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Abstract

The ability of fresh water macroalga Azolla filiculoides to biosorb Acid Blue 15 from aqueous solution was investigated in batch
and column studies. Batch experiments were conducted to study the effect of initial solution pH and dye concentration. Langmuir
and Freundlich isothermmodels were used to fit the equilibrium data. The maximum dye uptake of 116.28 mg/g was observed at pH 7,

according to Langmuir model. In column experiments, effects of bed height (15e25 cm), flow rate (5e15 ml/min) and initial dye
concentration (50e100 mg/l) on dye removal were studied. An increase in bed height and initial dye concentration favors the dye
biosorption, while the minimum flow rate produced maximum dye biosorption. At optimum bed height (25 cm), flow rate (5 ml/min)
and initial dye concentration (100 mg/l), A. filiculoides exhibited an uptake of 35.98 mg/g of Acid blue 15. The Bed Depth Service

Time model and the Thomas model were used to analyze the column experimental data and the model parameters were evaluated.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Many industries, such as textile, paper, plastics, food,
cosmetics, use dyes in order to color the products. The
discharge of dye house wastewater into the environment
is aesthetically displeasuring, impedes light penetration,
damages the quality of the receiving streams and may be
toxic to food chain organisms and to aquatic life [1].

A number of processes, like flocculation [2], chemical
coagulation [2], precipitation [2], ozonation [3] and
adsorption [4] have been employed for the treatment
of dye bearing wastewaters. Although the above said
physical and/or chemical methods have been widely
used, they possess inherent limitations such as high
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cost, formation of hazardous byproducts and intensive
energy requirements [5]. Biological processes such as
biosorption [6], bioaccumulation [7,8] and biodegrada-
tion [9,10] have been proposed as potential methods
for the removal of dyes from textile wastewater. Among
these, biosorption is more advantageous for water
treatment in that dead organisms are not affected by
toxic wastes as they do not require a continuous supply
of nutrients and they can be regenerated and reused for
many cycles [11].

Several investigators have reported the potential of
different biomaterials to biosorb dye from aqueous
solutions, including bacteria [12], fungi [13] and micro-
algae [14]. However, the application of these materials
presents few problems when operated in continuous
mode; among these the solideliquid separation is
a major constrain. Even though immobilization may
solve this problem, chemical costs and mechanical
strength should be taken into consideration [15].
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Macroalgae, on the other hand, usually possess good
mechanical stability and rigidity, and have been widely
used for heavy metal biosorption [16]. However, no
research attention has been focused on utilization of
macroalgae for dye removal. Azolla filiculoides, a fresh
water blue green alga, has been shown to effectively bind
chromium [17], zinc [18] and nickel [19] from aqueous
solutions. It is commonly found in ditches, ponds, and
slow moving streams and is capable of colonizing
rapidly to form dense mats over water surfaces and
thus imposing negative effects on the aquatic ecology
[18]. Considering this, A. filiculoides was employed in the
present study for the removal of Acid Blue 15 (AB15) in
batch and column modes.

2. Materials and methods

2.1. A. filiculoides

A. filiculoides was collected from Milk producers
union, Tirunelveli, India. It was then sun dried and
crushed to particle sizes in the range of 1e2 mm. The
crushed particles were then treated with 0.1 M HCl

Nomenclature

b Langmuir model constant
C Effluent dye concentration (mg/l)
C0 Initial dye concentration (mg/l)
Cb Breakthrough dye concentration (mg/l)
Cf Final or equilibrium dye concentration

(mg/l)
dc/dt Slope of breakthrough curve from tb to te

(mg/l h)
F Flow rate (ml/min)
Ka BDST model constant (l/mg h)
kTh Thomas model constant (l/mg h)
M Biosorbent mass (g)
mad Dye mass adsorbed (mg)
mtotal Total dye mass sent to the column (mg)
N0 Sorption capacity of bed (mg/l)
Q Dye uptake (mg/g)
Q0 Maximum solid-phase concentration of the

solute (mg/g)
Qmax Maximum dye uptake (mg/g)
t Time (h)
tb Breakthrough time (h)
te Exhaustion time (h)
V Solution volume (l)
Veff Effluent volume (l)
Z Bed height (cm)
y Linear velocity (cm/h)
for 5 h followed by washing with distilled water and
then kept for shaded dry. The resultant biomass was
subsequently used in sorption experiments.

2.2. Batch experiments

Batch biosorption experiments were performed in
a rotary shaker at 150 rpm using 250 ml Erlenmeyer
flasks containing 0.2 g Azolla biomass in 50 ml of
solution containing different AB15 concentration. After
12 h, the reaction mixture was centrifuged at 3000 rpm
for 10 min. The dye content in the supernatant was
determinedusingUV-Spectrophotometer (Hitachi, Japan)
at lmax 564 nm. The amount of dye biosorbed was
calculated from the difference between the dye quantity
added to the biomass and the dye content of the
supernatant using the following equation:

QZ
�
C0 �Cf

�
!

�
V

M

�
ð1Þ

where Q is the dye uptake (mg/g); C0 and Cf are
the initial and equilibrium dye concentrations in the
solution (mg/l), respectively; V is the solution volume (l);
and M is the mass of biosorbent (g).

The Langmuir sorption model was chosen for the
estimation of maximum AB15 biosorption by the
biosorbent. The Langmuir isotherm can be expressed as:

QZ
QmaxbCf

1CbCf

ð2Þ

where Qmax is the maximum dye uptake (mg/g) and
b is the Langmuir equilibrium constant (l/mg). For
fitting the experimental data, the Langmuir model was
linearized as follows:
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The Freundlich model is represented by the equation:

QZKC
1=n
f ð4Þ

where K and n are constants.

2.3. Column experiments

Continuous flow sorption experiments were con-
ducted in a glass column (2 cm internal diameter and
35 cm height). At the top of the column, an adjustable
plunger was attached with a 0.5 mm stainless sieve. At
the bottom of the column, a 0.5 mm stainless sieve was
attached followed by glass wool. A 2 cm high layer of
glass beads (1.5 mm in diameter) was placed at the
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column base in order to provide a uniform inlet flow of
the solution into the column.

A known quantity of A. filiculoides was packed in the
column to yield the desired bed height of the sorbent.
Dye solution of known concentration at pH 7 was
pumped upward through the column at a desired flow
rate by a peristaltic pump (Miclins). The aliquots of dye
at the outlet of the column were collected at regular time
intervals.

The quantity of dye retained in the column repre-
sented by the area above the breakthrough curve (C vs. t)
is obtained through numerical integration. Dividing the
dye mass (mad) by the sorbent mass (M ) leads to the
uptake capacity (Q) of the alga [20]. Effluent volume
(Veff) can be calculated as follows [21]:

VeffZFte ð5Þ

where F is the volumetric flow rate (l/h).
Total amount of dye sent to column (mtotal) can be

calculated as follows [21]:

mtotalZ
C0Fte
1000

ð6Þ

where te is the exhaustion time (h).
Total dye removal percent with respect to flow

volume can be calculated as follows [21]:

Total dye removal ð%ÞZ mad

mtotal

!100 ð7Þ

3. Results and discussion

3.1. Batch studies

Solution pH is one of the most important environ-
mental factors, which influences both the cell surface dye
binding sites and the dye chemistry in water. In batch
experiments, the effect of initial solution pH on dye
uptake was studied by varying the pH from 4 to 7
(Fig. 1). For each pH value, the AB15 concentration
was varied from 10 to 1000 mg/l. The biosorbent dosage
(4 g/l) and agitation speed (150 rpm) were kept constant.
Azolla biomass exhibited higher uptakes at pH 7 for all
concentrations examined. It was also observed that as
the dye concentration increases, the uptake increases but
percent removal decreases. For instance, on changing
the initial AB15 concentration from 10 to 1000 mg/l, the
amount biosorbed increased from 2.18 to 109.7 mg/g at
pH 7. But the percent removal of AB15 decreased from
87.3 to 43.8% as the concentration is increased from 10
to 1000 mg AB15/l. This is because at lower concentra-
tion, the ratio of the initial moles of dye to the available
surface area may be low and subsequently the fractional
sorption becomes independent of initial concentration.
However, at higher concentration the available sites
become fewer compared to the moles of dye present and
hence the percentage removal of dye is dependent upon
the initial dye concentration. Also, at all pH conditions
examined the isotherm curve becomes smooth and
approaches the plateau value at higher dye concen-
trations. The plateau region of the isotherm represents
well-packed dye molecules covering the entire surface
area of the biosorbent [22].

The batch equilibrium data were modeled using
Langmuir and Freundlich models. Table 1 shows the
model constants along with correlation coefficients
for biosorption of AB15 by A. filiculoides. Langmuir
sorption model served to estimate the maximum uptake
values which could not be reached in the experiments.
The constant b represents affinity between biosorbent
and dye. The Langmuir model parameters were largely
dependent on the initial solution pH values. Both the
maximum dye uptake Qmax and the Langmuir equilib-
rium constant b increase with increase in initial pH from
4 to 7. It is worth noting that both K and n values also
reached their maximum values at pH 7, which implies
that the binding capacity reaches the highest value and
the affinity between AB15 and biomass was also higher
than other pHs investigated. For all the initial pH
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Fig. 1. Effect of pH on AB15 biosorption by A. filiculoides (MZ 4 g/l,

agitation speedZ 150 rpm). (A) pH 4; (-) pH 5; (:) pH 5.5; (!)

pH 6; (B) pH 6.5; (C) pH 7.

Table 1

Langmuir and Freundlich model parameters at different pH conditions

pH Langmuir parameters R2a Freundlich parameters R2a

Qmax (mg/g) b (l/mg) K (l/g) n

4.0 78.13 0.0038 0.982 0.495 1.30 0.995

5.0 94.34 0.0070 0.999 1.103 1.38 0.981

5.5 99.01 0.0091 0.999 1.432 1.39 0.979

6.0 107.53 0.0098 0.999 1.687 1.41 0.969

6.5 109.89 0.0145 0.998 2.503 1.52 0.966

7.0 116.28 0.0151 0.999 2.750 1.54 0.955

a Correlation coefficient.
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conditions (except pH 4) examined, the Langmuir model
regression resulted in higher correlation coefficients than
those obtained for the Freundlich model fits.

3.2. Column studies

Biosorption of AB15 by A. filiculoides was presented
in the form of breakthrough curves (C/C0 vs. t).

3.2.1. Effect of bed height
In the first stage of continuous experiments in column

packed with A. filiculoides, the bed height was varied
from 15 to 25 cm. In order to yield different bed heights,
6.12, 9.89 and 13.71 g of biomass were added to produce
15, 20 and 25 cm, respectively. The inlet AB15
concentration (100 mg/l) and the flow rate (5 ml/min)
were kept constant. As shown in Fig. 2, both the
breakthrough and exhaustion time increased with in-
creasing bed height, which resulted in a broadened mass
transfer zone. Higher uptake was observed at highest
bed height due to the increase in the surface area of
biosorbent, which provided more binding sites for the
sorption [23,24]. Even though the breakthrough curves
become steeper as the bed height decreased, a higher
removal percentage was observed at the highest bed
height (Table 2).

Bed Depth Service Time (BDST) is a simple model,
which states that bed height (Z ) and service time (t) of
a column bears a linear relationship. The equation can
be expressed as [25]:

tZ
N0Z

C0y
� 1

KaC0

ln

�
C0

Cb

� 1

�
ð8Þ

where Cb is the breakthrough dye concentration (mg/l);
N0 is the sorption capacity of bed (mg/l); y is the linear
velocity (cm/h); and Ka is the rate constant (l/mg h). This
simplified design model ignores the intraparticle mass
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Fig. 2. Breakthrough curves for AB15 biosorption onto A. filiculoides

biomass at different bed heights (flow rate Z 5 ml/min, initial AB15

concentration Z 100 mg/l, pHZ 7.0). Bed heights: (A) 15 cm; (-)

20 cm, (:) 25 cm; (- - -) predicted from Thomas model.
transfer resistance and external film resistance such that
the adsorbate is adsorbed onto the adsorbent surface
directly. With these assumptions the BDST model works
well and provides useful modeling equations for the
changes in system parameters [26]. The column service
time was selected as the time when the effluent dye
concentration reached 1 mg/l. The plot of service time
against bed height at a flow rate of 5 ml/min (graph
not presented) was linear (R2Z 0.9778) indicating the
validity of BDST model for the present system. The
sorption capacity of the bed per unit bed volume,N0, was
calculated from the slope of BDST plot, assuming initial
concentration, C0, and linear velocity, y, as constant
during the column operation. The rate constant, Ka,
calculated from the intercept of BDST plot, character-
izes the rate of solute transfer from the fluid phase to
the solid phase [27]. The computed N0 and Ka were
4395 mg/l and 0.009 l/mg h, respectively. The BDST
model parameters can be useful to scale up the process
for other flow rates without further experimental run.

3.2.2. Effect of flow rate
The influence of flow rate on biosorption of AB15 by

A. filiculoides was investigated by keeping initial dye
concentration (100 mg/l) and bed height (25 cm) con-
stant and varying the flow rate from 5 to 15 ml/min
(Fig. 3). In contrast to bed height results, the column
performed well at lowest flow rate. Earlier breakthrough
time appeared for highest flow rate, resulting in low
uptake and least percent removal. This behavior may be
due to insufficient time for the solute inside the column
and the diffusion limitations of the solute into the pores
of the sorbent at higher flow rates [26].

3.2.3. Effect of initial dye concentration
The biosorption performance of A. filiculoides on

AB15 was examined at different inlet dye concentration.
The breakthrough curves obtained by changing AB15
concentration from 50 to 100 mg/l at 5 ml/min flow rate
and 25 cm bed height are shown in Fig. 4. A decreased
inlet AB15 concentration gave an extended break-
through curves and the treated volume was also higher,
since the lower concentration gradient caused a slower
transport due to decreased diffusion coefficient [21]. At
the highest AB15 concentration (100 mg/l) theAzolla bed
was saturated quickly leading to earlier breakthrough
and exhaustion time. From Table 2, it was observed that
the highest uptake and high percent removal of AB15
were obtained for highest AB15 concentration. Also
more favorable and steep breakthrough curve was
obtained for 100 mg AB15/l. The driving force for
biosorption is the concentration difference between the
dye on the biosorbent and the dye in the solution [21].
Thus high driving force due to high AB15 concentration
resulted in better column performance.
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Table 2

Column data and parameters obtained at different bed heights, flow rates and initial dye concentrations

Bed

height (cm)

Flow rate

(ml/min)

Initial dye

concentration (mg/l)

tb (h) te (h) Uptake

(mg/g)

dc/dt

(mg/l h)

Veff (l) Dye

removal (%)

15 5 100 1.6 11.0 25.92 11.90 3.30 48.06

20 5 100 4.5 15.5 28.85 9.41 4.65 61.04

25 5 100 6.2 26.5 35.98 5.52 7.95 61.26

25 10 100 1.2 14.0 30.55 7.16 8.40 49.85

25 15 100 0.2 11.0 29.78 9.88 9.90 41.25

25 5 75 9.3 34.7 34.74 3.30 10.41 61.01

25 5 50 13.2 50.8 32.95 1.50 15.24 59.29
3.2.4. Application of the Thomas model
Successful design of a column sorption process re-

quired prediction of the concentrationetime profile or
breakthrough curve for the effluent [28]. Various math-
ematical models can be used to describe fixed bed
adsorption. Among these the Thomas model is simple
and widely used by several investigators [21,28]. The
column biosorption data obtained at different bed
heights, flow rates and dye concentrations were fitted
using Thomas model. The linearized form of Thomas
model can be expressed as follows [28]:

ln

�
C0

C
� 1

�
Z

kThQ0M

F
� kThC0

F
V ð9Þ

where kTh is the Thomas model constant (l/mg h), Q0

is the maximum solid phase concentration of solute
(mg/g), and V is the throughput volume (l). The model
constants kTh and Q0 can be determined from the plot of
ln [(C0/C )� 1] against t [21]. Comparison of experimen-
tally determined and Thomas model predicted break-
through curves is shown in Figs. 2e4. In general, good
fits were obtained in all cases with correlation coef-
ficients ranging from 0.983 to 0.994. Table 3 summarizes
the Thomas model parameters obtained at different bed
heights, flow rates and initial AB15 concentrations. As
bed height increased, the values of Q0 increased and the
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Fig. 3. Breakthrough curves for AB15 biosorption onto A. filiculoides

biomass at different flow rates (bed heightZ 25 cm, initial AB15

concentrationZ 100 mg/l, pHZ 7.0). Flow rates: (A) 5 ml/min, (-)

10 ml/min, (:) 15 ml/min; (- - -) predicted from Thomas model.
values of kTh decreased. The bed capacity Q0 decreased
and Thomas constant kTh increased with increasing flow
rate. Similarly, Aksu and Gönen (2004) observed that as
the flow rate increased, the bed capacity decreased
and Thomas constant increased for phenol biosorption
to Mowital� B30H resin immobilized activated sludge.
In contrast, Q0 increased and kTh decreased with
increasing initial AB15 concentration. Also, in most
cases a negligible difference between the experimental
and predicted values of the bed capacity was observed
although the deviations of experimental data from
predicated values were most pronounced at higher flow
rates.

4. Conclusions

This study showed that the fresh water alga
A. filiculoides was effective in the removal of AB15.
Batch experiments provided fundamental information
regarding optimum pH and maximum dye uptake.
Column experiments were performed in a packed
column, as it makes the best use of the concentration
difference known to be a driving force for adsorption. A
series of column studies revealed that bed height, flow
rate and initial dye concentration affected dye biosorp-
tion. The highest bed height (25 cm), lowest flow rate
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Fig. 4. Breakthrough curves for AB15 biosorption onto A. filiculoides

biomass at different dye concentrations (bed heightZ 25 cm, flow

rateZ 5 ml/min, pHZ 7.0). Initial dye concentrations: (A) 50 mg/l,

(-) 75 mg/l, (:) 100 mg/l; (- - -) predicted from Thomas model.
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(5 ml/min) and highest dye concentration (100 mg/l)
performed well in AB15 biosorption.

A successful biosorption process not only depends on
dye uptake performance of the biomass, but also on
the constant supply of the biomass for the process.
Therefore it is preferable to use biomass, which is either
an industrial waste or available plenty in nature.
A. filiculoides is one of the most abundantly available
and rapidly reproducing fresh water algae. Also the
cultivation method of A. filiculoides is simple and also
incurs low production cost. Thus, A. filiculoides pos-
sesses all intrinsic characteristics to be employed for the
treatment of Acid Blue 15 bearing industrial effluents.
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