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Abstract

The biosorption of C.I. Reactive Black 5 (RB5) from aqueous solution, using the brown seaweed, Laminaria sp., was investigated in both batch
and column modes of operation. Protonation of the native Laminaria biomass, with 0.1 M HC], considerably improved its RB5 biosorption capacity.
Evidence from FT-IR spectra confirmed the participation of amine groups in the biosorption of RB5 and the mechanism was proposed to be
electrostatic interaction between the positively charged amine groups and negatively charged RB5. At various initial RB5 concentrations (50—
200 mg/1), batch sorption equilibrium was reached within 3 h, followed by slow attainment of equilibrium, and the kinetic data obtained were
interpreted in terms of the pseudo-second order model. Biosorption isotherm experiments, under different pH and temperature conditions, revealed
that decreasing the pH and increasing the temperature favored biosorption. The Langmuir, Freundlich and Redlich—Peterson models were used to
describe the isotherm data; of which the Freundlich model described the isotherm data with high correlation coefficients and low percentage error
values. According to the Langmuir model, the maximum RBS5 uptake of 101.5 mg/g was observed at pH 1 and temperature of 40 °C. Various ther-
modynamic parameters, such as AG°®, AH® and AS°, were calculated, which indicated that the present system was spontaneous and endothermic
process. A 0.01 M NaOH solution successfully eluted all dye from the RB5-loaded Laminaria biomass. The feasibility of the brown seaweed for the
continuous removal of RB5 from aqueous solution was examined in an up-flow packed column (1 cm ID and 12 cm height). With a bed height, flow
rate and initial RB5 concentration at 10 cm, 1 ml/min and 50 mg/l, respectively, the Laminaria biomass exhibited an RB5 uptake and removal
efficiency of 41.9 mg/g and 72.7%, respectively. The column was successfully eluted using 0.01 M NaOH, with an elution efficiency of 97.7%.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction adsorption, chemical precipitation and flocculation [1], but
these are usually inefficient, costly and not adaptable to

Synthetic dyes have wide industrial uses, such as rubber, a wide range of dye wastewaters [2]. Conversely, biological

textiles, plastics, paper and cosmetics etc., for the coloration
of products. The effluents emanating from these industries are
often colored and require treatment prior to discharge. Several
strategies currently exist for the removal of color from industrial
effluents, including physico-chemical and biological processes.
Important physico-chemical processes include ozonation,
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processes, such as biodegradation, bioaccumulation and bio-
sorption, offer attractive options for dye remediation [3.4].
However, the use of biodegradation and bioaccumulation can
be unpredictable, cuambersome and sometimes difficult to oper-
ate on a large scale, as stringent conditions (pH, temperature and
nutrient concentrations) have to be maintained to support micro-
bial growth [4]. In contrast, biosorption processes are relatively
easy to operate and possess several inherent advantages, includ-
ing low cost, operation over a wide range of conditions and the
possible reuse of biosorbents [5]. Biosorption can be defined
as the uptake of contaminants, via various physico-chemical
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mechanisms, including ion-exchange, adsorption, complexa-
tion, chelation and microprecipitation etc., by inactive/dead bi-
ological materials [5]. The mechanism of binding depends upon
the type of biomass, chemical nature of the pollutant and the en-
vironmental conditions (pH, temperature and ionic strength).

Reactive dyes, the removal of which is examined here, are
widely used in many industrial uses due to their bright color, ex-
cellent colorfastness and ease of application [6]. Reactive dyes
are typically azo-based chromophores combined with different
reactive groups. More than 80,000 tonnes of reactive dyes are
produced and consumed annually, making estimation of the to-
tal pollution caused by their use possible [7]. They differ from
all other dye classes in that they bind to the textile fibre, such
as cotton, through covalent bonds; and thus, are highly recalci-
trant to conventional waste-water treatment processes [8].

Marine algae, apart from in very few cases [9,10], have not
been utilized for the removal of dyes. They are well established
metal biosorbents and are abundantly available in many of the
world’s oceans. Marine algae, in particular brown seaweed,
have been identified as potent metal biosorbents due to the pres-
ence of binding sites, such as carboxyl, sulfonate, amine and hy-
droxyl groups [11]. They also offer advantages in biosorption as
their macroscopic structures impart a convenient basis for the
production of biosorbent particles suitable for application to
the sorption process [12].

In this work, attempts were made to utilize the potential of
the brown seaweed, Laminaria sp., as a biosorbent for the re-
moval of C.I. Reactive Black 5 from aqueous solution in
both batch and column modes of operation. The influences of
pH and temperature were studied, and the isotherms were de-
scribed using several models. Dye desorption was attempted
using several elutants. An up-flow packed column was also em-
ployed to study the continuous removal of C.I. Reactive Black
5 from aqueous solution.

2. Materials and methods
2.1. Dye and biosorbent

C.I. Reactive Black 5 (RBS) of purity 55%, was purchased
from Sigma-Aldrich Korea Ltd. (Yongin, Korea). The brown
seaweed, Laminaria sp., was collected along the seashore of
Pohang (Korea). After washing with de-ionized water, the
samples were sun-dried and then ground to an average particle
size of 0.4—0.6 mm. Protonation of biomass involved bringing
into contact 10 g/l of algae with 0.1 M HCI for 3 h. The resul-
tant biomass was then washed in de-ionized water and dried
overnight at 60 °C.

2.2. Batch experimental procedure

Batch biosorption experiments, to obtain isotherm and ki-
netic data, were performed in 50 ml plastic bottle (high-density
polyethylene) containing various concentrations (50—1000 mg/l)
of 40 ml RBS solution adjusted to desired pH using 0.1 M HCl
or NaOH. A known quantity of biosorbent (0.1 g) was added to
each bottle, and agitated at 160 rpm at the desired temperature.

The pH of reaction mixture was controlled at the desired value
by the addition of 0.1 M HCI or NaOH during the biosorption
experiments. After 12 h, the slurries were centrifuged at
3000 rpm for 5 min to remove the biosorbent from the solution.
The resultant solutions were then analyzed, after appropriate di-
lution, using a spectrophotometer (UV-2450, Shimadzu, Kyoto,
Japan) at 597 nm. The amount of dye sorbed by the biosorbent
was calculated from the differences between the initial quantity
of dye added and that left in the supernatant, using the following
equation:

0=V(Co—Cr)/M (1)

where Q is the dye uptake (mg/g), Cy and C the initial and equi-
librium dye concentrations in the solution (mg/l), respectively,
V the solution volume (1) and M the mass of biosorbent (g).

The dye-loaded biosorbent, exposed to 200 mg/1 of RBS5 so-
lution at a pH of 1 and temperature of 25 °C, was separated
from the solution by centrifugation. The biosorbent was then
brought into contact with 20 ml of several individual desor-
bents on a rotary shaker at 160 rpm. The remaining procedure
was the same as that employed for the biosorption equilibrium
experiments. The elution efficiency was determined from the
ratio of the dye mass in the solution after desorption to that ini-
tially bound to the biosorbent.

2.3. Models to fit batch experimental data

Three equilibrium isotherm models were used to fit the ex-
perimental data, as follows:

Langmuir model

_ Qmaxbcf

0= 1+ bCy

Freundlich model
0 =K:C{" (3)
Redlich—Peterson model

KrpCy

T ()
where Q..x is the maximum dye uptake (mg/g), b the Lang-
muir equilibrium constant (1/mg), K the Freundlich constant
(l/g)” " n the Freundlich constant, Kzp the Redlich—Peterson
isotherm constant (I/g) and agp the Redlich—Peterson isotherm
constant (I/mg)ﬁp; where (grp is the Redlich—Peterson model
exponent. All the model parameters were evaluated from
a non-linear regression using the Sigma Plot (version 4.0,
SPSS, USA) software.

The average percentage error between the experimental and
predicted values was calculated using:

Zi\’:l (Qexp,i - Qcal,i/Qexpj) %

e(%) = N

100 (5)
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where Q. and O, represent the experimental and calculated
dye uptake values, respectively, and N the number of measurements.

2.4. Fourier transform infrared analysis

The infrared spectra of the biomass samples in KBr discs
were analyzed using a Fourier transform infrared spectrometer
(MB 100, ABB Bomem, Canada), within the range 400—
4000 cm™ ", to identify the functional groups responsible for
the biosorption.

2.5. Column experimental procedure

Continuous biosorption experiments were conducted in
a glass column (1 cm ID and 12 cm height), packed with
3.8 g of seaweed to yield an initial bed height of 10 cm.
RBS5 solution (50 mg/1 at pH 1) was pumped upwards through
the column, at 1 ml/min, using a peristaltic pump. Effluent
samples were collected at different time intervals as they left
the column, and the dye concentration analyzed. All the col-
umn studies were performed at room temperature of 25 °C.

The total quantity of dye mass biosorbed in the column
(m,q) was calculated from the area above the breakthrough
curve (outlet dye concentration vs. time) multiplied by the
flow rate. Dividing the dye mass (m,4) by that of the biosorb-
ent (M) allowed the uptake capacity (Q) of the biomass to be
obtained. The total dye mass sent to the column can be calcu-
lated from the following equation:

CoFt,

1000 (6)

Miotal =
where Cj is the inlet dye concentration (mg/1), F the volumet-
ric flow rate (1/h) and ¢, the exhaustion time (h).

The total dye removed (%) with respect to flow volume can be
calculated from the ratio of dye mass adsorbed (m,4) to the total
amount of dye mass sent through the column (72,4,1), as follows:

Mad 100 (7)
Miotal

Total dye removal (%) =

After exhaustion of the column, the desorption process was
carried out by pumping a known concentration of elutant up-
wards, at a flow rate of 1 ml/min, through the column. The
dye mass desorbed (m4) can be calculated from the area below
the elution curve (outlet RB5 concentration vs. time) multi-
plied by the flow rate. The elution efficiency can be calculated
from the following equation

ny

E(%) = — x 100. (8)

Ny

3. Results and discussion
3.1. Effect of pH and mechanism of dye biosorption

The sorption of dye as a function of equilibrium pH (Fig. 1)
clearly showed that pH played an important role in the
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Fig. 1. The effect of solution pH on the RBS5 uptake capacity of Laminaria bio-
mass (initial dye concentration =200 mg/l; temperature =25 °C; agitation
rate = 160 rpm); biomass: ( A ) raw; () protonated.

biosorption of RBS5 by Laminaria biomass. Initial experiments
were conducted with native Laminaria biomass, which exhibi-
ted a RB5 uptake of 39.4 mg/g at pH 1. The acid-washed Lam-
inaria biomass exhibited a superior RB5 uptake of 53.8 mg/g
at the same pH. An increase in solution pH resulted in a de-
crease in the biosorption performance, in the case of both
raw and protonated biomasses. Apart from structural modifica-
tion of the biomass, the action of mineral acids may also be
attributed to the protonation of the functional groups responsi-
ble for the biosorption.

To better understand the nature of the functional groups re-
sponsible for the biosorption of RBS, the FT-IR spectrum of
protonated biomass was obtained (Fig. 2). The broad absorp-
tion band around 3390 cm ' indicated the existence of —OH
groups of glucose and —NH groups of proteins [13]. The
strong absorption band at 2930 and that at 1740 cm™' can
be assigned to —CH stretching of carboxyl groups [14]. The
absorption peaks at 1650 and 1540 cm™' can be attributed to
the amide I and amide II bands of the protein peptide bonds
[15]. The bands at 1160 and 1040 cm™' can be assigned to
the —CN stretching vibration of the protein fractions [16].

In order to elucidate the biosorption of RBS5, the FT-IR
spectrum of RB5-loaded biomass was compared with that of

Dye-loaded protonated biomass

e

Transmittance

Protonated biomass
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Fig. 2. FT-IR spectra of protonated and dye-loaded protonated Laminaria
biomasses.
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the protonated biomass (Fig. 2). In the RB5-loaded biomass,
the peaks around 1650 and 1540 cm ™', corresponds to —NH
bending, became smaller. Although the peak at 1650 cm™'
can be attributed to carboxyl groups, the change in the peak
intensity at 1540 cm™' confirmed the involvement of amino
groups in the biosorption. The negatively charged RB5 would
be able to electrostatically interact with the amino groups of
the Laminaria biomass. Although slight changes in the absorp-
tion at other frequencies were also observed, it was difficult to
interpret their participation in the biosorption of RBS.

The enhancement of reactive dye uptake under strongly
acidic conditions (Fig. 1) may be explained in terms of the
electrostatic interactions between the biomass and the dye par-
ticles [6]. Seaweeds contain mainly carboxyl, sulfate and
amine groups [11,17]. Thus, it would be expected that the ni-
trogen-containing functional groups in the biomass will be
protonated under acidic conditions; and thus, the biomass
will have a net positive charge. Conversely, reactive dyes re-
lease colored negatively charged dye ions into solution, which
will exhibit electrostatic attraction towards the positively
charged cell surface. In general, hydrogen ion acts as a bridg-
ing ligand between the algal cell wall and the dye molecule.
However, it should be noted that the pK, value of amine
groups is usually around 8.5; meaning the amine groups will
be completely protonated at a pH less than approximately 7
[18]. In contrast, the experimental results implicate no signif-
icant biosorption at pH 7. This may be due to other functional
groups, such as carboxyl, which are negatively charged and
will exhibit repulsion towards the negatively charged RBS.
The pK, value of the carboxylic groups in brown seaweed is
usually within the range 3.6—4.5 [19—21]. Therefore, the car-
boxyl groups will have negative charge at a pH higher than ap-
proximately 4, which will electrostatically hinder access of the
RBS5 to the seaweed biomass.

3.2. Biosorption kinetics

Fig. 3 presents a typical set of kinetic experimental results
for the biosorption of RB5 onto Laminaria biomass with
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Fig. 3. The effect of initial concentration on the biosorption of RB5 onto Lam-
inaria biomass (pH = 1; temperature = 25 °C; agitation rate = 160 rpm). Ini-
tial RB5 concentration: (4 ) 50 mg/l; () 100 mg/l; (A) 150 mg/l; (@)
200 mg/1.

different initial concentrations (50—200 mg/l). The initial
dye concentration provides an important driving force to over-
come all the mass transfer resistances of the dye between the
aqueous and solid phases. Hence, the uptake of dye increases
with increase in the initial dye concentration. On changing the
initial RB5 concentration from 50 to 200 mg/l, the amount of
biosorption increased from 20 to 53.9 mg/g. However, the
RBS5 removal efficiency decreased from 100 to 67.3% with
an increase in the dye concentration from 50 to 200 mg/l.
This is because at the lower concentration, the ratio of the ini-
tial moles of dye compared to the available surface area is low;
therefore, the subsequent fractional sorption becomes indepen-
dent of the initial concentration. However, at the higher con-
centration the available sites for sorption will be fewer than
the moles of dye present; hence, the percentage RB5 removal
is dependent on the initial dye concentration [22]. It was ob-
served that 50% of the dye molecules were removed within
90 min of contact at all concentrations examined, after which,
the rates of uptake slowed, with equilibrium finally was
reached at around 360—540 min. The higher sorption rate dur-
ing the initial period may have been due to an increase in the
number of vacant sites initially available, resulting in an in-
creased concentration gradient between the sorbate in the so-
lution and that at the biosorbent surface. With increasing
time, this concentration gradient was reduced due to the sorp-
tion of RBS5 molecules onto the vacant sites, leading to de-
creased sorption during the later stages.

The experimental biosorption kinetic data were modeled
using pseudo-second order kinetics. The linearized form of
the pseudo-second order model [23] can be represented as:

t 1 1
Q:FQg—i_@t (9)

where Q. is the amount of dye sorbed at equilibrium (mg/g),
O, the amount of dye sorbed at time ¢ (mg/g) and K, the
pseudo-second order rate constant (g/mg min).

The pseudo-second order model is based on the sorption ca-
pacity onto the solid phase, which predicts the sorption behav-
ior over the whole range studied [24], which was consistent
with the better results obtained with the pseudo-second order
model (Table 1). All the correlation coefficients were greater
than 0.994, and the predicted equilibrium sorption capacities
values showed reasonably good agreement with those obtained
experimentally.

Table 1
Pseudo-second order model kinetic parameters at different initial RBS
concentrations

Initial Experimental K, x 10* Predicted R?
concentration (mg/1) Q. (mg/g) (g/mg min) Q. (mg/g)

50 20.0 5.03 23.9 0.994
100 34.6 5.98 37.7 0.999
150 44.7 4.14 48.5 0.999
200 53.8 3.78 57.8 0.999
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3.3. Biosorption isotherms

As the solution pH, especially low values, has a significant
effect on the uptake of RB5, biosorption isotherm experiments
were conducted under different pH conditions (pH 1-2). In
addition, biosorption isotherms were also studied at different
temperatures (25—40 °C). The initial RB5 concentration was
varied from 50 to 1000 mg/l to obtain biosorption isotherms.
From Fig. 4 it can be clearly seen that a low pH (pH 1) and
high temperature (40 °C) favored biosorption. A steep initial
isotherm slope (which is the measure of the sorbent—solute af-
finity), with an eventual highest uptake value of 100 mg/g was
observed under these conditions. Under all the conditions ex-
amined, the uptake of RBS5 increased with increasing dye con-
centration, reaching saturation at a higher equilibrium
concentration. From Fig. 4, it can also be observed that the bi-
osorption performance increased with increasing temperature;
showing the endothermic character of biosorption. This in-
crease in uptake could be due to the increased surface activity
and kinetic energy of the dye molecules [8].

The biosorption isotherm was studied using three models:
the Langmuir, Freundlich and Redlich—Peterson models.
The model constants, along with correlation coefficients (R2)
and percentage error values obtained for the three isotherm
models, are listed in Table 2. The Langmuir sorption model
served to estimate the maximum dye uptake values when these
could not be experimentally obtained. The constant b repre-
sents the affinity between the sorbent and sorbate. The Lang-
muir model parameters were largely pH and temperature
dependent. Maximum dye uptake, Qp,.x, and the Langmuir
equilibrium constant, b, increased with decreasing solution
pH and increasing temperature. High b values are reflected
in the steep initial slope of a sorption isotherm, indicating a de-
sirable high affinity. Thus, for good general biosorbents, a high
Omax and steep initial isotherm slope (i.e. high b) are desirable
[11]. The relationship between the dye uptake capacity (Q) of
an algae and the residual dye concentration (Cy) at equilibrium
can also be described using the Freundlich equation. From
Table 2, it was obvious that maximum Ky and n values were

120

RBS5 uptake (mg/g)

0 300 600 900
Final RB5 concentration (mg/1)

Fig. 4. RBS5 biosorption isotherms for Laminaria biomass under different con-
ditions (agitation rate = 160 rpm). pH and temperature: (4 ) 1 and 25 °C; (H)
2 and 25°C; (A) 1 and 30 °C; (@) 1 and 35 °C; (x) 1 and 40 °C.

obtained at a pH of 1 and temperature of 40 °C. High Kg
and n values indicate that the binding capacity has reached
its highest value; the affinity between the biomass and dye
molecules was also higher. The experimental n values were
greater than unity in all cases, indicating favorable biosorp-
tion, with repulsive forces between the sorbed molecules [25].

The Redlich—Peterson model incorporates the features of
both the Langmuir and Freundlich isotherms into a single
equation, as shown in Eq. (4). There are two limiting behav-
iors: the Langmuir form for Bgrp=1 and the Henry’s law
form for Brp = 0. The isotherm constants (Krp and agrp) and
model exponent (Orp) increase with decreasing pH and in-
creasing temperature (Table 2). High Redlich—Peterson con-
stant values were observed under optimum conditions (pH 1
and temperature 40 °C). In general, based on the correlation
coefficients and % error values, the Freundlich model de-
scribed the biosorption isotherm data well compared to other
model equations examined.

3.4. Thermodynamic parameters of biosorption

The biosorption isotherm data obtained at different temper-
atures were used to calculate potentially important thermody-
namic properties, such as changes in the standard Gibbs free
energy (G°), standard enthalpy (H°) and standard entropy
(8°). The Langmuir constant, b (I/mg), was used to calculate
the change in the standard Gibbs free energy (G°) according
to the following equation:

AG° = —RT Inb (10)

where R is the gas constant (8.314 J/mol K) and T the absolute
temperature (K). The changes in the standard enthalpy and en-
tropy were obtained from the plot of In b vs. 1/T; the equations
are as follows:

AG° = AH®° —TAS® (11)
From Egs. (10) and (11), we get,

AH®° AS°

Inb=—
n RT T R

(12)

AG° values of —25.1, —25.7, —26.3 and —27.0 kJ/mol
were obtained at 25, 30, 35 and 40 °C, respectively. The neg-
ative free energy change value indicates the feasibility of the
RBS5 biosorption process and confirms the affinity of the bio-
sorbent towards the sorbate. The AH® and AS° values obtained
from the plot of In b vs. 1/T (R2 =0.997) were 12.3 kJ/mol and
0.125 kJ/mol K, respectively. The positive enthalpy value indi-
cates that the RBS5 biosorption process is endothermic, as the
process usually favored by an increase in temperature as this
will activate the sorption sites. The positive entropy value in-
dicates the increasing randomness at the solid/liquid interface
during the biosorption process [26].
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Table 2
Langmuir, Freundlich and Redlich—Peterson model parameters under different pH and temperature conditions
pH T (°C) Langmuir model Freundlich model Redlich—Peterson model

Ouw (mg/)  bUM®) R (0 K™ n R e KWy aw@m™ G R e (D)
1.0 25 92.3 0.026 0939 11.6 24.7 50 0983 1.6 79 0.24 0.84  0.955 9.7
20 25 73.2 0.009 0.971 6.5 233 5.1 0981 1.7 7.1 0.21 0.63 0975 6.4
1.0 30 93.1 0.027 0.939 9.3 259 51 0973 0.7 9.1 0.25 0.85  0.941 4.0
1.0 35 97.8 0.029 0.908 13.6 27.6 52 099 15 10.8 0.28 086 0953 10.7
1.0 40 101.5 0.033 0944 121 28.3 53 098 0.8 11.4 0.29 0.86  0.965 9.7

R? = correlation coefficient; ¢ = error.
3.5. Batch desorption

Desorption of the RBS from the dye-loaded Laminaria bio-
mass was attempted using several chemical agents, including
HCI1, NaOH, Na,CO;, EDTA (disodium salt) and methanol.
The performances of these elutants in the desorption of RB5
are illustrated in Fig. 5. The 0.1 M HCI solution, as expected,
did not performed well in the biosorption of RBS, as an acidic
pH is favored for the biosorption of RBS; therefore, reverse
equilibrium (desorption) would not be expected under acidic
conditions. Furthermore, the performance of 0.01 M EDTA so-
Iution was mediocre, with an elution efficiency for RB5 of
only 22%. It was also found that washing the dye-laden bio-
mass with 2% methanol did not result in considerable release
of RB5 molecules. However, the alkaline elutants, 0.01 M
NaOH and Na,COj solutions, performed very well in the de-
sorption of RB5, and also exhibited very high elution efficien-
cies. Under strong basic conditions, the number of negatively
charged sites increases. These negatively charged sites on the
sorbent surface favor desorption of the dye anions as a result
of electrostatic repulsion [27]. Due to its high elution perfor-
mance, 0.01 M NaOH solution was selected as the elutant
for further studies.

3.6. Column studies

The results from the batch experiments allowed the funda-
mental information with regard to the biosorbent behavior and

100
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)
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=
= 25+
oL I l |
El E2 E3 E4 E5

Elutants

Fig. 5. Desorption of RBS from dye-loaded Laminaria biomass using different
elutants (RB5 loading on Laminaria biomass = 53.8 mg/g; volume of elu-
tant =20 ml). Elutants: (E1) 0.1 M HCI; (E2) 0.01 M NaOH; (E3) 0.01 M
Na,COj3; (E4) 0.01 M EDTA; (ES) 2% CH;0H.

dye biosorption performance to be studied. However, these re-
sults do not afford accurate scale-up data for industrial treat-
ment systems where a continuous flow system is normally
employed [28]. Hence, experiments, using an up-flow packed
column, were carried out to study the performance of Lami-
naria biomass in the biosorption of RB5.

The breakthrough curve for the biosorption of RB5 onto
Laminaria biomass followed the typical S-shaped curve that
is favorable for a column operation (Fig. 6). The column
breakthrough (when the dye concentration reached 1 mg/1) ap-
peared at 18.3 h; thereafter, the Laminaria bed became pro-
gressively saturated with RBS5, with column exhaustion
(when the dye concentration reached 49.2 mg/l) observed at
73 h. The batch biosorption kinetics for RB5 was observed
to be rapid, indicating minimal mass transfer resistance, which
was also reflected by the very good biosorption performance
that was observed during the column operation. The uptake
and removal efficiency of RBS5 in the column were 41.9 mg/g
and 72.7%, respectively. The total volume of RB5 solution
treated during the column operation was 4.38 1.

The elution curve for RB5 through the Laminaria column is
presented in Fig. 6. The 0.01 M NaOH solution performed well
in the elution of RB5 from the biomass, with an elution effi-
ciency of 97.7%. From the elution curve, the RBS concentration
of the effluent was observed to increase sharply during the initial
stage, reaching a maximum (696 mg RB5/1) at around 4 h. A
gradual decrease in the RB5 concentration was then observed,
with the elution process completed at 11 h. During the elution

Elution time (h)
0" 2 4 6 8 10 200

EO 700 g
E 50t g
£ 1600 &
-

< 40+ wn
£ 1500 ¢
=

g 30 1400 8
g =4
9 +300 g
20 B
& 1200
g 0 {100 B
3 g
O 0 1 L L 1 0 ~

0 10 20 30 40 50 60 70 80

Sorption time (h)

Fig. 6. RBS5 sorption and elution breakthrough curves (initial RB5 concentra-
tion = 50 mg/l; bed height = 10 cm; flow rate = 1 ml/min; RBS influent pH 1;
elutant = 0.01 M NaOH). Breakthrough curves: ( A ) sorption; () elution.
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process, Laminaria biomass showed the tendency to swell be-
cause of the alkaline environment. However, the biomass leach-
ing is minimal because of the low concentration of alkaline
solution and less contact time. Therefore, no interference in
RBS5 analysis and no significant rise in column pressure were ob-
served. The concentration factor [5], defined as the ratio of the
total volume of dye solution treated to the total volume of desor-
bent used, was found to be 6.6. A high concentration factor value
is always preferable as the eventual recovery of dye will; thus,
become more feasible [17,29].

4. Conclusion

Biosorption by seaweed has been demonstrated to be a prac-
tical alternative to conventional systems for the removal of Re-
active Black 5 in solution. Species of Laminaria were abundant
in many parts of world oceans and can serve as a cheap source for
the production of biosorbent. To our knowledge, a brown algae
has been firstly employed in this study for reactive dye biosorp-
tion. Also, this study provides evidence of the participation of
amine groups in the uptake of RB5 by Laminaria biomass.
The batch experiments showed the importance of solution pH
and temperature in the biosorption of RB5. With respect to elu-
ents, 0.01 M NaOH solution was found to offer the possibility of
recovering RB5 from dye-loaded biomass. The breakthrough
curve, obtained at a pH of 1, temperature of 25 °C and an initial
RB5 concentration of 50 mg/l, followed the typical S-shaped
curve, with breakthrough and exhaustion appeared at 18.3 and
73 h, respectively. The column was successfully eluted with
0.01 M NaOH, which opens up the possibility of column regen-
eration. Considering the data and analysis presented in this pa-
per, it is suggested that Laminaria sp. would be well suited for
the detoxification of reactive dye-bearing industrial effluents.

Acknowledgements

This work was supported by a grant of the Post-Doc pro-
gram, Chonbuk National University (2005) and in part by KO-
SEF through AEBRC at POSTECH.

References

[1] Slokar YM, Le Marechal AM. Methods of decolorization of textile
wastewaters. Dyes and Pigments 1998;37:335—56.

[2] BanatIM, Nigam P, Singh D, Marchant R. Microbial decolorization of tex-
tile-dye-containing effluents: a review. Bioresource Technology 1996;
58:217-217.

[3] Fu Y, Viraraghavan T. Fungal decolorization of dye wastewaters: a re-
view. Bioresource Technology 2001;79:251—-62.

[4] Aksu Z. Application of biosorption for the removal of organic pollutants:
a review. Process Biochemistry 2005;40:997—1026.

[5] Volesky B, Schiewer S. Biosorption of metals. In: Flickinger M,
Drew SW, editors. Encyclopedia of bioprocess technology. New York:
Wiley; 1999. p. 433—53.

[6] O’Mahony T, Guibal E, Tobin JM. Reactive dye biosorption by Rhizopus
arrhizus biomass. Enzyme and Microbial Technology 2002;31:456—63.

[7] Allegre C, Moulin P, Maisseu M, Charbit F. Treatment and reuse of re-
active dyeing effluents. Journal of Membrane Science 2006;269:15—34.

[8] Aksu Z, Cagatay SS. Investigation of biosorption of Gemazol Turquoise
Blue-G reactive dye by dried Rhizopus arrhizus in batch and continuous
systems. Separation and Purification Technology 2006;48:24—35.

[9] Rubin E, Rodriguez P, Herrero R, Cremades J, Barbara I, de
Vicente MES. Removal of methylene blue from aqueous solutions using
as biosorbent Sargassum muticum: an invasive macroalga in Europe.
Journal of Chemical Technology and Biotechnology 2005;80:291—8.

[10] El Nemr A, Abdelwahab O, Khaled A, El Sikaily A. Removal of chrys-
ophenine dye (DY-12) from aqueous solution using dried Ulva lactuca.
Egyptian Journal of Aquatic Research 2005;31:86—98.

[11] Davis TA, Volesky B, Mucci A. A review of the biochemistry of heavy
metal biosorption by brown algae. Water Research 2003;37:4311—30.

[12] Vieira RHSF, Volesky B. Biosorption: a solution to pollution? Interna-
tional Microbiology 2000;3:17—24.

[13] Park D, Yun Y-S, Park JM. Studies on hexavalent chromium biosorption
by chemically-treated biomass of Ecklonia sp. Chemosphere 2005;60:
1356—64.

[14] Yun Y-S, Park D, Park JM, Volesky B. Biosorption of trivalent chromium
on the brown seaweed biomass. Environmental Science and Technology
2001;35:4353—8.

[15] Yee N, Benning LG, Phoenix VR, Ferris FG. Characterization of metal—
cyanobacteria sorption reactions: a combined macroscopic and infrared
spectroscopic investigation. Environmental Science and Technology
2004;38:775—82.

[16] Kapoor A, Viraraghavan T. Heavy metal biosorption sites in Aspergillus
niger. Bioresource Technology 1997;61:221—7.

[17] Volesky B. Detoxification of metal-bearing effluents: biosorption for the
next century. Hydrometallurgy 2001;59:203—16.

[18] Won SW, Choi SB, Yun Y-S. Interaction between protonated waste bio-
mass of Corynebacterium glutamicum and anionic dye Reactive Red 4.
Colloids and Surfaces A: Physicochemical Engineering Aspects
2005;262:175—80.

[19] Romero-Gonzalez ME, Williams CJ, Gardiner PHE. Study of the mech-
anisms of cadmium biosorption by dealginated seaweed waste. Environ-
mental Science and Technology 2001;35:3025—30.

[20] Lodeiro P, Cordero B, Grille Z, Herrero R, de Vicente MES. Physico-
chemical studies of cadmium(II) biosorption by the invasive alga in Eu-
rope Sargassum muticum. Biotechnology and Bioengineering 2004;88:
237—417.

[21] Vijayaraghavan K, Palanivelu K, Velan M. Treatment of nickel contain-
ing electroplating effluents with Sargassum wightii biomass. Process Bio-
chemistry 2006;41:853—9.

[22] Khattri SD, Singh MK. Colour removal from aqueous solutions by ad-
sorption. Indian Journal of Chemical Technology 1998;5:230—4.

[23] Ho YS, McKay G. Sorption of dye from aqueous solution by peat. Chem-
ical Engineering Journal 1998;70:115—24.

[24] McKay G, Ho YS, Ng JCY. Biosorption of copper from wastewaters: a re-
view. Separation and Purification Methods 1999;28:87—125.

[25] Bai RS, Abraham TE. Studies on chromium(VI) adsorption-desorption
using immobilized fungal biomass. Bioresource Technology 2003;87:
17-26.

[26] Tewari N, Vasudevan P, Guha BK. Study on biosorption of Cr(VI) by
Mucor hiemalis. Biochemical Engineering Journal 2005;23:185—92.

[27] Namasivayam C, Kavitha D. Removal of Congo red from water by ad-
sorption onto activated carbon prepared from coir pith, an agricultural
solid waste. Dyes and Pigments 2002;54:47—58.

[28] Wong KK, Lee CK, Low KS, Haron MJ. Removal of Cu and Pb from
electroplating wastewater using tartaric acid modified rice husk. Process
Biochemistry 2003;39:437—45.

[29] Vijayaraghavan K, Palanivelu K, Velan M. Crab shell-based biosorption
technology for the treatment of nickel-bearing electroplating industrial
effluents. Journal of Hazardous Materials 2005;B119:251—4.



	Biosorption of C.I. Reactive Black 5 from aqueous solution using acid-treated biomass of brown seaweed Laminaria sp.
	Introduction
	Materials and methods
	Dye and biosorbent
	Batch experimental procedure
	Models to fit batch experimental data
	Fourier transform infrared analysis
	Column experimental procedure

	Results and discussion
	Effect of pH and mechanism of dye biosorption
	Biosorption kinetics
	Biosorption isotherms
	Thermodynamic parameters of biosorption
	Batch desorption
	Column studies

	Conclusion
	Acknowledgements
	References


