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Abstract

This paper presents the biosorption of chromium onto red seaweed (Polysiphonia nigrescens). Batch mode
experiments were performed to determine experimental parameters affecting sorption process such as pH,
contact time, initial metal ion concentration and biomass dosage. The Cr(IIl) sorption was dependent on pH
and adsorbent dosage. The adsorption kinetic data could be fitted with a pseudo-second-order model and the
equilibrium data with a Langmuir model. The maximum sorption capacity was of 16.11 mg/g at pH 4 and 10
g/L of biomass dosage. 0.1 M H,SO, showed good desorption efficiency (>80%). Spectroscopy analysis
showed that Cr(IIl) sorption on seaweed was mainly through the ion-exchange mechanism. This report indi-

cates that P. nigrescens is an effective and economical sorbent for removal of Cr(Ill) from wastewaters.

Keywords: Seaweed Polysiphonia nigrescens, Biosorption, Chromium, Isotherms, Kinetics Parameters

1. Introduction

Pollution of surface and groundwater supplies with toxic
heavy metal has been one of the major causes for the
deterioration in water quality. Non-treated effluents from
industries such as metallurgical, electronic, tannery, elec-
tro-plating, among others contain high level of chromium,
and other heavy metals [1,2]. In many countries the heavy
metal content in drinking waters and wastewaters often
exceed the permissible standards. According to the United
States Environmental Protection Agency the discharge of
Cr(VI) to surface water is regulated to <0.05 mg/L,
whereas the total chromium (containing Cr(IIl), Cr(VI),
and other forms of chromium) is regulated to be dis-
charged at <2 mg/L [3].

Several methods have been applied over the years on
the elimination of chromium present in industrial waste-
waters and soils [1,2,4-6]. However, technical or eco-
nomic factors limit sometimes the feasibility of such
processes. Biosorption is a cost effective process by us-
ing biomass raw materials which are either abundant
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(seaweeds) or wastes from other industrial operations
(fermentation or seaweed processing wastes) for decon-
tamination of ionic pollutants, such as heavy metal ions
[7]. Different species of algae biomasses have been used
for the removal of heavy metals from aqueous solution
[2,4-10]. Biosorption in brown and green algae has
mainly been attributed to the presence of alginate in their
cell wall; containing functional groups such as carbox-
ylic acid (guluronic and mannuronic acids) which can act
as binding sites for metals via both electrostatic attrac-
tion and complexation. The red algae are characterized
by the presence of polysaccharides like carrageenan that
recovers a number of different linear sulfated galactans
[8]. Prado et al. [11] explained that high level of sul-
fation of the polysaccharides from P. nigrescens suggests
that this seaweed could constitute an important biomass
for removing heavy metals from aqueous environments.
However, according to authors’ survey, there is no ex-
tensive study on the sorption of Cr(Ill) using P. nigres-
cens in literature.

The present work focused on the investigation of po-
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tential of P. nigrescens biomass for removal of Cr(III)
ions from aqueous solution. Experimental parameters
affecting the sorption process such as pH, contact time,
initial metal ion concentration and biomass dosage were
studied. The equilibrium sorption data were evaluated by
two parameter models, namely Langmuir, Freundlich,
Dubinin—Radushkevich (D-R), and three parameter
models, namely Redlich-Peterson, Sips and Toth iso-
therm models. The experimental results were also ana-
lyzed in terms of kinetics approach. The functional
groups involved in metal sorption were examined using
Fourier transform infrared spectroscopy (FT-IR). The
morphological changes of P. nigrescens before and after
metals sorption were explored by microscopy techniques
like scanning electron micrographs-energy dispersive
X-ray analysis (SEM-EDX). The metal ion interaction
with seaweed was examined using X-ray absorption
spectroscopy (XAS) analysis. Finally, desorption studies
were made using dilute desorbing agent.

2. Experimental
2.1. Materials

P. nigrescens was collected in Cabo Corrientes (38°03'S,
57°31'W, Mar del Plata, Argentina). Biomass was washed
several times using de-ionized water to remove extrane-
ous and salts. They were then dried at 40°C for 24 h. The
dried algae biomass was chopped, sieved and the parti-
cles with an average size of 0.5 mm were used for sorp-
tion experiments.

Standard stock solutions of chromium containing 1000
mg/L, Cr(Ill) as Cr(NO3);.9H,0 and Cr,O; were pur-
chased from Sigma-Aldrich (Germany). Working solu-
tions (250 mg/L) were prepared by dilution of the stock
with distilled water. Adjustment of solution pH to the
desired value was achieved using 0.1 M NaOH and HCI.
The reference solid compounds for XAS studies were
CI'(N03)3’9H20 and CI‘203.

2.2. Chromium Analysis

Total Cr(IIl) concentration was determined by spectro-
photometry UV-Visible at 540 nm as the Cr(III) difenil-
carbazone complexe, by using a double-beam UV-Vis
JASCO V-550 spectrophotometer after oxidizing Cr(III)
to Cr(VI) prior to the 1,5-diphenylcarbazide (DPC) reac-
tion. The amount of Cr sorbed per unit sorbent (mg of
metal ions/g of dry sorbent) was calculated from the dif-
ference between the initial chromium concentration of
the control solutions and the final total Cr concentration
in the respective supernatant solutions. Concentrations
were determined with an analytical error < 3% estimated
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from the triplicated analysis of the standard stock solu-
tions [4].

2.3. Batch Sorption Experiments

The sorption of total chromium on the P. nigrescens was
investigated in batch biosorption experiments performed
at room temperature (25°C £ 2°C). The effect of pH on
the sorption capacity was investigated as follows: 10 g/L
of algae was mixed with 100 mg/L Cr(III) for 180 min,
in the pH range of 1 - 5.5, which was adjusted with 0.1M
HCl or 0.1 M NaOH at the beginning of the experiment.
The effect of biomass dosage on the sorption of chro-
mium was studied using different biomass dosage in the
range 7 - 67 g/L mixed with 100 mg/L Cr(IIl) for 180
min at pH 4. Optimization of contact time for Cr(IIl),
100 mg/L of metal solution with a 10 g/L dosage of the
sorbent at pH 4 was shaked on an orbital shaker at 200
rpm. Samples were collected at definite intervals time in
the range 5 - 180 min. The effect of initial metal ion
concentration on the sorption capacity was investigated
as follows: 10 g/L of algae was mixed with a varying
amount of Cr(III) in the range 3 - 1500 mg/L during 180
min at pH 4. The metal solutions were filtered after the
desired contact time and a Cr ion concentration in the
filtrate was determined.

Sorption isotherms were performed at pH 4 and the
sorbent dosage was 10 g/L. The metal concentration was
varied between 3 and 1200 mg/L. The suspension was
maintained under agitation for 3 h using an orbital shaker
at room temperature. Finally, the residual concentration
of metal ion was analyzed. Two and three-parameter
isotherm models were used to explain the equilibrium
data. The sorption equation parameters and thermody-
namics assumptions of these equilibrium models help to
understand the sorption mechanism and surface proper-
ties along with affinity of the sorbent.

2.4. SEM-EDX Analysis

The surface structure of sorbent before and after sorption
of chromium was analyzed by scanning electron micro-
scope coupled with energy dispersive X-ray analysis (SEM-
EDX). Leitz AMR 1000 equipped with silica/lithium dis-
persive detector of X-ray at 200x magnification coupling
to analyze and computer EDX.

2.5. FT-IR Analysis

The native seaweeds before and after sorption of Cr(III)
were recorded with a Perkin Elmer FT-IR Spectrum One
spectrometer. 5.0 mg of dried biomass (P. nigrescens)
was mixed and ground with 150 mg of KBr in an agate
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mortar. The translucent disks were prepared by pressing
the ground material bench press. The tablets were imme-
diately analyzed with a spectrometer in the scanning be-
tween 3600 and 400 cm', whit 10 scans and spectral
resolution 4 cm ™' in the transmittance mode obtained the
FT-IR spectra.

2.6. XAS Analysis

XAS experiments at the Cr K-edge (5989 eV) were car-
ried out at beamline BL-9A with ring energy of 2.5 GeV
and a ring current of 450 mA. A double—crystal Si(111)
monochromator was used, and the beam was focused
using a pair of bent conical mirrors coated with Rh [4].
The XAFS spectra of Cr-laden seaweed samples were
recorded in transmission mode, with N,(30)-He(70) gas
for the I, chamber and N, gas for the I chamber to moni-
tor the incident and transmitted X-rays, respectively. The
XANES spectra were measured with 0.35 eV steps and 1
s collecting time between 5980 and 6060 eV, while the
EXAFS spectra were measured with 2.5 eV steps and 4 s
in transmission mode collecting time between 5500 and
7080 eV. The reference samples were used to compare
their spectral shapes and to identify major Cr species on
the biomaterial surface [4].

2.7. Desorption Experiments

Sorbents were exposed to 10 mg/L of Cr(IIl) at pH 4.
Mixtures were stirred for 180 min to reach equilibrium
and then centrifuged. The supernatants were analyzed for
their Cr content. After that, chromium-loaded sorbents
were filtered and slightly rinsed with de-ionized water (at
pH 4) to remove the excess of chromium solution. Then
the sorbent was added to 30 mL of 0.1 M H,SO,4, 0.1 M
HCI, 0.1 M Na,CO; or 0.1 M CaCl, solutions. A desorp-
tion agent was mixed with the residue and equilibrated
for 2 h, the resulting mixture was filtered and the filtrate
analyzed for Cr(IIl) concentration. Regenerated sorbents
were rinsed with de-ionized water, dried at 40°C for 24 h,
and weighed to obtain the mass lost after the regenera-
tion step.

3. Results and Discussion

3.1. SEM-EDX Analysis

The SEM images for P. nigrescens before metal sorption
(Figure 1(a)) show that contains fold structures a rough
appearance. After Cr(IIl) binding, the surface of seaweed
appears flattened in comparison to the raw sample which
indicates some rearrangement of surface polymer (Fig-
ure 1(b)).
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Figure 1. SEM spectra of P. nigrescens, (a) raw seaweed, (b)
Cr(II)-loaded seaweeds.

Yang and Chen [12] reported that, for Cr(VI) binding
to Sargassum sp., changes in surface morphology were
due to an exchange of the desired metal with alkali met-
als causing relaxation of the biomass structures thus
leading to an apparent flattening of the biomass surface.
Sorption of Cr(III) on the surface of the sorbent was con-
firmed from the elemental analysis by EDX method. As
this technique has been used only qualitatively and the
scale used for the EDX spectra is arbitrary, it is difficult
to evaluate changes in peak size or intensity.

3.2. FT-IR Analysis

The FT-IR spectra of unloaded biomass and Cr(III)-
loaded biomass were taken to obtain information on the
nature of possible interactions between the functional
groups of P. nigrescens and the metal ions and are listed
in Table 1. In the seaweed before sorption, the broad
band at 3409 cm™' may be due to the overlapping of O-H
and N-H stretching vibration. The band at 2921 cm ' is
assigned to the -CH stretch. A strong asymmetric C=0
stretch initially present at 1653 cm ' in unloaded biomass
was shifted to 1646 cm " after Cr(III) sorption, thus point-
ing to changes in carboxyl symmetry after chromium
binding. The bands peaks at 1449 cm ' may be attributed
to symmetric stretching vibration of C=0O groups and
was shifted to 1447 cm ' after Cr(III) sorption. This de-
crease, coupled whit a peak increase of the C-O stretch
from 1230 to 1250 cm " after binding pointed to coordi-
nation between seaweed carboxyl groups and chromium
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ions [5]. The bands at 1230 cm'; that represent -SO;
asymmetric stretching appear in the spectrum at 1250
cm 'after metal binding. The band at 1153 cm ™' assigned
to the symmetric -SO; was shifted to 1158 cm™' after
Cr(IIT) sorption. This could implicate that these groups,
mainly present in sulfonic acids of polysaccharides, such
as agaran, were involved in metal complexation by P.
nigrescens. Before Cr(IIl) sorption, the band -CO stret-
ching of alcoholic groups was assigned at 1078 cm ™' and
was shifted to 1066 cm .

This could implicate that biomass hydroxyl groups
also played a major role in chromium binding. The func-
tional groups suggested here agree with those reported in
other studies on FT-IR of seaweed [2,5,10].

3.3. XAS Analysis

X-ray Absorption Near-Edge Structure (XANES) is a
technique used to determine oxidation state, coordination
geometry, and the nature of the bond between the ab-
sorbing atom and its ligands. The XANES spectra of
Cr,03 and Cr(NOs);-9H,0O were used as references for
the know oxidation state and chemical species of Cr.
Figure 2 shows the normalized Cr K-edge XANES spec-
tra of reference compounds and Cr-loaded biomass. The
XANES data for Cr(Ill) standards show a small peak at
5990.5 eV. The XANES spectra of the reference com-
pounds containing Cr(III) show that even though Cr in
these compounds is in the trivalent oxidation state, the
corresponding spectral features in XANES are sensitive
to changes in the bonding geometry of the Cr atom. The
distinct features can therefore be applied to determine the
bonding environment of Cr(III) bound to biomaterial.
The octahedral symmetry in XANES spectra of Cr(III)
compounds is characterized by small resonances in the
pre-edge region assigned to transitions of 1 s electrons
into antibonding orbitals with octahedral symmetry whereas
Cr(0) (body centered cubic) shows a broad pre-edge
conduction band feature [4].

On the other hand, Cr(Ill)—laden seaweed have a
small peak at 5990.5 eV, indicating the presence of
Cr(II) binding in biomaterial. EXAFS spectroscopy was
employed to determine the local atomic structure of Cr in
Cr(IIl)-laden seaweed. The curve—fitted values are given
in Table 2. For Cr(NO;);9H,0, the K’—weighted FT
function gave a main peak centered at 1.60 A which
arises from first-shell oxygen back—scattering and an-
other smaller peak centered at ~3.15 A (phase- uncor-
rected). Three main peaks at 1.60, 2.52, and 3.31 A
(phase-uncorrected) could also be observed for the Cr,O3
compound, assigned to the first, second, and third shell
contributions of a Cr(IIl) in an octahedral symmetry,
respectively.
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Table 1. The FT-IR spectral characteristics of seaweed be-
fore and after sorption.

Sorption band (1/cm)

Assignment

Before sorption After sorption

3409 3419 -OH and -NH stretching
2021 2922 -CH asymmetric stretch of
aliphatic chains
2855 2855 —QH symmetric stretch of
aliphatic chains
1653 1646 C=0 asymmetric stretching
1540 1539 -NH amine bends
1449 1447 C=0 symmetric stretching
1230 1250 -SO; asymmetric stretching
1153 1158 -SO; symmetric stretching
1078 1066 -CO stretching of alcoholic
groups
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Figure 2. Cr K-edge XANES spectra of solid samples of (a)
Cr(NO;)3°9H,0, (b) Cr,0s3, and (c¢) Cr(IlI)-laden seaweed.
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Table 2. Cr K-edge EXAFS fitting results for reference sam-
ples and Cr-laden biomaterial.

Sample Bond CN r(A) AE@EV) o(d) R (%)

Cry05 Cr-O 49 1.99 4.75 0.061 251
Cr(NO;3);9H,0 Cr-O 52 1.98 4.73 0.058 3.03

Algae-Cr(Ill)  Cr-O 52 1.99 3.84 0.069 4.61

The error bar of  and CN were estimated by varying the AE value (10 eV)
and the o value (£0.01 A), respectively. The estimated error bars in the »
and CN values are +0.02 A and +10 %, respectively.

This result means that the coordination environment of
the chromium on the biomaterial was also similar to that
of Cr(IlT) compound, where Cr(IIl) is in an octahedral
geometrical arrangement. The Cr-O bond distances were
approximately the same lengths, which corresponds to
the Cr-O bond lengths cited in the literature [4,13,14].
For the curve—fitting to determine the structural pa-
rameters, phase and amplitude functions for the absorb-
ing and back—scatterer (Cr, O) pair were extracted from
the filtering of the first peak of the EXAFS Fourier trans-
form of Cr(NOs)s-9H,0, where the chromium absorbing
atom is surrounded by 6 oxygen atoms at the bond dis-
tance of 1.98 A [13,14].

3.4. Effect of pH

Solution pH is an important parameter that controls sorp-
tion process, because of the ionization of surface func-
tional groups and the alteration of the solution composi-
tion. The relationship between chromium uptake and
solution pH is illustrated in Figure 3.

The uptake of Cr(IIl) increased significantly as the
value of pH increased from 1 to 4. The sorption capacity
of Cr(IIl) at pH 3.5 by the seaweed was 6.0 mg/g, which
came down to 5.4 mg/g at pH 5.5. No further increase in
the Cr(III) was observed after pH 4.

At low pH the positively charged hydrogen ions may
compete with metal ions for binding ligands on the cell
wall and this leads to fewer sites being available to bind
metal ions. However; 29% of Cr(IIl) in solution was ad-
sorbed at pH 1 and this may be due to the presence of
sulphonate groups that are dissociated at this pH. An
increase in the sorption of Cr(Ill) at 61% with the in-
crease of pH can be explained on the basis of decrease in
competition between protons and metal cations for the
same functional groups. At pH 3.5 - 5 carboxyl groups
on the seaweed generate a negatively charged surface
and electrostatic interactions between cationic species
and this surface can be responsible for metal biosorption
[1,5,10]. A declining sorption trend was observed when
the pH was increased to 5.5. This may be attributed to
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the decreased solubility of Cr(IIl) at high pH [15]. For
this reason, sorption was not investigated at pH above
5.5.

3.5. Effect of Biomass Dosage

The effect of sorbent dose on the sorption of Cr(III) ions
was studied in the range, 7 - 67 g/L. Figure 4 shows that
the sorption capacity of metal ions is inversely propor-
tional to sorbent dose, when the initial concentration of
Cr(III) is kept constant at 100 mg/L, and tends to a con-
stant value for biomass dosage over 50 g/L. The sorption
capacity decreased from 5.8 to 0.9 mg/g when seaweed
dosage was increased from 7 to 67 mg/L. Garg et al. [16]
explain that sorption capacity decrease with increase in
sorbent dose due to overlapping of adsorption sites as a
result of overcrowding of adsorbent particles. This ob-
servation has also been reported by other authors [4,10,
17].

Cr(I1I) uptake (mg/g)

pH

Figure 3. Determination of optimum pH for Cr(IIl) sorp-
tion. Conditions: T = 25°C, [Cr(III)]; = 100 mg/L, biomass
dose =10 g/L.
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Figure 4. Determination of optimum biomass dosage for
Cr(III) sorption. Conditions: T = 25°C, [Cr(III)]; = 100
mg/L, pH =4.
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On the other hand, in terms of removal efficiency, %
removal of the metal increased from 39% to 89% with an
increase in the sorbent dose from 7 to 67 mg/L. This is
expected because the higher dose of sorbent in the solu-
tion, the greater adsorbent surface area and availability of
more adsorption sites [10,16,17]. Therefore, the optimum
biomass dosage was selected as 10 g/L for further ex-
periments.

3.6. Effect of Initial Concentration of Cr(III)

The initial concentration provides an important driving
force to overcome all mass transfer resistance of Cr(III)
between the aqueous and solid phases resulting in higher
probability of collision between the adsorbates with ad-
sorbents [2,4]. It can be seen from Figure 5 that when
the initial Cr(IIl) concentration increased from 3 to 1500
mg/L, Cr(IlI) removal decrease from 50.5% to 8.8% and
Cr(IT) uptake capacity of the biomass increased from
0.15 to 13.8 mg/g. It was noted that, as the initial con-
centration increased the sorption of Cr(IIl) increased as
is generally expected due to equilibrium process. But Cr
concentration above 800 mg/L did not increase the sorp-
tion significantly and remained almost constant indicat-
ing saturation of all the binding sites on sorbent surface
beyond a particular concentration.

3.7. Sorption Isotherms

When any sorption system reaches a state of equilibrium,

there is a defined distribution of sorbate molecules at the
solid-liquid interface and also in the bulk at a particular
temperature [18]. For assessing the maximum sorption
capacity of a given biosorbent, the derivation of sorption
isotherms is the most appropriate method. Table 3 shows
various two-parameter models, namely Langmuir [19],
Freundlich [20], Dubinin-Radushkevich [21], and three
parameter models, namely Redlich-Peterson [20], Sips
[22] and Toth [23] isotherms, that were used for fitting
the data in their nonlinear form. The correlation coeffi-
cient (+*) was used to measure the goodness-of-fit.

—@— % Cr(III) adsorbed —@— Cr(IlT) uptake
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Figure 5. Effect of initial chromium concentration on equi-
librium Cr(IIT) sorption capacity of P. nigrescens. Condi-
tions: T = 25°C, biomass dose =10 g/L, pH = 4.

Table 3. Two and three-parameter sorption isotherm models.

Equation number Isotherm model

Functional form

Parameters

1 Langmuir 9o = G

2 Freundlich g.=K.C""

b = Langmuir constant (L/mg)

K= Freundlich isotherm constant (L/g)
nr = Freundlich exponent

q. =G, exp(—f7)

3 =D-R model constant (mol*/kJ?)

3 Dubinin-Radushkevich 1 B . .
e=RTIn| 1+ — & = Polanyi potential
C,
K C Kgp= Redlich-Peterson isotherm constant (L/g)
4 Redlich-Peterson q.= ﬁ arp= Redlich-Peterson model constant (L/mg)
Flue p = Redlich-Peterson model exponent
_ b,C, b= Toth model constant
5 Toth e = e [1+,C)" ]‘/ " nr= Toth model exponent
6 Sins q.=q,, & K= Sips model isotherm constant (L/g)
P ) (1 +(KSCC)'/) y = Sips model exponent

q. = amount of solute adsorbed at equilibrium condition (mg/g); gmax = maximum metal uptake (mg/g); C. = equilibrium concentration (mg/L); R = gas constant

(0.0083 kJ/mol'K); T'= absolute temperature.

Copyright © 2011 SciRes.
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The Langmuir model served to estimate the maximum
metal uptake values where they could not be reached in
the experiments. In general, for good sorbents, high val-
ues of g and a steep initial sorption isotherm slope as
indicated by low values of b are required [7]. The ex-
perimental data fit the Langmuir isotherm very well with
a high value of #* = 0.995, in the given concentration
range (Table 4).

The Freundlich isotherm described the adsorption on
an energetically heterogeneous surface on which the ad-
sorbed molecules are interactive [24]. Smaller value of
1/n, implies stronger interaction between biosorbent
and heavy metal while 1/n. equal to 1 indicates linear
adsorption leading to identical adsorption energies for all
sites [20]. The present study results (Table 4) indicate
that the Freundlich model satisfactorily describes the
experimental data with the 1/n, = 0.42. However, the
correlation coefficients showed that the Langmuir model
fitted the experimental data better than the Freundlich
model (+* = 0.969).

The experimental data were fitted to Dubinin-Radushke-
vich model in order to determine if the adsorption oc-
curred by a physical or chemical process. The D-R equa-
tion is more general than Langmuir model because it
does not assume a homogeneous surface or a constant
sorption potential or absence of steric hindrance between
sorbed and incoming particles [24]. The D-R isotherm
equation contains a constant related to sorption S
(mol*/kJ?) while & is the Polanyi sorption potential cal-
culated by Equation (1)

g:RTln(l+L) (1)
Ce

where R is the gas constant 8.314 x 10~ kJ/mol K, T is
the temperature in Kelvin and C, (M) is the metal equi-
librium concentration. The Polanyi sorption approach
assumes a fixed volume of sorption space close to the
sorbent surface and the existence of sorption potential
over these spaces [24]. The values of £ and ¢, were
calculated from the slope and intercept of the plot In g,
vs &’ (Table 4).

The mean free energy of sorption £ (kJ/mol) required
to transfer one mole of ion from the infinity in the solu-
tion to the surface biomass can be determined by the
following equation:

E=(-2p)" )

The sorption mean free energy calculated in the D-R
model was 8.50 kJ/mol. It is a well-known fact that when
the E value lies between 8 and 16 kJ/mol, the adsorption
process takes place by chemical ion exchange while E <
8 kJ/mol implies that the adsorption process is physical
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[25]. This supports the fact that biosorption of Cr(IIl) by
P. nigrescens may be in between a chemical and a phy-
sical process.

Redlich-Peterson is an empirical equation (Table 3),
designated as the three parameter equation, which is ca-
pable to represent adsorption equilibrium over a wide
concentration range [20]. Redlich and Peterson incorpo-
rated the features of the Langmuir and Freundlich iso-
therms into a single equation. The exponent, frp, lies
between 0 and 1. There are two limiting behaviors, if = 1,
then the Langmuir will be the preferable isotherm, while
if = 0, the Freundlich isotherm will be preferred [18].
The Redlich-Peterson isotherm constants for biosorption
of Cr(Ill) onto seaweed are given that in Table 4. It is
worth noting that the £ value is 0.92, i.e., the data can
preferably be fitted with the Langmuir model. This is
confirmed by the satisfactory fit of the data to the Lang-
muir model.

The Toth isotherm (Table 3) is derived from the po-
tential theory, and it is applicable for heterogeneous ad-
sorption [18]. This model assumes a quasi-Gaussian en-
ergy distribution, where most sites have sorption energy
less than the mean value [26]. In the Toth equation is
obvious that for nt = 1 this isotherm reduces to the
Langmuir sorption isotherm equation. The Cr(III) bio-
sorption data correlate well with the Toth isotherm
model and this is confirmed by high correlation coeffi-
cients (Table 4).

Table 4. Isotherm constant of two and three-parameter
models for Cr(III) sorption onto P. nigrescens.

Isotherm Parameters

Gmax (ME/L) 16.1
Langmuir b (L/mg) 0.005
I 0.995

Kr(L/g) 0.77

Freundlich ng 2.37
v 0.969

Gmax (ME/g) 28.5

D-R E (kJ/mol) 8.50

v 0.981

Krp (L/g) 0.10

Redlich-Peterson ;RP (L/mg) gg;
v 0.995

gmax (Mg/g) 18.2
Toth br(L/g) 0.006

nr 0.77
v 0.996
Gmax (M/E) 17.4
. Ks (L/g) 0.004
Sips y 0.89
I 0.996
(£95% confidence interval).
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To circumvent the problem of continuing increase in
the adsorbed amount with a rising concentration as ob-
served for Freundlich model; an expression was pro-
posed by Sips in 1948 [22]. At low sorbate concentra-
tions it effectively reduces to the Freundlich isotherm
and thus does not obey Henry’s law. At high sorbate
concentrations, it predicts a monolayer sorption capacity
characteristic of the Langmuir isotherm [26]. The expo-
nent y value was found to be 0.89; so, in this case the use
of Langmuir isotherm is considered more appropriate
from rather than that of Freundlich, which was also con-
firmed by the results shown in Table 4.

Figure 6 shows the application of two and three-pa-
rameter models in the nonlinear form.

The adsorption capacities of the adsorbents for the
removal of chromium have been compared with other
similar sorbents reported in literature from aqueous solu-
tions and the values of adsorption capacities (gma.x) have
been presented in Table 5. The values are based on
Langmuir sorption capacity. The experimental data of
the present investigations shows that P. nigrescens has
medium affinity for Cr(III) ion when compared with the
reported values in literature. Therefore, it is noteworthy
that seaweed has considerable potential for the removal
of chromium from aqueous solutions.

3.8. Adsorption Kinetics Study

Sorption solid-liquid kinetics may be controlled by sev-
eral independent processes, which normally act in con-
junction, and involve transport phenomenon and chemi-
cal reactions [24]. Any adsorption process is normally
controlled by three diffusive transport processes for the
adsorbate: from bulk solution to the film surrounding the
adsorbent; from the film to adsorbent surface and from

16 -
14 1

12

I+ Experimental

10 O Redlich-Peterson

sl » Sips
= - — = Toth
%" 6 Freundlich
*;:, Langmuir

22 1 s 1 s 1 s 1 s 1 s 1 s 1 s |

0 200 400 600 800 1000 1200 1400
Ce (mg/L)

Figure 6. Application of two and three parameter models to
experimental isotherm data obtained for Cr(III) sorption
onto P. nigrescens.
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Table 5. Comparison of biosorption capacity (Quax) of P.
nigrescens for Cr(III) ions with that of different algae spe-
cies.

Omax Initial conc.

H Ref.
mgg) P (mg/L)

Polysiphonia

; 16.12 4.0
nigrescens

3-1200  This study

Palmaria palmata 29.63 4.5 4.7 -200 [6]

Sargassum wightii 13.00 35 150 - 1000 [26]
Ulva lactuca 36.91 45 4.7 -200 [6]
Rhizoclonium 1181 40  5-500 2]
hieroglyphicum
Spirogyra condensata 14.82 5.0 5-500 [2]

Spirogyra spp 28.16 5.0 20 -150 [27]
Ceramium virgatum 26.50 1.5 10 - 400 [10]
Eckonia sp. 20.50 35 0-500 [15]

the surface to the internal sites followed by binding of the
metal ions onto the active sites [4]. Normally, the trans-
port process in the bulk solution and the film diffusion
through the boundary layer of sorbent are considered
rapid processes, so, intra-particle diffusion or chemical
binding reaction control the sorption kinetic mechanism.

In order to analyze the sorption rates of Cr(III) onto P.
nigrescens biomass, four models were tested, the pseudo-
first-order model, described by Lagergren in 1898 [28],
the pseudo-second-order model by Ho and McKay [29],
the intraparticle diffusion model by Weber-Morris [30]
and Elovich model [31].

The linear form of the pseudo-first-order equation is
given as follows:

In(g. —¢,)=Ing, —k¢ 3)

where ¢, and ¢.(mg/g) are the amounts of the metal ions
sorbed at equilibrium and ¢ (min), respectively and & is
the rate constant of the equation (1/min). The sorption
rate constants (k) can be determined experimentally by
plotting of In(g.-g,) versus ¢. However, the calculated g,
values obtained differed from the experimental ¢, values:
0.80, 2.02, 3.89 mg/g for initial Cr(III) concentration: 10,
20 and 100 mg/L, respectively. The 7 are nearly 0.05,
0.71 and 0.60 for initial Cr(III) concentration: 10, 20 and
100 mg/L, respectively. As a consequence, the adsorp-
tion reaction could not be considered as pseudo-first-
order.

As a result of the non-applicability of pseudo-first-
order model, experimental data were also tested by pseu-
do-second-order kinetic model:

t 1 t
Lo L 4
q, (kzqf}(qj @
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where k, (g/mg min) is the rate constant of the second-
order equation, ¢, (mg/g) is the amount of biosorption at
time ¢ (min) and ¢, is the amount of biosorption equilib-
rium (mg/g).

In the pseudo-second-order model the rate of occupa-
tion of adsorption sites is proportional to the square of
the number of unoccupied sites and the number of occu-
pied sites is proportional to the fraction of the metal ion
adsorbed [24]. This model is based on the assumption
that the rate-limiting step may be the process of chemi-
sorption involving valence forces through sharing or ex-
change of electrons between adsorbent and adsorbate.
The pseudo-second-order biosorption rate constant (k)
and g, values were determined from the slope and inter-
cept of the plots of #/g, against time, ¢ (Figure 7).

The values of the rate constant are presented in the
Table 6. Very good fits were observed for all the Cr(III)
initial concentrations (+* values from 0.995 to 0.999)
indicating that the sorption reaction followed a pseudo-
second-order model. As expected the initial removal rate

[k g¢* (mg/g min)] was higher the for lower initial Cr(III)

concentration. The existence of other processes such as
intra-particle diffusion, mass transfer or ion interaction is
not taken in account and the model assumes that all ad-
sorption sites are homogeneous, and does not consider
the heterogeneous nature of seaweed biomass [24].

The adsorption data may also be analyzed using the
Elovich equation [31], which has the linear form:

q, :%ln(aﬂ)+%lnt 5)

where a is the initial sorption rate constant (mg/g min),
and the parameter S is related to the extent of surface

coverage and activation energy for chemisorption (g/mg).

The f parameter values obtained was 143.6, 55.9 and
10.8 g/mL and « values: 6.59 x 10*, 2.78 x 10* and
6.96 x 10* for initial Cr(III) concentration: 10, 20 and
100 mg/L respectively. However, the * (from 0.01 to
0.88) showed that the experimental data were not well
fitted to the model and as a result the Elovich equation
cannot be used to describe the kinetics of Cr(IIl) bio-
sorption onto the seaweed.

In an adsorption system if intra-particle diffusion is
the rate-controlling factor, uptake of the adsorbate varies
with the square root of time as described by Weber and
Morris in 1963 [30].

The equation on the intra-particle diffusion model is:

g, =kt +C (6)

where ky is the internal diffusion coefficient (mg/g
min"?), ¢, the amount of metal adsorbed at time ¢ (mg/g),
t (min) the sorption time and C can be obtained from the

slope and intercept of the plot g versus 7.

Copyright © 2011 SciRes.

The intra-particle diffusion model considers the sorp-
tion as a three-stage process: the rapid adsorption, the
gradual adsorption stage, where intra-particle diffusion is
rate-controlled and the final equilibrium stage where
intra-particle diffusion starts to slow down due to ex-
tremely low adsorbate concentrations in the solution
[24,32]. The adsorption process can be divided into two
stages for solutions with initial concentrations, C; = 10,
20 and 100 mg/L. However, the absence of the second
linear portion was observed in solutions with C; = 10 and
20 mg/L, indicating that the sorption was mainly surface
adsorption.

The rate constant ky;, predicted by the intra—particle
model was found to increase from 0.003 to 0.049 and
0.176 mg/g min " as C; increased from 10 to 20 and 100
mg/L, respectively.

For this first portion the correlation coefficient (%) and
C values are shows in Table 6; while for the second por-
tion the 1, kg and C values for solutions with initial
concentrations, C; = 100 mg/L are 0.956, 0.097 and 2.987,

250 -
200
C, =10 mg/L
C,=20 mg/L
g 150 C,=100 mg/L
)
£
E 100
g
50
0 : " 1 " 1 " 1 " ]
0 50 100 150 200 250

time (min)

Figure 7. Plot of the pseudo—second—order equation for the
sorption kinetics of Cr(III) on algae P. nigrescens at differ-
ent initial chromium concentration. Conditions: T = 20°C,
biomass dosage = 10 g/L, pH = 4.

Table 6. Pseudo-second-order equations and the intra-par-
ticle diffusion model, calculated and experimental g, values
for different initial chromium concentrations for the P.
nigrescens.

C; Pseudo-second-order Intra-particle diffusion
(mg/L) equation equation
ka Gescal dl

(g/mg min) (mg/g) (mg/g min"’ 2) ¢ ’
10 7.553 0.78 0.999 0.003 0.79 0.292
20 1.327 2.02 0.997 0.049 1.75 0.949
100 0.039 432 0.995 0.176 2.57 0.968
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Table 7. Desorption efficiencies of Cr(III) on P. nigrescens. [Cr(IIT)]; = 10 mg/L, biomass dosage 10 g/L, pH 4.

Desorbing Amount of Cr(I1I) Amount of Cr(I1I) Desorption efficiency Re-adorption efficiency
agent ion adsorbed (mg/g) ion desorbed (mg/g) (%) (%)
H,SO4 0.37 0.29 80.5 10.3
HCI 0.35 0.22 72.3 25.6
Na,CO; 0.39 0.14 40.1 71.7
CaCl, 0.35 0.10 26.0 1.7

respectively. Although the correlation coefficients were
high, the straight lines obtained when fitting experimen-
tal data did not pass through the origin, also indicating
that pore diffusion was not the only controlling step [24].
The multilinearity of simulated curves for the test data
indicates that two or more steps occurred in the adsorp-
tion process. The first straight portion is attributed to the
fast mass transfer of adsorbate molecule from the bulk
solution to the adsorbent surface and the second linear
portion to the intra-particle diffusion.

The correlation coefficients for the pseudo-second-
order kinetic model are higher than those for the intra-
particle diffusion model (Table 6), suggesting a chemi-
cal reaction mechanism [24].

3.9. Desorption Experiments

The chromium from the seaweed needs to be removed
for the safer disposal of seaweed, or the chrome-bearing
seaweed should be utilized as an alternative product. De-
sorption could be an ideal way for the removal of chro-
mium [1].

The possibility of desorbing chromium from biomass
was examined by first sorbing Cr(II) onto P. nigrescens
at pH 4 and then desorbing with different desorbing agent
aiming at an ion exchange process, between H', Na" and
Ca®" with Cr(IIl) species. The percentage of chromium
recovery, represented by the ratio of the amount of Cr
released per gram of the biosorbent during desorption
and the equilibrium sorption uptake, was calculated for
desorption experiments lasting 2 h. From the Table 7, it
is clearly seen that desorption efficiency was H,SO4 >
HCI > Na,CO; > CaCl,. In general, the dilute acids had
reasonably good recovery efficiency. In this sense, more
than 80% of Cr(Ill) adsorbed by seaweed was released
into the H,SO, solution at the first cycle. Another series
of experiments was conducted with the resultant biomass,
which was used again for sorption and desorption ex-
periments in one more cycle.

However, the use of these desorbing agents leads to a
massive leaching of a variety of compounds from the
seaweed and to the destruction of the seaweed’s cellular

Copyright © 2011 SciRes.

structure confirmed by the initial weight loss of sorbent.
4. Conclusions

Polysiphonia nigrescens biomass was demonstrated to be
an efficient material in the Cr(III) removal (>60%) from
contaminated solutions up to 100 mg/L. The equilibrium
sorption data fitted Langmuir, Sips and Thot isotherms.
Cr(IIT) maximum sorption capacity was 16.11 mg/L. The
mean free energy of metal sorption process calculated
from D-R parameter and the Polanyi potential was found
to be in the range of 8 - 16 kJ/mol indicating that the
main mechanism governing the sorption process is most
likely ion exchange. Sorption dynamics data indicated
that the time required to reach sorption equilibrium was
approximately 180 min. The adsorption kinetics was
rapid, showing that 40% of biosorption capacity was
achieved in the first 30 min of contact and followed
pseudo-second-order chemical reaction kinetics. Recov-
ery studies showed relatively good yield (80%) with di-
lute sulphuric acid (0.1 M) being the best desorbing
agent. The FTIR analysis indicates that the involvement
of hydroxyl, carbonyl, carboxyl and sulfonic groups in
the binding of chromium metal ions. The SEM-EDX
analysis suggests ion-exchange process as alkaline ions
were simultaneously exchanged for chromium metal ions.
XAS analysis confirms that metal ion interaction with
seaweed.

Results obtained from this study showed that P. ni-
grescens can be a good adsorbent for the removal of
Cr(IIT) from aqueous solutions in a static batch system.
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