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The biosorption of commonly used reactive dye, reactive
orange 16 (RO 16), from aqueous solutions by live (ILSq)
and heat inactivated Scenedesmus quadricauda (IHISq)
immobilized Scenedesmus quadricauda was studied in a batch
system with respect to pH, temperature and biosorption time.
The ILSq and IHISq exhibited the highest dye uptake capacity
at 30 °C, the initial pH value of 2.0 and the initial dye concen-
tration of 300 mg L. At 300 mg L™ initial dye concentration
in the batch system the adsorption capacity was determined
as 88.4 mg g’ of dye biosorption for IHISq in 0.5 h. The
adsorption capacity of ILSq was observed as 71.2 mg g in
0.5 h and 76.4 mg g' and 82.8 mg g' of dye biosorption
within 1 and 3 h, respectively. The equilibrium concentration
and the adsorption capacity at equilibrium were determined
using four different sorption models i.e., Langmuir, Temkin,
Flory-Huggins and Freundlich isotherm.

Key Words: Isotherms, kinetics, Biosorption, Immobilized
Scenedesmus quadricauda, Algae, Reactive orange 16.

INTR3ODUCTION

The textile industry uses the dye for the colouration of the fiber. There
are over 100,000 commercially available dyes whose amount of production
is over 7 x 10° metric tons per year'™. Dyes are classified into different
chemical and application classes according to their variations in application
class and chemical nature®. Reactive dyes are typically azo-based chromo-
phores combined with different types of reactive groups e.g., vinyl sulfone,
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chlorotriazine, trichloropyrimidine, difluorochloropyrimidine"®’. They differ
from all other classes of dyes in that they are bound to the textile fibers
such as cotton to through covalent bonds. They bear such convenient char-
acteristics as bright colour, simple application techniques and low energy
consumption and they are extensively used in textile industries™®.

Biosorption of azo dyes has been the target of great attention in the last
few years’. Dyeing industry effluents constitute one of the most problematic
waste waters to be treated, not only because of their high chemical and
biological oxygen demands, suspended solids and content in toxic compounds
but also because of colour, which is the first contaminant to be recognized
by human eye. They must also be resilient to both high temperatures and
enzyme degradation, resulting from detergent washing’.

Adsorption has been shown to be the most promising option for non-
degradable dyes for the removal from aqueous streams, activated carbon
being the most common adsorbent for this process due to its effectiveness
and versatility'’. Adsorption techniques are seen as an economic alternative.
Biosorption is the passive uptake of the pollutions from aqueous by the use
of non-growing or non living microbial mass. The main attractions of
biosorption are high selectivity and efficiency, cost effectiveness and good
removal performance. Textile dyes vary greatly in their chemistry and their
interactions with microorganisms depend on the chemistry of a particular
dye, type of biomass, its preparation and its specific surface properties and
environmental conditions (pH, temperature, ionic strength, existence of
competing organic or inorganic ligands in solution)*'"'">, Micro algae, the
primary producers of the aquatic food chains, have been found to be very
effective in removing pollutants from waste water. Micro algae have been
successfully used as biomass for waste water treatment systems because of
their photoautotrophic growth properties".

In industrial or technical operations, immobilized microbial cell systems
could also provide additional advantages over freely suspended cells'.
Immobilized cells tend to have higher activity and are more resilient to
environmental perturbations such as pH or exposure to toxic chemical concen-
trations than suspension cells. Natural polymers, such as alginate, chitosan,
cellulose and chitin derivatives, have been mostly used as matrix for the
immobilization of microbial cells via entrapment technique'.

In the present study, Ca-alginate was used as natural polymeric matrix
and Scenedesmus quadricauda was immobilized in Ca-alginate beads by
entrapment. Live Scenedesmus quadricauda (ILSq) and heat inactivated
Scenedesmus quadricauda (IHISq) were used for the sorption of dyes, from
aqueous solutions in a batch system. The study investigates the effects of
initial dye concentration, initial pH of the solution and time on the dye
uptake capacities of ILSq and IHISq were investigated.
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EXPERIMENTAL

Micro alga Scenedesmus quadricauda used in this research was isolated
from fresh water samples obtained from Lake Mogan in Ankara, Turkey.
The cell culture was grown in BG11 medium adjusted to pH 7.0 and main-
tained at 21 °C with a 16:8 h light dark cycle using 2400 Ix light intensity.
The resulting biomass was washed with sterile distillated water for several
times.

Dye: The general characteristics of RO 16 are summarized in Table-1.
Reactive orange16 dye (CI 17757) was obtained from Sigma-Aldrich Company
Ltd. The range of concentration of prepared dye solutions changed
between 10 and 300 mg L' for Orange 16 (RO16).

TABLE-1
CHARACTERISTICS OF REACTIVE ORANGE 16 (RO16)

i
NaO;SOCH,C Hz—iON=N SO;3Na

o

H

i
H3C—C—NH

m.f.: C, H ,N,O, S,Na,; m.w.: 617.54; Colour index no. 17757; A, (nm): 388

Immobilization of Scenedesmus quadricauda: The immobilization
of Scenedesmus quadricauda via entrapment was carried out as follows:
Na-alginate (% 2 g; from Macrosytia pyrifera, high viscosity, Sigma Chem.
Co., USA) was dissolved in distilled water and mixed with the Scenedesmus
quadricauda. The mixture was introduced into a solution containing (0.1 M
CaCl,) with a burette and stirred to prevent aggregation of the Ca-alginate
beads. The beads (ca. 4 mm) were cured in this solution for 1 h and then
washed twice with 200 mL sterile distilled water. The cured beads were
stored in 5 mM CaCl, solution at 4 °C until they were used. The heat-
inactivated preparation was obtained through boiling the live algae in water
for 10 min.

Scanning electron microscopy: Samples of algal immobilized beads
were coated with a thin layer of gold under vacuum and their structure was
examined under a Jeol, JISM-5600 scanning electron microscope at an accele-
rating voltage of 20 kV.

Batch experimental procedure: In order to obtain isotherm and kinetic
data, batch biosorption experiments were performed in 500 mL Erlenmeyer
flasks containing 100 mL dye synthetic solutions. The flasks were agitated
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on a shaker at 150 rpm for 24 h to ensure that equilibrium was reached.
The effect of initial solution pH on decolourization of active and heat-
inactivated immobilized algal preparations was investigated in the pH range
of 2.0-8.0 (which was adjusted with HCI or NaOH solution at the beginning
of the experiment) at 30 °C. The effect of temperature and initial dye concen-
tration between 10 and 300 mg/L on the decolourization capacities of the
beads was studied.

The amount of biosorbed dye per unit immobilized algae (mg dye/g
biomass) was determined by using the following equation:

qe = (C—Co)V/m (1)
where . is the adsorption capacity (mg g"), C, and C. are the concentration
of the dye in initial solution (mg L") and after biosorption, respectively. V
is the volume in aqueous solution (L) and m is the amount of the biomass
(&)

The concentration of unadsorbed RO16 dye in the biosorption medium
was measured using a double beam UV/Vis spectrophotometer (Spectro
RS) at 388 nm.

Biosorption isotherms in a batch system: Four biosorption isotherm
models were used to fit the experimental data are, as follows: The liberalized
Langmuir'®"®, Freundlich", Temkin and Flory-Huggins*** isotherm models:
(eqn. 1-4, respectively).

Cd/qe = 1/gm Ki + Ce/q (D
In ge =In K¢ + (1/n) In C. )
ge = (RT/br) In Kt + (RT/br) In C. 3)
In (6/C,) = In Kkr + n In (1-0) @)

where, K. = Langmuir isotherm constant related to the measure of affinity
of the adsorbate for adsorbent, q., Langmuir monolayer sorption capacity
(mg g); Kr = biosorption capacity (L g"); n = biosorption intensity (affinity
of the adsorbate for adsorbent); br = adsorption potential of the adsorbent;
Kr = equilibrium constant corresponding to maximum binding energy (L g);
0 =06 = (1-C/C,) is the degree of surface coverage, n = number of dye
occupying sorption sites; Key = equilibrium constant (L mol™); C, = initial
concentration of dye.

Kinetic models for the biosorption: To determine dye biosorption
kinetics, two different kinds of kinetic models were used. Lagergren pseudo-
first order and pseudo-second order kinetic models are shown below”'® %,

The pseudo-first order model:

dqt/dt = Ky .4 (qe-qr) 5)
where, q. is the adsorption capacity, t is the contact time (min), k; is the
pseudo first-order bisorption rate constant (min™), g. and q, are the amount
of dye biosorbed on the algae at equilibrium (mg g') and at any time,
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respectively. The integration of eqn. 6 with the initial condition, ;=0 att
=0 leads to
In (ge—q) = In gkt (6)
The values of the adsorption rate constant (k;) were determined from
of the In (gq-—qy) vs. t.
Pseudo- second order model: The pseudo-second model is defined as
dqv/dt = k» (qe—q0)’ (7
Integrating and rearranging eqn. 7 with the initial condition g, = 0 at
t = 0, the following equation is obtained:
t/qe = 1/kaaaqe” + (1/go)t (®)
where, g, is the initial sorption rate (mg g"' min™), at t—0 is defined as h =
k.q.” and k; is the pseudo-second order biosorption rate constant (g mg™"
min™"). The q. is determined from the slope of t/q, vs. t and h is determined
from the intercept.

RESULTS AND DISCUSSION

Characteristics of alginate-based biosorbent systems: Ca-alginate
beads containing Scenedesmus quadricauda were used for the removal of
dyes from aqueous solution. Alginate is a water-soluble natural polymer,
which can be converted into hydrogels via cross-linking with divalent calcium
ions. Beside the advantages, such as biodegradability and hydrophilicity,
the presence of carboxylic groups in the alginate structure enhances the
adsorption of dyes'. The scanning electron micrograph of immobilized
Scenedesmus quadricauda bead is depicted in Fig. 1. The micrographs did
not indicate any change in the morphology of Scenedesmus quadricauda.

Fig. 1. Scanning electron micrographs of Scenedesmus quadricauda immobilized
alginate beads
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Effects of initial dye concentration on dye biosorption: As shown
in Fig. 2, the amount of biosorbed Orange 16 onto the ILSq and IHISq
preparations at equilibrium were studied and plotted as a function of the
initial concentration of RO 16 the biosorption medium. The biosorption
capacity, q. (mg g, of the ILSq and IHISq increased with increasing concen-
tration of RO 16 at equilibrium (C., mg L™).

Effects of initial pH on dye biosorption: The effects of initial pH on
dye sorption of ILSq and IHISq were studied in the pH range from 2.0 to
8.0 at 300 mg L™ initial dye concentration and the results are shown in Fig. 3.
The biosorption of RO 16 with ILSq and IHISq was determined at pH 2.0
as 80.9 mg g' and 89.9 mg g, respectively and declined with further
increase in pH.
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Fig. 2. Adsorption capacity of S. quadricauda Fig. 3. Effect of initial pH on the equi-

of the dye concentration at equilibrium librium RO16 sorption capacity

for RO16 (pH = 2.0, t = 30 °C, agitation of S. quadricauda (C, = 300 mg

rate =150 rpm) L, t = 30 °C, agitation rate =
150 rpm)

The pH of dye solution plays an important role in the whole biosorption
process. Dye sorption is highly pH dependent. The azo dyes release coloured
dye anions in solution. The cell wall matrix of green algae contains different
functional groups such as carboxyl, hydroxyl, sulphate and other charged
groups which are created by their complex heteropolysaccharides and lipid
components. At lower pH values, the biomass will have a net positive charge.
It is expected that nitrogen containing functional groups such as amines or
imadazoles in the biomass will also be protonated at acidic pH values.
Higher uptakes, obtained at lower pH values may be due to electrostatic
attraction between these negatively charged dye anions and positively
charged cell surface'”.
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Effects of temperature on dye biosorption: The effects of temperature
on the equilibrium sorption capacity of ILSq and IHISq for RO 16 was
investigated in the temperature range of 20-45 °C at the initial dye concen-
tration of 300 mg L. The biosorption capacity of RO 16 with ILSq and
IHISq was obtained at 30 °C as 84.6 mg g and 86.9 mg g”', respectively.
As shown in Fig. 4 the biosorption of RO 16 dye increased by increasing
temperature up to 30 °C. This temperature is suitable to binding with dye
and cell wall matrix of Scenedesmus quadricauda. Adsorption decreased
once the temperature increased due to the decreased surface activity.
Because of the decreasing surface activity the adsorption decrease with
further increasing temperature.

Biosorption isotherm: Langmuir biosorption isotherm was preferred
for the estimation of monomolecular adsorption capacity, g corresponding
to complete monolayer coverage on the biomass surface (C./qc) vs. C. plots
for ILSq and IHISq were shown in Fig. 5 and linear isotherm parameters,
gm, Kr and the coefficient of determination are given in Table-2. The mono-
molecular adsorption capacity, qm, showed that the immobilized algae had
more a mass capacity for IHISq (107.2 mg/g) than ILSq (45.8 mg/g).
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Fig. 4. Effect of temperature on the equilibrium  Fig. 5. Linearized Langmuir adsorption
RO16 sorption capacity of S. quadricauda isotherms of RO16 (pH 2.0,
(Co: 150 mg L, pH 2.0, agitation rate: t =30 °C, agitation rate =
150 rpm) 150 rpm)

Freundlich model was able to determine the biosorption equilibrium
of dye on live and physically treated algae biomass preparations. The
Freundlich isotherm model was used to fit the experimental data. The
Freudlich equation is based on biosorption onto a heterogeneous surface.
The plots of In q. vs. In C, for ILSq and IHISq are shown in Fig. 6. Ky and
n values of the isotherm model showed easy biosorption of dyes for aqueous
medium with a high adsorption capacity of the algae biomass preparations
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(Table-2). Values of n > 1 for RO 16 molecule indicates positive binding
and a heterogeneous nature of adsorption.

TABLE-2
LANGMUIR, TEMKIN, FLORY-HUGGINS AND FREUNDLICH
PARAMETERS FOR THE ADSORPTION ISOTHERMS OF
REACTIVE ORANGE 16 (RO16)

- Langmuir Temkin
Immobilized "
S. quadricauda o A | 2 , K, AG : 2
dm'g) (mgg) (10" L/mol) (kJ mol™)
Live 0.036 45.80  0.9880 0.52 -9.94  0.9771
Inactivated 0.031 107.20  0.9741 6.79 -16.40 0.9924
Flory-Huggins Freundlich
3 2 AG°
n K, x 10 R (kJ mol ™) K. (L/g)
Live 3.62 4.28 0.9995 -21.1 1.751 243
Inactivated 3.32 29.30 0.9788 -25.9 1.290 3.93
6 60
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Fig. 6. Linearized Freundlich adsorption
isotherms of RO16 (pH 2.0, t = 30 °C,

Fig. 7. Linearized Temkin adsorption
isotherms of RO 16 (pH 2.0, t =

agitation rate = 150 rpm) 30 °C, agitation rate = 150 rpm)

Temkin isotherm model predicts a uniform distribution of binding
energies over the population of surface binding adsorption sites. The range
and distribution of binding energies should depend strongly on the density
and distribution of functional groups, both on the dye and on the biosorbent
surfaces. Temkin adsorption isotherm model was chosen to determine the
adsorption potentials of the adsorbent for adsorbates. q. vs. In C. for ILSq
and IHISq are presented in Fig. 7 and isotherm parameters are given in
Table-2. The Temkin adsorption potential, Kt of algae biomass for immobi-
lized ILSq and IHISq are 52 and 679 (L mol ™), respectively. Ky and AG® as
follows:
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Kr = exp(-AG°/RT) 9)

where, R is universal gas constant, 8.314 J mol™ K™, T is absolute temperature.

The standard free enthalpy, AG® values were calculated for ILSq and
IHISq in Table-2.

Flory-Huggins model was able to determine the degree of surface coverage
characteristics of the adsorbate on the adsorbent. The plots of In (68/ C,) vs.
In (1-0) for ILSq and IHISq were showed in Fig. 8 and isotherm parameters
are given in Table-2. The biosorption data for Temkin isotherm showed
that KFH for ILSq and IHISq are 4.28 x 10° and 29.3 x 10’ (L mol™),
respectively. The values of AG® were calculated according to eqn. 9. The
negative values suggest that the biosorption process is spontaneous in nature
and supports an exothermic reaction. The standard free enthalpy values
that are obtained by using the Flory-Huggins model is higher than the
Temkin isotherm values.

Biosorption kinetic models: The effects of time on dye biosorption
of both live ILSq and IHISq were investigated in a batch system. The
adsorption capacity at equilibrium of the dye vs. time is shown in Fig. 9.
The adsorption capacity of IHISq was observed to be higher than ILSq.
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Fig. 8. The linearized Flory-Huggins adsorption Fig. 9. The equilibrium adsorption time
isotherms of RO16 (pH 2.0, t = 30 °C, of RO 16 onto S. quadricauda
agitation rate = 150 rpm) (Co:300 mg L', pH 2.0, t: 30 °C)

The saturation level was reached approximately in 24 h for ILSq and
[HISq. At 300 mg L™ initial dye concentration in the batch system the
adsorption capacity was determined as 88.4 mg g™ of dye biosorption for
IHISq in 0.5 h and after 0.5 h the adsorption capacity was not changed for
24 h. Removal of RO 16 molecules were faster at the initial stage as the
driving force was higher, which permitted to overcome all external mass
transfer resistances and higher affinity active sites were first occupied. After
that, RO 16 concentration in the solution decreased and the remaining
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active sites, with lower affinities, were occupied slowly. The adsorption
capacity of ILSq was observed as 71.2 mg g" in 0.5 h and 76.4 mg g and
82.8 mg g of dye biosorption within 1 and 3 h, respectively and after 3 h
the adsorption capacity was not changed although adsorption time had been
increased.

The experimental kinetic data of biosorption studies were used for the
Lagergren first-order and Ritchie second-order kinetic models. The first-
order kinetic model indicates that the process of adsorption occurs at a rate
proportional to dye concentration, which is suitable especially for low con-
centration. Ritchie kinetic model is considered to drive from biosorption
processes in which the rate-controlling step is an exchange reaction™*°.
The rate constants, k, for the biosorption of the dye on the algae are presented
in Table-3. The data obtained by the first-order kinetic equation were not
well-defined biosorption of tested dye on the algae. As seen in Figs. 9 and
10, the experimental value of maximum adsorption capacity, gex, for the
ILSq and IHISq are very close to calculated theoretical values, g, of the
Ritchie second-order kinetic models. This process was suitable for descrip-
tion on biosorption kinetic for the removal of RO 16 from aqueous solution
onto ILSq and IHISq.

20

@ Heat inactivated
OLive

0 5 10 15 20
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Fig. 10. The second-order kinetic plots for adsorption of RO16 onto
Scenedesmus quadricauda
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TABLE-3
A COMPARISON OF THE FIRST ORDER AND SECOND ORDER RATE
CONSTANTS (t=30°C, C, =300 mg/L, pH =2.0)

First order kinetic Second order kinetic
Immobilized Experimental 5 k,x10’
. -1 k x10 q 2 2 -1 q, 2
S. quadricauda q,,(mgg’) 7177 <., R (gmg < R
(min’) (mgg) minhy (MEE)
Live 82.8 9.0 82.8 0.9155 3.1 82.7 1.0000
Inactivated 88.8 4.0 88.1 0.5076 22.0 88.5 0.9999

This result indicates that the second-order mechanism is more effective.
Sorption can be the rate-limiting step which controls the biosorption process.

Conclusion

This study examines the capability of ILSq and IHISq for removing
RO 16 dye including equilibrium and kinetic studies of biosorption. Experi-
ments were performed as a function of initial pH, temperature and time.
The solution pH played a significant role in affecting the capacity of
Scenedesmus quadricauda. At pH 2.0 ILSq and IHISq have high adsorption
yields for dye removal from solutions. The increase in temperature up to
30 °C decreased the biosorption capacity of the biomass. The maximum
dye uptake was observed at the initial dye concentration of 300 mg L. The
Freundlich, Langmuir, Temkin and Flory-Huggins adsorption models were
used for the mathematical explanations of the biosorption equilibrium of
RO 16. The biosorption capacity of ILSq and IHISq preparations for the
dye were 82.8 (mg g') and 88,8 (mg g'), respectively. The present
biosorption values are comparable with dye binding by other algal biomass
preparations. The biosorption capacity of green algae Chlorella vulgaris
for Remazol Black B, Remazol Red RR and Remazol Golden Yellow RNL
were 555.6, 196.1 and 71.9 mg g, respectively’. The thermopilic
cyanobacterial strains (Synechococcus sp. and Phormidium sp.) for Reactive
Red RB, Remazol Blue and Reactive Black B were 14.49 mg g for 78.3
mg L, 16.76 mg g for 72.4 mg L' and 16.95 mg g’ for 61.69 mg L',
respectively”.

The first-order and second-order kinetic models were used for the
biosorption of the dye on the algae. It was determined that the interactions
could be better explained on the basis of second-order kinetic model. The
kinetic studies at initial dye concentration showed that the greatest adsorption
capacity was completed during the first 0.5 h for IHISq.

In view of the presented data and analysis was considered in this studies,
it was concluded that IHISq would be well fitted for biosorption of reactive-
azo dye-bearing textile industry wastewater.
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