in the size
range of 212-300 um in diameter were stored in a
desiccator for adsorption experiments. Figure 1 shows
the heterogeneous surface morphology of prepared
UBTL observed by scanning electron microscope
(SEM) (IJSM-6490LA, JEOL, Japan).

Flgure 1. SEM mi crograph of prepared UBTLx500.

2.2. Adsorbate

All chemicals used in the study were analytical
grade. Crystal violet (CV) is a basic dye which exists
as cationic form in acidic to neutral media. It is used
as a pH indicator, with a range between 0 and 1.6.
The protonated form (found in acidic conditions) is
yellow, turning blue-violet above pH levels of 1.6.
IUPAC name of CV is trig(4-(dimethylamino)

phenyl)methylium chloride. Synonyms of crystal
violet are methyl violet 10B, methyl violet 10BNS,
aniline violet, baszol violet 57L, brilliant violet 58,
gentian violet, pyoktanin, methylrosanilide chloride
and hexamethyl-p-rosaniline chloride. Molecular
formula of crystal violet is CyHzN3Cl and the
structural formula is given in Figure 2. C.I. nhumber
and CAS number of crystal violet are basic violet 3
and 548-62-9, respectively. Molecular weight of
crystal violet is407.98 g.

A stock solution of 1000 mg/L was prepared
by dissolving CV (Analytical grade) in distilled water
from which different concentrated solutions were
prepared. Concentration of CV in different solutions
was determined by a computerized UV-visible
spectrophotometer  (UV-1650A, Shimadzu, Japan)
using Ama = 582 nm and solution pH was at 6.0 as an
optimum pH for CV solution to analyze [21].
According to Beer-Lambert law, the calibration limit
of CV was determined which was in the range of 0.1
to 20.0 mg/L at optimum pH 6.0 and the absorption
coefficient was 0.109 L/mg.cm.

+
HaC. ,-CHs

Figure 2. Molecular structure of crystal violet (CV).

2.3. Adsorption Kinetic Experiments

Adsorption study was conducted in batch
process in a series of reagent bottles at a constant
temperature. 0.0025g of UBTL was mixed with each
of 25 mL of a definite concentrated CV solution
(22.66 mg/L) at pH 2.0 as an optimum pH for UBTL
[20] and was shaken in a thermostatic mechanical
shaker (HAAKE SWB20, Fissions Ltd., Germany) at
30.0 + 0.2 °C with a fixed agitation rate of 150 rpm.
After shaking of different time of intervas, the
mixtures were separated. The pH of supernatant of
each bottles were adjusted at pH 6.0 with proper
dilution and measured the absorbance using UV-vis
spectrophotometer (UV-1650A, Shimadzu, Japan) at
Amax 582 nm. Before adsorption, the absorbance of the

Orbital: Electron. J. Chem. 5 (3):148-156, 2013
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solution at pH 6.0 with proper dilution was also
measured by UV-vis spectrophotometer at Apa 582
nm to determine the initial concentration of the
solution. Similar kinetic experiments were performed
using different initial concentrations of crystal violet
solutions. The amount adsorbed at different contact
times for different initial concentration was calcul ated
from the following equation (1).

V
q, =(C, —Ct)xv—v €

where, C, istheinitial concentration of CV (mg/L), C,
is the concentration of CV at time t (mg/L), q,is the
amount adsorbed at time t (mg/g), V is the volume of
solution in liter and W isthe mass of adsorbent in

g.

2.4. Effect of temperature on adsor ption kinetics

To investigate the effect of temperature on the
adsorption  kinetics, Kkinetic experiments were
conducted at three different temperatures using same
initial concentration of about 100.2 mg/L of CV
solution at pH 2.0, keeping other parameters constant.
The change of amount adsorbed of CV with different
contact time for different temperatures were recorded.

2.5. Effect of pH on adsor ption kinetics

To observe the effect of solution pH on
adsorption of CV, a series of adsorption kinetic
experiments were conducted at three different pH
values using initial concentration of about 51.6 mg/L
of CV solution, keeping other parameters constant.
The change of amount adsorbed with different contact

120
t (a)
100 |
80

60 |

g (mg/g)

40 |

® s mg/L

—0—49.27 mglL
—-86.97 mglL

20

0 100 200 300 400
Time (min)

time for different initial pH values were calculated.

3. RESULTSAND DISCUSSION
3.1. Effect of concentration on adsor ption kinetics

Kinetic of adsorption is one of the important
characteristics defining the efficiency of an adsorbent.
To investigate the effect of CV concentration on
adsorption kinetics, a series of kinetic experiments,
change of concentration with contact time, were
performed at different initial concentrations of CV for
a constant temperature, solution pH, adsorbent dose
and agitation rate. As the time passes, the CV
adsorbed on the UBTL surface resultant the decreased
of CV concentration in solution. Figure 3 (a-b) shows
the variation of amount adsorbed of CV with contact
time for a fixed amount of adsorbent. The adsorption
of CV onto UBTL are quite rapid initially, however
the adsorption rate becomes slower with progress of
time. The initial faster rate of adsorption may be due
to the availability of the uncovered surface sites of
UBTL. Again, the amount of CV adsorbed per unit
mass of UBTL increased with increase in CV
concentration as shown in Figure 3 (ab) which
indicated that the extent of adsorption is highly
dependent on the concentration of CV. This is
because at low concentration, the ratio of the initial
number of CV molecules to the available sitesis low,
resultant the finished of CV in solution before reach
the saturation of UBTL surface; subsequently, the
fractional adsorption becomes independent of the
initial concentration. However, at high concentration
of CV the available surface sites of adsorption
become fewer, and hence the percent adsorption as
well as adsorption amount depends on the initial
concentration of CV up to a certain limit.

1400

1200

1000
800 [ —8-200.92 mglL
I —0-275.23 mglL

600 —B-679.82 mg/lL

g (mgig)

400

200

0 100 200 300 400
Time (min)

Figure 3. (a) and (b): Variation of the amount adsorbed of CV on UBTL with time for different initial
concentrations of CV where solution pH 2.0, particle size: 212-300 um and temperature: 30.0 + 0.2 °C.

Orbital: Electron. J. Chem. 5 (3):148-156, 2013
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The adsorption mechanism depends on the
physicochemical characteristics of adsorbent and
adsorbate and as well as on the mass transfer process.
With the maximum agitation speed of 150 rpm, it was
assumed to offer no mass transfer (both external and
internal) resistance to the overall adsorption process.
Therefore the adsorption kinetics can be studied
through the residual adsorbate concentration in the
solution. The kinetic experimental results obtained for
different initial concentration of CV were analyzed
using simple first order, second order and pseudo
second order kinetic equations. Linear regression (R?)
value was used to determine the best fitting kinetic
model for experimental data.

3.2. First order kinetics

5

B e
4 +

Q a5t

3 '“_.M.
i —8—22.66 (mg/lL)
——49.27 (mglL)
—-86.97 (mgiL)
2 1 1 1

0 100 200 300 400

Time (min)

25

To evauate the feasibility of the adsorption of
CV on UBTL, simple first order kinetic model was
verified using the following equation (2) [21-22]

InC, =kt+InC, @)

where, C; is the concentration of dye after time t
(mg/L), C, is the initial concentration of dye (mg/L)
and k; is first order rate constant. Applicability of the
first order kinetic equation (2) was examined by
plotting InC, vs t as shown in Fig. 4 (ab) which
shows that the adsorption of CV on UBTL partialy
follow the simple first order kinetic equation for
different initial concentrations of CV and regression
valuesaregivenin Table 1.

L (b) —-200.92 (mg/L)
—-275.23 (mg/L)
7L —|-679.82 (mg/L)
. 5 00 g
OO0 0 —0
. *—8 - *— &
4 i 1 1 1 1 1
0 100 200 300 400
Time (min)

Figure 4. (a) and (b): First order kinetics CV adsorption onto UBTL at variousinitial concentrations pH 2.0 and
temperature 30.0 £ 0.2 °C.

Table 1. A comparison of the datafitness to the first, second and pseudo second order kinetic equations.

Initial concentration R%(-)
Co (Mg/L) . . . .
First order equation Second order equation Pseudo second order equation
22.66 0.862 0.837 0.892
49.27 0.928 0.939 0.916
86.97 0.913 0.929 0.873
200.92 0.970 0.918 0.932
275.23 0.946 0.944 0.967
679.82 0.855 0.832 0.979

3.3. Second order kinetics

Second order kinetic equation (3) was applied
to evaluate the feasibility of the adsorption of CV on
UBTL [21].

i=I<t+i ©)
C, C

(o]

where, C,isthe concentration of dye at time t (mg/L),
C, istheinitial concentration of dye (mg/L) and k is
second order rate constant (g/mg.min). The
experimental results of the adsorption of CV on
UBTL was investigated by plotting 1/C, versus t.
Figure 5 (a-b) shows the adsorption of CV on UBTL
partially follow the simple second order kinetic

Orbital: Electron. J. Chem. 5 (3):148-156, 2013
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equation for different initial concentration of CV and
the regression factors are presented in Table 1. The
values of average regression factor (R?) for simple
first order and second order kinetic equations are

0.912 and 0.899, respectively, which indicated that
both kinetic models prediction deviated considerably
from experimentally obtained data.

0.0008

@)

008 - (a) —~~22.66 (mg/L)
—8-49.27 (mg/lL)
—- 86.07 (mg/L)
—. 006
[=3]
2 oo
=
(G 004t
002 le9—9—8————®—— @
T B —a
U 1 1 1
0 100 200 300 400
Time (min)

11C, (L/mg)

—3-200.92 (mg/L)
-8 27523 (mg/L)
—m-679.82 (mg/L)

0.0006 -OQ_O_,O/(}—/_’O

0.0004 gy o —8 ———— @
0.0002 | - . -
D 1 1 1 1
0 100 200 300 400
Time (min)

Figure5. (a) and (b): Second order kinetics of CV adsorption onto UBTL at various initial concentrations at pH
2.0 and temperature 30.0 + 0.2 °C.

3.4. Pseudo second order kinetics

Pseudo second order kinetic equation based on
solid phase adsorption was applied to the
experimental data obtained for different initial
concentrations to investigate the feasbility of
adsorption of CV on UBTL [24]. The linearized form
of the Ho and McKay’'s pseudo second order rate

equation (4) was verified by plotting t/g vs. t as
shown in Figure 6 (a-b).
t 1 4 t @
— =t
G ko q
gl (a) #2266 (mglL)
—0-4027 (mgl) o
8697 (mg/L) .
S sl
L))
E
g
2 -
U 1 1 1 1
0 100 200 300 400
Time (min)

where, g is the amount adsorbed at time, t (mg/g), Qe
is equilibrium amount adsorbed (mg/g) and k is
pseudo second order rate constant (g/mg.min). Figure
6 (ab) shows that each plot does not gives straight
line with the whole range of concentration but the
average value of regression factor (R? = 0.933) for
different concentrations of CV is better than that of
both smple first order and second order kinetic
equations. A comparison of the regression factor for
the fitness of simple first order, second order and
pseudo second order Kkinetic equations to the
adsorption kinetics of CV on UBTL at pH 2.0 isgiven
inTable 1.

[ (b)
14

——200.92 (mg/L)
—8—275.23 (mg/L)
—B-679.82 (Mgll) o

9
o 1r
E -
£ 08
é L

06
g7

04

02

D i 1 1 L 1 1
0 100 200 300 400
Time (min)

Figure 6. (a) and (b): Pseudo second order kinetics of CV adsorption onto UBTL at variousinitial
concentrations at pH 2.0 and temperature 30.0 + 0.2 °C.

Orbital: Electron. J. Chem. 5 (3):148-156, 2013
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3.5 Effect of temperatur e on adsor ption kinetics

To investigate the effect of temperature on the
adsorption  kinetics, Kkinetic experiments were
performed at different temperatures using same
concentration of CV solution at pH 2.0. Figure 7
shows the variation of amount adsorbed with time for
different temperatures. Pseudo second order kinetic
equation was also applied for the system at different

g (mgig)

0 100 200 300 400
Time (min)

Figure 7. Change of the amount adsorbed with time
during the adsorption of CV on UBTL at pH 2.0 for
different temperatures.

3.6. Adsor ption ther modynamics
Activation energy of adsorption

The effect of temperature on the reaction rate
is well known and important in understanding
reaction mechanism. The apparent activation energy
of adsorption was calculated from the pseudo second
order rate constant obtained at different temperatures
using the following (6) Arrhenius equation [25]

INk=—_2 4 InA ®)
RT

where, E,is the apparent activation energy (kJ/mol ),
A isthe Arrhenius temperature independent factor and
k is the pseudo second order rate constant (g/mol-s).
E. was calculated from the slope of the plot of Ink
values at different temperatures against the reciprocal
of absolute temperatures as shown in Figure 9. The
calculated value of apparent activation energy was
83.10 kJmol, implying that adsorption occurs
comparatively dowly by like as chemical reaction in
which E,isin the range 65-250 kJ/mol [26].

Thermodynamic equilibrium constant

temperatures (Figure not shown). From the dope of
the each straight line, equilibrium amounts adsorbed
were calculated (200 mg/g at 30 °C). Again, the
equilibrium amount adsorbed was plotted against
temperature as shown in Figure 8 which shows that
the equilibrium amount adsorbed increases with
temperature i.e. the process is endothermic indicating
chemical interaction of the process.

250

240

K=

[=)]

£ 230 |

= I

S 220

S I

5 210 |

@ .

S 200} R?=0.996
O .

5 190 |

180 1 1 1 1 1 1 1 1 1 1 1
25 30 a5 40 45 50 55

Temperature (°C)

Figure 8. Variation of equilibrium amount adsorbed
with temperature for adsorption of CV on UBTL at
pH 2.0.

The value of the equilibrium adsorption (K¢) at
different temperatures was cal culated according to the
following eguation (7) [27-30] to estimate the
thermodynamic parameters of adsorption.

Ke=—2 (7)

C, is the dye concentration on the adsorbent at
equilibrium (mg/L) and C.is the dye concentration in
solution at equilibrium (mg/L).

22

R?=0.787
24 L
* -
£ 26} \
®
28
_30 1 1 1 1 1 1 1 1 1 1 1
305 31 315 32 325 33 335

1T=10% (K1)

Figure9. A plot of In k against the reciprocal of
absolute temperatures to determine the apparent
activation energy.
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Standard enthalpy, entropy and free energy
change were calculated by using equation (8) and (9),
respectively [27-32].

nK _AS® AH° ©
° R RT
AG° = -RTInK, (9)

where AG®, AH® and AS’ are the change of standard
free energy (kJ/mol), enthalpy (kJmol) and entropy
(kJmol-K), respectively. K¢ is the equilibrium
adsorption constant (-) and T is the absolute
temperature (K). The values of AH® and AS’ were
calculated from the dope and intercept of the linear
plot of InKcvs U/T as shown in Figure 10.

R?=0.992

125 . . . . .
305 31 3.15 32 325 33 3.35

UT %108 (KY)
Figure 10. A plot of InKcvs /T for determination of
enthal py of the adsorption of CV on UBTL.

The value of AG® was calculated from
equation (9) and presented in Table 2 as well as the
values of AH® and AS’. The results indicated that the
adsorption of CV on UBTL was endothermic and
chemical in nature. The calculated values of AH® and
AS were 8.32 kJmol and 0.0174 kJmol-K,
respectively indicated that the adsorption of CV on
UBTL was endothermic and less spontaneous. The
positive value of AG° which decreased with

160

—@-pH 2
| —O—pH 4
| WpHE

140

120

100

80

g (mgig)

60

40

20

0 . .
0 100 200 300 400

Time (min)

Figure 11. Variation of equilibrium amount adsorbed
of CV with time for different initial pH with initial
concentration of 51.6 mg/L at 30.0+ 0.2 °C.

increasing temperature indicated the process is slow
and less feasible [33]. The positive value of entropy
predicted the increased randomness through the
fragmentation of CV molecules during the adsorption
onthe UBTL surface.

Effect of pH on Adsorption Kinetics

The pH of solution is one of the most
important parameters in the adsorption of solid/liquid
interface. Basically, the pH of solution affects the
adsorbent surface charge through the
protonation/deprotonation  process based on
adsorbent's zero point charge pH (pHzpc). In case of
cationic CV as an adsorbate, solution pH has a large
effect on its molecular structure through the
protonation of the amino groups located at the
aromatic rings. The number of positive charge
decreases from 3 to 1 with the increase of solution
pH. For the solution pH>5 the CV has a blue-violet
color whereas at solution pH <2, the CV isgreen. The
different colors are results of the different charged
states of CV molecule. Therefore, to investigate the
effect of solution pH on the adsorption kinetics as
well as the adsorption capacity of CV on UBTL, a
series of adsorption kinetic experiments were carried
out at afixed concentrated CV solution with different
initial pH values from 2.0 to 6.0. All the solutions
before and after adsorption were analyzed at a
constant pH 6.0. The change of amount adsorbed with
time at different initial pH is shown in Figure 11.
Pseudo second order rate equation was verified for
different initial pH values and respective parameters
were determined. The variation of equilibrium amount
adsorbed with pH is shown in Figure 12 which
indicated the increase of equilibrium amount adsorbed
with increase of solution pH from 2.0 to 6.0.
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Figure 12. Change of the amount adsorbed with
pH for adsorption of CV on UBTL at 30.0 + 0.2
°C.
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The observation can be explain by the pHzpc
on UBTL (pHzpc= 4.2) [34]. The cationic species of
CV are expected to be adsorbed more at higher pH
values of solution than the pHzc of UBTL surface
which leads to negative surface. The result of
investigation agreed with the expectation of
electrostatic  interaction between the positively
charged cationic CV molecules and adsorbent, which
is enhanced considering the negatively charged UBTL
surface (i.e. gradual deprotonation as the solution pH
increases) [35]. The same trend has also been reported

in the adsorption of CV by other adsorbent materials
such as Ped of Cucumis sativa Fruit [36],
Chaetophora elegans algae [37], Coconut coir pith
(ccp) [38], Jackfruit plant  (Artocarpus
heterophyllus) leaf powder (JPLP) [38], Pineapple
(Ananas comosus) peel powder(PPP) [38], Teak tree
(Tectona grandis) leaf powder (TTLP) [38], Chiku
(Manikara zopata) leaf powder (CLP) [38] and
Cinnamon Plant (Cinnamonum zeylanicum) leaf
powder (CPLP) [38].

Table 2. Adsorption constant and thermodynamic parameters for CV adsorption on UBTL at different

temperatures.
Equilibrium Equilibrium Equilibrium AG° AH® AS°
concentration on  concentration in adsor ption InKc (kJ/mol)
adsor bent C, solution constant K¢ (-) (kJ/mol) (kJ/K .mol)
(mg/L) Ce (mg/L)

20.00 66.97 0.2986 -1.208 3.04 0.0174
22.33 66.68 0.3348 -1.090 2.85 8.32 0.0174
24.21 66.43 0.3644 -1.009 271 0.0174

3.7. Comparison studies

The adsorption kinetics as well as adsorption
capacity and enthalpy of CV onto UBTL were
compared with other biosorbents reported in literature
and presented in Table 3. All the biosorbents given in

Table 3 shows that the adsorption of CV follows
pseudo second order kinetic equation and the process
is favorable at neutral media and endothermic in
nature. The adsorption capacity vary due to the
properties of each adsorbent such as surface area,
structure and functional groups, etc.

Table 3. A comparison of the adsorption kinetics, capacity and enthalpy of CV onto UBTL with different

biosorbents.

Adsorbents pH q.(mg/g) Kinetics AH (kJ/mole) References
peel of Cucumis sativa fruit 7.0 34.2 Pseudo second order [36]
Chaetophora elegans alga 6.5 158.7 Pseudo second order 21.080 [37]
Coconut coir pith (CCP) 6.0 182.0 Pseudo second order 27112 [38]
Jackfruit plant leaf powder 6.0 169.0 Pseudo second order 10.160 [38]
Pineapple peel powder(PPP) 6.0 153.5 Pseudo second order 10.999 [38]
Teak tree leaf powder (TTLP) 6.0 77.0 Pseudo second order 7.335 [38]
Chiku leaf powder ( CLP) 6.0 735 Pseudo second order 5.326 [38]
Cinnamon Plant leaf powder (CPLP) 6.0 72.0 Pseudo second order 5.129 [38]
Used black tealeaves (UBTL) 2.0 200.0 Pseudo second order 8.314 Present Study

4. CONCLUSION

Kinetic study on the adsorption of CV on
UBTL has shown that the adsorption kinetics partialy
follows simple first order or second order kinetic
equation but mostly follows pseudo second order rate
equation for different initial concentrations of CV at
pH 2.0. Pseudo second order kinetic was used to
caculate the equilibrium amount adsorbed,
equilibrium concentration and pseudo second order
rate constant for different initial concentrations. The

equilibrium amount adsorbed obtained (200 mg/g at
30 °C) from pseudo second order kinetics were found
to be increased with increase in temperature i.e. the
process is endothermic and chemical in nature.
Pseudo second order rate constant was used to
determine the apparent activation energy of
adsorption. The calculated apparent activation energy
and standard enthalpy were 83.1 kJmol and 8.27
kJ/mol, respectively. The value of apparent activation
energy supported the chemical nature of the

Orbital: Electron. J. Chem. 5 (3):148-156, 2013
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adsorption. The positive value of standard free energy
change indicated that the adsorption process is less
spontaneous. The positive value of standard entropy
means the fragmentation of adsorbed molecule might
be occurred on the surface of UBTL. The equilibrium
amount adsorbed was found to be increased with
increase of solution pH from 2.0 to 6.0 suggesting
electrostatic interaction between cationic CV with
anionic UBTL surface dominated at neutral/basic
solution.
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Abstract: Natura clays containing kaolinite (AC) and montmorillonite (AM), obtained from State of
Sergipe, Northeast of Brazil, were used as adsorbents for metal ions in aqueous solution. The adsorption
equilibrium was reached in the first minutes and the contact time of 60 min was selected for the rest of the
study. Adsorption increased with pH for AC and did not change significantly for AM. Montmorillonite
showed a higher adsorption capacity for the metal ions with the Langmuir monolayer capacity (Qo) of 1.48 to
6.98 mg g'* compared to that of 0.42 to 1.51 mg g™* for kaolinite.

Keywords. metal ions; adsorption; natural clays

1. INTRODUCAO

A poluicdo por metais traco € um dos mais
sérios problemas ambientais da atualidade, uma vez
gue esses elementos ndo sdo degradaveis e tendem a
acumular-se nos organismos agudticos, podendo
como consequéncia causar intoxicagdo em seres
humanos. Em muitos rios e lagos, o langcamento
antropogénico desses metais ja excede a quantidade
gue normalmente entra no ambiente aquético pela
acdo do intemperismo € mesmo nos oceanos, ja é
consideravel o aporte resultante da atividade humana
[1]. Desse modo, tornou-se uma preocupacdo
especial, o tratamento de despejos para remocdo de
metais toxicos[2, 3].

Dentre os processos fisico-quimicos usados
para remocdo de metais, a adsor¢do tem se destacado
pela elevada eficiéncia, baixo custo, facilidade de
operacdo e aplicabilidade em concentragbes muito
baixas [4-7].

As argilas minerais ocorrem em abundancia
na natureza e agem como removedores naturais de
poluentes catidnicos e anidnicos por troca iénica e/ou
adsorcdo. Tem se mostrado excelentes matérias
adsorventes pela sua elevada area superficial, grande

" Corresponding author. E-mail: larapalm@yahoo.com

capacidade de troca e estabilidade quimica e mecanica
[5, 6, 8]. Argilas minerais com elevada capacidade de
adsorcdo para ions metdlicos, tais como,
montmorilonita, caulinita e vermiculita vém sendo
usadas para remogdo de metais toxicos de solucles
aquosas[9-12].

A caulinita tem uma composicdo tedrica de
46,5 % de SIO,, 39,5 % de Al,O; e 14,0 % de &gua,
ndo permitindo a substituicdo na camada tetraédrica,
do Si** pelo AI** e nem do AI** por outros fons na
camada octaédrica. A carga liquida da caulinita
deveria ser zero, mas uma peguena carga negativa,
resultante da quebra das bordas dos cristais, confere a
sua superficie alguma atividade. A caulinita é a menos
reativa das argilas, a adsorcdo esta limitada a
superficie externa e é acompanhada da liberagdo de
fons H* dos vértices do mineral [11, 13, 14]. Mesmo
com a baixa capacidade de troca catibnica, muitos
estudos tem usado a caulinita para remocéo de Pb (11),
Cu (I1) e Cd (I1) em solucdo aquosa[11, 15-17].

A montmorilonita tem uma composic¢do tedrica
de 66,7 % de SIO?, 28,3 % de Al,O; e 5,0 % de 4gua,
existindo na camada tetraédrica a substituicdo do Si**
pelo AI** e na camada octaédrica do Al** pelo Mg?".
Isso confere uma carga negativa a montmorilonita que
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€ responsavel pela sua maior atividade como
adsorvente [11]. Nesse caso a adsor¢do pode se da
tanto na superficie externa quanto na intercamada,
devido a carga negativa gerada pela substituicéo
isomorfica [18]. Nesse estudo foi avaliada a
possibilidade de utilizacdo de argilas naturais, sem
pré-tratamento, contendo caulinita e montmorilonita,
abundantes no estado de Sergipe, nordeste do Brasil,
como adsorventes de baixo custo, para remocéo do Pb
(1), Cu (1) e Cd (I1), em solucdo aguosa. Foram
investigadas as condicdes de adsor¢do incluindo
tempo de contato, pH e isotermas de adsorcao.

2.MATERIAL E METODOS
Caracteristicas das amostras de argila

A argila caulinita (AC) foi originéria da éarea
de lavra, localizada na Serra do Pinh&o, municipio de
Itabaiana e a argila contendo montmorilonita (AM)
procedente do depdsito argiloso situado no municipio
de Nossa Senhora do Socorro, ambos no estado de
Sergipe. As amostras foram secas a 80 °C por 3 h,
pulverizadas e passadas em peneira de 75 um antes de
Serem usadas como adsorventes.

As amostras foram coletadas e caracterizadas
por Prado [19]. A andlise por difratometria de raios X
mostrou que a argila AC contém caulinita, haloisita,
goetita e quartzo, enquanto a argila AM tem caulinita,
dolomita, goetita, haloisita, montmorilonita, ilita e
quartzo.

As caracterigticas quimicas s80 mostradas na
Tabela 1. Os congtituintes quimicos principais foram
silica, aluminio e os 6xidos de ferro. O SIO, foi muito
maior na argila AC e o Fe,0O; na argila AM. A
ocorréncia dos 6xidos de cdcio e magnésio, e de
edlevada quantidade de potassio, confirmam
respectivamente, as presencas de dolomita e ilita na
amostra AM. Os valores da razdo SiO2/Al203, igual
a 3,77 em AC e a 4,11 em AM, foram muito
superiores a razdo tedrica da caulinita (1,18) e da
montmorilonita (2,36), sugerindo que as argilas estdo
enriquecidas com silica, provavelmente devido ao
aporte detrital da regido continental adjacente [11, 20,
21]. Espera-se, portanto, que com essas diferencas de
propriedades mineraldgicas e quimicas, as amostras
de argilas mostrem um comportamento variavel em
relacdo a adsorcdo de metais.

Tabela 1. Composicéo quimica das argilas usadas como adsorventes (% em massa, média = desvio padrdo, n =
3). AC: argila caulinita; AM: argila contendo montmorilonita.

Oxidos AC AM
SO, 74,3+0,3 59,2+0,4
Al,03 19,7+0,2 14,4+0,2
Fe,0s 1,02+0,02 4,79+0,06
TiO, 0,096+0,01 0,66+0,02
CaO 0,05+0,01 4,02+0,09
MgO 0,59+0,04 2,64+0,03
NaO 0,18+0,06 0,48+0,07
K,0O 2,01+0,04 3,11+0,06
1 . N .
Reagentes mg L™, no pH da propria solugdo dos nitratos que se

Todos os reagentes utilizados foram de grau
analitico. As solugdes estoques dos metais (200 mg
L) foram preparadas dissolvendo a quantidade
estequiométrica dos nitratos [Cd(NQOs),, Cu(NOs),,
Pb(NOs),] em é&gua deionizada (sistema Milipore
Mili-Q) e as demais solucdes foram preparadas pela
diluicdo da solucdo estoque. O pH foi gjustado usando
solucBes de NaOH 0,1 mol L™ e HNO; 0,1 mol L™

Efeito do tempo de contato

No estudo do tempo de contato foi utilizada
uma massa de 0,5 g da argila e 20 mL da solugdo dos
metais (Pb*, Cd**, Cu?*) numa concentracdo de 20

manteve em 5,2 £+ 0,2. O sistema foi mantido sob
agitacdo de 150 rpm, a temperatura ambiente de 25 +
1 °C, nos tempos de contato de 20, 40, 60, 90, 120,
150, 180, 210 e 240 min. Brancos, sem adicdo das
argilas, foram utilizados para o controle da
concentracdo inicial dos metais e 0s experimentos
foram executados em duplicata. Concluido o tempo
de agitacdo, as solucBes foram filtradas utilizando
papel de filtracdo répida e guardadas em frascos de
polietileno para posterior determinacdo da
concentracdo dos metais. As concentragdes dos metais
foram determinadas por absorcéo atdbmica.

A quantidade do metal adsorvido, Q. (mg do
metal/g do adsorvente), foi calculada pela equacdo 1:
Qe=V(C,—Ce)/m D

Orbital: Electron. J. Chem. 5 (3):157-163, 2013
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onde V (L) é o volume de solugdo; Co (mg L™) a
concentracdo inicial da solucdo de ion metdlico, Ce
(mg L") a concentracdo final ap6s o tempo de
agitacdo e m (g) amassa de argila.

A percentagem de remoc&o do metal adsorvido
foi calculada de acordo com a equacéo 2:

% Remocdo = (C, — C,) / C, x 100 2

Efeito do pH

O efeito do pH sobre a adsorcdo foi
investigado usando 20 mL da solucdo dos ions
metélicos e 1,0 g do adsorvente, mantido em agitacéo
constante de 150 rpm por um periodo de 60 min e
temperatura de 25 + 1,0 °C. O pH das solugdes foram
gjustados no intervalo de 2,0 a 8,0 com solugdes de
NaOH 0,1 mol L* ou HNO; 0,1 mol L™ Apéds o
tempo de contato, as solucbes foram filtradas e os
metais determinados por absor¢do atbmica. Brancos,
sem adicBo das argilas, foram utilizados para o
controle da concentracdo inicial dos metais e os
experimentos foram executados em duplicata.

| soter mas de adsor céo

Para obtencdo das isotermas de adsorcéo foi
utilizado uma massa de 1,0 g da argila, 20 mL das
solucBes dos metais nas seguintes concentragoes: 20,
40, 60, 80, 100, 120 e 140 mg L™ e agitacdo de 150
rpm durante 60 min atemperaturade 25 + 1,0 °C. Em
seguida as amostras foram filtradas e os metais
determinados por absorcdo atémica. Brancos, em cada
uma das concentracdes e sem adicdo das argilas,
foram utilizados para o controle da concentracéo
inicial dos metais. Os experimentos foram executados
em duplicata.

3. RESULTADOSE DISCUSSAO
Efeito do tempo de contato

O efeito do tempo de contato sobre a adsorcéo
do Cd (Il), Cu (II) e Pb (lI) foi investigado no
intervalo de tempo de 20 a 240 min. A Figura 1
mostra a variagdo da adsorcdo nas argilas AC e AM,
dos ions metalicos de uma solucdo aguosa contendo
20 mg L™ de cada fon, sob agitacdo de 150 rpm e
mantidas a uma temperatura constante de 25 + 1 °C.
Os resultados evidenciam claramente que a adsorcao é
um processo dependente do tempo, com uma remogéo
inicial muito répida e com o equilibrio sendo atingido

em poucos minutos. A velocidade e capacidade de
adsor¢do dependem dos ions metédlicos que sdo
transportados da fase liquida e das caracteristicas do
adsorvente. Na argila AC o equilibrio foi atingido
num tempo de 60 min e a capacidade maxima de
adsorcdo foi de 86,0% para Pb (I1), 43,2% para Cd
(1) e 34,2% para o Cu (I1). Enquanto na argila AM a
capacidade maxima de adsor¢éo foi obtida em 30 min
com remocdo de 99,5% para Pb (I1) e Cu (Il), e de
93,4% para Cd (11).

Como esperado, a argila caulinitica (AC)
mostrou-se muito menos reativa do que a argila
montmorilonitica (AM), pois a adsor¢éo esta restrita a
superficie externa, enquanto na montmorilonita a
adsorcdo pode se da tanto na superficie externa
guanto na intercamada, devido a carga negativa
gerada pela substituicdo isomorfica [11]. A cinética
da troca catidnica é rapida e cétions como K*, Ca®* e
Mg®, que existem em quantidade elevada na argila
AM, sdo facilmente trocaveis pelos ions metalicos da
solucdo [11, 18].

—&—Pb (I)-AM

—8—Cu (Il)-AM

% Remogdo

—A—Cd (II)-AM

—e—Pb (Il)-AC

——Cu (ll)-AC

——Cd (1I)-AC

0 5‘0 1(‘)0 1;0 2(‘)0 2;0
Tempo contato (min)

Figura 1. Efeito do tempo de contato sobre a
adsorcdo de Pb (I1), Cd (II) e Cu (Il) em argila
caulinita (AC) e argila contendo montmorilonita
(AM). Concentragdo inicia: 20 mg L™ pH da
solucdo: 5,2 + 0,2; velocidade de agitagdo: 150 rpm e
temperatura 25 + 1 °C.

Efeito do pH

A influéncia do pH sobre a adsor¢do do Pb
(1), Cu (1) e Cd (II), nas argilas AC e AM foi
avaliada no intervalo de pH de 2,0 a 8,0. Os
resultados obtidos sdo apresentados na Figura 2. Para
aargila AC o efeito é fortemente evidenciado para os
trés metais, com uma variacdo na percentagem de
adsorcdo de 46,6 a 99,9% para Pb (1), de 6,1 a 82,9%
para Cd (1) e de 4,6 a 97,9% para Cu (l), entre pH
20 a 7,0. Esses resultados sdo similares aos
observados na literatura, para a remocdo desses
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mesmos metais, usando argila caulinita natural [17].
Paraaargila AM ndo se observou, para os trés metais,
uma mudanca na quantidade do metal adsorvido com
avariagdo do pH da solucéo.

100 1

80 -
—6—Pb (II)-AM
60 —5—Cu (II)- AM

—A— Cd(1l)- AM

% Remogdo

40
—@—Pb (II)-AC

20 + —&—Cu (II)- AC

—a—Cd (Il)- AC

o 1 2 3 4 s & 7 8 9

pH
Figura 2. Efeito do pH sobre a adsorcéo de Pb (1),
Cd (1) e Cu (II) em argila caulinita (AC) e argila
contendo montmorilonita (AM). Concentrag&o inicial:
20 mg L™; tempo de contato: 60 min; velocidade de
agitacdo: 150 rpm e temperatura ambiente 25 + 1 °C.

A literatura em geral, tem registrado uma
adsor¢do crescente desses metais, com 0 aumento do
pH da solucdo [10, 11, 17, 22]. Esses aumentos de
adsor¢do sdo variaveis em funcdo do tipo da argila
utilizada. A caulinita tem mostrado variagdes maiores
devido a baixa remogéo em meio muito &cido (pH 2 -
3) e uma remoc¢do superior a 80% acima de pH 6.
Para a montmorilonita tem sido obtido no intervalo de
pH de 2 a 7, pequenas variagles, como cerca de 10%
parao Cd (I1) até variagbes em torno de 60% para o
Cu (1) [10, 22].

O processo de adsorcdo em argilas pode ser
controlado por dois mecanismos. (1) Troca catiénica
nas intercamadas (ex. 2 XNa+ M?" = X,M + 2 Na") e
(2) através da reacdo de complexacdo na superficie
externa, pelos grupos SiO- e AlO- (ex. SOH + M# =
SOM + HY) [10, 23, 24]. A troca catibnica €
independente do pH, ja a adsor¢ao através dos grupos
SiO- e AIO- decresce com o decréscimo do pH, pois
em pH baixo esses grupos estdo mais protonados e
menos disponivels para remogdo dos metais. Na
caulinita a adsorcdo esta restrita a complexacdo na
superficie externa, enquanto na motmorilonita a
adsorcdo se da através dos dois mecanismos e de
acordo com Barbier et al. [24] a densidade dos sitios
de troca catibnica € muito mais importante que a
densidade dos grupos hidroxila da superficie. Eles
ainda afirmam que os sitios do aluminol sdo mais
reativos que os sitios do silanol. E provavel, portanto
gque na argila AM agui estudada, 0 mecanismo de
troca catibnica sgja 0 mecanismo dominante na

remocado do Pb (I1), Cd (I1) e Cu (1), e por isso ndo se
observa uma variagdo da adsorcdo com o pH da
solucdo. Esse comportamento pode estar relacionado
ao fato da argila AM conter uma grande quantidade
de cétions trocaveis (K*, Ca®* e Mg®") e uma elevada
relacdo  SIO/AIL,O;  (4,11), maximizando a
contribuicBo da troca catibnica no processo de
adsorcdo, em relacdo a participacdo dos grupos silanol
e auminol, devido a menor presenca do grupo
auminol, mais reativo. Sprynskyy et a. [25]
encontraram como principal mecanismo, na remocao
catiénica por zedlitas e argilas minerais, atrocaibnica
com cétions trocaveis tipo Ca?*, Mg*", K* e Na'.

| soter mas de adsor ¢éo

Usualmente o equilibrio entre a concentragéo
dos ions metdlicos na solugdo e na fase sdlida é
descrito por uma isoterma, cujos pardmetros da
equacdo expressam as propriedades da superficie e a
afinidade do adsorvente. Os modelos mais utilizados
para gerar as isotermas de adsorcdo sdo o de
Langmuir e o de Freundlich.

O modelo de Langmuir assume que a adsor¢éo
ocorre numa superficie homogénea, na forma de uma
monocamada cobrindo a superficie do adsorvente.
Admite ainda que o adsorvente tem um ndmero finito
e idéntico de sitios ativos e que ndo existe nenhuma
interacdo entre as espécies adsorvidas [26-28]. O
modelo de Freundlich é aplicado a adsorgéo sobre
uma superficie heterogénea que suporta sitios com
afinidades variaveis[29].

As equacbes de Langmuir (3) e Freundlich (4)
naformalinear podem ser escritas como:

Ce/Qe:]-/(Qob)+Ce/Q0 (3)
log Q- =log Kf + (1/ n) log C, (@]

onde Q. é a quantidade adsorvida por massa do
adsorvente (mg g'), Ce a concentragdo do ifon
metdlico no equilibrio (mg L™), Qo a capacidade
méxima de adsor¢cdo e b constante de equilibrio
relacionada a energia de adsor¢do. Kf e n sdo
constantes indicadoras da capacidade de adsorcdo e
intensidade de adsorcéo respectivamente. Valores de
n superiores a 1 indicam uma adsorcéo favoravel, por
outro lado, quanto mais heterogéneos o sistema, mais
n se aproxima de zero [30].

Os dois modelos foram aplicados aos dados
obtidos para a adsor¢éo de Pb (I1), Cd (I1) e Cu (1),
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nas argilas AC e AM. As Figuras 3 e 4 mostram as
isotermas lineares e os pardmetros de adsorcéo,
calculados usando 0 método dos minimos quadrados,
estdo apresentados na Tabela 2. Os dados
experimentais gustaram-se bem aos dois modelos,
contudo um melhor gjuste foi alcancado paraisoterma
de Langmuir, o que resultou em coeficientes de
correlacdo mais elevadas tanto para a argila AC como
para AM. A capacidade de adsor¢do de Langmuir em
monocamada (Q,) variou de 0, 42 a 1,51 mg g* para
AC e de 1,48 a 6,98 mg g* para AM, enquanto a

(a)
6 -

5

1/Qe(gmg™)
w

O Pb (I1)
O cu (i)
Acd (i)

o T —

0,05

0,10 0,15 0,20 0,25 0,30

1/Ce(Lmg™)

capacidade de adsorcdo de Freundlich mostrou uma
variacdo de 0,16 a 0,33 mg g™ para AC e de 0,41 a
4,93 mg g para AM, confirmando, portanto a maior
capacidade de adsorcdo da argila AM. A
montmorilonita (AM) tem uma maior densidade de
carga superficial, devido as substituicdes isomorficas
nas folhas tetraédricas e octaédricas, enquanto na
caulinita (AC) substitui¢cdes s8o muito menores,
por isso a grande diferenca de capacidade de
adsor¢ado entre as duas argilas [31].

40 -

w
o

»
=}

1/Qe(gmg™)

opb(Il)

u}
10 cu ()

4 Acd (i)

0,0

o

5 10 15 20 25 30 35 40 45
1/Ce (Lmg * )

Figura 3: Isotermalinear de Langmuir paraa adsorcéo de Pb (11), Cd (1) e Cu (1) em argila caulinita (a) e argila
contendo montmorilonita (b). Concentragzo inicial: 20 a 140 mg L™*; pH da solugéo: 5,2 + 0,2; tempo de contato:
60 min; velocidade de agitagdo: 150 rpm e temperatura de 25 + 1 °C.

(a)
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02 1 ocu (i)

Acd (1)
00

4
)

02

log Qe (g mg

04 F

-06

-08

00 05 1,0 15 20

logCe (Lmg™)

(b)

06
04
02
00

02

log Qe (mgg ™)

04 L 0 Pb (Il)

O cu (i)

06 - N Acd ()

-08
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Figura 4: |sotermalinear de Freundlich para a adsor¢éo de Pb (11), Cd (1) e Cu (1) em argila caulinita (a) e
argila contendo montmorilonita (b). Concentracdo inicial: 20 a 140 mg L™*; pH da solugéo: 5,2 + 0,2; tempo de
contato: 60 min; velocidade de agitagdo: 150 rpm e temperaturade 25+ 1 °C.

Tabela 2: Parametros das isotermas de adsorcdo, usando o modelo de Langmuir e Feundlich, para Pb (I1), Cd
(1) e Cu (I1). AC: argilacaulinita; AM: argila contendo montmorilonita.

Argila fon L angmuir Freundlich
Qo b R2 Kt n R2
(mggh) (L mg?) (mg g™
Pb(I1) 151 0,157 0,998 0,33 2,78 0,924
AC Cd(1n) 0,85 0,138 0,998 0,22 1,78 0,951
Cu(ll) 0,42 0,184 0,995 0,16 4,66 0,949
Pb(I1) 6,98 1,126 0,999 4,93 1,16 0,998
AM Cd(1) 1,48 0,435 0,993 0,41 1,95 0,987
Cu(ll) 2,07 8,924 0,996 2,83 1,94 0,966
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Os vaores dos fatores de separacdo (R, =
1/(1+bC,)), calculados a partir das constantes b (0,065
— 0,643 para AC e 0,007 — 0,155 para AM),
juntamente com os valores de n suportam um
processo de adsorgdo favoravel (n>1 e O<RL<1) para
os ions metdlicos nas duas argilas.

Em resumo, os valores dos pardmetros
computados a partir das isotermas de adsorc&o,
indicam que as duas argilas satisfazem as condic¢des
para serem usadas como adsorventes para Pb (11), Cd
(1) eCu (11).

4. CONCLUSOES

Os resultados mostraram que as argilas podem
ser usadas para remover Pb (11), Cd (I1) e Cu (II) de
solugdes aguosas. Para a argila caulinitica (AC) a
adsorcéo aumentou com o pH e uma remogao maxima
de 99,9% para Pb (I1), 82,9% para Cd (1) e 97,9%
para Cu (Il), foram obtidas em pH 7,0. Para argila
contendo montmorilonita (AM) ndo se observou
efeito significativo do pH sobre adsorgéo, obtendo-se
uma remocdo maxima foi de 99,4% para Pb (l),
93,2% para Cd (I11) e 99,9% para Cu (Il). Esse
comportamento pode estar relacionado ao fato da
argila AM conter uma grande quantidade de cétions
trocaveis (K*, Ca* e Mg*") e uma elevada relacéo
SIO,/AlL O3 (4,11), maximizando a contribuicdo da
troca catibnica no processo de adsor¢cdo. Os dados
experimentais gustaram-se bem aos modelos de
Langmuir e Freundlich, mas o melhor guste foi
alcancado com a isoterma de Langmuir, evidenciando
que o processo de adsorcdo ocorreu preferencialmente
em monocamada. Os coeficientes de adsorcéo
indicaram um processo de adsorcdo favoravel para as
duas argilas. Como esperado, a capacidade de
adsorcdo da argila AM foi muito maior que a da AC
para todos os trés ions metélicos.
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Abstract: In this work, pseudo-stems of the banana tree were collected, characterized and used as adsorbent
materials for the removal of the chromium ions from aqueous solution. The characterization of pseudo-stems
by FTIR suggests the presence of cellulose, hemicellulose and lignin. The predominant groups were
carbonyls (0.312 + 0.010 mmol g™ adsorbent), phenols (0.237 + 0.021 mmol g* adsorbent), lactones (0.041 +
0.003 mmol g adsorbent) and basic groups (0.096 + 0.006 mmol g™ adsorbent). The textural propriety of
the adsorbent, surface area, pore volume and pore diameter were found to be 0.383 m? g, 0.003525 cm® g™
and 368.3 A, respectively. The pHpzc value was found 7.5 and so the adsorption assays of chromium removal
from solution were more efficiently at acidic pH values. The experiments show that approximately 95% and
78% of the Cr (V1) was removed from solution by untreated and treated fiber, respectively, in 300 minutes of
the contact time.

Keywords: pseudo-stem bananafibers; agricultural by-products; removal; chromium

1. INTRODUCTION and other functional groups, including carboxylic
. _ acids, phenols, carbonyls and ethers. The presence of

The banana occupies second place in terms of  thege functional groups, together with the low-cost,
volume of fruit produced and consumed in Brazil. The  makes agricultural by-products very interesting as

banana tree belongs to the family Musaceae, and isa  ggsorhents for the removal of metal ions and dyes
native of the south of Asia and Indonesa The  from wastewater [2-4].

Brazilian production of bananas is distributed across ) )

the entire national territory, with the Northeast being The presence of potentialy toxic substances
the largest producer (34%). The area planted in Brazil N natural reservoirs has very large repercussions in
is about 520.000 ha where the state of Ceara the economy and on public heath. Environmental
participates with about 42.767 ha. Banana plantations ~ CONrol laws, reflecting a tendency to preserve and
are a permanent cultivation because banana trees protect the environment, have been requiring more
produce new shoots, The pseudo-stem is the part of rigorous limits of water contamination in domestic or
the banana tree that rises from the ground to the fruit, ~ Industrial waste. The conditions and patterns of
and after the crop is harvested, the pseudo-stem effluent release in Brazil are regulated by the

becomes an agricultural by-product. Shah [1] stated Environment National Council [5], which specifies
that each hectare of banana plantation generates the maximum values alowed for Cr (111) and Cr (VI)

approximately 220 tons of gabage, which is  SPeciesas0.5and 0.05mg L™, respectively. This fact
discarded by the farmers into the rivers, lakes and on ~ 1@S prompted several research groups to search for

highways, causing a serious environmental problem. efficient aternatives for the treatment of liquid
The pseudo-stem of banana trees is most often effluents containing toxic metals. Low cost natural

utilized in the building industry. Agricultural by- ~ ©rganic materials have often been suggested as
products are usually composed of lignin and cellulose, alternative adsorbents for the removal of metals from

“Corresponding author. E-mail: becker@ufc.br (H. Becker) and elisane@ufc.br (E. Longhinotti). Tel.: +55 85 33669964,
Fax: +55 85 33669982.
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liquid effluents [2, 6]. Some researchers aready
reported its potentiaity of the banana fiber as
biosorbents [7-10]. Thereby, this work is aimed at the
characterization and use of pseudo-stem banana fibers
as adsorbents for the removal of Cr from agueous
solutions.

2. MATERIAL AND METHODS
Characterization of pseudo-stem banana fibers

The pseudo-stem banana fiber samples
(Musaceae) were collected from the Northeast area of
Ceara State (Baturité). After the sap was extracted,
the fiber was washed with distilled water, dried for 48
h, triturated and sifted through 2-mm sieves
(untreated fiber). A pre-treating of the biosorbent
(treated fiber) was realized using 1.0 mg L™ HCI
solution, were 10.0 g of banana fibers were mixed
with 100 mL of acid solution and agitated for 24 h.
The biosorbent was washed thoroughly with distilled
water until the pH reached nearly neutral, and then the
material was dried at 600C for 48 h.

The textura characterization of the untreated
fibers was obtained by N, adsorption/desorption
isotherms at 77 K using an Automated Physisorption
Instrument (Autosorb-MP, Quantachrome
Instruments). Prior to measurement, the samples were
outgassed in a vacuum at 623 K for 2 h. Specific
surface areas were calculated according to the
Brunauer—Emmett—Teller (BET) method, and the pore
size distribution was obtained according to the
Barret-Joyner—Halenda (BJH) method from the
adsorption data. The organic materials and ash
content were determined by calcination of 1.0 g of the
fiber at 500 °C and incineration at 900 °C.

Acidic or basic functional groups of the banana
fibers were determined via the Boehm method [11,
12]. A volume of 20.0 mL of solution was added to
vials containing 0.20 g of fiber sample and agitated
for 24 h. Then, the samples were filtered and the
excess acid or base was determined by titration with
NaOH or HCI solutions. Five blank samples were also
prepared in the same way.

The pH of the point of zero charge (pHpzc)
was determined as previously described [7]. NaNO3
(0.01 mg L™) solutions of pH 3, 6 and 11 were
prepared using NaOH or HCl. Several amounts of
untreated banana fibers (0.07, 0.1, 0.5, 0.7, 1, 3, 5,
and 7%) were added to 100 mL of solution of
different initial pH values, and the equilibrium pH

was measured after 24 h of agitation (100 rpm) at 25
+2°C.

The analysis of metals in the composition of
the untreated fiber samples was determined using
Inductively Coupled Plasma Spectroscopy (ICP-OES
by PERKIN ELMER model 4000). The dried fiber
was solubilized in 2:1 HNO; and H,0, in a digestor
block for 4 h at 140 °C.

The structure of the banana fibers was studied
by Fourier Transform Infrared (FTIR) spectroscopy.
FTIR spectra were recorded with a FTIR
SPECTRUM 1000 spectrometer in the range of 4000—
400 cm™ with a resolution of 2 cm™. The analyses
were performed on KBr pellets containing 1.0 wt.%
of the sample. Elemental analysis for CHN and S was
performed in an elementary analyzer CARLO ERBA.

Thermogravimetric analysis was performed to
obtain more information about the fiber sample. The
analysis was performed with a SHIMADZU
thermoanalysis system  (DSC-50 differential
exploratory calorimetry system and a TGA-50
thermobalance) using 5.0 mg of sample with a heating
rate of 10 °C min™ under nitrogen flow of 50 mL
min™.

The morphology and average diameter of the
fibers were examined via scanning electron
microscopy, obtained with a SERIES scanning
microscope, model Philips XL30, operating at an
accelerating voltage of 15 kV.

Adsor ption Assays

Solutions were prepared in deionized water
(milli-Q) with analytical grade reagents. All of the
experiments were performed in triplicate with slow
agitation at 25 + 2 °C. The adsorption tests were
performed using K,Cr,O; as the adsorbate. The
concentration of the Cr (VI) ions in solution, after
adsorptions tests, was determined by absorption
spectrophotometry  with  1,5-diphenylcarbazide as
complexing agent [13]. The analysis were performed
in a UV-Vis spectrophotometer (VARIAN model 1E)
using al cm cell at 540 nm. Each trial was performed
in triplicate. The total Cr after the adsorption test was
determined with the ICP-OES. The reduced Cr (l11)
was calculated by the difference between the Cr
(total) and Cr (V1) in the solution.

The effect of pH on chromium removal was
studied using 100 mL of a 10 mg L™ K,Cr,0;
solution and 1.0 g of the untreated banana fibers, by
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300 minutes. Different volumes of acid (0.1 mol L™
HCI) or alkai (0.1 mol L™ NaOH) were added to
adjust the pH of the mixture. The final concentration
of Cr (VI) and Cr (total) were examined with the
same methods the above said.

The influence of contact time on the adsorption
process was evaluated in 250 mL Erlenmeyer flasks
containing 100 mL of HCI (0.01 mg L™ solution) at a
fixed banana fiber mass (1.0 g), and dichromate ion
concentration (50 mg L™). Aliquots of the solution
were removed at fixed time by 300 minutes. The
adsorption assays were realized with untreated and
treated bananafiber.

3. RESULTS AND DISCUSSION
Pseudo-stem banana fiber characterization

Table 1 lists the  physic-chemical
characteristics of the pseudo-stem banana fibers. The
surface morphology and bulk structure of the pseudo-
stem fibers were studied with SEM and adsorption
isotherms (not shown). The SEM images of the fiber
surface, Figure 1, show a dense interfibrillar structure,
similar to coconut [14-16].

’

e 2
AccV SpotMagn Det WD F——— 20um
150kV 6.0 1000x SE 78 AmosiraB

gurel. SEM ime showing surface morphologies
of the pseudo-stem banana fibers.

Fi

Low porosity was observed in the SEM
analysis of the untreated fibers. According to results
obtained by adsorption isotherms, the surface area,
pore volume and pore diameter of the pseudo-stem
fibers were 0.383 m? g™, 0.003525 cm® g™ and 368.3
A, respectively. These surface properties can be
considered to be a factor providing an increase in the
total surface area. In addition, the pore structures of
the fibers could reduce the diffusional resistance and
facilitate mass transfer because of their high internal
surface area.

Table 1. Characterization chemistry and physic of the pseudo-stem banana fibers.

Pore volume 0.003525 cm.g ™t

Pore diameter 368.3A

Surface area (BET) 0.3828 m*.g!

Organic material 88.0 £ 0,4 (Wt%)

H 6.25 + 0.08 (Wt %)

C 45.9 + 0.2 (Wt %)

N 0.18+ 0.01 (Wt %)

0] 47.6 £ 0.4 (wt %)

Ash 4.65 + 0.11(wt %)
Carbonyl groups | 0.312 + 0.010 mmol. g™ *adsorbent
Phenolyc groups | 0.237 + 0.021 mmol. g adsorbent
Lactonic groups 0.041 + 0.003 mmol. g *,dsorbent
Basic groups 0.096 + 0.006 mmol. g *adsorbent
Metals (mg Kgh)

Ca 3928 + 236

Mg 2287 + 106

Fe 84.0+6.9

Na 73.3+£5.1

K 23267 + 465

Figure 2 shows the FTIR spectra of the
untreated pseudo-stem banana fibers. The absorptions
bands at 3600-3100 cmi* can be assigned to stretching
vibrations and other polymeric associations of
hydroxyl groups. Symmetric stretching at 2913 cmi™
assigned to the CH, groups present in
polysaccharides. Angular deformations of C—H
linkages of aromatic groups were observed at 858,

761, 668 and 576 cm . An overlapping of peaks was
observed between 1654-1327 cm™ and 1244-1026
cm™ due to C-C, C=C, OH, CO, CH,, CH, and C-O—
C vibrations. These are generally observed in
cellulose, hemicellulose and lignin, suggesting an
aromatic and ethereal character of the sample. The
results indicate a similarity with the composition of
banana fibers of another species [17], and are
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important because they demonstrate that the pseudo-
stem banana fibers contain functional groups that
alow interactions between metallic ions and the
biosorbent. The FTIR spectra for the treated fibers
(not shown) didn't present significant changes,
suggesting a small reduction of organic compounds of
the adsorbent.

85

80
75
70

65

60 - 1654-1327

Transmitance

55 |-
50 -
45 L 1244-1026
3600-3100

40 1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Figure 2. FTIR spectrum of pseudo-stem banana
fibers.

The analysis for metals in the pseudo-stem
fibers of the banana tree, Table 1, showed larger
potassium and calcium concentrations in relation to
other metals. This low concentration of metals should
favor the use of this material in adsorption processes.
The elemental analysis results to the untreated
pseudo-stem banana fibers (Table 1) are similar to
other materials containing cellulose, hemicellulose
and lignin [17]. The functional groups at the surface
of the pseudo-stem banana fibers were predominantly
carbonyls (0.312 + 0.010 mmol g™ adsorbent),
phenols (0.237 + 0.021 mmol g™ adsorbent), lactones
(0.041 + 0.003 mmol g™ adsorbent) and basic groups
(0.096 + 0.006 mmol g™ adsorbent). The pHpzc value
determined for pseudo-stem banana fibers was found
to be between 7.15 and 7.7, as shown in Figure 3. It
was observed that the data also converges on a pHpzc
value of approximately 7.5. This result is interesting
for the use of pseudo-stem banana fibers acting as
biosorbents, since at pH values above 7.5, negative
charges prevail on the surface, and the adsorption of
cationic species should be favored. In contrast, the
adsorption of anionic species would be favored at pH
values below the pHpzc, since the surface would
present an excess of positively charged functional
groups.

The thermal anaysis of the pseudo-stem
banana fibers (Figure 4) showed good thermal
stability, even at about 200 °C, with degradation
process in two stages with different mass rate losses.

12

| N —
-
10+ \
A

\

pH

0 1 2 3 4 5 6 7
% fiber weight/solution volume
Figure 3. Experimental curves for PZC
determination. Initial pH: (=) 3.0; (¢) 6.0 and (&)
11.0. The solid lineisonly illustrative, not
representing the adjustment of data.
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Figure 4. Thermogravimetric curve for pseudo-stem
banana fibers using 5.0 mg of sample with a heating
rate of 10 °C min™* under a nitrogen flow of 50 mL
P}
min—.

The first stage of mass|oss, between 30 °C and
100 °C (11% mass variation), with a maximum rate of
elimination at around 100 °C, was associated with the
dehydration of surface water molecules. This process
was an endothermic event according to DSC (not
shown). Thereafter, water could be removed by
drying the samples at 150 °C. At the second stage,
ranging from 200 to 400 °C, a larger mass loss was
observed of approximately 55%, which can be
attributed to  hemicelluloses  decomposition,
breakdown of cellulose linkages, and volatile
substance release. This stage was an exothermic event
according to the DSC (not shown). The thermal
behavior of the pseudo-stem banana fibers is similar
to that of the natural fibers used by industry [17-19].
Therefore, pseudo-stem banana fibers are a promising
material for use in the industrial sector and in the
development of new biomass-derived materials.

Adsor ption Assays
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The literature report different anionic species
to Cr (V1) ions in aqueous solution, depending on the
pH vaue [20-23]. A simplified equilibrium equation
is represented as follows [22]:

- pH>1 2 pH>7
HCT207(&I') Cr207 (aq)

pH<1 pH<7

Cr0;” g

The organic matter present in environmental
samples it can promote chromium (VI) reduction
during analysis, which takes place preferably in acidic
solution. Thereby the mechanism of hexavalent
chromium biosorption it cannot be considered as a
simple adsorption process of anionic Cr (VI) onto
cationic functional groups of the adsorbent.

In this work, the experiments of hexavalent
chromium adsorption by banana fibers treated and
untreated were carried evaluated using 50 mg L™ of
dichromate solution and a temperature of 25 °C. The
experiments to removal chromium ions from the
solution, have been accomplish in pH values 2.0,
because in low pH value the Cr (VI) ions are removed
more efficiently from the solution, Figure 5.

The removal of chromium species by untreated
and treated banana fibers, for different intervals of
time, is presented in Figure 6a and 6b, respectively.
The concentration of Cr (VI), Cr (I11) an Cr (total)
species in solution during the adsorption were
monitored for 300 minutes and observed that the
hexavalent chromium concentration decrease while
the Cr (I11) increase for both untreated and treated

50

(A) —a— Cr(VI)

—e— Cr(lll)
L —A— Cr(total)
KAIA\A‘

\\\\\\\\\ ./////)//////.
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o
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.
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biosorbent. As can be observed, with 300 minutes of
contact, the concentration of hexavalent chromium in
solution becomes undetectable for untreated fiber
(Figure 6a), c.a. 95% of the remova (c.a. 27% by
adsorption and 68% by reduction). For the treated
fiber (Figure 6b), it is observed that, within 300
minutes, c.a. 78% of the Cr (V1) is removed from the
solution (c.a 51% by adsorption and 27% by
reduction). This observation can be attributed to the
presence of reductive compounds in the untreated
adsorbent. In fact, under highly acidic conditions
these compounds can be partially removed from the
adsorbent, decreasing the amount of the Cr (V1) ions
that can be reduced [24].

100
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90

85 |-
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70

Cr(VI) dsorbed %

65 |-
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55 |- ]
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pH
Figure5. Effect of pH on the adsorption Cr (VI).
anionic species by pseudo-stem banana fibers, by 300
min and 25 °C. The solid lineisonly illustrative.
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Figure 6. Effect of contact time on removal of the chromium ions by pseudo-stem banana fibers, (A) untreated
fiber and (B) treated fiber, at pH 2.0.

The Figure 6 show also that, for the untreated
and treated fiber, the trivalent chromium ions reduced
remain in solution, evidencing that the Cr (I11) ions,
under lower pH, is not (or is less) adsorbed by
biosorbent. The Figure 7 reinforce the fact of the Cr

(1) species they be not adsorbed for the banana fiber,
in any concentrations studied at pH 2.0.

The adsorption of the trivalent chromium has
been observed for severa biosorbent [25-35]. It is
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reported that the adsorption follows by two processes,
initially happen the chemical reduction of the Cr (VI)
to Cr (I11) followed by the adsorption of the Cr (l11)
onto adsorbent surface [26]. As our interedt, in this
work, went to investigate only the potential of the
banana fibers front to the of the hexavalent chromium
in solution is very more toxic then trivalent
chromium, this difference can be justified for the fact
of Cr (V1) to penetrate through the cellular membrane
with a lot of easiness and to be an agent very strong
oxidizer. In spite of that, it is very important to reduce
the concentration of the Cr (l11) species in solution
because in the nature this species can be chemically
oxidize to Cr (VI), your more toxic form for man.

70

—=— 5mgL’
—e— 10mglL"’
60 L —A— 25mgL?
—w— 30mgL’
—— 50mgL”
50 ’—“\o\, o o —* *
\‘/
T, 40 -
o
£
= 30 vy, —v—, v———————v
=
8] N A A A
20 -
10 pee-0-0—0—0—¢o ° °
S = - »
0 1 1 1 1 1 1
0 10 20 30 40 50 60

Time (min)
Figure7. Variation of the Cr (111) concentration in
solution at pH 2.0.

4. CONCLUSION

Natural organic materials of low cost have
been used as alternative adsorbents for the removal of
metals from agueous solutions. Pseudo-stem banana
fibers have been studied with respect to their chemical
and textural properties. The remove of the Cr (VI)
species by banana fibers was found to be pH
dependent, and increased with decreasing pH,
reaching a maximum removal a pH 1.00. The
untreated adsorbent reduce more efficiently of the
hexavalent chromium species then treated fibers and
although the banana fibers present low surface area
and porosity in relation to other materials, the pseudo-
stem banana fibers show promise as a material for the
removal of anionic Cr (VI) species from aqueous
solution.
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Abstract: The removal of 2,4 diclorophenol (2,4-DCF) and 2,4,6 trichlorophenol (2,4,6 TCF) present in
petrochemical wastewater was evaluated using low-cost adsorbents, such as chitin, chitosan and coconut
shells. Batch studies showed that the absorption efficiency for 2,4 DCF and 2,4,6 TCF follow the order:
chitosan > chitin > coconut shells. Langmuir and Freundlich models have been applied to experimental
isotherms data, to better understand the adsorption mechanisms. Petrochemical wastewater treatment with
fixed bed column system using chitinous adsorbents showed a remova of COD (75% ), TOG (90%) and

turbidity (74-89%).

Keywords:. chlorophenols; low cost adsorbent; adsorption; chitosan; petrochemical wastewater

1. INTRODUCTION

It very well know that one of the major
problems of the petrochemical industry is the great
amount of wastewater produced and the high
investment needed for the treatment of this effluent
before it is released in the environment.

Chlorophenols are organic  compounds
considered priority pollutants by the American
Environmental Protection Agency (USEPA) because
of their toxicity and adverse effects that can cause to
human health [1]. These compounds are generally
present in effluents from pharmaceutical, plastics,
pesticides, fertilizers and petroleum refineries [2]. In
Brazil, legislations based on CONAMA 430/2011 and
SEMACE 154/2002, consider the maximum limit of
0.5 mg.L™ total phenolsin wastewater [3].

Degpite the efforts that oil refineries have been
demonstrating in recent decades for their effluents fit
the standards set by legislation are ill found
significant levels of phenolic compounds in industrial

"Corresponding author. E-mail: ronaldo@ufc.br

wastewater, which often are not removed by
conventional treatment. Several techniques have been
evaluated for phenolic compounds removal, such as
ozonization [4], advanced oxidation processes [5],
solvent extraction [6], membrane [7] and biological
treatment [8-9]. However, these processes are not
really efficient. An alternative for wastewater
treatment is the use of adsorption process, which
alows a high efficiency in the removal and recovery
of persistent organic pollutants [10]. Activated
carbon has been widely applied for phenolic removal,
despite some disadvantages such as high costs and
difficult regeneration, but the low-cost solid residues
from agricultural activities have been applied such as
wood and coir [11], sugarcane bagasse [12], chitin
(QTI) and chitosan (QTS) [13].

In Brazil, huge amounts of waste are produced
by large scale agriculture, mainly sugar cane bagasse
and green coconut shell [14-15]. The use of these
materials for removal of organic pollutants [16] and
metals [17-18] from wastewater can be advantageous
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because reduce the environmental impact and to
reduce the cost of processing. In addition, specia
attention has been paid to chitin, a natural polymer
extracted from shells of crustaceans such as crab,
shrimp and chitosan, a derivative obtained by alkaline
deacetylation of chitin [19]. Due to its characteristics
of biodegradability, biocompatibility and
hydrophobicity of these materials have attracted great
interest. Several authors have investigated the
efficiency of chitinous materials as adsorbents for
removal of organic compounds [20-22], metals [23,
24] and anions [25].

The purpose of this study was to investigate
the adsorption features of adsorbents from chitinous
and agricultural residues with respect to removal of
chlorophenols, chemical oxygen demand (COD),
Total oil and grease (TOG), nitrate, ammonia and
turbidity from petrochemical wastewater. Results
were compared with performances of some
adsorbents used in practice.

2. MATERIAL AND METHODS
Reagents and solutions

Chromatographic grade solvents and 2,4
dichlorophenol (2,4 DCP) and 2,4,6-trichlorophenol
(2,46 TCP) standards with purity > 99% were
purchased from Sigma-Aldrich (Brazil). Stock
solutions of 2,4-DCP and 2,4,6 TCP (1,000 mg.L™)
were prepared in methanol. Calibration curves of
chlorophenols were prepared by diluting the stock
solution to concentrations of 5 to 400 mg.L™.

Effluent samples were obtained from
LUBNOR - Lubricants and Petroleum products,
located in Fortaleza-Ceard, Brazil. Samples were
spiked with concentrations of 2,4 DCP and 2,4,6 TCP
ranging from 10 to 300 mg.L-1 for the batch study.
The samples were filtered through a membrane (0.45
um) before being injected into the GC

Adsorbents

Were used as adsorbents green coconut shells
obtained from EMBRAPA (60-200 mesh), chitin
(white powder, 80 mesh, molecular weight 400,000
g.mol™, pH 4.28) and chitosan (yellowish powder,
80% grade of deacetylation, 80 mesh particle,
molecular weight 174,205 g.mol™, pH 7.93), obtained
from company POLYMER SA (Fortaleza-Cearg,
Brazil). Also were studied for a comparison, the

commercia adsorbents, activated carbon (100 mesh,
Merck), silica (80 -200 Merck), Amberlite (80-100
mesh, Carlo Erba), bentonite (20 mesh, Merck).

Chromatographic analysis

Theinitial and final concentrations of 2,4-DCP
and 246 TCP were determined by gas
chromatography with flame ionization detector (GC-
FID), Shimadzu 17A model, using a DB-5 capillary
column (30 m x 025 mm x 0.32 pum). The
chromatographic conditions were: detector and
injector temperature 250 °C, temperature program 60
°C (10 °C.min) — 190°C (3 min) — 225 °C (10
°C.min’Y) for 5 min. It was used a flow of carrier gas
(H,) of 1 mL.min?, at a injected volume of 1.0 pL
and split ratio 1:30

Batch adsorption

In glass vials containing 0.2 g of dry adsorbent
were added to 10 mL aliquot of effluent samples,
filtered and spiked with known amounts (10-300
mg.L™) of 24 DCP and 2,4,6 TCP. The vias were
sealed and placed on the shaker and kept under
agitation (150 rpm) at room temperature (28 + 2 °C)
until it reaches equilibrium. After stirring the residual
analyte concentrations were determined by GC-FID
system. The adsorption capacity (Q.) for each
compound was calculated by equation 1:

_ (Co- Ce)V
h m

Qe Equation 1

Where C, and C, are the concentrations (mg.L™) of
solute in the initial solution and equilibrium, V is the
volume of solution (L) and m the mass of adsorbent

(9).

Study of pH effect was performed with
effluent solutions at pH 3.0, 6.5 and 9.0 using the
adsorbents such as chitin, chitosan and coconut shell.
The pH value was controlled using acetate buffer and
ammonia buffer.

The adsorption isotherms were obtained by
correlating the parameters of concentration versus
equilibrium adsorption. Adsorption isotherms were
studied using the Langmuir (Equation 2) and
Freundlich models (Equation 3).

Langmuir: 1:1{ 1 j[l] (Equation 2)
Q Qmx |QmaK, \Ce

Freundlich: logQ=1logK +}|09Ce (Equation 3)
n
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Where Q is the amount of solute adsorbed (mg.g™),
Qmax iS the maximum adsorption capacity (mg.g™), K.
is the equilibrium constant of Langmuir isotherm
(L.mg™), Ceis the equilibrium concentration of solute
in solution (mg.L™), 1/n is the Freundlich constant, K¢
constant Freundlich adsorption. 1/n and Kg values
represent the intensity of adsorption and adsorption
capacity of adsorbent.

Different materials such as bentonite, actived
carbon, silica and amberlit were evaluated through
batch adsorption, for a comparison with the
adsorbents studied in this work.

Wastewater treatment in fixed bed

50 mL of effluent contained chlorophenols at
pH 7.5 and flow rate of 1.0 to 2.0 mL.min-1 were
percolated through the column (20 cm x 4.0 mm ID),
packed with 0.2 g of the adsorbent material in stages
interspersed with cotton. The column adsorption
capacity was determined by measuring the compound
concentration in the solution by GC-FID system,
before and after passing through the column.

Wastewater samples collected for analysis of
ammonia, nitrate, pH, turbidity, conductivity and
chemical oxygen demand (COD) were performed at
the Laboratory of Environmental Sanitation of the
Federal University of Ceara (LABOSAN-UFC) as
recommended by the procedures described in
Standard Methods for the Examination of Waters and
Wastewater (2005) [26]. The determination of oil and
grease (TOG) in the wastewater effluent was carried
out in the laboratory from company LUBNOR.

3. RESULTSAND DISCUSSION
Batch adsorption
pH effect

The pH effect on the compounds adsorption
was studied at pH values of 3.0, 6.5 and 9.0 using the
adsorbents chitin (QTI), chitosan (QTS) and coconut
shell. The results showed that the pH influences on
the adsorption of 2,4 DCP (pka=8.09) and 2,4,6 TCP
(pka=6.21), this occur due to change in the ionization
degree of these compounds. At pH < pKa, the
molecular form predominates and at pH > pKa the
anionic form prevails in solution as shown by
equation 4. This behavior is directly influenced by
adsorbate and adsorbent characteristics.

CsH,ClI,LOH S H"+C,H,Cl,O" (Equation 4)

Chitin and chitosan contain some functional
groups such as acetamides, amines and hydroxyl
which are capable of interacting with 2,4 DCP and
2,4,6 TCP through hydrogen bonding, Van der Waals
interactions or ion exchange. In addition, changes at
solution pH may induce a protonation or
deprotonation process influencing in the adsorption
capacity. For chitosan, in acid conditions, the amino
groups are protonated, as showed by Equation 5.

R-NH,+H* S R-NH; (Equation 5)

The results obtained for chitosan indicated that
the chlorophenols adsorption decreased at pH 3.0 to
9.0. In addition, was selected an intermediate value of
pH 6.5. Zheng et a. [27] obtained similar results with
the removal of chlorophenols from groundwater by
chitosan. In contrast, for the chitin and coconut shells
no significant changes on the adsorption of 2,4 DCP
and 2,4,6 TCP was observed, probably due to the low
influence of pH variation on the structure of these
adsorbents.

Adsor ption isotherm

The isotherms adsorption for chitin, chitosan
and coconut shell were obtained by relating the
amount of solute adsorbed (Qe) with the solute
concentration in the fluid phase at equilibrium
(pH=7.5). The experimental data of adsorption
isotherms were applied to the Langmuir and
Freundlich models.

After fitting the equilibrium adsorption data,
Freundlich and Langmuir parameters were obtained
from straight regression lines. The vaues of
adsorption capacity (Qma) and the parameters K, Kg
and 1/naregivenin Table 1.

The results showed in Table 1 indicated that
the adsorption efficiency of the solutes on the
adsorbents follows 2,4 DCP < 2,4,6-TCP indicating
that tends to increase with more chlorine in the
molecule.

Satisfactory correlation coefficients were noted
(r > 0.90). In order to more clearly define the model
which represented the experimental data most
correctly, the normalized percent deviation (P) [28]
was applied, according to the following Eq. 6.

() =)

(Equation 6)
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Where g, is the experimental adsorption capacity, Gieor
is the level theoretical adsorption capacity, N the
number of trials.

For the lower P value, greater the correlation

between the experimental and theoretical, and
therefore more favorable to the model. P values were
calculated for the Langmuir and Freundlich isotherms
for both adsorbents, as shown in Table 1, being
considered acceptable P values <5.

Table 1.Experimental parameters of 2,4 DCP < 2,4,6-TCP obtained from batch adsorption isotherms.

Langmuir Freundlich
Compound . ,r(n Lg»l) ( n?g"_‘a)fl) R b Un K, . b
2,4DCP
Chitosan 0.005 6.00 0951 4.65 0574 0140 0915 5.69
Chitin 0.014 458 0979 1157 0455 0.313 0.903 5.08
Coconut 0.002 336 0985 2262 0487 0163 0.992 1.23
246 TCP
Chitosan 0.002 2755 0995 361 0.808 0106 0990 4.71
Chitin 0.002 2041 0953 860 1.043 0032 0978 4.11
Coconut 0.003 4.73 0.952 1529 0599 0.264 0.966 2.04

Chitosan adsor ption

Figures 1a and 1b show the experimental and
theoretical isotherms for chitosan, which suggests that
the adsorption of 2,4 DCP and 2,46 TCP on the
chitosan follows the Langmuir model, which indicates
amono-layer adsorption.

The low P value observed for the Langmuir
model (Table 1) confirms that the approach to the

R-NH," + C;H,Cl,-O" S R-NH, - O-Cl H,C,

10.00

@ -

6.00 - *

8.00

Qe (mg/g)

4.00

2.00

0.00

100 150 200

Ce (mg/L)

4 Experimental

250

Langmuir = === Freundlich

model. The adsorption efficiency of the chlorophenols
by the chitosan can be explained due to the high
amount of free groups (amino and hydroxyl) present
in its structure. The amino groups (R-NH,), in the
protonated form, adsorbs strongly ionic solutes such
as chlorinated phenols (Eg. 7). The hydroxyl groups
present in chlorophenols can also contribute to
hydrogen bonds and provide a greater stability and
adsorption of solutes on the surface of chitosan [27].

(Equation 7)

4.00

3.50 | (b)

3.00 *
250 4 ="
o
£ 2.00
& 150

1.00 *

0.50

0.00

0 100 200 300
Ce (mg/L)
& Experimental Langmuir = === Freundlich

Figure 1. Adsorption isotherm of chitosan (a) 2,4 DCP, (b) 2,4,6 TCP.

Chitin adsorption

The results of adsorption isotherms with chitin
are shown in Figures 2a and 2b, and it can be noted

that the experimental data, evidenced by the lower
value of P, are well described by Freundlich model.
Therefore, it is assumed a heterogeneous adsorption,
where the energy distribution to the sitesis essentially

Orbital: Electron. J. Chem. 5 (3):171-178, 2013
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exponential. Other authors [20, 27] also observed the

similar process for phenol adsorption onto chitin.

Chitin has a similar structure to cellulose, and its
adsorptive properties are probably due to the groups

R—NHCOCH; + C;H,Cl, O~ 5 R— NHCOCH,--~ O-Cl_H.C,

Qe (mg/g)
5
[}
\

1.00 - ’

050 | %

0.00 T T

Ce(mg/L)

¢ Experimental e langmuir ====Freundlich

acetamide (-NHCOCHS,) and carbonyl of the glucose
units. The phenol adsorption onto chitin could be
described by equation 8.

(Equation 8)
7
”
6 - ’,' L
— 5 - -~
b -
= 4 - -~
£ Z
o 3 4 e
g 5 *
1 -
O T T
0 50 100 150 200
Ce{mg/L)

¢ Experimental e |angmuir ====Freundlich

Figure 2. Adsorption Isotherm in Chitin (a) 2,4 DCP, (b) 2,4,6 TCP.

Coconut shell adsorption

The adsorption isotherms of 2,4 DCP and 2,4,6
TCP on the coconut bagasse are showed in Figures 3a
and 3b. It can be observed that the experimental data
are well described by the Freundlich model, which
indicates a double-layer adsorption.

The composition of coconut shell contains
largely cellulose, lignin and pentosanes [29]. These

congtituents present in its structure some functional
groups such as acohols, adehydes, carboxylics,
ketones and phenolic hydroxides, which may engage
in processes that combine forces of attraction and
repulsion ionic, hydrogen bonding, dipole-dipole
forces and Van der Waals forces in interactions with
solutes. The chlorophenols adsorption onto coconut
bagasse could be described by processin equation 9.

- — _ .
R-COH, + C,H,Cl,-O” 5 R-CO,H,--- O-ClI,H,C, (Equation 9)
8.00 * 3.00 -
7.00 4 -
-
6.00 €) T 250 (b)
B 500 -7 & 2.00
ad e ~
i * o
E 400 Prad E 150
& 3.00 - F Y
s o 1.00
2.00 ”,
1.00 | ’,f 0.50
0.00 T T 0.00 ¢
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Ce {mg/L) Ce{mg/L)
® Experimental Langmuir == ===Freundlich ¢ Experimental em|angmuir ====Freundlich

Figure 3. Adsorption isotherm in coconut bagasse (a) 2,4 DCP, (b) 2,4,6 TCP.

Comparison of adsorption capacity with other
adsor bents

Adsorption capacity obtained for chitosan,

chitin and coconut shells has been compared for other
commercial adsorbents such as activated carbon,
amberlite, bentonite and silica, as shown in Figure 4.
As noted the 2,4,6 TCP is more easily removed from

Orbital: Electron. J. Chem. 5 (3):171-178, 2013
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wastewater than 2,4 DCP by the chitinous materials.
In contrast, coconut shell and other commercial
adsorbents exhibit a removal efficiency for 2,4-DCP
(Figure 4).

Table 2 shows the adsorption capacity values
for some materials studied reported in literature [8,
20, 27, 29-32]. The high adsorption capacity of 2,4,6
TCP by chitin (27.55 mg.g") and chitosan (20.41

Removal (%)

m 2,4 DCF

mg.g™?) for our study, is approaches to the fly ash
(23.83 mg.g?) [29, 30]. Chitinous materials have
different adsorption capacities depending on the
experimental condition, such as pH, contact time and
particle size. In addition, the performance of coconut
shell can be efficiently improved by chemica or
physical activation [29]. Removal of 2,4 DCP and
2,4,6 TCP about 55% and 95%; 50% and 99% were
obtained using chitosan and chitin, respectively.

2,4,6 TCF

Figure 4. Removal (%) of 2,4 DCP and 2,4,6 TCP in commercia adsorbents.

Table 2. Comparison of adsorption capacity on various adsorbents.

Adsor bent Compound q Particlesize pH T Contact References
(mg/g) (mm) (C) time(h)

Chitin 2,4DCP 6.00 0.18 75 28+2 4 This paper
Chitosan 2,4DCP 4.58 0.18 75 28+2 4 This paper
Coconut 2,4DCP 3.36 0.18 75 28+2 4 This paper
Chitin 246 TCP 27.55 0.18 75 28+2 4 This paper
Chitosan 246 TCP 2041 0.18 75 28+2 4 This paper
Coconut 246 TCP 4,73 0.18 75 28+2 4 This paper
Chitin Phenal 25.06 0.15-0.30 1.0 40 16 [20]
Chitosan (Flake) 24,6 TCP 0.14 20x30x0.03 natura 5 96 [27]
Fly Ash Phenal 23.83 004-1 6.5 30 24 [30]
Activated Carbon (Derived 2,4DCP 50.53 0.07- 0.58 4+0.2 25 30 [29]
from coconut bagasse)
Biomass Phenol 0.33 2.36-4.75 51 21+1 30 [8]
Rice Rusk p-chlorophenol 14.36 0.03-0.15 - - 72 [31]
Petroleum coke p-Chlorophenol 9.33 0.03-0.15 - - 72 [31]
Lignite Phenol 10.00 0.5 Natural 25 - [32]

Wastewater treatment in fixed bed

For evaluate the efficiency of the adsorbentsin
the wastewater petrochemical treatment was
employed a system of fixed bed, through which the
effluent was percolated and the physicochemical
parameters of the solutions were analyzed before and
after leaving the fixed bed.

The effluent sample from process of ail
refinery company (LUBNOR) presented an alkalinity
median, high load of organic matter (COD), high ail
and grease (TOG) and turbidity.

The results show that after effluent treatment
with chitin, the reduction of COD reached
approximately 75.0% (reduction 320.4 to 79.9
mg.L™), and therefore higher than the reduction
observed for the treatment used by the company
(LUBNOR), which was around 45% (from 320.4 to
1842 mglL™). These results are satisfactory,
considering that the maximum limit (ML) established
by environmental law (SEMACE 154/2002) is 200.0
mg.L™. In contrast, chitosan shows a low efficacy for
COD removal.

The performance of chitin and chitosan for

Orbital: Electron. J. Chem. 5 (3):171-178, 2013
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removal of oil and grease (TOG) reached about 90%.
These results also are significant since the SEMACE
determines that the maximum TOG for the release of
effluent is20 mg.L ™.

Wastewater treatment with chitin and chitosan,
showed no significant changes in pH and
conductivity. The reduction in the concentration of
ammonia and nitrate after sample treatment with
chitin was satisfactory. In contrast, the performance of

the chitosan was not satisfactory. The turbidity
removal from wastewater sample by the chitin and
chitosan achieved 89% and 74% respectively.

The all the results obtained with coconut shell
(not showed) were not satisfactory, probably due to
the large increase in organic matter caused by the
dissolution of the polysaccharides present in the its
structure.

Table 3. Results of the physical-chemical parameters of wastewater before and after treatment.

ML
Parameters Erav  Ecomp  Eon Eors  samace 15412002

COD (mg.L™) 3204 1842 799 3325 20

TOG (mg.LY) 816 - 84 84 20

pH 766 779 785 790 0

Conductivity (uscm?) 242  2.30 263 267 -

Nitrate (mg.L™) 323 297 186 535

Ammonia (mg.L™) 505 440 339 792 °>9

Turbidity (NTU) 232 441 240 601

Eraw = raw wastewater
Ecomp = effluent treated by the company,

Eom = effluent treated with chitin adsorbent

Eqrs = - effluent treated with chitosan

4. CONCLUSION

Based on the results can be concluded that
chitosan, chitin and coconut bagasse have a
performance considerable on the adsorption of 2,4
dichlorophenol and 2,4,6 trichlorophenol. The order
of adsorption capacity was as follow: chitosan>
chitin> coconut shell. The wastewater treatment
employed chitin showed high removal efficiency for
COD and TOG with performance around 90%. In
contrast, coconut shell showed low performance. The
adsorption capacity of chitin was comparable to those
of conventional adsorbents. The results indicated that
a fixed bed column using chitinous materials can be
very practical for organic compounds removal from
petrochemical wastewater..
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Abstract: The adsorption of the cationic dye Crystal Violet (CV) over zeolites from coal fly ash (ZFA) and
bottom ash (ZBA) was evaluated. The coa fly ash (CFA) and the coal bottom ash (CBA) used in the
synthesis of the zeolites by alkaline hydrothermal treatment were collected in Jorge Lacerda coal-fired power
plant located at Capivari de Baixo County, in Santa Catarina State, Brazil. The zeolitic materias were
characterized predominantly as hydroxy-sodalite and NaX. The dye adsorption equilibrium was reached after
10 min for ZFA and ZBA. The kinetics studies indicated that the adsorption followed the pseudo-second
order kinetics and that surface adsorption and intraparticle diffusion were involved in the adsorption
mechanism for both the adsorbents. The equilibrium data of ZFA was found to best fit to the Langmuir
model, while ZBA was best explained by the Freundlich model. The maximum adsorption capacities were
19.6 mg g'* for the CV/ZFA and 17.6 mg g™* for the CV/ZBA.

Keywords:. crystal violet; coal fly ash; coal bottom ash; zeolite; adsorption

1. INTRODUCTION

The manufacture and use of synthetic dyes for
dyeing fabrics has become an industry solid. It is
estimated that around 700,000 tons of dyes are
produced annually around the world. Of this amount
about 20% is unloaded the industrial wastes without
previous treatment. However, their use has become a
matter of serious concern to environmentalists.
Synthetic dyes are highly toxic causing negative
effects on all life forms because they present sulfur,
naphthol, vat dyes, nitrates, acetic acid, surfactants,
enzymes chromium compounds and metals such as
copper, arsenic, lead, cadmium, mercury, nickel,
cobalt and certain auxiliary chemicals[1-2].

The crystal violet (CV) dye is a synthetic
cationic dye and transmits violet color in agueous
solution. It is also known as Basic Violet 3, gentian
violet and methyl violet 10B, belonging to the group
of triarylmethane [3]. This dye is used extensively in
the textile industries for dying cotton, wool, silk,
nylon, in manufacture of printing inks and also the
biological stain, a dermatological agent in veterinary
medicine [3-4]. The CV istoxic and may be absorbed
through the skin causing irritation and is harmful by

"Corresponding author. E-mail: thacolachite@yahoo.com.br

inhalation and ingestion. In extreme cases, can lead to
kidney failure, severe eye irritation leading to
permanent blindness and cancer [5-6]. Therefore,
removal of this dye from water and wastewater is of
great importance.

Various methods of treatment exploited
through the years by industries for removing colorants
include physicochemical, chemical, and biological
methods, such as flocculation, coagulation,
precipitation, adsorption, membrane filtration,
electrochemical techniques, ozonation, and fungal
decolorization [7]. However, due to the fact that
effluents contain different dyes, and these dyes
contain complex structures, is very difficult to treat
using conventional methods [8].

The adsorption is one of the most effective
processes of advanced wastewater treatment, which
industries employ to reduce hazardous pollutants
present in the effluents. This is a well-known and
superior technique to other processes for removal of
dyes from agueous worldwide due to initial cost,
operating conditions and simplicity of design [9].
Currently, the most common procedure involves the
use of activated carbon as adsorbent for this purpose
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by offering greater adsorption capacities. However,
due to their relatively high cost, many lower-cost
adsorbents have been investigated as adsorbent for
removing contaminants from wastewater. The low-
cost adsorbents can be made from waste materials,
thus collaborating with the environment and also
getting economic advantages. A wide variety of low-
cost adsorbents have been prepared from different
materials utilizing industrial, biomass, and municipal
wastes [10-14].

Thermoelectric power stations produce a great
quantity of residues from combustion of coal. The
major solid waste by-product of thermal power plants
based on coa burning is fly ash. The coal-fired power
plants in the southern of Brazil produce
approximately 4 Mt of ash per year, of which 65-85%
is fly ash and 15-35% bottom ash. The main uses of
fly ash include pozzolanic cement, paving, bricks,
etc., but only 30% of what is produced in the year are
recycled [15-16]. The bottom ash are previoudy
disaggregated and transported to the settling ponds
through pumping hydraulic [17]. This may lead to
environmental problems through leaching of toxic
substances present in the ashes. One way to reduce
the environmental impact of the disposal of these
wastes is to expand its utilization. An alternative solid
waste is recycling of the transformation of the coal
ash at a low cost adsorbent able to remove toxic
substances from contaminated waters [18-22].

The coal ash can be converted into zeolites due
to their high contents of silicon and aluminum, which
are the gructural elements of zeolites. The most
common method involves a hydrothermal treatment
with sodium hydroxide [23-24]. This technique of
recycling coal ashes has been extensively investigated
for water treatment due to its large specific surface
area and cation exchange capacity, low cost, and
mechanical strength [25-29].

The aim of this work was to evaluate the
efficiency of synthesized zeolites from Brazilian coal
fly and bottom ashes as adsorbent in the removal of
basic dye crystal violet from aqueous solutions. Batch
kinetic experiments were performed to provide
appropriate equilibrium times. The Langmuir and
Freundlich isotherm models were used to model the
isotherm data for their applicability.

2. MATERIAL AND METHODS

All chemicals used in this study were of
analytical grade. Crystal Violet (CV) which was used

as a model cationic dye in this work was purchased
from Proton-Research and considered as purity 100%.
The genera characteristics of CV are summarized in
Table 1 and the chemica structureisin Fig. 1. A
stock solution (5.0 g. L™) was prepared with
deionized water (Millipore Milli-Q) and the solutions
for adsorption tests were prepared by diluting. The
samples of coa fly and bottom ashes were obtained
from Jorge Lacerda coal-fired power plant located at
Capivari de Baixo County, in Santa Catarina State,
Brazil.

Table 1. General characteristics of CV dye.

Chemical name Crystal Violet
Color index Cl 42555
Amax (NM) 590
Molar mass (g mol™) 408
Chemical formula CosH3gN3Cl

C|3H3 CH3

AN = i@\
HsC © CHs
Cl
=
/N
HaC \CH3

Figure 1. Chemical Structure of CV.

Zeolite synthesis

The zeolite was synthesized by hydrothermal
activation of 20 g of coal fly (CFA) or coal bottom
ashes (CBA) at 100 °C in 160 mL of 3.5 mol L™
NaOH solution for 24 h. The zeolitic material was
repeatedly washed with deionized water to remove
excess sodium hydroxide until the washing water had
pH ~ 10, then it was dried at 50 °C for 12 h [30]. The
zeolitic products obtained were labeled as ZFA and
ZBA for zeolite prepared with fly ash and bottom ash,
respectively.

Adsorbents characterization

The mineralogical compositions of the samples
(ZFA and ZBA) used as adsorbents and the samples
saturated with dye (CV/ZFA and CV/ZBA) were
determined by X-ray diffraction analyses (XRD) with

Orbital: Electron. J. Chem. 5 (3):179-191, 2013
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an automated Rigaku multiflex diffractometer with
Cu anode using Co Ka radiation at 40 kV and 20 mA
over the range (20) of 5-80°with a scan time of
0.5°/min.

The chemical composition of CBA and ZBA,
in the form of major oxides, was determined by X-ray
fluorescence (XRF) in a Rigaku RIX- 3000
equipment. The bulk density and the specific surface
area of CBA and ZBA was determined by a helium
picnometer (Micromeritcs Instrument Corporation —
Accupyc 1330) and by a BET Surface Area Analyser
(Quantachrome Nova — 1200), respectively. Prior to
determination of the specific surface area, samples
were heated at 423.15 K for 12 h to remove volatiles
and moisture in a degasser (Nova 1000 Degasser).
The BET surface areas were obtained by applying the
BET eguation to the nitrogen adsorption data.

For the cation exchange capacity (CEC)
measurements, the samples CBA and ZBA were
saturated with sodium acetate solution (1 mol L™),
washed with 1L of distilled water and then mixed
with ammonium acetate solution (1 mol L™) [31]. The
sodium ion concentration of the resulting solution was
determined by optical emission spectrometry with
inductively  coupled plasma —  ICP-OES
(Spedtroflame — M120).

The pH and the conductivity were measured as
follows: the bottom ashes and zeolite bottom ashes
(0.25 g) were placed in 25 mL of deionized water and
the mixture was stirred for 24 hin a shaker at 120 rpm
(Etica — Mod 430). After filtration, the pH of the
solutions was measured with a pH meter
(MSTecnopon — Mod MPA 210) and the
conductivity was measured with a conductivimeter
(BEL Engineering - Mod W12D).

The determination of the zero point charge
(pHpzc) of ZFA and ZBA was carried out as follows:
the samples (0.1 g) were placed in 50 mL of
potassium nitrate (0.1 mol L™ and the
mixtures were stirred for 24 h in the mechanica
stirrer (Quimis — MOD Q-225M) at 120 rpm. The
initial pH of solutions was adjusted to the values of 2,
4,10, 11, 12 and 13 by addition of 0.1 and 1 mol L™
HCl or 3 mol L™ NaOH solution. The difference
values between the initial and final pH (pH A) were
placed in a graph in function of the initial pH. The
point x where the curve intersects they = 0 is the pH
of PCZ.

The content of loss of ignition (LOI) of coal
bottom ashes in this study were calculated according
to the weight loss of the samples subjected to heating

at 1050°C for 4 hin amuffle furnace and expressed in
percentage. The mass of the material used was 0.5 g.

The chemica composition and the some
physicochemical properties (bulk density, BET area,
total and cation exchange capacity, pH) of CFA and
ZFA have been described in a previous paper [26].

Adsorption studies

The adsorption was performed using the batch
procedure. Kinetic experiments were carried out by
agitating 0.25 g of adsorbent with 25 mL of dye
solution with initial concentration of 185 mg L™ at
room temperature (25 + 2 °C) at 120 rpm for 1-12 min
for both adsorbents. The collected samples were then
centrifuged (3000 rpm during 30 min for ZFA and
during 10 min for ZBA) and the concentration in the
supernatant solution was analyzed using a UV
spectrophotometer (Cary 1E, Varian) by measuring
absorbance at A = 590 nm and pH = 5.

The adsorption capacity (mg-g™) of adsorbents
was calculated using Eq. 1:

_V(Co_Cf)
M

where q is the adsorbed amount of dye per gram of
adsorbent, Cy and C; the concentrations of the dye in
the initial solution and equilibrium, respectively (mg
L™); V the volume of the dye solution added (L) and
M the amount of the adsorbent used (g).

D

The efficiency of adsorption (or
removal) was calculated using the equation:
C,-C
R= 100% )

o}

where Ris the efficiency of adsorption (%), C, is the
initial concentrationof dye (mgL™), C isthe
equilibrium concentration of dye at timet (mg L™).

Adsorption isotherms were carried out by
agitating 0.25 g of zeolite with 25 mL of crystal violet
over the concentration ranging from 24.4 to 236 mg
L™ for ZFA and 24.4 to 247.9 mg L™ for ZBA till the
equilibrium was achieved. The adsorption capacity
(mg g™) of adsorbents was cal culated using a Eq.1.

3. RESULTSAND DISCUSSION
Characterization of the adsorbents material

The X-ray diffractograms of ZFA and ZBA are

Orbital: Electron. J. Chem. 5 (3):179-191, 2013
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shown in Fig. 2 and 3, respectively. The identification
and interpretation of PXRD patterns of the materials
are prepared by comparing the diffraction database
provided by “International Centre for Diffraction
Data/Joint Committee on Power Diffraction
Standards’ (ICDD/JCPDS). The phases in zeolitic
materials were hydroxysodalite (JCPDS 31-1271) and

1200 4 H

800 +

Intensity

400

NaX (JCPDS 38-0237) with peaks of quartz (JCPDS
85-0796) and mullite (JCPDS 74-4143) of ashes that
remained after the treatment. The mineraogical
composition of ash used as raw material for the
synthesis of zeolites depends on the geological factors
related to the formation and deposition of coa and its
combustion conditions.

ZFA

2Theta (°)

Figure 2. XRD Patterns of ZFA (Q = Quartz, M = Mullite, H = Hydroxysodalite zeolite, X = NaX zeolite).
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Figure 3. XRD Patterns of ZBA (Q = Quartz, M = Mullite, H = Hydroxysodalite zeolite, X = NaX zeolite).

The diffraction patterns of the zeolites
obtained before and after adsorption of CV are shown
in Fig. 4. The structural parameters of saturated ZFA
and ZBA were very close to those of the
corresponding ZFA and ZBA before adsorption. The
crystalline nature of the zeolites remained intact after

adsorption of molecules CV.

The chemical composition of CBA and ZBA
determined by X-ray fluorescence (XFR) is shown in
Table 2. The chemical compositions of CFA and ZFA
have been described in detail in previous paper [26].

Orbital: Electron. J. Chem. 5 (3):179-191, 2013
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Figure 4. XRD Patterns of zeolites and zeolites saturated with dye (Q = Quartz, M = Mullite, H = Hydroxy-
sodalite zeolite, X = NaX zeolite).

Table 2. Chemical composition of CBA and ZBA.

Elements (wt. %) CBA ZBA
SO, 49.6 35.1
Al,O; 27 329
Fe,03 10.9 16.1
Na,O 19 177
CaOo 18 32
K,0 4.4 0.7
TiO, 1.9 24
SO, 0.7 0.3
MgO 13 13
ZnO 0.03 0.03
ZrO, 0.03 0.04
SiO,/ Al,O3 1.84 1.06

The main congtituents of CBA are slica
(S0,), dumina (Al,Os), and ferric oxide (Fe0s).
Quantities below 5 wt.% of K,0O, Ca0, TiO,, SOz and
MgO are also observed.

The main constituents observed for CBA were
the same of CFA: 50.3 wt.% of SiO,, 29.8 wt.% of
Al,O3, and 6.70 wt.% of Fe,Os. It has found also
oxides of calcium, titanium, sulfur and other
compounds in amounts below 5 wt%. The
SIO,/Al,O3 ratio was 1.69 and 1.84 for CFA and
CBA, respectively, indicating good source to
synthesize zeolites [32].

The coal and its ash generated in Jorge
Lacerda coa-fired power plant were analyzed by
Silva et a 2010. The results indicated that coa is

bituminous-type, highly volatile (C/A). Samples of fly
ash showed the following ranges of the main elements
of higher concentration (wt.%): 57.98 — 60.10 of
SiO,, 22.98-26.97 of Al,O; and 4.67-8.01 of Fe,Os.
For samples of bottom ash ranges were (wt.%): 46.14
to 61.95 of SiO,, 19.20 to 23.88 of Al,O3; and 5.38 to
7.81 of Fe,0Os.

The chemical composition found for ZBA is
mainly silica, alumina, iron oxide and sodium oxide
(Table 2). The main congtituents for ZFA were 36.6
wt.% of SO, 38.0 wt.% of Al,Oz 8.30 wt.% of
Fe,0O; and 6,90 wt.% of Na,O. A significant amount
of Na element is incorporated in the final products
due to hydrothermal treatment with NaOH solution.

The SiO,/Al,QO; ratio for zeolites is associated
to the cation exchange capacity. The values observed
for ZFA was 0.96 and the value calculated for ZBA
was 1.06 (Table 2). The SIO,/Al,O; ratios for the
zeolites are lower than the values of raw fly and
bottom ashes. The hydrothermal treatment contributed
to the increase in the cation exchange capacity of
these materials. The zeolitic materia that exhibit
lower the ratio SiO./Al, O3, have higher the cation
exchange capacity.

Some physicochemical properties of coal
bottom ash and its zeolitic material are given in Table
3. The same physicochemical properties for CFA and
ZFA are presented in previous paper [26].

Orbital: Electron. J. Chem. 5 (3):179-191, 2013
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Table 3. Physicochemical properties of coal bottom
ash (CBA) and zeolite from coal bottom ash (ZBA).

Properties physicochemical CBA ZBA
Bulk density (g cm™) 1.79 2.43
BET surface area (m® g%) 5.33 84.9
Loss of ignition (%) 9.33 -
pH in water 7.6 84
pHPZCa = 7.3
Condutivity (S cm™) 110 367
CEC (meq g3)® 0.109 1.19

(a) point of zero charge; (b) cation exchange capacity

The bulk density values ranged from 1.79 to
2.43 g cm” for ash and zeolites. Kreuz [33] found
value of bulk density 1.81 g cm™ for bottom ash from
thermal power plant Jorge Lacerda, which is very
close to the value found for the ash of this study.

The specific surface area value of the zeolite
bottom ash was approximately 16 times greater than
those of its precursor ash. The specific surface area
value for ZFA was also higher (134.3 m? g*) than the
value for CFA (9.6 m* g™). This area increase is due
to the crystallization stage zeolitic on the smooth
spherical particles of the ash after the hydrothermal
treatment.

The CEC values of the ash are much low, and
is similar to the value reported in the literature [34].
The CEC values of ZBA and ZFA were 10 and 50
times higher than CBA and CFA, respectively, due to
hydrothermal treatment. Therefore, the synthesized
zeolites can be used as good cation exchanger.

The pH of the coal ash is directly related to the
availability of macro and micro nutrient and indicates
whether coal ash is acidic or alkaine in nature. Based
on the pH, coal ash has been classified into 3
categories, namely; dightly alkaline 6.5-7.5;
moderately alkaline 7.5-8.5 and highly alkaline >8.5
[35]. The pH values of fly ash (8.0) and bottom ash
(7.6) indicates that ashes were moderately alkaline in
nature. This alkalinity is justified by the presence of
compounds formed by the cations K*, Na*, Ca®* and
Mg?* combined with carbonates, oxides or hydroxides
[34]. The pH of zeolitic materials increased due to
hydrothermal treatment with NaOH solution.

The conductivity values found for synthesized
zeolites were higher than those of raw ashes. This
increase is explained by presence of exchangeable
cations in the structures of the zeolites formed by the
hydrothermal treatment.

Depoi et a. [36] found a conductivity value of
119 uS em™ for bottom ash, which is accordance with

the present study.

The point of zero charge (PZC) is defined as
the pH at which the surface of the adsorbent has
neutral charge. The pHpc, adsorbents depends on
severa factors such as the nature of crystalinity,
Si/Al ratio, impurity content, temperature, adsorption
efficiency of electrolytes, degree of adsorption of H*
and OH’, and, therefore, it must vary adsorbent for
adsorbing [37]. The value of pHpzc of ZBA (Table 3)
was lower than the pH in water indicating that the
surface presented negative charge in aqueous solution
(pH> pHpcz). The value of the pHp,c of ZFA obtained
in this study was 6.5. This value is lower than the pH
and the surface of ZFA also showed negative charge.

The data of loss on ignition of coa ash may
indicate the combustion efficiency of athermoelectric
power plant. The high levels of this property make it
difficult the synthesis of zeolites, as the non-reactive
phase may be a lesser amount during conversion. The
lossonignition is usually indicative of the presence of
unburned carbon and mineral phases stable at high
temperatures [38]. The loss on ignition values found
for CFA and CBA were 151% and 9.33%,
respectively. According to the obtained values of loss
on ignition of Brazilian fly ash was suggested that the
Jorge Lacerda Thermal Power Plant has a low
efficiency [26].

Kinetics studies

Figure 5 shows the effect of contact time on
adsorption process of CV on ZFA and on ZBA. The
efficiency of dye removal was increased as the
agitation time increased until equilibrium. The
adsorption equilibrium with ZFA and ZBA were
reached at 10 min. The process shows the removal of
71% and 50% with ZFA e ZBA, respectively.

20

—m—ZFA
16 —A—ZBA

T T T
0 4 8 12
t (min)

Figure 5. Effect of contact time on the adsorption of
CV onto ZFA and ZBA.

Kinetic models

Orbital: Electron. J. Chem. 5 (3):179-191, 2013
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In order to investigate the adsorption processes
of CV onto adsorbents, pseudo-first order and pseudo-
second order kinetic models were applied to the
experimental data. The pseudo-first-order kinetic
model, proposed by Lagergren, has been widely used
to predict the dye adsorption kinetics. The dye
adsorption kinetics following the pseudo-first-order
model is given by [39]:

dg

q (G- a) ®)
where g and ¢ represent the amount of dye adsorbed
(mg g% at any time t and at equilibrium time,
respectively, and k; represents the adsorption rate
constant (min™). Integrating Eq. (3) with respect to
boundary conditionsq=0att=0andg=qatt=t,
then Eq. (3) becomes:

10g10 (Ge — 0) = 10g100e — k1 1 /2,303 (4)

Thus the rate constant k; (min®) can be
calculated from the plot of log (ge-q) vs. timet.

The kinetic data were further analyzed using a
pseudo second- order relation proposed by [40] which
is represented by:

dq 2

—=ky,(g,— ©)

at 2(0.—0)

where k; is the pseudo-second-order rate constant (g
mg™ min) and g. and q represent the amount of dye
adsorbed (mg g?) at equilibrium and at any time t.
Separating the variablesin Eq. (6) gives

1.0

0.5
= ZFA
A ZBA
0.04 -

Log ge-q

-0.54

np

-1.0

t (min)

L I ()
(qe - q)

Integrating Eq. (6) for the boundary conditionst = 0
tot=tandq=0toq=qgives

LI S W)
q k2qe qe

A plot of t/q vs. t gives the value of the
constants k, (g mg™* min™), and also g (Mg g™) can be
calculated.

Because the above two equations cannot give
definite mechanisms, the intraparticle diffusion model
was tested. According to Weber and Morris [41], an
intraparticle diffusion coefficient kg is defined by the
equation:

O = kait 2+ C 6)

where kg is the intraparticle diffusion rate constant
(mg g* min?), and C is the intraparticle diffusion
constant (mg g*). The constants kq; and C can be
obtained, respectively, from the slope and intercept of
the plot of qt versus t¥2 The relative values of C give
an idea about the boundary layer thickness, i.e., the
larger the intercept value, the greater the boundary
layer effect [41-43].

Figure 6 shows the fitting results using (a)
first-order kinetic model; (b) second-order kinetic
model, and (c) diffusion model. The parameters for all
models are presented in Table 4.

(b)

L N\d

©

m ZFA
A ZBA

0 1

3 4

l0.5 (min)US
Figure 6. Comparison of kinetic models, and diffusion model of CV adsorption on ZFA and ZBA (a) first-order
kinetics; (b) second-order kinetics; (c) diffusion model.

Orbital: Electron. J. Chem. 5 (3):179-191, 2013



Bertolini et al.

Full Paper
Table 4. Kinetic parameters for CV removal onto ZFA and ZBA.
Adsor bents Pseudo- first order
ks Qe Calc Ge &Xp (Mg g*) Ry
(min) * (mg g*)
ZFA 3.17 x 10* 9.10 12.8 0.927
ZBA 2.99x 10* 7.16 9.11 0.970
Pseudo- second or der
ko h (mg g*min™) ge calc (mg g™) G €xp (Mg ™) Ry
(gmg™*min?)
ZFA 5.59 x 102 10.8 13.9 12.8 0.996
ZBA 5.60 x 107 5.88 10.2 9.11 0.995
Intraparticle diffusion
C it R
(mg g min°)
ZFA 5.49 2.17 0.986
ZBA 2.92 1.85 0.995

The experimental g values (Table 4) did not
agree with the calculated ones obtained from the
linear plots, indicating that the pseudo-first order
model does not reproduce the adsorption kinetics of
CV onto ZFA and ZBA. The k, and ge determined
from the model are presented in Table 4 along with
the corresponding correlation coefficients. The values
of the calculated and experimental g are close to ZFA
and also to ZBA, and the calculated correlation
coefficients (R) are also very close to unity. Hence,
the pseudo-second order model better represented the
adsorption kinetics.

The linearity of the fitting lines obtained from
the application of the diffusion model (Fig. 6¢) points

P— (@)

e

® Experimental
—— Pseudo 1st order
—— Pseudo 2nd order
Intraparticle diffusion

124

8 12

t (min)

4

to the presence of intraparticle diffusion in the system.
However, the fact that the lines do not pass through
the origin of the plots indicates that, athough
intraparticle diffusion may be involved in the
adsorption process, it was not the rate-controlling step
[41].

A comparison of calculated and measurement
results for kinetic of CV adsorption onto ZFA and
ZBA are shown in Fig. 7a and 7b, respectively. As
can be seen, the pseudo-first order model
underestimates the adsorption and the pseudo second-
order kinetic model provides the best correlation for
both adsorption processes.

(b)

® Experimental
—— Pseudo 1st order
—— Pseudo 2nd order
Intraparticle diffusion

6 9 12

t (min)

3

Figure 7. Comparison between the measured and modeled time profiles for adsorption of CV for (a) ZFA and
(b) ZBA.

Adsorption equilibrium

In adsorption in a solidiquid system, the
distribution ratio of the solute between the liquid and
the solid phases is a measure of the position of
equilibrium. The preferred form of depicting this
distribution is to express the quantity g, as a function
of C, at afixed temperature and an expression of this
type is termed an adsorption isotherm [44]. The

quantity ge is the amount of solute adsorbed per unit
weight of the solid adsorbent, and C. is the
concentration of solute remaining in the solution at
equilibrium.

The analysis of the isotherm data is important
to develop an equation which accurately represents
the results and which could be used for design
purposes [39]. In the present study, Langmuir,

Orbital: Electron. J. Chem. 5 (3):179-191, 2013
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Freundlich and Dubinin-Radushkevich (D-R) models
were used to describe the equilibrium data.

The Langmuir isotherm assumes that the
sorption takes place at specific homogeneous sites
within the adsorbent [45]. The linear form of
Langmuir isotherm is represented by the Eq. 9:
C_1.,C ©
qe QOb QO

where C, is the equilibrium concentration (mg L™), ge
the amount adsorbed at equilibrium (mg g*), Qo the
adsorption capacity (mg g*) and, b is the energy of
adsorption (Langmuir constant, L mg'™). The values of
Qo and b were calculated from the slope and intercept
of the linear plots C. o' versus C. which give a
straight line of dope 1/Q, that corresponds to
complete monolayer coverage (mg g?) and the
intercept is 1/Qqb.

The Freundlich isotherm is derived by
assuming a heterogeneous surface with a non-uniform
distribution of heat of adsorption over the surface
[46]. The logarithmic form is shown as Eq. 10:

log .= log K + 1|OgCe (10)
n

where Ke [(mg g* (L mgH)'™)] and n are the
Freundlich constants related to adsorption capacity
and adsorption intensity of adsorbents, respectively.
They were calculated from the intercept and slope of
the plot log ge versus log Ce.

Langmuir and Freundlich isotherms do not
give any idea about adsorption mechanism. The
Dubinin—Radushkevich isotherm (D-R) is generaly
applied to express the adsorption mechanism
(physical or chemical) with a Gaussian energy
distribution onto a heterogeneous surface [47]. This
isotherm model is more general than Langmuir
isotherm because it does not assume a homogeneous
surface or a constant adsorption potentia and is
related to the porous structure of the adsorbent. The
linear form of D-R isotherm equation is represented
as.

Inge = In Kpg— B €2 (11)

where Kpp is the theoretical saturation capacity (mol
g™h), B is a constant related to the mean free energy of
adsorption per mole of the adsorbate (mol? J? ), € is
Polanyi potential which is mathematically represented
as:

where, C. is the equilibrium concentration of
adsorbate in solution (mol L), R is the gas constant
(I mol™* K% and T is the absolute temperature (K).
The D-R model constants, Kpg and B, can be
determined from the intercept and slope of linear plot
of In g versus €2, respectively.

The constant B gives an idea about the mean
free energy E (kJ mol™) of adsorption per molecule of
the adsorbate when it is transferred to the surface of
the solid from infinity in the solution and can be
calculated from the relationship:

1
E= ——
V-2 (13)

If the magnitude of E is between 8 and 16 kJ
mol™, the adsorption process is supposed to proceed
via ion-exchange or chemisorption, while for values
of E<8 kJdmol™, the adsorption process is of physical
nature [48].

Figures 8 and 9 show the adsorption isotherms
of CV on ZFA and ZBA, respectively, where the
experimental values and curves achieved from the
values estimated by the Langmuir, Freundlich and D-
R models are presented. The adsorption efficiency
was between 78 to 99% ZFA and 65 to 96% for ZBA
at equilibrium time.

Giles et al. [49] state that isotherm shapes are
largely determined by the adsorption mechanism, and
thus can be used to explain the nature of adsorption.
The adsorption isotherm for solution may be
classified into four main classes relating to their
shapestermed S, L, H and C and subgroups 1, 2, 3, 4
or max. The equilibrium isotherms for the system
CV/ZFA showed sigmoidal curve in the class with the
corresponding behavior L2. In processes where such
isotherms are obtained, the adsorption of solute onto
the adsorbent proceeds until a monolayer is
established; the formation of further layers is not
possiblein this case [50].

Comparing the isotherm for the system
CV/ZBA with those given by Giles et al [49], L4 type
of isotherm (Langmuir type with two layers) appears
to fit the adsorption data well. After the first degree of
saturation of the surface, further adsorption takes
place on new surface.

Figures 10 and 11 illustrate the Langmuir,
Freundlich and D-R plots for the removal of CV by
ZFA and ZBA, respectively. The Langmuir,
Freundlich, and D-R isotherm constants are given in
Table 5 along with the corresponding correlation
coefficients.
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Figure 10. Langmuir (@), Freundlich (b) and D-R (c) plots for adsorption of CV onto ZFA.

Table 5. Parameters of the models of Langmuir isotherm, Freundlich and D-R for the CV dye on adsorbents and
values and Chi-square (%)

Adsor bents
Lagmuir ZFA ZBA
Q, (Mg g} 19.6 17.7
B (L mg?) 0.329 0.0630
R 0.997 0.961
X2 0.706 453
Freundlich
Ke(mg gY)(L mgH¥n 483 2.66
N 2.41 2.53
R 0.959 0.981
X2 4.42 0.869
D-R
B (mol? J?) 2.96 x 10° 3.03x10°
Kor (Mol gt 2.49 x 10™ 1.39x 10"
E (kJmol™) 13.0 12.8
R 0.973 0.983
X2 3.01 0.966
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Figure 11. Langmuir (@), Freundlich (b) and D-R (c) plots for adsorption of CV onto ZBA.

By comparing the correlation coefficient
values obtained from the Langmuir, Freundlich and
D-R isotherm models, it can be concluded that the
Langmuir isotherm model is more suitable for
CV/ZFA while the experimental data obtained for
CV/ZBA were fitted well by the Freundlich isotherm
model. This may be due to both homogeneous and
heterogeneous distribution of active sites on the
surface of the ZBA. Both energy distributions induce
single and multilayer adsorption. These might occur
simultaneously or subsequently by order of time, both
in arandom manner [51].

The adsorption for the system CV/ZFA obeys
Langmuir isotherm better, indicating predominantly
homogeneous distribution of active sites on the ZFA
surface, since the Langmuir equation assumes that the
adsorbent surface is energetically homogeneous.

The Freundlich isotherm constant, n, gives an
idea for the favorability of the adsorption process. The
value of n should be less than 10 and higher than
unity for favorable adsorption conditions. As can be
seen from Table 5, the n values for ZFA and ZBA
were in the range of 1-10, indicating that the
adsorption is a favorable process. By evaluating the
D-R isotherm model, the mean adsorption energy, E,
values were found to be 13.0 kJ mol™ for ZFA and
12.8 kJ mol™ for ZBA, suggesting that the adsorption
mechanisms of CV onto zeolitic materials are

chemical in nature.

The non-linear regression Chi-square (X?) test
was employed as a criterion for the fitting quality due
to the inherent bias resulting from linearization of
isotherm models. Therefore, it is necessary to analyze
the data set using the Chi-square test to confirm the
best fit isotherm for the adsorption system combined
with the values of the correlation coefficient. This
statistical analysis is based on the sum of the squares
of the differences between the experimental and
model calculated data, of which each squared
difference was divided by the corresponding data
obtained by calculating from models [52]. The Chi-
sguare can be represented by

(qe exp— qecal C)2
g.calc

=3 (14)
where geexp is the equilibrium capacity of the
adsorbent obtained from experiment (mg-g™), and
gecalc is the equilibrium capacity obtained by
calculating from the model (mg-g?). A low value of
X? indicates that experimental data fit better to the
value from the model.

Table 5 aso shows the values obtained in non-
linear test or Chi-square (X?). The values of
regression coefficients;, R and the linear error
functions, X, are in agreement to one another. The
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lower value of X? confirmed statistically a better fit to
the Langmuir isotherm for the CV/ZFA system and
the Freundlich isotherm for the CV/ZBA system.

The maximum adsorption of capacity of CV,
according Langmuir, was about 10% higher on the
zeolite ZFA than on the zeolite ZBA, not being a very
significant difference. The result of performance of
the ZFA was expected because this material will have
particles sizes smaller than the zeolite from coal
botton ash due granulometric characteristics of the ash
sample that served as raw material. Thus, decreasing
the particle size increases the externa surface area,
which means increasing the number of active sites
available for adsorption of the adsorbate and thus
increases the efficiency of adsorption [53].

Adsorbents like zeolites consist primarily of
silicon and auminium oxides, whose hydroxylated

surface develop negative charges in aqueous solution.
The adsorption of CV on the zeolite of coal ash will
occurs by electrostatic  attraction between the
negatively charged sites of the adsorbent and the
positively charged dye molecules (=N*(CHs),) and
also by cation exchange.

Table 6 lists a comparison of maximum
monolayer adsorption capacity of CV on various
adsorbents. A close look at the values displayed
reveals that the present adsorbents (ZFA and ZBA)
have a maximum CV dye uptake value comparable
with the reported values in some cases. The
adsorption capacity varies, and it depends on the
characteristics of the individual adsorbent and the
initial concentration of the adsorbate. However, the
present experiments are conducted to find the
technical applicability of the low-cost adsorbents to
treat CV.

Table 6. Comparison of the maximum adsorption of capacities of CV dye onto various adsorbents

Adsor bents Q. (Mg g™) References
Fly ash 74.6 [54]
Bottom ash 121 [55]
Sepiolite 77.0 [56]
Sulphuric acid 85.8 [5]

Activated carbon 19.8 [57]

ZFA 19.6 This study

ZBA 17.6 This study

4. CONCLUSION

The present study showed that is possible to
convert coa ash into zeolitic materials by akaline
hydrothermal treatment. The X-ray diffraction
analysis demonstrated that hydroxy-sodalite and NaX
zeolites were formed after the synthesis. These
zeolites synthesized from fly ash (ZFA) and bottom
ash (ZBA) are effective adsorbents for remova the
cationic dye crystal violet from agueous solution. The
pseudo-second order model provides the best
correlation of the experimenta data for both
adsorbents and intraparticle diffusion is involved in
the adsorption process, but it is not the only rate-
limiting step. The equilibrium data fit with the
Langmuir isotherm for ZFA and the Freundlich
isotherm for ZBA. The adsorption capacity for ZFA
was found to be 19.6 mg g™ and for ZBA 17.6 mg g™
The use of the southern Brazilian coal ash generated
in power plants for the production of zeolites can
congtitute an alternative and noble use for a residue
which has contributed to the degrading of wide areas.
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Abstract: In this study, the Cr (VI) adsorption properties by cashew (Anacardium occidentale L.) were
studied in a batch system. The effects of pH (5.0 and 7.0), drying process — S (oven-dried and lyophilized),
particle size — P (0.10 — 0.25 and 0.25 — 0.84 mm), mass of adsorbent —m (1.0 and 1.5 g) initial chromium
concentration — C (500 and 1000 mg L ™) contact time —t (1 and 3 h) and stirring rate — v (0 and 150 rpm), on
the adsorption process were studied using a fractional factorial design (2%). Under ideal conditions the
efficiency of adsorption of 87.24% for total chromium and 100.00% for Cr (V1) were achieved. The
maximum adsorption capacity achieved was 11.43 mg/g. The adsorbent was characterized by infrared and X-
ray fluorescence spectroscopy. Test reactions performed with Cr (V1) in conjunction with the agqueous extract
of the adsorbent and pH monitoring during adsorption were carried out to better understand the mechanisms
of adsorption. The proposed mechanism consists of two steps. reduction of Cr (V1) in solution or at the
surface of the adsorbent and subsequent adsorption of Cr (111) by ion exchange or complexation.

K eywords: adsorption; chromium; cashew; factorial design

1. INTRODUCAO

O cromo é um metal toxico utilizado em vérios
processos dentre eles: fabricagdo de ago e outras ligas
metdlicas, na preservacdo de madeira, curtimento de
couro, eletrodeposicdo, na fabricagdo de tijolos
refratérios, pigmentos, corantes, fluidos de
perfuracdo, inibidores de corrosdo e produtos téxteis
[1,2].

A especiacd0 deste metal é de extrema
importancia, pois as duas espécies mais estaveis de
cromo em solucdo, Cr (I11) e Cr (VI), diferem muito
em seus niveis de toxicidade. O cromo (I11) em niveis
tragos € considerado nutriente essencia para o
organismo  humano, estando envolvido no
metabolismo da glicose, lipideos e proteinas, onde sua
deficiéncia na dieta alimentar esta relacionada a
elevada taxa de glicose no sangue, insulina, colesterol
etriglicerideos[3]. A forma hexavalente, entretanto, é
cinco mil vezes mais toxica que a trivaente [4].
Cromo (V1) é extremamente téxico para animais e
vegetais e a exposi¢ao por inalagdo, toque ou ingestdo
pode provocar ulceracdo e perfuragcdo do septo nasal,

"Corresponding author. E-mail: gracinha@ufc.br

irritacdo do trato respiratorio, dores de cabega,
ulceragBes na pele, danos na cornea, vémito, possiveis
efeitos cardiovasculares, gastrointestinais,
hematoldgicos, hepaticos e renais, aém do risco
elevado de cancer pulmonar [5, 6].

Os efluentes contendo cromo tém se tornado
um sério problema ambiental. Ao serem despejados
no meio ambiente contaminam &gua, solo e ar. As
duas formas de contaminag&o possiveis para 0 homem
s80 por exposicdo direta ou indireta. A exposicéo
direta pode ocorrer através do contato dérmico com
agua e solo, inalagéo de particulados contendo cromo,
ou ingestdo acidental de solo ou &gua contaminados.
A exposicdo indireta ocorre devido a sua capacidade
de biocacumulagdo, contaminando vegetais, peixes e
outros alimentos e chegando ao homem por ingestéo
destes [7]. Dessa forma a remocdo de cromo dos
efluentes € extremamente importante, de forma a
evitar que 0 seu despejo contamine 0sS Mananciais e 0s
organismos vivos causando danos irreparavels.

A remocdo de ions em efluentes industriais
pode ser feita através de processos como precipitagéo,
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coagulacdo, troca ibnica, extracdo com solvente,
0osMmose reversa, adsor¢cdo em carvao ativo, reducéo e
separacdo por membrana [8-10]. As resinas de troca
ibnica sGo muito utilizadas nas indUstrias para
remocdo de ions em &gua potéavel ou em aguas de
caldeira e na purificagdo de substancias orgénicas e
inorgénicas. Entretanto, 0 emprego destas resinas para
tratar efluentes contendo metais toxicos torna-se
economicamente inviavel [11].

Devido ao alto custo de algumas técnicas, tem
crescido o interesse dos pesquisadores por métodos
eficientes, de baixo custo e que ndo afetem 0 meio
ambiente. Sendo assim, vérias pesquisas vém sendo
feitas com a finalidade de utilizar adsorventes ou
trocadores i6nicos naturais [12-16].

Na adsor¢édo de cromo pode ser utilizada uma
série de adsorventes de origem natural como, por
exemplo, casca do coco [17], bagaco de milho [18],
bagaco de azeitona [19], flor de pameira[9], pahade
arroz [20], p6é de café [21], farinha de canola [22],
plantas aquéticas [23], cascas de caranguejo [24] etc.

Por conter em sua composicdo celulose,
hemicelulose e lignina o pedinculo do cau é
caracterizado como um material lignocelulésico [25].
Nos materiais lignocelulésicos a celulose e a
hemicelulose se encontram ligadas a lignina por
ligacBes covalentes e ligagdes de hidrogénio [15].
Sabe-se que a lignina e a celulose sdo biopolimeros
gque possuem capacidade de adsor¢cdo de metais
téxicos [12,26-28]. Portanto, este trabalho objetivou
estudar as propriedades adsorventes do pseudofruto
do cajueiro (Anacardium occidentale L.) para
adsorcdo de Cr (VI). O cgjueiro pertence a familia
Anacardiaceae que € representada por 76 géneros e
mais de 600 espécies [29]. Trata-se de uma planta
rustica, tipica de regides de climatropical [30].

Tabela 1. Composi¢do das solugdes tampéo utilizadas.

2. MATERIAISE METODOS
Obtencao e preparo do material adsorvente

O bagaco de caju (Anacardium occidentale L.)
foi fornecido pela empresa Embrapa Agroindlstria
Tropical situada no Campus do Pici da Universidade
Federal do Ceara (UFC). Foi realizada secagem em
estufa a 65°C e liofilizagdo do bagaco de caju obtido
por prensagem. Na secagem em estufa foi utilizada
estufa com circulagdo de ar forcado (Marconi,
MAOQ35/3, Brasil), sem controle de velocidade do ar e
de umidade. O processo simples de secagem, foi
escolhido para verificar a possibilidade de seu uso
sem muitos recursos financeiros ou equipamentos
mais sofisticados. A espessurainicia obtida ndo péde
ser medida em peneiras ABNT ja que o material se
apresentou na forma de fibra. A liofilizacdo foi
realizada em liofilizador piloto (Liobraz, LT 510,
Brasil). Apbs secagem o adsorvente foi triturado em
moinho de facas (Marconi, MA-048, Brasl) e
separado em vérias faixas de granulometria entre
0,074 e 0,84 mm em agitador (CERTECH, ST 023,
Brasil) provido de peneiras ABNT. Em seguida as
fracdes foram acondicionas em recipientes plasticos e
mantidas em dessecador.

Solugdes utilizadas

Foram preparadas solucbes estoque, para
diversos experimentos, nas concentracBes de 500 e
1000 mg L™ em Cr (V1) a partir do reagente K,CrO,
de grau analitico, fabricante Vetec. SolucBes de
KHCgH,0, 0,1 mol L™, KH,PO, 0,1 mol L™ e NaOH
0,1 mol L™ foram utilizadas no preparo de solucdes
tampdo de pH 5 e 7 para utilizagdo nos ensaios de
adsorcdo [31] (Tabelal)

KHCgH,O4 KH,PO,

NaOH

Tampéo Volume Forca lénica
-1
0,2 mol L™ (mL) 0lmolL(mL) 0lmol L (mL)  Total(mL)  calculada(mol L™)
pH 5 50,0 - 22,6 100,0 0,08
pH 7 - 50,0 29,1 100,0 0,09
Instrumentacao AA240FS, Audrdia O teor de Cr (VI) foi

A determinacdo do teor de cromo total foi
realizada utilizando-se chama de ar/acetileno redutora
e comprimento de onda de 3579 nm em
espectrometro de absorcdo atdbmica (EAA) Varian,

determinado por método espectrofotométrico da
difenilcarbazida [32] utilizando espectrofotémetro
UV-Vis Varian, Cary 1E, Canada. O teor de Cr (l11)
foi determinado pela diferenca entre o teor de cromo
total e Cr (V1).

Orbital: Electron. J. Chem. 5 (3):192-205, 2013
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Estudo do efeito das variaveis na adsor ¢cao

Foram conduzidos experimentos de adsorcéo
em batelada conforme plangamento fatorial

fracionario para estudar o efeito das varidveis no
processo de adsor¢do. A Tabela 2 mostra as variaveis
utilizadas nos experimentos de adsor¢ao.

Tabela 2. Variéveis codificadas utilizadas no plangjamento fatorial fracionério 2™ para estudar a adsorcéo de

cromo pelo bagago do caju.
Cadigo Variavel ) (+)
pH pH 5,0 7,0

S Secagem Estufa Liofilizado
P Tamanho de part. (mm) 0,10-0,25 0,25-0,84
m Massa de adsorvente (g) 1,0 15
C Conc. inicial cromo (mg L™) 500 1000
t Tempo (h) 1 3
Y Taxa de agitacéo (rpm) 0 150
Os Unicos parémetros fixos nestes Com os resultados deste plangjamento fatorial

experimentos foram o volume de solucdo padréo de
K,CrO4 (15 mL) e o volume de solugdo-tampéo
utilizado (10 mL). As respostas utilizadas nesse
plangiamento foram o rendimento de adsor¢do de
cromo total e de Cr (V1) e a capacidade de adsorcéo
de cromo total pelo bagago do cajul.

O rendimento do processo de adsorcdo para
cromo total foi calculado através da seguinte
expressao:

:ﬁx 100
C

0

(Equacéo 1)

r’Crtotal

Onde C, e C, (mg/L) sdo as concentracdes de cromo
totad em solucdo no inicio e no equilibrio,
respectivamente, € #cnow (%) € 0 rendimento do
processo de adsorcéo.

O rendimento do processo de adsor¢do de Cr
(V1) foi calculado pela expressio:
C,-C.

Nerewy = C
0

%100 (Equagdo 2)

Onde C'y e C'¢ (mg/L) sdo as concentracdes de Cr
(VI) em solugdo no inicio e no equilibrio,
respectivamente, e ey (%) € o rendimento do
processo de adsorcéo de Cr (V).

O célculo da capacidade de adsor¢do foi feito

através da seguinte expressao:
.= VG -C.) (Equagéo 3)
m

Onde V (L) é o volume de solugdo, m (g) € amassa de
adsorvente utilizada e g (mg/g) € a capacidade de
adsor¢do de cromo total .

fraciondrio foi feito o estudo da influéncia das
varidveis sobre o processo de adsorgdo. Cada
experimento foi realizado em duplicata. Os resultados
obtidos foram gjustados a um modelo linear para cada
uma das respostas através do uso de Andlise de
Variéncia (ANOVA). Os diagramas de Pareto foram
construidos com os resultados da aplicacéo do teste t
de Student.

Espectroscopia no Infravermelho

Os egpectros de absor¢cdo na regido do
infravermelho (1V) [33] foram obtidos a partir da
dispersdo das amostras de cau em pastilhas de
brometo de potasso (KBr), utilizando um
espectrometro ABB BOMEM, modelo FTLA 2000,
Canada. Os espectros de IV dos extratos aquosos do
adsorvente também foram investigados. Os extratos,
ap0Os secagem, foram dispersos em pastilhas de KBr
para determinacdo dos espectros.

Fluorescéncia de Raios-X

A Espectroscopia por Fluorescéncia de Raios
X é uma técnica ndo destrutiva que permite a andlise
gualitativa e quantitativa, estabelecendo uma
proporcdo de cada elemento presente numa amostra.
A técnica consiste em expor a amostra a um feixe de
radiacdo para excitagdo e medicdo da radiacdo
fluorescente proveniente da amostra [34].

As andlises de fluorescéncia de raios-X do
adsorvente foram realizadas em espectrometro de

fluorescéncia de raiossX marca RIGAKU, modelo
ZSX Il mini, Japdo. A andlise foi redlizada nas

Orbital: Electron. J. Chem. 5 (3):192-205, 2013
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amostras de caju in natura e apds adsor¢do de cromo.

3. RESULTADOSE DISCUSSAO
Estudo do efeito das variaveis na adsor ¢cao

Redlizou-se  um  plangamento  fatorial
fracionério para se estudar o processo de adsor¢éo de

Cr (VI) pelo bagaco do caju. Foram estudados os
efeitos de sete variaveis na adsorcdo. Com base nos
resultados do plangjamento foi possivel se entender
como cada variavel afeta o rendimento de adsorcdo. A
tabela 3 apresenta os resultados de rendimento de
adsor¢do de cromo total e Cr (V1) e na capacidade de
adsor¢do de cromo total para cada ensaio do
planejamento realizado.

Tabela 3. Resultados obtidos no plangjamento fatorial fracionario 2" para estudar a adsorc&o de cromo pelo

bagaco de cgjul.
Variaveis codificadas
. oH s P m* C* t* Vv*
Ensaio fcr o (%0) v (%) Qecr tota (MY/Q)
1 - - - + + + - 49,07 £ 3,07 69,72 + 5,52 4,90+0,31
2 + - - - - + + 86,27 + 0,18 100,00 £ 0,03 6,45+ 0,01
3 - + - - + - + 76,80+ 1,19 93,74+ 0,29 11,43 +0,05
4 + + - + - - - 66,31+ 1,08 98,45+ 0,94 3,31+0,06
5 - - + + - - + 78,58 + 2,04 100,00 + 0,03 3,92+0,11
6 + - + - + - - 9,13+7,57 34,06 + 8,67 6,26 £ 0,25
7 - + + - - + - 48,13+ 1,66 84,86 + 0,96 3,61+0,13
8 + + + + + + + 87,24+ 0,32 100,00 + 0,00 8,72+ 0,03

* Relagdes geradoras: | = 124 = 135 = 236 = 1237

O experimento de nimero 8 foi 0 que mostrou
melhor rendimento de adsor¢cdo de cromo total
(87,24%). Ja para o rendimento de adsorgdo de Cr
(V1) os experimentos de nimero 2, 5 e 8 apresentaram
rendimento méximo (100,00%). Isso mostra que o
experimento de nimero 8, no qual todas as varidveis
estdo no nivel maximo, apresentou melhores
resultados para o rendimento de adsorcdo de Cr (VI) e
cromo total. Analisando os dados de capacidade de

adsorcdo o experimento de nimero 3 foi o que
mostrou melhores resultados (11,43 mg/g). Neste
experimento as varidveis secagem, concentragdo
inicial e taxa de agitacdo foram mantidas no nivel
maximo e as demais no nivel minimo. A capacidade
de adsorcéo atingida neste trabalho para o bagaco de
caju apresenta valor similar a outros adsorventes
reportados naliteratura (Tabela 4).

Tabela 4. Capacidade de adsorcao de varios adsorvente reportados na literatura.

Biomaterial Ge (MY/Q) Referéncia
Cr (VI) Cr (111)
flor de palmeira 4,90 6,24 [9]
palhade arroz 3,15 - [20]
folhas de mangue 8,87 2,63 [23]
junco 1,66 7,18 [23]
carvao ativo comercial 15,47 - [35]
carvao ativo obtido de casca de coco 10,88 - [35]
Aspergillus niger Cr tota: 15,2 [36]
bagaco de cana 5,75 - [37]
sabugo de milho 3.0 - [37]
torta de Jatropha 11,75 - [37]
farelo detrigo - 93 [38]
casca de eucalipto 45 - [39]
bagaco de cgju Crtota: 11,43 este trabaho

Orbital: Electron. J. Chem. 5 (3):192-205, 2013
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Os resultados foram analisados através do
software Minitab® 16, e as estimativas dos efeitos
principais foram determinadas. O efeito de um fator é
definido pela mudanca observada na resposta devido a
alteracdo no nivel do fator.

Os modelos mateméticos  codificados
empregados para o plangjamento fatorial fracionario
2™ foram:

Ner o = 62,69 — 0,45pH + 6,93S — 6,92P + 7,61m —
7,13C + 4,99t + 19,53v (Equacio 4)

Nerw = 85,11 — 1,98pH + 9,15S — 5,37P + 6,94m —
10,73C + 3,54t + 13,33v (Equaco 5)

O ¢ total = 5,46 — 0,50pH + 1,30S — 1,06P — 0,25m +
1,14C + 0,46t + 2,17v (Equaco 6)

As equacbes 4 a 6 apresentam modelos
matematicos  lineares  que  descrevem o]
comportamento do sistema. Com 0 uso dessas
equacdes pode-se calcular a eficiéncia de remocdo de
cromo total (Equacdo 4) ou de Cr (VI) (Equagdo 5) e
a capacidade de adsorcéo de cromo total (Equacdo 6)
através da substituicdo das varidveis pelos seus
valores codificados (—1 ou +1). Essas equacles sdo
importantes, pois resumem toda a informacdo do
plangjamento realizado de forma compacta e através
delas podemos calcular todos os resultados da Tabela
3 com bastante exatid&o.

Os efeitos de cada varidvel podem ser
representados  graficamente  para facilitar  sua
visualizagdo. Na Figura 1 estéo representados os
valores dos efeitos no rendimento de adsorcdo de

cromo total. Analisando os dados da Figura 1 é
possivel se entender como cada variavel afeta a
resposta. O aumento do pH ndo provocou uma
mudanca significativa no percentual de cromo
adsorvido (—0,91%). Dentre os dois tipos de secagem
utilizados o cau liofilizado mostrou melhores
resultados no percentual médio de remocdo de cromo
total (+13,86%). O tamanho de particula apresentou
efeito negativo (—13,84%) na eficiéncia de remocéo
de cromo total. Isto significa que a faixa de
granulometria que mostrou melhores resultados foi a
de 0,10 — 0,25 mm. Por ser formada por particulas de
menor tamanho esta faixa apresenta maior éarea
superficial 0 que significa mais sitios de adsorcéo
disponiveis. O aumento da massa também promoveu
um aumento na eficiéncia do processo (+15,22%).
Isto se deve a0 simples fato de o sistema ter maior
quantidade de adsorvente e, portanto mais sitios de
adsor¢do. O aumento da concentragcdo inicial de
cromo apresentou um efeito negativo na resposta
(-14,26%). Em um nivel de concentracdo maior ha
mais adsorbato no meio para uma mesma quantidade
de adsorvente o que provoca uma reducdo no
rendimento do processo. O tempo apresentou efeito
positivo na resposta (+9,97%). O efeito mais
significativo no processo de adsor¢do foi o dataxa de
agitagdo do sistema (+39,06%). O rendimento médio
de adsor¢do no sistema com agitacdo (82,22%) foi
guase o dobro do rendimento no sistema sem agitacéo
(43,16%). O aumento da agitacdo facilita o contato
entre adsorbato e adsorvente. Dessa forma o sistema
leva um tempo consideravelmente menor até atingir o
estado de equilibrio.
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= 80
» 4
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Figura 1. Efeitos das varidveis no rendimento de adsorcéo de cromo total pelo bagaco do caju.
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Na Figura 2 estdo representados os valores dos
efeitos no rendimento de adsorcdo de Cr (VI). Uma
mudanca entre 0s niveis minimo e maximo das

variaveis pH, S, P, m, C, t e v, resulta em variacles
de, respectivamente, —3,95; +18,31; —10,74; +13,88; —
21,46; +7,08 e +26,67% na eficiéncia de remocao.

Taxa de Agit. (rpm)
100 A

S
o

70 : :
0 150

pH Secagem Tam. de Particula (mm)
100 A
90 — / ~__
80 / T~
70 b T T T T T T
5,0 7,0 estufa liofilizado 0,10-0,25 0,25-0,84
; Massa de adsorvente (g) Conc. Inicial Cromo (mg/L) Tempo (h)
100 A
L)
o 904 ‘\
g — .
< 804 / \ ./
(3
°\ 70 A T T T T T T
1,0 1,5 500 1000 1 3

Figura 2. Efeitos das variaveis no rendimento de adsorcéo de Cr (V1) pelo bagago do cgju.

Na Figura 3 estdo representados os valores dos
efeitos na capacidade de adsor¢cdo de cromo total.
Uma mudanca entre 0s niveis minimo e maximo das
variaveis pH, S, P, m, C, t e v, resulta em variacdes
de, respectivamente, —1,00; +2,61; -2,12; -0,50;
+2,28; +0,91 e +4,34 mg/lg. Observa-se que 0
aumento da massa apresenta um efeito negativo na
capacidade de adsorcéo e o aumento da concentracdo
um efeito positivo, ao contrario do que ocorre com o
rendimento de adsor¢do. Isto se deve ao fato de a

capacidade de adsorcdo levar em conta a quantidade
de cromo adsorvida por unidade de massa de
adsorvente. Para uma dada concentracdo inicial de
cromo a0 se aumentar a massa de adsorvente a
capacidade de adsorcdo diminui, pois uma massa
maior entra no denominador da equacdo 3. De modo
similar uma concentragdo inicial maior provoca um
aumento da diferenca entre C, e C, na equacdo 3
resultando em um aumento de qe.

0 150

pH Secagem Tam. de Particula (mm)
8.
74
6 0\\’ / \\
5-
4 -
~ T T T T T T
E‘ 5,0 7,0 estufa liofilizado 0,10-0,25 0,25-0,84
gﬁ Massa de adsorvente (g) Conc. Inicial Cromo (mg/L) Tempo (h)
<]
,g 6 S / .//o
5-
whd
- 4 /
o
w T T T T T T
o 1,0 1,5 500 1000 1 3
Taxa de Agit. (rpm)
84
7-
6
5-
4-

Figura 3: Efeitos das varidvei s na capacidade de adsor¢éo de cromo total pelo bagago do caju.
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Para anadlisar a significancia de cada efeito
foram gerados diagramas de Pareto. A Figura 4
apresenta o diagrama de Pareto para a eficiéncia de
remocdo de cromo total. Pode-se observar que todas
as variaveis estudadas sdo influentes no processo de

adsorcao com 95% de confianca, com excecéo do pH.
Isto significa que ndo ha diferenca estatistica
significativa na resposta ao se variar o valor de pH
nessa faixa de valores. Observou-se que a variavel
mais influente na respostafoi ataxa de agitacéo.

Diagrama de Pareto do Efeito Padronizado
(resposta - % Ads Cr total, Alfa = 0,05)
2,31
I
Taxa de Agit. (rpm) - 25,28
Massa de adsorvente (g) 1 9,85
_ Conc. Inicial Cromo (mg/L) -9,23
]
>
b Secagem 8,97
s
Tam. Part. (mm) -8,96
Tempo (h) A | 6,45
pH-J -0,69
T T T T T
0 5 10 15 20 25
Efeito Padronizado

Figura 4. Diagrama de Pareto do efeito padronizado em termos de adsor¢do de cromo total.

A Figura 5 apresenta o diagrama de Pareto
para a eficiéncia de remocdo de Cr (VI). Da mesma
forma que na Figura 4, todas as variaveis sdo

influentes no processo com 95% de confianca, com
excecdo do pH, sendo a taxa de agitacdo a variavel
mais influente.

Diagrama de Pareto do Efeito Padronizado
(resposta - % Ads Cr VI, Alfa = 0,05)
2,31
I
Taxa de Agit. (rpm) - 14,55
Conc. Inicial Cromo (mg/L) - -11,71
_ Secagem 4 9,99
(]
>
:g Massa de adsorvente (g) - 7,57
>
Tam. Part. (mm) - -5,86
Tempo (h) 3,86
pHA -2,16
T T T T T T T T
0 2 4 6 8 10 12 14 16
Efeito Padronizado

Figura 5. Diagrama de Pareto do efeito padronizado em termos de adsor¢do de Cr (V1).

A Figura 6 apresenta o diagrama de Pareto
para a capacidade de adsorcdo de cromo total.
Todas as variaveis sdo influentes com 95% de

198

confianga sendo a taxa de agitacdo a variavel mais
influente. O pH se mostrou uma variavel influente,
ao contrério do que ocorre a0 se considerar o
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rendimento de adsorcBo como resposta E
conhecido na literatura que valores de pH mais

acidos favorecem o processo de adsorcdo de cromo
por materiais lignocelul ésicos [40, 41].

Diagrama de Pareto do

(resposta - ge Cr total, Alfa = 0,05)

Efeito Padronizado

2,31
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Taxa de Agit. (rpm)-

20,74

Secagem -
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| 10,90

Tam. de Particula (mm)

Variavel

| -10,13

pHA 4,80
Tempo (h) 4,37
Massa de adsorvente (g) 1 -2,40
T T T T
0 5 10 15 20

Efeito Padronizado

Figura 6. Diagrama de Pareto do efeito padronizado em termos de capacidade de adsor¢o de cromo total

Espectr oscopia no I nfraver melho

Os espectros de absorcdo na regido do
infravermelho (IV) das amostras de cgu seco em
estufa e liofilizado estéo apresentados na figura 7. Os
graficos estéo deslocados no eixo das ordenadas para
facilitar visualizacdo. Os espectros apresentam perfil
tipico de materiais lignocelulésicos. A banda de
absorcéo larga em 3381 cm” indica a presenca de
estiramentos dos grupos —OH e —NH, mostrando
assim a presenca de grupos hidroxil e amino no
adsorvente. As bandas em 2926 e 2854 cm® sio
devido a edtiramento assimétrico e simétrico de

grupos —CHy,, respectivamente. As bandas de absor¢éo
em 1744 e 1641 cm™ s30 devido ao estiramento C=0
em aldeidos e cetonas conjugados (1744 cm™) e ndo-
conjugados (1641 cm') a anéis arométicos. A banda
de absorcio em 1537 cm™ é devido a0 estiramento da
ligacdo C=C de anel aromético. O ion carboxilato
apresentou duas bandas: estiramento C=0 em 1447 e
1373 cm™ A banda em 1236 cm® representa
estiramento do grupo —SO;. As bandas de absorcéo
em 1034 e 1154 cm* s3o referentes ao estiramento C—
OH em dcoois primarios e secundérios,
respectivamente.
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(-S0,)

1373 1153
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W(Co0) (co) €O
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Figura 7. Espectros de IV do bagaco do caju seco em estufa (est) e liofilizado (lio).
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A Figura 8 mostra os espectros das amostras de
adsorvente apds contato com solucdo contendo Cr
(VI). Observou-se uma diminui¢do na intensidade do
pico C-O ap0s adsorcdo do Cr (VI). Por outro lado
houve um aumento na banda de absor¢éo C=0. Sabe-
se que o Cr (V1) é um forte agente oxidante, que pode
oxidar dcoois primarios e secundarios a suas

correspondentes, cetonas, acidos carboxilicos e outros
compostos tendo hidrogénios benzilicos a é&cidos
benzoicos [23]. Isto indica que o Cr (VI) pode ter
provocado a oxidacdo branda de &lcoois primarios e
secundarios na estrutura lignocelulésica a seus
correspondentes aldeidos e cetonas.
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Figura 8. Espectros de IV do bagaco do caju seco em estufa (est-Cr) e liofilizado (lio-Cr) ap6s adsor¢ao.

Também foram analisados os espectros de
absorcdo na regido do infravermelho dos extratos
aquosos do adsorvente seco em estufa e liofilizado.
Apbs extracdo com agua destilada, os extratos foram
secos para obtencdo dos espectros em fase sdlida. Os
espectros estdo apresentados na Figura 9. Os espectros
dos adsorventes (Figura 7) e os espectros dos extratos

aquosos (Figura 9) apresentam diferenca espectral na
faixa de 1700-1100 cm™ com auséncia de algumas
bandas de absor¢éo nos espectros dos extratos e outras
bandas com menor intensidade. 1sso é devido a apenas
alguns componentes do adsorvente, aglcares, fendis,
taninos etc., sollveis em agua, estarem presentes nos
extratos.
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Figura 9. Espectros de IV do extrato aquoso seco obtido do bagago do caju seco em estufa (est) e liofilizado
(lio).
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A Figura 10 apresenta 0s espectros dos
extratos aquosos do adsorvente apds contato com
solucdo contendo Cr (VI). Observou-se um aumento

expressivo na intensidade da banda de absorcéo C=0
(1630 cm?) e também da banda referente a0 fon
carboxilato (1387 cm™).
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Figura 10. Espectros de 1V do extrato aquoso seco obtido do bagaco do caju seco em estufa (est-Cr) e liofilizado
(lio-Cr) ap6s contato com solugdo contendo Cr (V).

Isto indica que a oxidacdo dos compostos
extrativos pelo Cr (V1) é mais intensa em solugao,
pois leva a formagdo de acidos carboxilicos. Sugere-
se, portanto, que a reducdo do cromo ocorra em maior
extensdo em solucdo por reagdo com 0S compostos
extrativos do adsorvente e em menor extensdo por
contato com a estrutura lignocel ul ésica do adsorvente.
Isto faz sentido, pois reacdes em solucdo sdo mais
favorecidas devido a0 contato intimo entre os
reagentes. Nas reacdes em superficie a rea de contato
esté limitada pela interface entre solido e liquido.
N&o se observou diferengas apreciaveis nos espectros
com diferentes tipos de secagem (estufa e
liofilizagdo). Como os dois tipos de tratamento no
apresentam diferencas estruturais o processo de
secagem em estufa é recomendado devido a0 custo
mais baixo.

Fluor escéncia de Raios-X

Os resultados da andlise de fluorescéncia de
raios-X do bagaco do cau seco em estufa sdo
mostrados na Tabela 5. A coluna ‘adsorvente in
natura’ mostra os elementos naturalmente presentes
no adsorvente. ApOs adsor¢do ocorre um aumento
significativo do teor de cromo na superficie, passando
de zero para 82,1% do tota da superficie. Vae

ressaltar que os valores expressos na tabela 5 fazem
jus a percentuais relativos dos elementos presentes na
superficie do adsorvente, portanto ndo sdo valores
absolutos. Os valores na coluna ‘apds adsorcao’
foram recalculados com base na entrada do cromo
devido ao processo de adsorcdo ndo necessariamente
implicando na reducdo da quantidade desses
elementos no adsorvente. Observa-se, porém, uma
reducdo significativa no teor de potassio na superficie.
No adsorvente in natura o teor de potéssio é de 59,4%
enquanto o de célcio é apenas 14,7%. Apls a
adsorcéo o teor de todos os elementos diminui devido
a entrada do cromo. O teor de potéssio passa a ser
apenas 5,3% enquanto o de calcio 9,3%. Isto indica
gue houve liberagdo de potassio para a solugdo, pois
do contrério o teor de potéssio ainda seria superior ao
de célcio. Esses resultados indicam a perda de
potéssio para solugdo, provavel mente por processo de
troca iGnica. O potassio por possuir alta mobilidade
idnica, pode estar sendo substituido por ions Cr (111)
nos sitios de adsorcao.

Papel do pH nareducdo do Cr (V1)

Foi realizado experimento de adsor¢do em
batelada com pH inicial igua a 7,0 sem adicdo de
solucdo-tampdo. O pH entdo ficou livre para variar

Orbital: Electron. J. Chem. 5 (3):192-205, 2013



Medeiros et al.

Full Paper

no decorrer do processo de adsor¢do. O pedinculo do
caju possui cardter &cido apresentando um pH igual a
4,2 [42]. Observou-se, entdo, no decorrer da adsorcéo
uma reducdo do pH inicial chegando a 4,4 ao final do
processo (Figura 11).
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Figura 11. pH versus tempo de adsorcéo.

Tabela 5: Percentual relativo de elementos presente
na superficie do adsorvente antes e apds adsorcéo a
partir de fluorescéncia de raios-X.

Elemento Adsorvente Apobs
in natura (%) adsor ¢éo (%)
K 59,41 5,29
Ca 14,72 9,29
Fe 2,99 1,93
Cd 7,80 0,00
P 6,16 0,00
S 5,62 1,39
Si 2,22 0,00
Cl 1,08 0,00
Cr 0,00 82,11

No inicio do processo de adsorcdo o pH do
meio era igua a 7,0. Neste pH a espécie de Cr (VI)
predominante no meio é CrO,* (Figura 12).

A reducdo do Cr (VI) pode ser entdo regida
preferencialmente pela reacdo de reducéo do CrO/
[43, 44]:

CrO2 + 4H,0 + 36 =— Cr(OH); + 50H"

E°=-0,13V (Equacdo 7)

Porém, logo apés o tempo 0 o pH cai abaixo de
5,0 provavelmente devido a liberacdo de compostos
organicos de carater &cido para o meio aquoso. O pH
continua diminuindo com o tempo e estabiliza em 4,4
apos 120 minutos. Na faixa de pH em que a maior

parte do processo se desenvolve (entre 4,5 e 5,0) as
espécies de Cr (VI) predominantes no meio sio
HCrO, e Cr,0;* (Figura 12). O processo de reducéo
entdo pode ser descrito pelas reagdes [43-45]:

Cr,0> + 14H" + 66 =— 2Cr* + 7H,0
E°=133V (Equagdo 8)

HCrO, + 7TH* + 3¢ =— Cr* + 4H,0

E°=120V (Equacdo 9)
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Figura 12. Diagrama de distribuicéo de espécies do
Cr (V1) em solugo (I = 0,05 mol L™).

O Cr (1) resultante da reac&o de reducdo pode
participar de varias reacfes de equilibrio em solucéo,
estando presente majoritariamente na forma de aqua e
hidroxo-complexos, na auséncia de agentes
complexantes [44, 46]:

Cr(H,0)s*" + H,O === Cr(OH)(H,0)s** + H;0"

(Equacdo 10)
Cr(OH)(H,0)s*"+ H,0 === Cr(OH),(H,0)," + H50"

(Equacdo 11)
C:r(OH)z(Hzo)4+ + Hzo —_— Cr(OH)g(Hzo) + Hg()+

(Equacdo 12)

Porém, no sistema de adsor¢do aplicado neste
trabalho existem outros agentes complexantes como,
por exemplo, cloretos e sulfatos que sdo encontrados
no adsorvente (Tabela 5) e podem ser liberados paraa
solugdo. Também existem compostos fendlicos e
taninos liberados do adsorvente que podem complexar
como Cr (I11) [47].

Em meios concentrados, 0 que € o caso deste
trabalho, podem ser gerados também complexos

Orbital: Electron. J. Chem. 5 (3):192-205, 2013



Medeiros et al.

Full Paper

polinucleares do Cr (Ill) como Cry(OH),*,
Crs(OH),>" e Crys(OH)¢™ [46]. Nos niveis de
concentracdo utilizados (entre 500 e 1000 mg L™)
podemos considerar a espécie de Cr(I11) predominante
no pH 4,4 como sendo Cr3(OH),”* (Figura 13).

[Cr3*]or = 10.00 mM

cr3*+

10 Crg(OH) 5+ Cr(OH)3

\\ Ve \\

Cr(OH) 4
~

/
/

0.8 -

0.6 -

Fraction

04 r
02 r

\
I
C}“'O\HZ*
0.0 /\\‘\\ ,

—— — L 1 ]
2 4 6 8 10 12

Figura 13. Diagrama de distribuicdo de espécies do
Cr (111) em solugéo.

Esta espécie pode ser formada no sistema
através da seguinte reacdo de hidrolise:

3Cr** + 4H,0 =— Cry(OH),* + 4H" (Equacio 13)

Além da reacdo de hidrdlise também sdo
liberados prétons da biomassa por adsorgéo via troca
iGnica do Cr (I11) reduzido [48]. Conclui-se, portanto,
gue uma série de reacBes que envolvem prétons estéo
presentes durante a adsor¢do de Cr (VI). As reacdes
de reducdo do Cr (VI) consomem prétons, porém o
carater acido do adsorvente juntamente com as
reacdes de hidrélise do Cr (Il1l) e a liberacdo de
prétons pelo mecanismo de adsorgdo por troca idnica
prevalecem fazendo com que o pH final seja menor
do que o pH inicial.

Papel da matéria organica nareducéo do Cr (V1)

Para melhor compreensdo do mecanismo de
adsor¢do uma solucdo contendo apenas Cr (VI) foi
colocada em contato com o extrato aquoso do
adsorvente (Tabela 6). Apos 24 h de contato observa
se reducdo substancial do cromato. Em média 38,41%
do cromo total foi reduzido a Cr (I11) o que mostra
gue 0s compostos extrativos por S sO possuem
capacidade de redugdo do ion cromato. Elangovan et
al. estudaram a adsor¢ao de Cr (V1) por vérias plantas
aguaticas e associaram a reducdo do Cr (VI) ao
conteldo de fendis totais e taninos na matéria

orgénica liberada pelos adsorventes [23]. Os autores
afirmam que ha uma correlacdo direta entre a
quantidade de matéria organica liberada e o
percentual de Cr (V1) reduzido.

Tabela 6. Percentual de Cr(l11) e Cr(VI1) apds 24 h de
contato de solugdo contendo inicialmente apenas
Cr(V1) com extrato aquoso do adsorvente.

Ensaio | Crlll (%) Cr VI (%)
1 31,30 68,70
2 46,60 53,40
3 40,59 59,41
4 35,16 64,84
M édia + DP 38,41 + 6,66 61,59 + 6,66

Esses resultados mostram que o extrato agquoso
por si sO possui capacidade de reduzir o Cr (V1) asua
forma menos téxica, Cr (l11). Entretanto, o processo
de redugdo é mais intenso com a presenca do
adsorvente, pois neste caso, a reducdo do Cr (VI)
também ocorre na superficie do adsorvente. Apos a
reducdo, parte do Cr (l11) pode formar complexos com
taninos e outros compostos fendlicos e ficar estavel
em solucdo ndo chegando a ser adsorvido na
superficie. Outra parte do Cr (lll) chega até a
superficie e é adsorvida através de troca ibnica ou
através de ligagbes covalentes com a superficie.
Romero-Gonzalez et al. reportaram a biossor¢éo de
Cr (111) em Agave lechuguilla [49]. A biossorcéo foi
devida a interagdo do ifon Cr (Ill) com grupos
carboxilicos na superficie do tecido celular do
adsorvente. Suksabye et al. usaram casca de coco no
tratamento de &guas residuais de galvanoplastia e
sugeriram que Cr (111) pode estar adsorvido através de
ligacBes covalentes com os grupos C=0 e O—CHs nos
quais pares de elétrons livres nos &omos de oxigénio
podem ser doados para formagdo da ligagdo com Cr
(1) [17]. Os grupos amino e carboxil em
aminoacidos e os atomos de nitrogénio e oxigénio das
ligagbes peptidicas em proteinas podem estar
disponiveis no adsorvente para formagéo de ligacOes
coordenadas com ions metalicos [24].

Parte do cromo que ndo foi reduzida pode ser
adsorvida também na forma de Cr (VI), porém este
processo é menos efetivo devido a repulsdo de cargas
negativas do anion com a superficie carregada
negativamente do adsorvente [50]. Liu et al.
reportaram que a reducdo do Cr (VI) é a etapa
limitante na biossor¢do do mesmo [6].

De acordo com Park et al. Cr (V1) pode ser
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removido do meio aquoso por biomateriais através de
dois mecanismos: reducdo direta (1) e reducdo indireta
(1) [51]. Os dois mecanismos ocorrem na superficie
do biomaterial. De acordo com os dados deste
trabalho sugerimos que a reducdo ocorre também em
solucdo por reagdo com 0s compostos extrativos do
adsorvente. Estes resultados estdo de acordo com
dados encontrados na literatura [9, 23]. O mecanismo
proposto consiste em duas etapas: reducdo do Cr (V1)
em solugdo ou em contato com a superficie; e
posterior adsorcdo do Cr (lIl) por troca ibnica ou
complexacdo. Os grupos de superficie envolvidos no
processo de adsorcdo podem ser carboxil, carbonil,
hidroxil, fenol e amino, dentre outros.

4. CONCLUSAO

O estudo redizado através de plangamento
fatorial fracionério foi adequado na determinagéo do
efeito das varidveis no rendimento de adsor¢do de
cromo total e Cr (VI). As melhores condi¢des de
rendimento de adsor¢do de cromo total, 87,24%, e Cr
(VI), 100,00%, foram alcancadas ao se manter todas
as variaveis no nivel maximo. A capacidade de
adsor¢ao maxima, 11,43 mg/g, foi obtida ao se manter
as variaveis secagem, concentracdo inicia e taxa de
agitacdo no nivel maximo e as demais no nivel
minimo. Os modelos mateméticos gerados para o
conjunto de dados obtidos por plangjamento fatorial
podem ser usados para prever aresposta em uma dada
condicdo experimental.

Os espectros de infravermelho comprovaram a
oxidacdo parcial do adsorvente devido a reacdo de
reducdo do Cr (VI). Os dados de fluorescéncia de
railos-X confirmaram a adsorcdo do cromo no
adsorvente. Com o monitoramento do pH durante a
adsorcdo foi possivel se obter uma melhor
compreensdo da dindmica do cromo durante o
processo de adsorcéo.

Os ensaios realizados com o extrato aquoso do
adsorvente em contato com Cr (VI) mostraram que o
processo de reducdo pode ocorrer também em
solucdo. Esses dados estdo de acordo com a literatura
e confirmam que o mecanismo de adsorcdo
predominante é composto de duas etapas. reducdo do
Cr (VI) em solugdo ou em contato com a superficie; e
posterior adsor¢do do Cr (l1l) por troca ibnica ou
complexacdo.
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Abstract: Cassava husks were undergone to simple processes to obtain a fine powder whose particle
diameter varied from 63 pm to 75 um. The characterization of the material indicated the presence of the
groups acohol, amine and thiocarbonyl. The material was tested through batch experiments and the effect of
the contact time and pH over the adsorption of Cd(ll) ions were evauated. The material presented a rapid
kinetic equilibrium, which was reached in less than 1 min, and the highest Cd(Il) uptake occurred at pH 5.
The optimum conditions obtained were applied to determine the material’s maximum adsorption capacity
with the aid of the linearized Langmuir equation (0.109 mmol g). A pre-concentration experiment was also

carried out, and provided a pre-concentration factor of 43-fold.

Keywords: cassava; cadmium; adsorption; pre-concentration; solid-phase extraction

1. INTRODUCTION

Environmental pollution has become one of
the greatest concerns in our modern society.
Throughout history, mankind has been developing a
wide variety of materials and substances to attend its
own needs and to facilitate people’s daily lives;
nevertheless, this led to the development of toxic
substances, which became environmental
contaminants [1]. Some common examples of
contaminants of the environment comprehend
pesticides, dyes, fertilizers and heavy metals [2].
Concerning the heavy metals, such a type of
contaminant encompasses a variety of metal elements
such as cadmium, lead, nickel, copper and zinc among
others [1, 2], which does not present any biological
function, or is just required at trace levels by
organisms; so, once their concentrations exceed such
a level, they may become toxic to severa living
beings[2].

The most common sources of heavy metal
contamination include fossil fuels, mining activities,
industries and incineration plants. Once released in
the environment, such substances may be dispersed
through the atmosphere, hydrosphere or the soil to

"Corresponding author. E-mail: xjorgetto@gmail.com

reach the most remote places in the world, causing the
contamination of avast area[2].

Yet, severa diseases are associated to heavy
metal  contamination, being among them
polycythemia, Alzheimer's, kidney damage, over-
production of red blood cells, abnormal thyroid artery,
fatal cardiac arrest, right coronary artery problems,
blood pressure, lung cancer, stomach cancer, gliomas
and etc [3-14].

In view of that, it is evident the great
importance of regulating the emissions of metal
contents to the environment, in order to prevent the
damages caused by human activities. To do so,
nowadays, many techniques have been developed to
reduce/diminate the amount of heavy meta
contaminants from effluents based on principles like
precipitation, co-precipitation, membrane filtration,
solvent extraction, cementation, coagulation, reverse
osmosis, ion exchange, electrodialysis and adsorption
of the metal ions [15-26]. Obvioudy, every technique
possesses its merits and drawbacks to accomplish the
removal of metal contaminants, though solid-phase
extraction using sorbent materials has attracted great
attention by its simplicity, high efficiency, and low
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cost (in general) [27-29]. This technique exploits the
presence of chelating/complexing groups (eg.
carboxylic, amine, amide, thiol, phosphoryl etc.) on
the surface of sorbents that are able to form
coordinate covalent bonds with metal species,
removing them from liquid media [30]. Nevertheless,
solid-phase  extraction is very dependent on
parameters such as (but not only) contact time and
pH. Since the sorption of pollutants has become a
very important technique for the remediation of
wastewaters, the study of such parameters has
acquired great importance to evauate the efficiency
of sorbent materials. Whereas the elucidation of the
kinetic process gives information over the
mechanisms of sorption [31], the pH study allows us
to uncover the optimum condition under which the
sorption process is favored. One of the main effects of
the medium’s pH over the sorption process is related
to presence of hydronium ions which may cause the
protonation of the adsorption sites (obviously this
process is more evident at low pHs). On the other
hand, at higher pHs, another phenomenon takes place.
In this case, the higher concentrations of hydroxyl
ions may cause the precipitation of metal species due
to hydrolysis reactions, not alowing them to
coordinate to the material’ s adsorption sites [28].

Common materials that have being extensively
applied for such a purpose include silicas, zeolites,
clays, metal oxides, activated carbon and biosorbents
[28]. Biosorbents, by their turn, present some
advantages over other materials that include general
large  bioavailability, natura  presence  of
chelating/complexing groups in their structure
(without the need of previous functionalization, which
could generate by-products and residues [27]) and
simple preparation steps. Among the most studied
biosorbents are fruit peels, vegetable husks, some
agricultural wastes and etc [29].

In view of the promising properties provided
by biomaterials for heavy metal solid-phase
extraction, cassava (Manihot esculenta) root husks
present a great potential for their application as a
biosorbent in Brazil. Cassava is a plant of Brazilian
origin, whose root is very appreciated in the native
culinary. Its roots consist of a dark brown elongated
root, which contains a white edible flesh in its
interior. Some food industries in Brazil commonly
extract the cassava root’s inner flesh to trade it at
supermarkets, but cassava root husks hardly ever have
another destination rather than turning into vegetal
manure. With that in mind, utilizing cassava husks as
a heavy metal biosorbent would be a more interesting

application for this material. So, this work has as main
aim, to produce a biosorbent made of cassava root
husks, as well as to evaluate its adsorptive properties
regarding the uptake and pre-concentration of
cadmium(l1) from aqueous media.

2. MATERIAL AND METHODS
Reagents and solutions

Cd(Il) solutions were prepared using a high
purity cadmium chloride (Merck) that was dissolved
in ultrapure water (Elga system, Purelab). The
standard solutions used in atomic absorption
spectrometry were prepared by dilution of 1000 mg
L' stock solutions (Tritisol Merck). For the
adjustment of the pH, diluted HNO; (Carlos Erba) and
NaOH (Synth) were used.

Equipments

The metal species were determined using an
atomic absorption spectrometer (Shimadzu AA6800)
equipped with a flame module, as appropriate. The
monochromator of the equipment was adjusted to
228.8 nm, which are the most sensitive resonance line
for cadmium. The infrared spectra were obtained
using a Nicolet Nexus 670 spectrometer; samples
were scanned 200 times at a resolution of 4 cm™’,
through reflectance mode. The pre-concentration
experiments were carried out with the aid of dosing
pumps Tecnopon DMC 100. Elemental analysis was
performed on an EA 1110 CHNS-O analyzer from CE
Instruments using 2.2 mg of material.

Prepar ation of the cassava husks biosor bent

Cassava roots were acquired from a
conventional supermarket and washed with tap water
to remove any earth particles that could be attached to
them. Then, the clean roots had their husks manually
extracted with the aid of a knife, and they were
broken into pieces before being taken to a heated
ventilated chamber at 100 °C. After 24 h in the
chamber, the husks were grinded in a blade grinder to
generate a gross powder of the material. Cassava root
husks were later sieved in sieves of different particle
sizes, and the powder fraction comprehended between
63 um and 75 pm was chosen to perform the
adsorption experiments. Prior to the adsorption
experiments, it was accomplished a washing step, in
order to remove any soluble organic substance that
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could be attached to the material. To do so, the husks
were transferred to a becker containing 50 mL of 0.01
mol L™ HCI solution, in which it was stirred for 2 h.
After this step, the materia was filtered in biichner
funnel, and the material was rinsed several times with
100 mL of deionized water and, from time to time, 10
mL of the rinsing water was collected to perform pH
analysis. When pH reached a value between 5 and 6,
the material was removed from the funnel and taken
to the heated ventilated chamber again at 55 °C, for
drying. Since the material formed an agglomerate of
the cassava husks powder, it was softly grinded
manually so that powder particles could be released
and used in the adsorption experiments.

Determination of the material’s point of zero
charge (PZC)

The procedure utilized to obtain the materia’s
PzZC was adapted from the one described by
Regalbuto et al. [32]. The procedure applied to the
cassava husks consisted of preparing solutions of
different pHs (1, 2, 3, 4, 5, 6, 8, 9, 10 and 11), then,
25.0 mg of the cassava husks were transferred to
flasks containing 20.0 mL of each solution and they
were kept under agitation for 24 h. After the
established time was completed, the solution of each
flask had its pH measured, and a graph of final pH vs.
initial pH was plotted. The PZC of the materia
consisted of the region in the graph in which it acted
asabuffer.

Batch experiments

All the batch experiments were carried out
using 1.8 mL of the metal solution and 20.0 mg of the
biosorbent. Initially, it was performed a kinetic
experiment, in which a 68.4 mg L™ solution was
shaken with the material for times varying from 1 min
to 240 min. After the end of the established contact
times, the material was filtered in a quantitative filter,
and the supernatant was collected to have its
concentration measured through Flame Atomic
Absorption  Spectrometry  (FAAS). After the
concentration analysis, it was possible to calculate the
adsorption capacity of the materia (N;) for each
contact time, what occurred by inserting the obtained
datato Equation 1:

_ni—-ns

N, -

oy

in which n; is the initial amount of Cd(I1) (mmol) in
the volume utilized for the experiment, ns is the
remaining amount of Cd(I1) of the solution after the
contact time (mmol), and m is the mass of the
biosorbent (gram). This equation was also used to
determine the adsorption capacity of al the
subsequent batch experiments.

Later, it was studied the effect of the pH over
the adsorption of Cd(l1). For this parameter, 75 mg
L™ Cd(Il) solutions, whose pH varied from 1 to 5,
were prepared. The contact time established for this
study was 10 min. The samples were subjected to the
same procedure described for the kinetic study.

Finaly, it was necessary to determine the
maximum adsorption capacity of the material. To do
so, the material was shaken with solutions of different
concentrations (12.5 mg L™ to 505.4 mg L™) for 10
min (the pHs of the solutions were adjusted to 5). As
in the previous experiments, the concentrations before
and after the contact time were analyzed and utilized
to determine their N; values for each condition.

Pre-concentration experiments

The pre-concentration experiments were
carried out using a constant flow of 1.5 mL min™, and
a mass of biosorbent of 5.00 mg. At first, the mass of
the material was packed inside a 4 mm across
cylindrical tube, which was connected to peristaltic
pumps through Tygon tubes. At first, 50 mL of a 10
pug L™ Cd(ll) solution (pH ~ 5) was percolated
through the material inside the column, and later, the
retained metal species were eluted with 1 mL of a 2
mol L™ HNO; solution. This procedure enabled to
determine the pre-concentration factor of the cassava
husks powder.

3. RESULTS AND DISCUSSION
Characterization of the biosor bent

The biosorbent was characterized through
Fourier Transform Infrared Spectroscopy (FTIR) and
elemental analysis.

According to the FTIR analysis, it indicated
the presence of OH stretch band in the region of 3444
cm, and CH stretch bands in 2929 cm™ and 2846
cm®. These bands are expected since these groups are
very common in materials constituted mainly by
cellulose, which congtitutes most of the vegeta
structures on Earth. Moreover, C-N stretch band in
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1249 cm', C=S stretch band in 1160 cm™, and NH
wag bang in 928 cm™ indicate the presence of amine
and thiocarbonyl groups in the material. These are
functional groups of interest for the occurrence of
metal adsorption, since the presence of nitrogen and
sulfur implies in the possibility of metal coordination
to the non-bonding electron-pairs of such an elements.
The presence of nitrogen-based groups was aso
verified through elemental analysis, which provided
101541758 wt % of nitrogen. The coordination
phenomenon is attributed to the share of electron-
pairs between Lewis bases and acids [33]. Since
amine, hydroxyl and thiocarbonyl groups contain
nitrogen, sulfur or oxygen atoms in their constitution
(which possess non-bonding electron-pairs), such
atoms may act as Lewis bases and form coordinated
covalent bonds with metal ions (which, by their turn,

0,05

will behave as Lewis acids). So the presence of the as-
mentioned groups plays a very important role in the
adsorption process. Also, since pH exerts a great
influence over the adsorption process, the PZC of the
material was measured and found to be 5.33.

Batch Experiments

From the adsorption experiment in function
of time, it was possible to know the minimum contact
time in which the Cd(l1) ions in solution reached the
kinetic adsorption equilibrium onto the surface of the
material. Asit can be seen from Figure 1, the cassava
husks powder presents a very rapid adsorption
process, reaching kinetic equilibrium in less than 1
min.

" Cd(ll)

50 100 150 200 250
Time (min)

™ o | n -
-
0,04 -
6000
5000
2 003 - g
o o 4000
o E
£ g 3000
£ 0024 &
- 2 2000,
z E“ 1000
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0,00 4 . . . .
0 50 100

T T T T
150 200 250
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Figure 1. Isotherm of the kinetic experiment and its linearization according to the pseudo-second order kinetic
model.

This short time to reach equilibrium indicates
that the structure of the material provides high
accessibility to its adsorption sites, so that Cd(I1) ions
could coordinate to them. This also implies that the
material is adequate to perform pre-concentration
experiments.

The data provided by the kinetic experiment
were inserted to the pseudo-second-order kinetic
model (Equation 2), which presented great accordance
with this model, demonstrated by the high linear
correlation coefficient (r* = 1.0000) (depicted in
Figure 1 by the inserted graph), and by the great
proximity of the experimental and theoretical N;
values at equilibrium (0.046 mmol g* and 0.0463
mmol g, respectively). In Equation 2, t isthe time (in
min); Ny is the adsorption capacity at time t (in mmol
g"); N is the adsorption capacity at equilibrium (in

mmol g™); and K; is the pseudo-second order kinetic
constant (g mmol™* min?).

—= +N—t
@

Regarding the study about the influence of the
pH over the material’s adsorption capacity, it can be
seen from Figure 2, that at pH 1, due to the high
concentration of hydronium ions, the adsorption of
Cd(Il) isdrastically reduced. This occurred because of
the competition for the adsorption sites by the
hydronium ions, which are in much higher
concentration than the metal species, causing the
protonation of the material’s surface, as supported by
the PZC of the material (5.33). Since the surface of
the cassava husks is protonated under this pH value, it
prevents the Cd(Il) cations to bind to the material’s
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coordinating groups not only because of the
competition for the adsorption sites by the protons,
but also because of the positively charged surface that
repels Cd(11) cations.

Figure 2 aso indicates that the material’s
adsorption capacity increases with the increase of the
pH, till it attains the maximum Cd(I1) uptake at pH 5,
when the charge of the particles’ surface is practically
null, and the electron pairs of atoms such as nitrogen,
sulfur, and oxygen are free to bind Cd(Il) ions.

005 -

004

0,03 -

Nf (mmol g™*)

002

0,01

0,00 -

Figure 2. Effect of the pH over the adsorption of
Cd(ll).

At hand of the optimum contact time and pH
obtained from the experiments, such conditions were
applied to another experiment to uncover the
material’s maximum adsorption capacity. Hence, the
moment in which cassava husks reached the
saturation of its adsorption sites was evaluated as a
function of Cd(Il) concentration. Such a study is
depicted in Figure 3 (a).

As it can be seen from Figure 3 (a), the
isotherm as a function of the concentration
approaches a maximum value of approximately 0.11
mmol g*, as the Cd(ll) concentration increases. In
Figure 3 (b), the obtained data were inserted to the
linearized Langmuir equation (Equation 3), so that the
maximum adsorption capacity could be estimated.

C, C 1

e B €)
N, N, Nb

S

The linearized Langmuir equation was a good
model to fit the data, since it provided a high linear
correlation coefficient (r?) of 0.9905. Such a model
tells that Cd(ll) adsorption occurs through the
formation of a monolayer over the material’s surface.
The angular coefficient (1/Ns) of the best-fit straight
line enabled to calculate the material’s theoretical
maximum adsorption capacity (Ns), obtaining a value

of 0.109 mmol g*, which is approximate to the
experimental value, observed in Figure 3 (a). This
indicates that practically all the adsorption sites were
able to sequester Cd(11) ions. Moreover, the calculated
empirical constant (b) of Equation 3 was 763 L
mmol™. As a comparison, Table 1 shows some
materials with their respective maximum adsorption
capacities for Cd(11):

0,12

.
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=
:‘\
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Figure 3. Isotherm for the adsorption of Cd(I1) asa
function of the concentration (a), and its linearization,
according to the Langmuir equation (b).

Table 1 enables to compare the maximum
adsorption capacity of cassava husks with other low-
cost adsorbents. Among them, there are other crude
biosorbents (coconut copra meal, raw rice husks, and
broad bean peels), a chemically-treated biosorbent
(NaOH-treated rice husks), functionalized adsorbents
(dithiooxamide-modified  cellulose  and  2,2-
bipyridine-modified silica gel), and a naturally
occurring inorganic adsorbent (calcite). From such a
table, it can be noted that there are materials much
more efficient than cassava husks for the uptake of
cadmium (e.g. broad been peels and 2,2-bipyridine-
modified silica gel), however, less efficient materials
also exist, like raw rice husks and coconut copra meal.
Besides, functionalized cellulose also presented a
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lower cadmium maximum adsorption capacity than
raw cassava husks. It is interesting to notice that a
biosorbent material may have its efficiency improved

by chemical treatment. In the table, this fact is
illustrated by the increase in the adsorption capacity
of rice husks, after a NaOH-treatment.

Table 1. Comparison of the maximum adsorption capacity of cassava husks powder and other adsorbents.

Maximum Adsorption Capacity (mmol g*) for

Material Cd(11) Reference
Calcite 0.165 [34]
Dithiooxamide-modified cellulose 0.069 [35]
Coconut copra meal 0.044 [36]
2,2-bipyridine-modified silica gel 0.53 [37]
Raw rice husks 0.076 [38]
NaOH-treated rice husks 0.180 [38]
Broad bean peels 1.312 [39]

Cassava husks 0.109 This study

Pre-concentration experiments

Since pre-concentration experiments were
carried out by percolating 50 mL of the metal solution
and later eluting the retained metal with 1 mL of 2
mol L™ HNO; solution, the pre-concentration factor is
restricted to a maximum value of 50-fold. The
experimental pre-concentration factor for Cd(Il)
obtained was 43-fold, what implies that the material
recovered 86% of the metal content from the
solutions. By uncovering the pre-concentration factor,
this method allows to determine the amount of metal
present in other samples through simple FAAS
without resorting to more expensive and complex
techniques (e.g. GFAAS, ICP-MS or ICP-OES).

4. CONCLUSION

Cassava husks infrared spectrum presented
bands associated to the presence of acohol, amine
and thiocarbonyl groups. The materia reached kinetic
equilibrium in less than 1 minute, and its optimum pH
to perform Cd(Il) uptake was found to be 5, what is
very approximate to the material’s point of zero
charge (5.33). The theoretical Cd(ll) maximum
adsorption capacity obtained was 0.140 mmol L™
The material’s properties demonstrated to be adequate
to perform pre-concentration experiments and it
provided a pre-concentration factor of 43-fold.
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Abstract: The presence of pharmaceuticals compounds in the aguatic environment has attracted much
interest from the academic community, since these compounds are potential endocrine disrupters and persist
in the environment causing irreversible damage to the ecosystem. In Brazil little research has been conducted
to measure, treat and remove B-lactam antibiotics such as amoxicillin present in surface water. Thus, the
development and implementation of new treatment method which alow the removal or reduction of these
compounds in surface waters are need. This study, focus on the development of low cost adsorbent material
composed by steel manufacture converter slag (magnetite) and bentonite clay to adsorb and remove
amoxicillin (amox) from water under laboratory conditions. To demonstrate the favorable aspects, the study
was performed by experimental calculations of thermodynamics, kinetic and empirical model. The obtained
results were similar with others found in literature which indicate the steel industry residue -magnetite and
bentonite clay can be use to remove amoxicillin, with approximately 50% of removal percentage.

Keywords. amoxicillin; magnetite; bentonite clay; endocrine disrupters

1. INTRODUCTION

The drinking water supply have been suffered
numerous challenges in recent years, thisis a complex
issue that requires reflection and actions to ensure
water quality for this and future generations. The
introduction of toxic substances in water is one of the
most complex causes of its deterioration. One of the
higher concerns is the presence of micro pollutants,
toxic compounds in concentrations on the order of
pg.L™ and ng.L?, and that has increasing significantly
in recent years. Among these micro pollutants are
many  pharmaceutical  compounds, endocrine
disruptors, and persistent organic pollutants.

In aguatic environment, the pharmaceuticals
compounds and its derivatives can be found in surface
water, underground, marine sediments, sails,
effluents, biological sludge from STP — Sewage
treatment plant and drinking water [1]. They have
been introduced continuoudly into the environment at
detectable concentrations resulting in water quality
lost, ecosystem heath and potentially impact on
drinking water supply. The presence of
pharmaceutical compound as [-lactam antibiotic
amoxicillin and its derivatives in the effluent of

"Corresponding author. E-mail: nortiz@ipen.br

sewage treatment plants demonstrates the need to
improve the treatment efficiency before discharge in
water resources [2].

Antibiotics as amoxicillin are important to
human and veterinary health. They were specially
designed to control disease due its high bacteria
resistance and large spectrum against a wide variety
of microorganisms. The US top 200 prescriptions
were prescribed more than two hillion times within
the United States in 2003, with amoxicillin being
prescribed the most (3.4% of al sales) among those
included in this study, followed by atorvastatin (3.1%)

[3].

The discharge of amoxicillin and its
derivatives in water resources result in an
environmental disorder, odor, and may cause
microbial resistance among pathogen organisms [4].
For those reasons, amoxicillin waste need to be
removed before water disposes in to the environment

[1].

There are many methods to remove
amoxicillin from sewage water, such as membrane
process, ion exchange, biologica degradation and
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adsorption using various kinds of adsorbents. The
adsorption process was already proved to be effective
to remove various pollutants from aqueous solutions
in wide range of concentrations [5]. The process
involves the rate of adsorption (K4) which indicates
the velocity of the amoxicillin molecules and its
derivatives toward active sites in solid adsorbent
surface [6].

The amoxicillin solubility increase with the
temperature, but in the adsorption processes the
temperature increase also reduce the interaction forces
between amoxicillin and the solid adsorbent surface,
consequently the amoxicillin  surface adsorption
became more difficult. The processes temperatures
higher than 23 °C can also result in amoxicillin
decomposition [5].

The use of converter dag from steel industry,
main composed by magnetite will allow adsorbing
and removing the pharmaceutical compound from
water in alow cost adsorption process. The magnetite

has high pore structure and adsorption capacity,
primarily related to pore size distribution, surface area
and pore volume. After adsorption process the satured
magnetite can be remove form the solution using a
simple magnetic separation [7].

The bentonite clay was added to the magnetite
to improve the absorbent properties [8]. The clay was
chosen due its affinity to the organic compounds, such
characteristic have been used historically in industrial
clarification process of comestible vegetable ails. It's
natural clay, abundant in most continents, chemically
inert with low acquisition cost.

Main composed by montmorilonite, the
bentonite crystal structure consists of two layers of
tetrahedral silica sheets sandwiching one octahedral
alumina sheet, it has a net negative charge on its layer
lattice due isomorph substitutions. Their chemical
nature and pore structure generally determine the clay
sorption ability.

. Carbon
O Hydrogen
. Oxygen

. MNitrogen
O Sulfur

B Ionic bond

O Alumirurn, T Covalent bond

Figure 1. The schematic physical adsorption of the amoxicillin molecule and the alumina sheet (octahedral) of
the bentonite clay.

The project was developed aiming the
adsorption process improvement using a mixture of
converter slag-magnetite with bentonite clay to adsorb
and reduce the presence of amoxicillin and its
derivatives from contaminated water, pharmaceutical
effluents and polluted surface water resources. The
experimental results were applied on thermodynamic
calculations, the determination of the empirica

kinetic model and adsorption process rate (K ).

2. MATERIAL AND METHODS

The converter dag (magnetite) was collected
in air filters of the converter unit in steel manufacture
plant, it is main composed by iron oxide (98%). After
the sampling procedure, it was dried, sieved and the

Orbital: Electron. J. Chem. 5 (3):213-217, 2013
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granulometric fractions of #12>0>#16 mesh (ASTM)
were used to prepare the adsorbent mixture with
bentonite clay (1/8 weight). The thermodynamic and
kinetic studies were developed using the results
obtained in adsorption processes performed under
laboratory conditions using heating bath to keep
temperatures on 16-21 °C. The amoxicillin stock
solution was prepared dissolving 0.20g in 0.5 L of
digtilled water for 30 min. the initial concentration
(C,) were obtained using different volumes of the
stock solution diluting in 250 mL to perform
adsorption processes studies. The 2 g of the adsorbent
composite (magnetite and bentonite clay) was added
to the amoxicillin solution and the mixture was keep
homogeneous using mechanical agitation for 8 h to
reach the equilibrium condition. Nine aliquots were
collected form the adsorption process on 0, 10, 30, 60,
120, 240, 360, 420 e 480 minutes of tirring. The
aliquots were centrifuged on 15000 rpm for 15
minutes and the amoxicillin content were determined
as adsorbance using the spectrophotometer UV-Vis
Varian Cary-El in A= 273 nm and A= 194 nm. The
amoxicillin concentrations were determined using a
calibration curve prepared previously with standards
solutions, those values were used on thermodynamics
and kinetics calculations.

3. RESULTSAND DISCUSSION

The thermodynamic constants of the
adsorption indicate whether the process was
spontaneous, exothermic or endothermic and if the
adsorbent has a high affinity for the adsorbate.
Moreover, these parameters may provide information
concerning the heterogeneity of the solid surface and

if the process involves physical or chemica
adsorption.
The thermodynamic parameters of the

adsorption process as Gibbs free energy (AGY),
enthalpy (AH®) and entropy (AS®) can be calculated
using the following equations:

Kc= Cu Cs |
Log Kc=AS°/2.303 R — AH%2.303RT I
AG® = - 2.303 RT log Kc (kJ mol™) 1

Where: Kc is the equilibrium constant from the
adsorption isotherm; C, is the concentration of
amoxicillin adsorbed on the adsorbent in the
equilibrium condition, Cs is the concentration of
amoxicillin in solution at equilibrium, R is the gas

constant (8.314 J. mol™*.K™) and T the temperaturesin
Kelvin.

The value of Gibbs free energy (AG®) of
physical adsorption is in the range of 1 to 5 kJ mol™,
for chemical adsorption the AG® values is usually
higher of 20 kJ mol™ and the AG® values for activated
adsorption are in the range of 5 to 20 KJ mol ™,

The adsorption kinetics of amoxicillin on
magnetite and bentonite mixture has been
mathematically analyzed using a kinetic empirical
model. The kinetic model is used to calculate the
amoxicillin concentration in each time stirring,
usually the modeling results are compared with those
measured experimentally. The constants K’ and A
depends of the C,, the adsorbent density and its
particlesize. The K’ and A were determined from the
plots log(Cy-Ce) Vs log [log(t+1)]. The straight lines
obtained indicate the applicability of the kinetic
model to the present study. The study were performed
on different initial concentrations to confirm the K*’
and their variations.

log (t+1)= K’ (Cs-C)*
log (log(t+1)) = logK’" + A log (C,-C)
log (C,-C) =-log K" /A + /A log [log(t+1)] IV

Where: t-stirring time (min), C- amoxicillin
concentration (mg L™), Cyinitial concentration of
amoxicillin mg L), K"- kinetic constant of the
empirical model, A - empirical constant of the kinetic
model.

The adsorption constant rate (Kg) was
calculated using the equation V following the first
order rate expression, given by Langergren expression
[9, 10]

log (Cy-Ce)=l0gCe- (K 4/2.303)t \%

Where: t-stirring time (min), C. equilibrium
concentration, and C, initial concentration, Ky
constant rate of adsorption (min™).

Linear plots of log(C,-Ce) vs t indicate the
applicability of the eguation V. The obtained K,
values, calculated from the slopes of the line equation
indicate the tendency of the K4 change with the
increasing of the temperature (Figure 2). In literature
was found K= 0.0198 min.™ for adsorption process
of amoxicillin with bentonite clay [5].

The experimental results and the equations | to
Il were used to calculate the thermodynamic
constants, the values can be observed in Table 1.

Orbital: Electron. J. Chem. 5 (3):213-217, 2013
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Table 1. The thermodynamic constants for the
adsorption process.

Table 3. Constants calculated using the empirical
model.

Ther modynamic constants (kJ/mal) K” 1.26(min™) R2 0.861
AS((’J 15 A 2.36 R2 0.861
AH 438.8 K 0.017 R2 0.793
R2 0.86
Kap+ 0.0198(min™)

084 -

064

0.4

Log Kc

024

004

02

T
342 343 344 345 346
i¥as (1073K)

Figure 2. Thermodynamic plots for line equation
calculation.

The AHC and AS® were obtained from the slope
and intercept of the Van't Hoff plot [10]. The positive
value of enthalpy (AH®) confirms the endothermic
adsorption of the amoxicillin and the positive value of
AS? suggests the increase randomness at the solid-
solution interface during the amoxicillin adsorption.
The effect of the solvent molecules displaced by the
amoxicillin molecules in solid surface, increase the
system energy with more trandation entropy than the
amoxicillin  molecules aone, also alowing the
improvement of the randomness of the system. The
negative values for Gibbs energy indicate that the
adsorption is spontaneous, Table 2.

Table 2. Gibbs energy on different temperatures (K).

Temperatures (K) -AG® (kJ Mal™)
292 4.5
291 -0.95
290 9.2
289 -0.66

The empirical kinetic model was calculated
using the experimenta results and equation V. The
adsorption constant rate (K 4,) was calculated using the
equation V.

The value of K, found in the experiment was
0.0167 min™, very similar with 0.0198 min™ found in
literature for amoxicillin adsorption with bentonite
clay. It means that the value of the parameters was
consistent with published results[5].

*K 4 reference values.

The kinetic empirical model were considered
with reasonable response, the comparison between the
amoxicillin concentrations obtained experimentally
with those obtained empirically indicate the
difference of only 0.4 mgL™, Table 4.

Table 4. Experimental concentrations of amoxicillin
in different time stirring and the calculated values
obtained using the empirical model.

Co (MgL™) C op (MgL ™) C cac (MgL ™)
3.06 2.14 2.37
7.08 5.37 573
124 118 112
18.46 16.62 16.98

4. CONCLUSION

The magnetite and bentonite clay can be used
to adsorb and remove amoxicillin compound from
contaminated water. The adsorbent mixture was
efficient, chemically inert, and abundant, with low
cost and has a removal rate of 50% of amoxicillin in
water. The adsorption processes were physical and
activated depending of the temperature. The
thermodynamic indicates a spontaneous, endothermic
adsorption reaction with concentration results of the
empirical model very close with the experimental.
The adsorption modeling eguations were confirmed to
reduce the amoxicillin  concentration  from
contaminated water and possibly from common
effluents from pharmaceutical industries. In future
experiments the magnetic properties of the adsorbents
will be aso considered to improve the amoxicillin
removal percentage.
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